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PERFORMANCE OF FINNED THERMAL CAPACITORS

By

William R. Humphries

SUMMARY

The objective of this study was to investigate the performance of
typical thermal capacitors, both in earth and orbital environments. Techniques
which were used to make predictions of thermal behavior in a one-g earth
environment are outlined. Orbital performance parameters are qualitatively
discussed, and those effects expected to be important under zero-g conditions
are outlined. A summary of thermal capacitor applications are documented,
along with significant problem areas and current configurations. An experi-
mental program was conducted to determine typical one-g performance, and
the physical significance of these data is discussed in detail. Finally, numer-
ical techniques were employed to allow comparison between analytical and
experimental data.

A transparent test specimen was built for the experimental study to

allow visual observation of the phase change front. The test specimen



consisted of two compartments, a phase change material (PCM) housing and
a finned fluid passage. The PCM housing contained aluminum fins, which
partitioned the PCM compartment into 1.9-cm (3/4-in.), 1.27-cm (1/2-in.),
and 0.635-cm (1/4-in.) cells. During all tests, nonadecane normal paraffin
material was used as the PCM. By introducing Monsanto Coolanol-15 into the
finned fluid passage, the PCM was either cooled or heated. Heating and
cooling rates were varied by varying the coolanol inlet temperature from
1103.4 J/m*.sec (350 BTU/ft?-hr) to 204.9 J/m?-sec (65 BTU/ft’~hr), and
from 567.5 J/m?-scc (180 BTU/ft?-hr) to 126.1 J/m?_sec (40 BTU/ft-hr),
respectively.

Instrumentation consisted of temperature sensors located in the paraf-
fin, on the fins, in the fluid, and on the plate separating the PCM from the
coolanol compartment. In addition, low speed 16 -mm motion pictures were
used to document freezing and melting rates.

Using an explicit forward finite differencing technique, analytical models
of the 1.9-cm (3/4-in.) and 0.635-cm (1/4-in.) cells were developed. Experi-
mental fin and plate temperatures were used as boundary values for analytical
models and these models were used to generate PCM temperature profiles and
interface positions.

The melt model, which utilized a Rayleigh number correlation to

~ incorporate convection, satisfactorily predicted the melt front position.
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However, a pure conduction model used to predict the freeze front position,
lagged the expected positions. It was postulated that this discrepancy between
the analytical model and the test data was due to the model using a planar
interface rather than the actually observed irregular interface. The irregular
interface was a result of numerous dendrites which formed at the liquid/solid
boundary.

Zero-g i‘nvestigations indicated that the most significant difference be-
tween one-g and zero-g thermal performance was the absence of buoyancy
driven convection at zero-g. However, appreciable convection can be induced
by surface tension forces. The ullage bubble, if present, could inhibit heat

transfer at zero-g. However, this is very unlikely when paraffin is the PCM,

due to its good wetting characteristics.
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CHAPTER I

INTRODUCTION

Definition of a Thermal Capacitor

From an electrical analogy, any device which has the capacity to store
quantities of thermal energy can be defined as a thermal capacitor (TC). How-
ever, for the purpose of this study, only a device that absorbs and recjects
energy by using a material which undergoes a phase change will be considered
a thermal capacitor. This definition is further restricted in this study to
include only latent heat cffeets associated with the melting process and with
solid-state structural changes of phase. Although these devices will be
referred to as thermal capacitors, other names such as thermal flywheel,
phase change device, and fusible mass device have been used to describe the
same cquipment concept.

[Fundamentally there are three uses to which the TC has been applied:
(A) Thermal damping of oscillatory outputs, (B) inhibiting thermal excusions,
and (C) maintaining constant temperature. Thermal responses in these situ-
ations arc illustrated in ligure 1.

Typically a TC is a passive device, having no moving parts, which is

normally composcd of three integral components: an external housing, an
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Figure 1. Responses of a Thermal Capacitor.

2




internally finned filler material, and the phase change material (PCM). The
device being thermally controlled is excluded even though the capacitor may be
an inseparable part of this device (Fig. 2). The PCM is a material which
experiences transition or phase change in‘ the regime of operating temperatures
of the device (for the purpose of this study, only liquid/solid and solid/solid

transitions were considered) .

/— EXTERNAL HOUSING

S | | PCM

Wbl

Figure 2. A thermal capacitor device.

FILLER MATERIAL

Statement of Problem

Since the advent of manned space flight, aerospace designers have been
looking for better methods of thermally controlling flight vehicle systems. In
certain applications, thermal capacitors are emerging as strong competitors.
The ability of thermal capacitors for either heating or cooling, or for storing
thermal energy, indicates their thermal flexibility. The fact that they are pas-

sive makes them quite attractive, when compared to less reliable active



systems; such as, gas blowers, sublimators, and liquid pumped systems, to
name a few. Furthermore for low and intermediate heat storage applications,
the capacitor can represent a weight savings over other thermal control
techniques. In addition to being an independent thermal control device, thermal
capacitors can be used to supplement other devices such as, heat pipes and
space radiators. Thermal capacitors have recently been used on an earth sat-
ellite, three moon vehicles, and Skylab. Possible future design applications
include using capacitors on a manned space station and in futuI:e space shuttle
flights.

Most designers have employed pure conduction models for design anal-
yses, without considering convection during melting, the multidimensional
effects, and the dendrite formations at the interface during freezing. As a re-
sult, significant discrepancies have existed in some cases between analytical
models and one-g test data., When this occurs, the test data repeatedly indi-
cate enhanced thermal performance, and the designer will normally use the
more conservative analytical data as the design criteria. Unfortunately, this
conservatism often leads to an overdesigned capacitor.

Study Approach

The objective of this work has been to investigate typical thermal
capacitor performance in both earth and orbital environments. The motive was
to gain insight into the processes involved in the thermal performance of a
typical space vehicle phase change device. The study was directed toward

accumulating experience which may assist future capacitor designers.
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A survey of previous PCM studies and sources for both paraffinic and
nonparaffinic materials property data has been included in this study. Tech-
niques for estimating one-g performance are discussed, and quantitive compar-
ison of these techniques, with possible zero-g influences, is presented. To
provide additional insight into the different design techniques, a survey of past,
current, and possible future applications is given. The significant'problems
encountered in these applications, with which the author is familiar, arc out-
lined. In addition, physical desciptions of capacitors used in space vehicle
applications are profiled.

An experimental program was conducted to study the phase change
processes occurring in a typical capacitor. The test item was fabricated from
transparent material to allow visual studies of the internal processes that were
occurring within the PCM housing. Using thin aluminum fins, the internal
PCM housing was divided into 0.635-cm (1/4-in.), 1.27-cm (1/2-in.) and 1.9-
cm (3/4-in.) cells. Test data included thermocouple temperature gage out-
puts and motion picture film data. Temperature data of the fin and lower heat
transfer surface were input into single-cell computer models to determine the
phase change front position time history. The film data also was used to deter-
mine the phase change front position histories. The computed and film derived
position histories were compared. Physical interpretations of film and tem-
perature data are given and the validity of analytical models is discussed, along

with possible reasons for model output discrepancies.
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CHAPTER 11

LITERATURE SURVEY

Introduction

The literature survey considered only those studies that related
directly to the thermal design of a finned thermal capacitor. Special emphasis
was placed on space vehicle applications. Information of interest pertaining
to phase change materials is discussed, followed by a survey of applicable one-
g and zero-g studies, and concluded with a brief description of previous experi-
mental programs.

Analytical comments are abbreviated, as volumes of material are
available pertaining to solutions of the freeze/melt problem. There was no
intent in this research to cover the large body of literature relating to macro-
scopic and microscopic aspects of phase change. These are normally included
in the materials disciplines (e.g., phase diagrams, nucleation, supercooling,
superheating, etc.). For information concerning these areas, an excellent

text by Chalmers [1] is available.

Phase Change Material

In general, PCMs may be catagorized into two groups: paraffinic and

nonparaffinic. The paraffins are the most widely used PCM in current
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aerospace applications, while the nonparaffins are being used in nonspace and
future aerospace study applications. The nonparaffin group incorporate a large
body of materials, including: water, hydrated salts, organics, acids, and
synthetic mixtures.
Some researchers [2, 3, 4] have defined the qualities that a good PCM
should exhibit, which are as follows:
1. high heat of fusion
2. proper melting point
3. high thermal diffusivity
4. high coefficient of thermal conductivity
5. non-corrosive
6. low coefficient of expansion and small volume change during phase
and lattice changes
7. stable
8. high flash point
9, good wetting characteristics
10. low cost
11. minimum of void formations
12. relatively pure
13. non-toxic

14. readily available

-]



Grodzka [2] screened a large field of nonparaffin candidate PCMs covering

a range of freezing/melting points from 16.12°C (61°F) to 83.96°C (183°F).
She designated a salt hydrate and three nonparaffin organics as prime PCM
candidates.

Grodzka and Fan [5] also examined the limits of thermal stability and
long term thermal cycling effects on certain nonparaffins considered suitable
for use as PCMs. They found that long term thermal cycling can result in a
buildup of impurities that may interfere with efficient operation of the PCM,
They concluded that this also could cause eventual destruction of nucleation
catalyst and result in stratification of impurities.

Designers have found normal paraffins to be a good PCM for space
applications. Normal paraffins are hydrocarbons whose generalized chemical

formula is given by CnH . A selected list of normal paraffins that are

2n+ 2
commercially available, along with their published freeze/melt points, are
given in Table 1.

Paraffins with an even number of carbon atoms between 20 and 32, and
those with any odd number of carbon atoms cxhibit a lattice transition. The
even numbered carbon atom paraffins exhibit this transition near their melting
point, whereas odd numbered paraffins exhibit the transition in the solid state,

as much as 16°C (30°F) below their frecze/melt temperature. Broadhurst [6]

has shown that the energy associated with this transition is subtractive from the



TABLE 1. NORMAL PARAFFINS

Chemical Freezing Point
Name Formula °F °C
Undecane Ci Hyy -14.1 -25.6
Dodecanc Cy Hyg 14.7 -9.6
Tridecane Ci3 Hog 22.3 -5.4
Tetradecane Cyy Hsp 42.6 5.9
Pentadecane Cy5 Hy 49.9 10.0
Hexadecane C g Hyy 64.7 18.2
Heptadecane Cyp Hy 71.6 22.0
Octadecane Cyg Hyg 82.8 28.2
Nonadecane Cy9 Hyg 89.4 32.1
Eicosane Cog Hyy 98.2 36.8
Heneicosane Coy Hyy 104.9 40.0
Docosane Cop Hyg 111.9 44.4
Tricosane Cyy Hyg 117.7 47.6
Tetracosane Cyy Heg 123.6 50.9
Pentacosane Cyy Hg 128.7 53.2
Hexacosane Cyq Hgy 133.5 56.4
Heptacosane Cq7 Hee 138.2 59.0
Octacosane Cog Hgg 142.5 61.4
Nonacosane Cyg Hgg 146.7 63.8
Triacontane C,o Hgo 150.4 65.8




normal energy absorbed or liberated due to phase change,

Paraffins exhibiting

this phenomena have latent heats of fusion that are 10 to 20 percent below the

latent heats exhibited by their carbon atom neighbors (Fig. 3). Shlosinger

and Bentilla [7] have noted that the freeze/melt point of normal paraffins

increases with the number of carbon atoms (Fig. 4).
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Figure 3.

Energy associated with solid-liquid phase change and solid-

solid transition of even-numbered and odd-numbered paraffins.

Designers have considered mixing paraffins to achieve a freezing point

which is different from that of a pure material.

In such cases, the question

arises as to the resulting mixture's freezing point, latent heat of fusion, ‘and

other properties. Bentilla, et al., [8] constructed a two constituent phase
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Figure 4. Temperature associated with solid-liquid phase change and
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diagram (Fig. 5) for octacosane/eicosane mixtures. These data indicate an
undisturbed mixture will melt/freeze over a range of temperatures. Further-
more, additional data from this source, using the same constituents, shows

that there is some selective freezing at the individual phase change temperatures

of the components (Fig. 6, 7, 8). Nagel! and Shelpuk? independently produced

similar results with dodecane/tridecane and eicosane/docosane mixtures,

1
Nagel, R.: Unpublished Data. McDonnell Douglas Company, St.
Louis, Mo. 1972.

2Shelpuk, B.: Thermal Design of the Lunar Communications Relay
Unit. Unpublished RCA Presentation, 1971.
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Figure 5. Temperature-composition phase diagram for the octacosane-
eicosane binary system,

respectively, However, Prenger [9] has shown that a discrete phase change
temperature proportional to the mass ratio of the constituents can be achieved
by constant mixing of the liquid phase for a tridecane/tetradecane mixture

(Fig. 9). Shelpuk has observed that on mixing eicosane and docosane (Fig. 10),
both of which have latent heat of fusions of approximately 244 J/gm (105 BTU/
Ib), the heat of fusion of the mixture was reduced as low as 139 J/gm (60

BTU/1b). The uncertainty of a mixture melt/freeze point, added to the
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reported degradation in the latent heat of fusion, couple to make paraffin

mixtures unattractive from a heat transfer viewpoint. However, other consid-

rations discussed in Chapter 3 may override thermal considerations.

Property data for PCMs can be found in various texts, most ostensibly

in references 10, 11, and 12. Hale, Hoover and O'Neil [13] have tabulated

some selected property values, as well as cost and compatibility information
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for a group of paraffin and nonparaffin materials. The Boeing Company3 has
tabulated some thermal properties (excluding the thermal conductivity values)
of paraffins for a range of temperatures. A more comprehensive property
tabulation was compiled by the Phillips Petroleum Company [14]. However,
certain property values do not agree with those quoted in earlier references

[7, 11]. This disagreement in property value was not surprising in light of
recent findings [15] which indicate that paraffin properties can vary significantly,
depending on the production techniques, the levels of impurity, and the pre-
treatment. It must be noted that a single paraffin may be commercially
available in a number of purity levels, which are not specified in most property
data. Commonly, technical grade paraffin (> 95 percent pure) is used because
of its lower cost. However, more expensive laboratory grade paraffins (> 99
percent pure) are available. These higher purity paraffins offer a more
predictable freezing point, as well as higher latent heat of fusions than techni-
cal grade,

The most comprehensive literature search and property measurement
survey to date is given in reference 7. Unfortunately, this study considered
only paraffins with freeze/melt points between 5.6°C (42°F) and 65.6°C
(150°F). A comprehensive tabulation of paraffin properties excerpted from

numerous documents is given in Appendix A.

3The Boeing Company, unpublished internal memorandum.
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One-g Performance

For estimating the one-g performance of a closed cell phase change
system, a determination of the relative importance of the three basic modes of
heat transfer occurring internal to the capacitor must be made. Radiation for
most applications at normal temperatures is negligible, leaving only conduction
and convection as possible transfer modes.

Causes for convective motion in one-g could be due to:

1. buoyancy forces

2. surface tension forces

3. volume change forces

4, external forces

5. other less common effects, such as electric fields, atomic radia-
tion, chemical reactions, etc.

Neglecting the affects of the last two, only buoyancy, surface tension,
and volume change remain.

In early studies of buoyancy driven convection, Lord Rayleigh [16] re-
lates the non-dimensional Nusselt number (Nu) to the Grashoff (Gr), Prandtl
(Pr) number product. The significance and definition of these non-dimensional

guantitics are given by Knudsen and Katz [17] as

. . . hL
Nu = dimensionless temperature ratio = —= (1)
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_ (Bouyancy forces) (inertia forces)  gIB {Tw - Tw) L3

Gr > (2)
(Viscous forces)? v
. .. Cu
Pr - Molecular diffusivity of momentum _ P (3)
Molecular diffusivity of heat K

Later, the product of the Grashoff and Prandtl number became 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. Silveston
and O'Toole [30] verified the Nusselt number versus Rayleigh Number corre-
lation for a fluid confined between two parallel plates (Fig. 11). A number of
authors, including Catton and Edwards [31] later showed the effect of L/D ratios
for closed cells (Fig. 12), where L is the cell height and D represents the
fin cell spacings.

The critical Rayleigh Number is defined as the value at which convec-
tion begins. In the region below the critical value, the heat transfer is sub-
stantially by conduction only, Nu = 1. The critical value, which depends on
the boundary conditions, is 1708 for a fluid confined between two infinite
horizontal, isothermal, conducting walls; and 720 for a non-conducting walled
container [29], As shown in a bounded cell (Fig. 12a), this critical value
tends to increase as the cell sides approach one another (i.e., as L/D in-
creases), and also tends to increase as the walls become more conducting

(Fig. 12b).
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Although scientists have been aware of surface tension driven convection
for some time, quantitative studies of this phenomena are scarce. The flow
patterns created in Bénard's classic experiment [32], which produced cellular
circulation patterns in a very shallow liquid was initially attributed to buoyancy
effects. However, Block [33], Pearson [34], Scriven [35], and Sternling [36],
later proved that this phenomena was due to surface tension driven convection.
The initial discovery of this phenomena is attributed to Marangoni [37], and
the commonly used term '' Marangoni Flow'' was coined to name this phenomena.

The nature of the Marangoni flow, as discussed by Young, Goldstein
and Block [38], is that temperature variations across a free gas/liquid inter-
face changes the shear forces of the surface. This is due to the dependency of
surface tension on temperature, which is estimated by Gambrill [39] to be
linear:

o =0 + bT . (4)

The coefficient "'b'" is negative, so that an increcase in temperature at the sur-
face is accompanicd by a subsequent decrease in the surface tension. Hershey
[40] has shown qualitatively that a depression in the surface at a local hot spot
results, causing the liquid to flow away from the hot zone and toward the cold
zone (Fig. 13). Subscquently, McGrew and Larkin [41] have photographed
this cffect for a number of configurations, producing dramatic verification of

the phenomena.
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Figure 13. Surface tension convection patterns.

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

Surface tension forces

Ma = -
Viscous forces

-dg dT
- dT dy (5)

pva
The critical Marangoni number for a fluid fixed between a rigid and free sur-
face is given as 80.

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

~ Ra Ma
R % " Ma (6)
cr cr




This assumes that buoyancy and Marangoni driven convection are additive.
However, Grodzka [43] noted that experimental data on buoyancy and Marangoni
surface effects indicate that an additive theory does not follow. Regardless,
the convective currents caused by Marangoni flow in one—g are usually small
compared to those caused by buoyancy. Pearson [34] has shown that for most
fluids at normal temperatures, a liquid thickness of one ¢cm or less must be
attained before Marangoni effects overshadow buoyancy effects.

For systems with small characteristic dimensions, the non-dimensional
Bond number, Bo, is given by:

_ gravity forces _ pgl?
Bo Surface tension forces o (7)

Appendix B outlines a typical calculation using nonadecane. This number is some-
times used to qualitatively evaluate the relative importances of Marangoni effects
as compared to buoyancy effects. From equation (7), 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
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density. Consequently, the liquid near the front will flow toward the interface
to fill the volume shrinkage caused by solidification. During melting, the lig-
uid at the interface tends to flow away to allow for the volume created by melt-
ing. Tien and Koump [44] have stated that this effect will cause both the freez -
ing and melting processes to be retarded. This is due to the ingress of warm
fluid during freezing and the egress of warm fluid during melting (Fig. 14).
However, if circulation is created in the melting processes, warm fluid could

be drawn into the interface thereby augmenting the melting process.

LIQUID

FREEZING MELTING
Figure 14. Volume change driven flow patterns.

Reference 44 has also shown in a computational exercise for a ficti-
tious system where the solid density is 25 percent greater than the liquid den-
sity, that only a 10 percent reduction in the freezing rate occurs due to volume
change effects. Since paraffins experience only a 5 to 10 percent volume in-
crease on melting, it can be inferred that an even smaller effect can be

expected in paraffins for similar conditions.



In summary, the only 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 con-
tainer sizes. Surface tension effects are negligible, except for very thin films,

and volume change effects may be ignored.

Zero Gravity

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 capacitor under consideration to be a
hermetically sealed container that is isolated from exterior thermal effects by
insulation and anti-penetration shields and to be aboard a non-maneuvering
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 measure-
ments of the net gravitational acceleration force on a spacecraft indicates
values of the order of 1 X 1077 g, Using nonadecane paraffin properties, a
typical Rayleigh number at zero-g is:

Ra = 0.01 L3 AT (8)
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Details of this calculation are given in Appendix B. From this, it is apparent
that for reasonable container sizes (i.e., less than 15-cm (6-in.) cell depths),
the temperature difference across the liquidus portion of the cell must be

Z 444°C (830°F) to produce buoyancy driven convection. As this temperature
range is well in excess of normal operating values, buoyancy stimulated
convection may be considered negligible.

At one-g, Marangoni flow 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 recent experiments, carried out 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]1. 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. 15). 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 this data stimulates some questions. Applying
these data to nonedecane 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 pre-
dicted in Figurc 15. This is a very high convective level. The temperature

difference across a parallel plate system required to reach this level is only
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Figure 15. Heat transfer characteristics of Bénard cells.
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
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tension data. This conflicts with earlier investigators, who reported that for
this condition at one-g, Marangoni driven convection is unimportant. However,
this could be explained, at least partially, by the fact that the Apollo-14 data
is taken for a free surface, whereas the Figure 11 correlations were taken for
top and bottom bounded cells.

Using nonadecanec paraffin properties at the phase change temperature,
the Marangoni number is given in Appendix B as

Ma = 2374 ATL . (9)
This indicates that for reasonably sized capacitor 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 capacitor at zero-g. This fact indicates

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
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 available to a thermal capacitor at zero-g are then reduced to
Marangoni driven convection and pure conduction.

A secondary effect of reduced gravity which can significantly alter the

heat transfer process is the ullage gas position. In a typical rectangular cell
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containing ullage volume, the ullage gas may configure itself in any of a number
of possible modes. A number of possible ccll ullage locations are given by
Reference 16, those of more importance are shown in Figure 16. When heating/
cooling from the bottom, only configurations d and ¢ (Fi,. 16) would alter
the normal process; however, when heating/cooling from the top or sides, con-
figurations a, b, d, and ¢ would all reducc the rate of heat transfer due to the
insulating cffcct of the ullage gas. Small bubbles occurring in the liquid could
induce convective currents. In a zero-g ficld, this motion could be caused by
the Marangoni flow phenomena causing the bubbles to migrate toward warm
zones. Also bubbles could be entrapped in the freezing solid (configuration d

of Figure 16) decreasing the apparent thermal conductivity of the PCM. Fortu-
nately, paraffins have the property of being good surface wetters, which in zero-
g tends to forcce the ullage to form in the center of the cell (configuration ¢ of
Figure 1¢). However, insufficient quantitative data arc available on these
phenomena to determinc affect on the heat transfer process under given
conditions.

Grodzka |2] has examined cffects of the space environment on the
microscopic processes. She concluded that complex coupling cffeets between
phasc change kinetics and various possible modes of convective motion cannot
be predicted accurately without actual flight data. She also concluded that the
magnitude of magncetic and clectric ficlds likely to be encountered in the earth's
orbit arc not expected to alter phasce chuage behavior significantly from that

observed on the earth. Finally, she stated that radiation ficlds encountered
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Figure 16, Zero-g ullage configurations.
in earth orbit are expected to have little effect, except perhaps in the case of
organic PCM where long time exposures will result in buildup 'of impurity,
Although the later statement applies to 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 thermal capacitor. When a free surface is present and
thermal conditions are proper, Marangoni convection may be present. In-

sufficient data are currently available to determine quantatively the influence
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of this phenomena. In the absence of surface tension effects, conduction is the
sole process governing heat transfer. However, the conduction process may
be altered by the ullage gas location. Furthermore, secondary effects of

property degradation due to radiation may occur if the PCM is organic.

Experimental Investigations

The publications on experimental studies of thermal capacitors are
limited. Altman, ct al., [47}, Fixler [3, 48}, Bannister [4], and Kaye, et
al., [50] experimented with various capacitor designs, proving the feasibility
of the capacitor thermal control approach. The most comprehensive experi-
mental data published were by E. Bentilla, K. Sterrett and L. Karre (8l.
Using four different paraffins, they tested a variety of packaging techniques
including aluminum wool, aluminum foam, copper foam and aluminum honey-
comb. They concluded that the temperature rise of the paraffin container
during melting was due to the insulating effects of the liquid paraffin. They
also noted that the experimental data indicated a higher thermal conductivity
than that specified for the property data. Freeze data indicated that the conduc-
tion model which they used to attempt to match test data, repeatedly yielded
lower freeze rates. Data from melting tests, showing maximum coldplate
temperature rises above the melting point temperature versus time for varying

heating rates in an aluminum honcycomb system, are shown in Figure 17.
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Various investigators have produced microscopic photographs of the
freezing interface in paraffins [51, 52, 53]. Magnification photography (175
power) by Bannister and Richard [52] shows the freeze front is composed of
a multitude of dendrites of varying geometry (Figure 18). All paraffin
freeze data surveyed contained references to dendrite formations., Dendrite
arms appear much like cilia or fine fur to the naked eve, and they tend to grow
in the direction of heat transfer. Westwater and Thomas [53], have shown
that the physical shape of these dendrites are at least partially dependent on
the rate of freezing, Other dependencies were not well defined, with little
information available which would allow correlation of dendrite geometry to

cooling rates.
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CHAPTER 3

APPLICATIONS

Summary of Applications

The thermal capacitor design concept has a multitude of possible appli-
cations for both commercial and aerospace systems. A number of actual appli-
cations (along with problems encountered during design), as well as possible
applications currently under study are discussed.

A list of these applications are given below:

A, Commercial

1. Actual
a. children's kool aid freezer
b. portable freezer chest
c. thaw warning indicator
2. Possible
a, thermal insulation for homes
b. air conditioner supplement
c. large solar thermal energy collector
d. laser heat pulse absorber

e. hospital food cart heat storage supplement



B. Military/Acrospace

1. Actual
a. Titan transtage suction line temperature control
b. Pegasus III temperature refercnce
c. Lunar roving vehicle clectronics temperature control
d. Skylab coolant loop augmentation
e. Skylab waste refrigeration
f. TPoseidon gimbal shipping container

2. Possible
a. space shuttle wing leading edge temperature control
b. space station space radiator augmentation
¢. astronaut suit cooling
d. extra planetary probe thermal control
e. Air Force satellite
f. F-4 aircraft

g. short term thermal control of army shelters

Commercial Applications

The commercial applications include a plastic container surrounded
with a hollow annulus which contains a PCM,. Placing the container in the freezer
compartment of the refrigerator cools the PCM so that a water suspended bev-

erage, such as kool aid, may be frozen in a slurry much like the corner store



""Koolee'" or "'Icee', A freezer chest is available which has a PCM liner that
may be removed and refrigerator cooled, to be later used to store drinks and
perishable items for long trips.

The mushroom industry commonly freeze their product for shipment.
Thawing causes permanent quality degradation. As a result, a thaw warning
indicator has been developed using a phase change device. A salt PCM is
attached in a bag te the side of mushroom containers. The frozen salt con-
tains a chemical additive which causes litmus paper, visible to container handlers,
to change color if the PCM melts [53].

Telkes [ 55, 56, 57] has, for many years, conducted research on appli-
cations of PCMs to residential dwellings to minimize thermal oscillations on
their heating/cooling systems. Brine and other salt solutions have been typi-
cally used in this research. Also under study are applications of PCMs to
large solar collection systems, with surface dimensions upward to 10 square
miles. Rapid energy conversion inherent in laser systems are prime targets
for a thermal capacitor type application. Hospital carts required to store

warm food for extended periods may be fitted with PCMs.

Aerospace Applications

The most widespread use of thermal capacitor technigues has been in the
aerospace field. Onc of the earliest applications in this field was used on the

Titan water jacket, applied around the engine attitude control system oxidizer



lines to limit temperature excusions below 32°F. An Eicosane PCM was used
on the Pegasus III flight [58] to act as a constant temperature reference
junction for a surface coating experiment.

Recently, moon flights of Apollo 15, 16, and 17 have transported
thermal capacitor devices, which were mounted on various heat producing
electronic components (Fig. 19) in the Lunar Roving Vehicle (LRV). The
wheel drive control electronics (DCE) and the navigational signal processing
unit [SPUJ, designed by Elliott and Paoletti [59], used paraffin filled capaci-
tors for cooling. These two devices had sufficient masses to allow energy
storage from their respective components during LRV sorties, so that compo-
nent temperature excursions were kept below allowable levels., LEven more
unusual than the thermal capacitor applications was the thermal strap techni-
que of transferring heat from the capacitor to a set of second-surface mirror
radiators. After cach sortic, the LRV was parked so that these mirror
radiators were in the shade. A thermostatically controlled shutter was then

opened, automatically closing after the two capacitors were refrozen.

The most significant problem reported in development of these capacitors

was duc to paraffin property variations. The dispersion in property data was
so great that after being received, the paraffins were subjected to repeated
degassings under reduced pressure to stabilize propertics.

shelpuk, designer of the LRV lunar communications relay unit (LCRU)

sapacitor, also noted paraftin property dispersion, Ie found that syviuthetically
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produced paraffins had better property stability than naturally produced paraf-
fins. He used a mixture of two paraffins in the LCRU. This allowed softening
of the solid paraffin at temperatures below melting, thereby minimizing stress
buildups in the capacitor cells.

One interesting aspect common to all LRV capacitors was that all were
completely filled at temperatures above their maximum operating values,
leaving no ullage. This technique assumes gas does not leak into the paraffin
container after cooldown. This technique inherently relies on the quality of
workmanship, since significant gas in-leakage could cause a large pressure
buildup during subsequent heating. A strong' argument for this technique is the
fact that flight data telemetered back from the moon indicated that all LRV
capacitors functioned properly.

There were fifteen thermal capacitors used on the first manned earth
orbiting space station, Skylab. A total of five of these were located in two
cooling systems, thermally controlling liquid temperatures. Two of these five
capacitors were located on the primary Skylab space radiator fluid outlet,
while the other three were located at the outlet of a smaller radiator used to
refrigerate food and biological waste samples. Ten other capacitors were
mounted in the bottom of trays used to store human waste samples while they
are being transported from the Skylab Vehicle to earth.

The most significant problem encountered during development of these

capacitors was the large structural stresses which occurred in the paraffin
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housing during rapid melting. In the initial design, even though ullage volume
was provided, stresses were sufficient to cause local buckling of the housing.
This overstress conditioning was caused by the inability of the paraffin mate-
rial to expand into the ullage volume. This occurred only when the capacitor
was oriented in such a manner that the ullage volume migrated to a position
away from the melting cells. As a result, the non-sealed corrugated fin-cell
arrangement initially used was replaced with a honeycomb fin-cell arrangement.
The honeycomb cells could be hermetically sealed on top and bottom, restricting
ullage migration within the small honeycomb cell regardless of orientation.

This particular design by the McDonnell-Douglas Company incorporated
a 20 percent ullage allowance in each cell. Although this eliminated the depend-
ency on workmanship required in LRV capacitors, the large gas volume could
interfere with the heat transfer. Additionally, this design required a heavier
walled housing than was required by an evacuated concept.

A tabulation of the NASA Space Vehicle Applications is given in Table
2, itemizing the subsystem controlled and the capacitor functions. Pictorials
of NASA space vehicle capacitor systems with their associated attachment
arrangements are shown in Figure 19. Table 3 itemizes interesting design
features of these capacitors.

The capacitor concept was used also for temperature control of the
Poseidon engine gimbals during shipment. This device used a mixture of
organic acids, consisting primarily of Palmitic and Stearic acids, to control

the gimbals at temperatures below 55°C (131°F).
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TABLE 2.

NASA SPACE VEHICLE CAPACITOR APPLICATIONS

Vehicle Subsystem Controlled Function
Pegasus III Surface coating contami- | To provide a constant
nation experiment temperature reference
for a thermocouple
Apollo 15 1) Lunar roving vehicle To provide regenerable
Apollo 16 drive control heat absorbing source
Apollo 17 electronics
2) Lunar roving vehicle { To increase thermal
signal processing unit | capacitance available
electronics to signal process unit
3) Lunar roving vehicle To provide regenerable
Lunar communica- heat absorbing source
tions relay unit
Skylab 1) Airlock coolant To augment space

system

2) Refrigeration coolant
system

3) Urine freezer

radiator performance
and limit inlet temper-
ature to downstream
heat exchangers

Enhance space radia-
tor performance to
limit cold inlet temper-
ature to downstream
components

To provide temporary
cooling for urine
sample when being
transported between
Skylab and earth
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Another possible space application includes the thermal protection
system for the. space shuttle orbiter wing leading edge [60]. This concept
utilizes a PCM which melts near 176.8°C (350°F) to limit the extreme temper-
ature surges normally encountered on frontal areas of supersonic vehicles.

Phosphonium chloride, a high latent heat PCM, has been studied for
use in Astronaut Extra Vehicle Activity (EVA) cooling equipment. Schelden
and Golden [61], have studied the capacitor technique for application to
thermally controlled devices in Jovian and Venusian extraplanetary space
probes. The Air Force has examined this technique for classified applications
to unmanned earth orbiting satellites, and as a special cooling system for modi-
fied F 4 aircraft. This technique of thermal control is also being investigated
by the Russians (Vaselou, Kalisheva, and Telepin) for use on gravity measuring
devices [62].

A salt hydrate type PCM has been studied for application to Army
shelter refrigeration systems. This PCM material is designed to maintain a
relatively constant temperature in the absence or failure of the active refrig-

eration system.
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CHAPTER 4

EXPERIMENTAL APPARATUS

Test Item

The initial capacitor design goal was to produce a test item which
closely simulated the heat transfer paths expected in a typical flight thermal
capacitor while still allowing observations of the melt/freeze phenomena.
Unfortunately these two goals were found to be incompatible, since the high
resistance to heat transfer offered by most transparent materials disallows
simulation of transfer paths normally available to an all metal capacitor. As
a consequence, the final design stressed capacitor visibility, relegating geo-
metrical simulation as a secondary goal.

The resulting design incorporated a structure fabricated almost entirely
of plexiglas* with aluminum surfaces transferring heat to and from the paraffin
into the coolant. The capacitor was fabricated in two parts: the fluid passage
and the paraffin housing (Figures 20 and 21).

The overall fluid passage envelope dimensions were 26-cm (10.25-in.)

long by 14.61-cm (5.75-in.) wide by 2.54-cm (1-in.) depth. Three 0.635-cm

K
A Rohm and Haas tradename
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(1/4-in.) diameter tapped holes were inserted parallel to the housing length
(i.e., in direction of fluid flow) and into both ends of the initially solid plexi-
glas block. These holes extended 3.81-cm (1.5-in.) in from both ends of the
housing. These three circular passages entered a 1.27-cm (1/2-in.) long by
1.91-cm (3/4-in.) deep mixing plenum, extending the width of the housing.
These inlet and outlet plenums were connected by 10 fluid channels extending
the remaining 15.875-cm (6.25-in.) of the housing length. The channels formed
individual flow cross sections of 1.27-cm (1/2-in.) by 1.91-cm (3/4-in.),
separated by 0.318-cm (1/8-in.) thick plexiglas partitions. After milling these
flow passages out, a 0.635-cm (1/4-in.) thick bottom and 0.953-cm (3/8-in.)
thick sides remained, with the top over the 10 fluid flow channels left open.

The upper paraffin housing was fabricated by attaching 0.02-cm (0.008-
in.) thick 5052-T30 aluminum fins to a 6061-T6 aluminum bottom plate ( Figure
22). The fins were 13.34-cm (5.25-in.) long and 6.35-cm (2.5-in.) deep,
notched at both ends to accommodate 0,48-cm (0.188-in.) deep grooves cut
in the plexiglas sides. The fins were vertically mounted on the bottom plate
by first soldering a 0.24-cm (3/32-in.) long base along the length of each fin.
Three 0.08-cm (1/32-in.) diameter rivets were then driven through the fin
foot into the bottom plate, while being sealed at the same time by an epoxy
filler with a silver matrix*coating between the foot and the bottom plate.

Four 1.9-cm (3/4-in.), four 1.27-cm (1/2-in.) and three 0.635-cm

(1/4-in.) fin spacings were used in the paraffin housing. The spacings were

%
Emerson and Cummings Co., Ecco Bond 56C
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Figure 22. Typical fin mounting arrangement.
symmetrically arranged with two 1.91-cm (3/4-in.) spacing on each of the outer
ends, two 1.27-cm (1/2-in.) spacing following these, and three 0.635-cm
(1/4-in.) spacing at the housing center section.

Then 0.95-cm (3/8-in.) grooved sides and 0.635-cm (1/4-in.) thick
ends were bonded together and attached to the bottom plate, using epoxy.*
Finally, the bottom plate of the paraffin container section was epoxied to the
open top of the fluid housing (i.e., on edges and top of partitions) so that the
fin lengths were perpendicular to the direction of fluid flow.

The top of the housing for paraffin was fabricated of 0.635-cm (1/4-in.)

thick plexiglas, with two 0.95-cm (3/8-in.) diameter paraffin fill bosses, and

*NARMCO 7343 was used for all plexiglas bonding



was mounted on top of the paraffin housing with epoxy. Screws 0.32 cm
(1/8 in.) in diameter were used to secure the paraffin housing top, being
installed into tapped holes which extended through the top into the vertical sides.
At each corner underneath the fluid housing 2.54-cm (1-in.) cubical plexiglas
standoffs were bonded to minimize heat transfer from the supporting surface.
After fabrication and instrumentation, two calibrated strips with 0.318-
cm (1/8-in.) indexing were attached to the face of the paraffin housing (as
viewed by the camera). A vertical strip was attached to the fluid outlet end,
extending the full 6.50-cm (2.56-in.) height of the PCM housing. Along with
the length of the housing, in the fluid flow direction and at the top, a 15.24-cm
(6-in.) calibrated strip was also attached. These strips provided visual

dimensional reference for filmed data.

Instrumentation

At various times during the experimental program, the system was
instrumented with as many as 40 temperature probes, 6 differential temperature
probes, an RPM counter (pump flow rate controller), a flow meter, and a
pressure transducer. All thermocouple temperature transducers were fabri-
cated from 0.025-cm (0.01-in,) diameter (No. 30 gage) chromel constantan
wire with 0.08-cm (0.031-in.) diameter thermocouple beads. Both resistance

temperature bulb* (RTB) and chromel-constantan type probes were used for

*
Rosemont platinum resistance bulb
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differential temperature measurements. The flowmeter was a Potter 0.954-cm
(0.375-in.) turbine type which provided flow measurements over the range of
zero to 1.26 X 107 m?/sec (2 gal/min). 'The pressure transducer was a
Statham strain gage type.

The test item was instrumented with 27 thermocouples, as shown in
Figure 23. Three paraffin cells were instrumented, two 1.9-cm (3/4-in.)
width cells and one 0.625-cm (1/4-in.) width cell. The 1-9-cm (3/4-in.)
width cells are located on each side of the capacitor, adjacent to the outermost
cells. Each of these had one thermocouple attached to the paraffin/fluid
separator plate, three thermocouples attached to the surface of the interior fin,
and four thermocouples suspended into the paraffin, The 0.625-cm (1/4-in.)
cell was located in the mid-section of the capacitor and had three thermocouples
attached to the upstream-side fin surface and three thermocouples were
suspended into the paraffin,

After the first series of tests, three externally mounted thermocouples
were additionally attached. These thermocouples were centrally mounted on
the outer paraffin housing width and height, located at the capacitor inlet/outlet
and the capacitor center top. These measurements were used to determine the
sensible heat absorbed/rejected by the plastic structure.

In addition to the 27 thermocouples mounted on the capacitor, four

thermocouples and two RTB's were installed in the fluid inlets and outlets.
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Differential temperature readings were taken on these thermocouples between
the inlet and outlet fluid. The flowmeter recorded the fluid volumetric flow-
rate while a thermocouple mounted in the fluid at position adjacent to it re-
corded the fluid temperature. All other measurements were used to monitor
facility input parameters for control purposes and were not used for data
reduction,

All thermocouples which were suspended in the paraffin were covered
with 0.24-cm (3/32-in.) diameter ceramic sheaths to rigidize them in their
locations. The lower end of the sheaths were stripped away to allow a 0.32-cm
(1/8-in.) length of the thermocouple to extend out of the sheath. Figure 24

shows a typical paraffin suspended thermocouple arrangement.

7 yEPOXYSEAL 0P
~ | >
(I
L L FIN
| 1] _ceramic
| | [¥7 sHEATH
I
I
PARAFFIN MOCOUPLE
IN THERMOCOU
HOUSING THEF
] BEAD
LOCATION
HEIGHT
FLUID/ PARAFFIN
" TRANSFER PLATE
FLUID k ———> FLUID PASSAGE S
PASSAGE l /
! % !

CAPACITOR BOTTOM

Figure 24. Typical thermocouple instrumentation.
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All surface and fin mounted thermocouples were attached with epoxy.
The fin surfaces were thoroughly cleaned and lightly roughened with sand
paper before application. The thermocouple beads were then flattened and
pressed to the surface, using 1-mil. thick 0.954-cm (3/8-in.) by 0.954-cm
aluminum tape patches. Epoxy was then applied over the entire patch/thermo-

couple installation. Figure 25 shows a typical fin mounting scheme.

FIN MOUNTING SCHEME

/ THERMOCOUPLE

ALUMINUM TAPE

"\ N

FIN —

O

EPOXY COVERING

N

Figure 25, Typical fin thermocouple mounting arrangement.
The circuitry for all thermocouple installations inside of the paraffin
housing were routed through the capacitor top using epoxy to seal the penetra-
tions. The circuitry for thermocouple measurements of fluid temperature

were routed through the bottom of the fluid passage and sealed with epoxy.



A chromel-constantan thermocouple accuracy study, performed by the
Marshall Space Flight Center Test Instrumentation Group, indicates an abso-
lute accuracy of 0.4° C (0. 8" F) or better. RTB's were more accurate, but
exhibited poorer response. RTB measurements were not used for evaluating
data because of the transient nature of these tests. Thin wire chromel-
constantan thermocouples were seclected because it minimized heat leak into
the paraffin housing, thereby maximizing temperature response, to give the
largest possible voltage output per unit temperature rise (Fig. 26).

An extensive study was conducted to minimize error in reading the
differential fluid temperature across the capacitor. However, due to the low
temperature difference 0.9°C (1.5°F), the accuracy of this measurement
never reached an acceptable level to allow correlation of the differential
temperature data.

The raw data was routed to the digital computer for interpretation on
the basis of calibration curves that had been programmed into the computer
system. Tabulated printouts of data was available immediately during and
after each test. After the first 15 tests, the computer program was reconstructed

to allow computerized plotting of the temperature versus time test data.

Test System
During all testing, the test item and support hardware were located in
a thermostatically controlled room. As a consequence, the external environ-

ment for all tests was at temperatures between 21.2 and 23.9°C (70 and 75°F).
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Nonadecane, normal paraffin was used as the PCM during all tests. The
nonadecane was procurred from the Phillips Petroleum Company in the techni-
cal grade.

The plexiglas test item was mounted in a closed fluid flow loop (Fig.
27). This allowed circulation of cold and hot fluid through the fluid passage at
varying fluid flowrates. A motion picture camera was mounted in a position
whereby paraffin phase change position with respect to time could be viewed
and recorded (Fig. 28).

The coolant flow system consisted of hot and cold heat exchangers, a
small-fluid pump, and appropriate valves and tubing (Fig. 27). The fluid was
Monsanto coolanol-15, a silicate ester, used because of its frequent applica-
tion to space vehicle coolant loops. The pump was a Viking 2.5 m3/sec x 107¢
to 3.8 m?/sec X 107® (4 to 60 gal/hr) variable speed constant volumetric
flow device. The pump speed was electrically controlled so that a constant non-
varying mass flowrate could be set as desired.

The coolant temperature was controlled by routing the thermal capacitor
test item outlet fluid to a parallel bank of a hot and cold "tube-in-shell'' heat
exchangers. The hot heat exchanger contained water which was heated with a
3000 joule/sec (3 kW) chromalox calrod unit mounted internally to the heat
exchanger shell. This unit was thermostatically controlled to maintain the

heat exchanger shell fluid at a maximum of 82.3°C (180°F). The other leg of
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Figure 28. Motion picture camera arrangement.
the parallel bank was routed through the cold heat exchanger, containing a
coolanol-15/dry ice slurry. The shell fluid temperature stayed at a relatively
constant -79°C (-110°F).
Hand valves were mounted on the heat exchanger outlets to control the
ratio of hot to cold fluid mixed. Downstream of these valves, the tubing was
joined. From this point, a common line was routed back to the thermal

capacitor inlet,
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A1l line routings were fabricated from 1.27-cm (1/2-in.) stainless
steel tubing of 0.127-—cm (0.049-in.) wall thickness. The three 0.635-cm
(1/4-in.) ports on the thermal capacitor inlet and outlet were manifolded
together before the inlet and outlet tubing was connected. Prior to testing,
flow checks were made to assure an even flow split between the three fluid
connections.

The output of a thermocouple mounted at the test item inlet was trans-
mitted to a visual output meter. Using this output, hand valves were adjusted
to maintain the desired fluid inlet temperature.

The capacitor was insulated on both top and bottom with 5.08-cm (2-in.)
thick fiberglas bating. The interconnecting tubing was insulated with 2.54-cm
(1-in.) fiberglas wrap.

A motion picture camera was mounted so that it viewed the capacitor
paraffin housing from the sides where the majority of the instrumentation was
located. The camera was situated so that its field of view included the entire
capacitor plus a digital timer (Fig. 28). During initial testing, the timer was
located on the fluid outlet side of the capacitor. In later tests, it was relocated

to the top of the paraffin housing.

The camera used during initial testing was a Mitchell, which filmed
real time at variable speeds between 6 and 24 frames per second. Due to the
voluminous amount of data which was accumulated, with a real-time output,

the camera was intermittently switched on and off. Later, a Cine Special
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camera with a variable framing rate of 0.25 to 1 frame per second was used
for intermittent filming. This allowed compact filming without compromising
data acquisition. During all runs, color film was used to optimize film
definition.

The timer was a Cramer Controls Corporation device. The digital
readout contained five digits: four whole digits and one decimal second digit.

During initial testing, the capacitor was illuminated from the camera
side of the test system. However, the lighting was later moved to the opposite

side of the capacitor for better film definition,

Testing

Prior to starting the tests, the capacitor was filled with nonadecane by
heating the paraffin and the capacitor separately to a temperature of 71.7°C
(160°F). The housing was filled by simply pouring the hot paraffin into one
of the two fill ports, while allowing the other to vent,

The initial weight of the nonadecane required to fill the paraffin housing
was 1.95 Ibs. The paraffin weight was determined by using a specially con-
structed load cell weighing arrangement., The paraffin weight was determined
by weighing the full paraffin container plus the paraffin prior to fill; then
weighing the container plus the remaining paraffin after fill.

= _ 1
Wtf Wtc+pf Wtc (10)
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The inlet and outlet fluid temperatures, along with the test item struc-
tural temperature measurements, were used to determine the heat lost or
gained from the fluid during paraffin phase change. This was compared to the
heat received by the paraffin during phase change plus the sensible heat change
of the test item, assuming heat loss to be negligible,

Nonadecane was selected because its melting point is slightly above
normal room temperature, its physical properties were known, and the liter-
ature search had showed that none of the previous experimenters had used
this particular PCM.

The band of inlet fluid temperatures was arbitrarily established over a
range of  21.1°C (70°F) which centered on the published nominal freezing
point temperature. This required an inlet temperature range from -6.7 to
71.1°C (20 to 160°F). The mass flowrate range from 12.6 to 37.8 g/sec
(100 to 300 Ib/hr) was used because it represented space vehicle typical
coolant flowrates.

Based on information given in Reference 70, the need for a guard vacuum
around the capacitor to assure an adiabatic system was not considered neces-
sary. This is primarily because of the good insulating qualities of the plexiglas
walls [K = 0.16 J/m sec °K (0.09 BTU/hr ft°R)]. However, all
surfaces except those requiring exposure were well insulated during all runs.
One test was conducted to verify the adiabatic assumption. During this run the

entire capacitor was enveloped in insulating material. These test data were
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compared to data obtained from a previous uninsulated test which was performed
with identical input conditions. This comparison confirmed the adiabatic test
item assumption.

A typical test procedure is itemized in Table 4. The designation used
for all thermal capacitor tests by the testing group was with the prefix 230.
The total number of tests performed in conjunction with this study was 60 tests,
230-1 through 230-60. However, of these runs, a large number of facility
checkout tests were performed, during which unacceptable data was obtained.
As a result, only 20 of these tests are reported herein. Of these, 9 were melt
tests and 11 were freeze tests, A summary of the test designation, along with
pertinent input parameters for those tests deemed acceptable, is given in
Table 5. Appendix D presents all pertinent raw test data.

The primary problem associated with operation of the test apparatus
lay in the control of the fluid inlet temperature. Using hand operated valving,
the inlet temperature could be maintained no closer than 2.8°C (5°F), with
short excursions reaching a variation of 5.6°C (10°F) from the nominal
target value. These excursions stemmed from the inherent time lag that
existed from the time that hot and cold fluid was introduced into the system,
until the time when the temperature sensor began to pick up the perturbation.
For example, when the operator received a low temperature reading on the
inlet sensor, he would increase the flow with the hot side valve. There would

be a time interval before the hot pulse could be detected by the sensor,



TABLE 4. TYPICAL TEST PROCEDURE

Test Time Procedure
Reference Freeze Test Only Common Melt Test Only
Pretest ® heat paraffin to ® Allow the paraf-
a uniform tem- fin temperature
perature above to stabilize at
melt point, i.e., room tempera-
35 to 48.9°C ture, i.e., 21.1
(95°F to 120°F) to 23.9°C (70
to 75°F)
Pretest ® Using the pump

speed control
establish the de-
sired constant
mass flow rate

Pretest ® by causing the
fluid to bypass
the capacitor
establish the flu_
id inlet tempera-
ture

T=0 ® Simultaneously,
open the capac-
inlet valve and

® turn on the mo-
picture camera
and

® initiate instru-
mentation data
sampling

During entire test ® maintain a con-
stant inlet fluid
temperature to
capacitor

Test end ® deactivate mo-
tion picture cam-
era data sam-
pling, and turn
off pump
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TABLE 5.

Nominal Fluid Inlet

SUMMARY OF TEST INPUTS

Nominal Fluid

Temperature Flowrate
Test Designation | Type Test °F °C Ib/hr, kg/sec
230-5 Melt 160 71.2 300 0.038
230-6 Melt 130 54.7 300 0.038
230-7 Freeze 20 -6.7 300 0.038
230-8 Melt 110 43.4 300 0.038
230-9 Melt 150 65.6 300 0.038
230-10 Freeze 50 10.0 300 0.038
230-11 Freeze 70 21.1 300 0.038
230-15 Freeze 30 -1.1 300 0.038
230-49 Melt 150 65.6 100 0.013
230-50 Melt 130 54.7 100 0.013
230-51 Freeze 20 -6.7 100 0.013
230-52 Freeze 30 -1.1 30 0.0038
230-53 Freeze 50 10.0 200 0.025
230-54 Freeze 70 21.1 100 0.013
230-55 Freeze 70 21.1 100 0.013
230-56 Freeze 30 -1.1 100 0.013
230-57 Melt 160 71.2 200 0.025
230-58 Freeze 30 -1.1 200 0.025
230-59 Melt 110 43.4 200 0.025
230-60 Melt 130 54.7 300 0.038
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probably due to slow fluid velocity, poor mixing, and the large sensible mass
of the system. As a result, if the operator reacted too quickly or overacted to
a temperature pertubation, it would induce a cyclic temperature, with a large
excursion band. This was magnified by the control band placed on the thermo-

stat control in the hot heat exchanger, which was quite large
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CHAPTER 5
ANALYTICAL TECHNIQUES

Introduction
The energy cquations which must be solved in order to determine such
values as interface position and temperature profile variation with time are
formulated in this section. The techniques used to solve these equations and

the equation input values are discussed.

General
The first law of thermodynamics for a system may be written in
differential form as

de _ dq dw (11)

dt dat ~ dt
For an open, unsteady system (neglecting radiation, nuclear, and electromag-
netic contributions), Bird, Stewart, and Lightfoot [63] have expressed the

first law as the following energy balance:

Rate of Rate of Rate of -net rate net rate of
accumulation internal and internal and of h:at work done by
of internal [*|kinetic energy|-|kinetic energyl= " -| the system

s . addition by
and kinetic out by in by \ on
. . conductio .
energy convection convection urroundings
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for a fluid, this reduces to a vector tensor form:

{a) (b)
PG ACIREEATACERALY
(c) (d) (e)- (£)
- (V.- +p(V-E) - (V-PV) - [V- (7-V)] . (12)

where:

(a) is the rate of gain of energy per unit volume

(b) is the rate of energy input, per unit volume, by convection

(c) is the rate of energy input, per unit volume, by conduction

(d) is the rate of work done on the fluid, per unit volume, by gravity
forces

(e) is the rate of work done on the fluid, per unit volume, by pressure
forces

(f) is the rate of work done on the fluid, per unit volume, by viscous
forces

For a typical cell undergoing phase change, the kinetic and potential
energy contributions are small, eliminating the last term in a and b and the
whole of d. Assuming the pressure forces are not allowed to build up appreci-
ably, e may be neglected. The limited fluid velocities encountered for normal

melting processes eliminates f. Thus equation (12) reduces to:
8 —_ —_— —_—
= (o) = - [V- (VD)) - (v-Q) (13)

For a fluid at constant pressure, the internal energy differential is given by:
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dif = _pdv + cpdT (14)
Neglecting viscous dissipation and assuming constant properties and an

incompressible fluid, equation (13) may be written:

pcpg_3= -pe (V-VD) - (V@) (15)

Since V. Q= - KV? T, then from equation (15):

8T K - —
— = — V27 _(V.
3t pcp T-(V-VT) (16)

for the fluid phase. For the solid phase, the convective term does not exist
and (16) reduces to the familiar Fourier Conduction equation

%—rfz aV:T (17)

Using equation (17), a formulation of a one-dimensional phase change
problem may be constructed (Fig. 29). Consider the liquid phase to be at a
constant temperature, To at time t= 0, and the surface temperature at x = (
to be step changed from T = TO to 0 and maintained there for all t > 0. For a

pure conduction process, differential equation (17) for cach zone is

9T 9T
5 - 4 S
ot S  gx2
and
3 92
L o L (18)
ot L 9x* ‘

with initial conditions:
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T. =T = Tsatt=0 (19)

L (o}
and
T = 0atx = 0 (for all t) (20)
= = , then
If P, = Py p
oT oT
s L ds
_ = AH —
K.o5w ~ Koo " P8 w (21)
at x = S(t) ; therefore,
T, = T = To, (22)
and
TL= Toas X — ®© . (23)

The first published discussion of this classical problem was by Stefan [64], and
the first solution attributed to Neumann [65). These solutions were discussed

by Carslaw and Jaeger [65].

LIQUID o K AL
A TL(X,t)
oo T o, k., p % .
. SOLID s . S(t)
’ - Ts(x,t) X -

Figure 29. One-dimensional freezing.
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Numerous other solutions for various boundary and initial conditions,
for pure conduction and convection processcs are available in technical publi-
cations. Sunderland and Muehlbaur, [67], gave an excellent bibliography of
techniques used to solve the phase change problem through 1965. Additional
work has been done since then on specific conduction problems, some of the
more notable being cited in References 62, 68, and 69. The more important
convection problems are cited in References 49 and 70. The work on freezing
and melting done under the tutelage of Golden at the Colorado School of
mines is worthy of mention [51, 71, 72, 73, 74]. These studies attempt to
solve the fluid motion equations in conjunction with the cnergy equation by
using a numerical scheme. Although this technique is commendable, as yet,
it has not proven to be sufficiently flexible to allow application to a broad bank
of real physical geometries. This is because the flow pattern must be known
before a solution can be obtained.

The typical capacitor ccll presents problems which are considerably
more complicated than those formulated in previous studics. In a typical cell
(Fig. 30), the problem is two-dimensional, involving convection and conduc-—
tion in the one-g case, with varying boundary conditions on a minimum of three
sides; where TF =T (y, t), TB = T(t), and y = S(x, t) constitute the phase
change position occurring on the moving boundary.

Assuming again a purc conduction process, the diffecrential cquations

for the liquid phase are:

-1
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Figure 30. Two-dimensional freezing.
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T 92T T

L ( L L
—— = -+
ot L ax2 ay*
for 0 <x<8S, S(x,t) <y<H . (24)

The equations for the solid phase are:

oT o2 2
S _ ( Tg . TS)
ot S \ ax? oy? ’
for 0<x<8S, S(x,t) <y<H . (25)

The initial conditions are given by

T =T = =
. - Tpatt=0 (26)

and

TL=TB=TFatt=0 , (27)

and the boundary conditions are:

T =T, aty=0 ; (28)

|

at y = S {x, t) ;

and

H (29)

i

— =0, aty

From Rathgen and Jiji [75], the second boundary condition at the interface is

given by

aT aT
S L s \2 as
———— - K PR — = — :
Ks 55 L5 [1+ (ax)] PAH = . (30)

(See Appendix E for the derivation of this boundary condition).



Due to the complexity of this problem it has not been solved in a closed
form. In non-idealized problems, such as this, a numerical technique is

typically utilized.

Single Cell Description

After analyzing film data (see Chapters 6 and 7) and a report from a
previous study [76], it was concluded that proper selection of the cells in the
capacitor housing allow the cells to be considered thermally independent.
However, since this adiabatic assumption could have introduced error, the cells
were also isolated from each other by specifying fin and plate temperatures as
boundary conditions. Computer models of the 1/4 inch and 3/4 inch cells were
constructed. These single cell models were used to predict variations in
temperatures and interfacial positions with time.

The model used an explicit forward finite differencing routine. Programs
were initially written in a simplified computer language known as CINDA
(Chrysler Improved Numerical Differencing Analyzer [77] ). Later, a more
specific Fortran program was written which allowed operational convenience
in varying the parameters of the phasc change study. Using identical inputs,
the programs were compared and found to have nearly identical outputs. As a
result, these two programs were used interchangeably to analyze test results.

A description of these programs is given in Appendix C.
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Initial computer runs used to proverthe CINDA and Fortran models were
made on an IBM 230 computer. All other runs were made on the Univac 1108
and IBM 7094 high speed computers. Run times varied from 15 minutes to 1
hour, depending largely on the time step required for stability and the duration
of the experimental test. During most computer runs, a time step of 0.0001
hours sufficed.

For analytical purposes the cells were subdivided into the nodal
arrangement shown in FFigure 31. The general calculation flow chart scheme
is shown in Figurc 32 and the notation used in the Fortran program is shown
in Figure 33.

The computational proccedure started with specification of initial
temperaturcs for all nodes and calculation of all physical and thermal charac-
teristics. Typically the following properties were uscd in all runs.

Paraffin properties:

p = 47.2 Ib/ft’ (755.7 kg/m?)

K = 0.087 BTU/Hr ft °“R(0.149 J/m sec °K)
cp = 0.5 BTU/Ib°R (2092 J/kg-°C)

AH = 73.4 BTU/Ib (1.70 x 10° J/kg)

AH, = 22.11 BTU/Ib (5.14 x 10* J/kg)

B = 0.00045 1/R° (0.00081 1/°C)
g = 14,3 Lbm/Hr-ft (5.9 X 10~3 Newton sec/m?)
Cp. = Cp
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K =
L KS

~
I

- 73.04°F (22.81°C)

TFr

89.8°F (32.13°C)

Metal properties:

p = 171 Ib/ft* (2.736 x 10° kg/m?)
K = 93 BTU/Hr ft° R (159.2 J/m-sec°K)
cp = 0.22 BTU/Ib°R (919.9 J/kg°C)

Plexiglas properties:

p = 72.5 Ib/ft? (0.94 x 10% kg/m?)
K = 0.09 BTU/Hr ft°R (0. 154 J/m-sec-°K)
cp = 0.33 BTU/Ib°R (1380.7 J/kg-°C)

In addition to the above property data, cell geometry data and initial
temperature data were input. Although the model had the capability of using
temperature dependent properties, constant values were used. An initial study
had proven that the variation in temperature and distance outputs was not highly
sensitive to small variations in p, Cp and K. Moreover, the accuracy of
available property data was questionable. Therefore, the additional computer
time required to incorporate a varible property routine and to change a forward/
backward finite differencing approach was considered unnecessary.

Node positions were located as close as possible to the fin and plate

experimental points of measurement, and the measured values of temperature,
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Figure 32. Computer model flow chart.
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RV(ij)

{i,j-1)

Figure 33. Typical node arrangement,

as a function of time, were input for these nodes. This technique precluded
error in the side walls, due to the adiabatic cell assumption. Due to the small
capacitance and the resulting small computer time step required to achieve
stability, when using a transient for analyses of the thin fins, the steady state
Laplace equation was used to solve for the fin temperatures. Also the nodes
were arranged in two dimensions, assuring no heat transfer down the cell.
During most tests, this assumption was verified by the fact the interface height
remained relatively constant across the test unit's width.

The heat transfer rate of each paraffin node was computed by using the

following two dimensional numerical approximating technique:
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_ T(-n)) - TG, D), T, ) - T3,

ali,j) = RH(i, j) RH(i41, )
T(i,j-1) - T(i,j) T(i,j 1) - T(i,j)
RV(1,]) " ]Rv(i,jﬂ) (31)

This rate was stored and used in subsequent calculations. The temperature of

the node at the next time increment, t+At, was found by

) = ) ¢ 3R A (2)

The computation was then iterated by computing q'(i,j) using equation

(31) and the new temperature found using equation (32). The average of q(i,j)

and q'(i,j) was then used in equation (31) to predict a more accurate T'(i, ]
value. This procedure was repeated at each time step.

Appropriate modification to equations (31) and (32) were made for
nodes located on or near a boundary. Since the boundary condition at the
interface changes due to the absorption or rejection of the latent and
transitional heats, a special technique had to be used at the phase change and
transitional temperatures. The method used herein forced the temperature to
be constant until sufficicnt heat had heen absorbed or rcjected by the node to
change phase (Fig. 34). This was accomplished by monitoring the total energy
stored in each node so that when the nodal temperature reached the transition
or fusion temperature, it was maintained at this value until sufficient energy

was absorbed or rejected to balance the transitional or latent heat of fusion for

the node. The fraction of the node melted or frozen was determined at each



time step based on the energy accumulation in the node. From this, the melt

height was determined for each column of nodes.

Qafi,j)

1 -
Ty Ty
TEMPERATURE

Figure 34, Heat stored versus temperature.
After initial runs, the basic conduction model was modified for melt
analysis. During melting, the thermal conductivity values were modified in
the liquid region to account for convection. The method used was to determine

the Rayleigh number by using an average melt height, given by
)
= _ 3

The driving temperature diffecrence was the absolute differcnce between the
melting temperature and the lower plate temperature.

AT = -
T = Ty-T,. (34)

Using these variable quantities along with appropriate physical properties, the

Rayleigh number was determined at each time step.



Initially the bounded cell Nusselt number versus Rayleigh number
correlations of Catton and Edwards [31] werc considered; however, since the
initial point at which the melt layer exceeds the critical Rayleigh number is
extremely small, the infinite flat plate correlations of Silveston and O'Toole
[30] were used instead. These correlations are given for the four Rayleigh
number regimes, as

Regime I Ra < 1700 Keff/K =1

Regime II 3,500 = Ra = 1700 Keff/K = 0.00238 Ral 816

Regime III 1 X 10° = Ra = 3500 Keff/K = 0.229 Ral 2%

Regime IV Ra > 1 x 10° Keff/K = 0/104 Ra®"305py0° 034

Although correlations are actually for Nusselt number, the Keff/K ratio

is the same since, K = hL.
eff
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Node Sensitivity Study

To avoid excessive computer time usage without compromising
modeling accuracy, a study was made to determine optimum node spacing.
Although the study included both the modified and unmodified conduction models,
no significant differences were noted.

Half of a 1.9-cm (3/4-in.) cell was modeled. The cell was assumed
to be isothermal along its width, so that heat was allowed to transfer only in
the cell height and length directions. The nodes were arranged in square,
patterns. The node sizes examined ranged from 0.16-cm (1/16-in.) to 0.95-
cm (3/8-in.). The melt front position versus time data was used for
comparison.

Figure 37 shows the convective model runs. From this data, it can be
seen that there was a significant difference in data output when comparing 0.48
-cm (3/16-in.) node data with 0.32-cm (1/8-in.) node data. However, when
the 0. 16-cm node data was run, the interface position matched that of the 0, 32-
cm node model, within one percent for the range of values run. Stability runs
using the sensitivity model also showed that a stable time step of 0.001 hours
was required to avoid unstable data outputs.

As a result, all runs were made with nodes arranged in 0.32-cm square
patterns, requiring 21 vertical nodes for the single cell model. In the case of
the half model of the 1.9-cm cell, the node matrix was 3-by-21, and for the

0.64-cm (1/4-in.) cell it was -1-by-21,
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TIME({hrs)

Figure 35. Node sensitivity study.
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CHAPTER 6

DATA REDUCTION

Film Data Reduction

All motion pictures were screened on a Data Instruments Film Analyzer.
The apparent phase change position versus time was recorded for the center
of paraffin cells and at the innermost fins of the three representative cells.
Early tests aemonstrated that the plate which separated the coolant fluid and
paraffin acted as an isothermal surface. For this reason, the melting of the
1.98-cm (3/4-in.) and 1.27-cm (1/2-in.) paraffin cells were nearly symmet-
ric from inlet to outlet sides of the capacitor. Some cdge effects were noted
on the outer 1,9-cm cells, so that only the visual data from the innermost 1.9-
cm cell on the fluid outlet was used for data reduction. The innermost 1.27-cm
cell on the fluid outlet side of the capacitor and the center 0.64-cm cell were
also uscd in visual data reduction (Fig. 36).

The film analvzer projects an enlarged image of each film frame on
the moveable grid surfaces of the film analyzer (Fig. 37). Two grids allow
sensing of both horizontal and vertical positions. These grids are electrically
integrated with the interpreter section of the analyzer so that it automatically
senses these positions. Each cell image is calibrated in the analyzer as the

ratio of the known height, H, of the cell to the image height. The moveable
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Figure 36. Visual data reduction cells.
horizontal grid was positioned over the phase change vertical position and the
height was recorded by the interpreting electronics. These values, along with
corresponding timer readings from the film, were fed in by the operator
forming a bivariant height/time array. These data were automatically key-
punched on computer cards for later use.
During melt tests, the phase change front position was obvious because

of the well defined liquid/solid interface. However during freezing, a dark
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Data instruments film analyzer.

Figure 37.
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liquid/solid dendritic front progressed into the liquid phase, followed by a
completely solid region characterized by a chalky appearance. Since the
dendrite front progressed well in advance of the chalky region, some confusion
as to the actual phase change front position resulted. As a result, a study was
made to determine what line defined the front. The results of the study, dis-
cussed in Chapter 7, indicated the forward most dendrite penetration represents

the phase change front. This definition is shown pictorially in Figure 38.

LIQUID REGION

FIN__\"'? : 5
2 : X ' FIN

FRI'E,Ici’gIIETI:L!;I(\J)NT\JN g DENDRITE FRONT
o o et DARK LIQUID/SOLID
CHALKY REGION S ".:::_:._-._.-_.-:._:_" LY REGION

HEAT TRANSFER PLATE

FLUID PASSAGE

va_,—L

Figure 38. Freeze front definition,

Although only one individual transcribed most of the film data, two
different individuals were uscd to take readings on selected runs to determine
the possible reader crror. Comparisons of the independent melt height read-
ings showed that paired data varied no more than 0.127 cm (0,05 in.). How-

ever for the freeze test, the variations were as large as 0.38 cm (0.15 in.).
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These paired readings were compared only for melt heights above 0.51 ¢cm
(0.2 in.) because the epoxy used to seal the paraffin housing to the fluid
passage partially obscured rcadings below this level.

The data points on the computer cards output from the film analyzer
were programmed, using an existing root mean square smoothing routine.
Another routine was used to make linear approximation of the phase change
front velocity by first fitting the smoothed height versus time data to a first
degree polynominal, x = a + bt, and then diffcrentiating this to get a constant
velocity approximation -E% = b. This was justified by the fact that in most

cases the height-versus-time data could be approximated by a straight line,

with little error.

I'reezing Temperature Data

The temperature probe profiles during all freeze runs were similar.
A typical profile of temperature variation of the paraffin probes with time is
shown in Figure 39 for a 1.9-cm (3/4-in.) inch cell, with numerical designa-
tions of significant events. Event number one designates the point at which the
entire cell was at a uniform temperature. This point also coincides with inci-
pent freezing at the ccell bottom, which indicates that during freezing tests the
initial cooling was devoted almost entirely to removing sensible heat from the
liquid mass, cooling the cntire cell to the paraffin freeze point.  The tempe -

rature did not then drop significantly until the freeze front had passed through
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Figure 39. Typical 1.9-cm (3/4-in.) cell freezing temperature history.
the thermocouple positions which are designated as events two, three and four,
From visual data, it was apparent that the dendrite front passed by the thermo-
couples just before their temperature started to drop from the plateau. The
plateau temperature ranged from 29.5°C (85°F) to 32.3°C (90°F). In early
tests, the plateaus occurred at temperatures near 90°F, however the plateau
tended to occur at lower temperature during later tests.

A typical 0.635-cm (1/4-in.) cell temperature profile during freezing
is given in Figure 40, In contrast to the 1.9-cm (3/4-in.) cells, in which all
thermocouples reached the freeze plateau simultaneously (Fig. 39), the 0.635-
cm cell freeze front passed consecutively through each respective thermocouple
location (Fig. 40). This indicates that sensible heat was still being removed

from the upper cell liquid while the lower cell had already frozen. This shows
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fins to be the dominant cooling path in the small cells, whereas the lower
plate is dominant at wider spacings. This effect was partially caused by the
higher cooling rates due to the closer fin spacing in the smaller cells. Events
one, three and five in Figure 39 represents the time at which the liquid had
dropped into freeze temperature zone. Events two, four and six represents
the freeze front passing the respective thermocouple positions. Point seven
is at the freeze plateau level. The freeze plateau exhibited by the two cells

were approxXimately equal.
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Figure 40, Typical 0.635-cm (1/4-in.) cell freezing temperature history,

93



Interpretation of Melting Temperature Data

A melting history comparison is shown in Figure 41, comparing the
characteristics of melting front progression for low and high heating rates.
Although the 1.9-cm (3/4-in.) cell melting temperature profiles were similar,
there were differences, depending on the heating rates. Point one corresponds
to a temperature level at which a marked increase in the rate of temperature
rise begins. From observations, the melt front appeared to pass the thermo-
couple locations just after the temperature rise occurred and well before. point
two was reached, at temperatures slightly below the published melting point.
Point two corresponds to a characteristic overshoot, followed either by a
temperature leveling at point three or a slight drop. After maintaining a pla-
teau (represented by point four) for a period of time, the fluid temperatures
dropped to a level represented by point five, prior to the cell being completely
melted. Also prior to complete melting, temperatures recorded in the liquid
exhibited unstable oscillations between points two and six levels. At six, the
cell was completely melted and all thermocouples rose above the pseudo pla-
teau level.

For the low heating rate experiments, the temperature rise which had
occurred in the high heating rate cases was either greatly diminished or
completely absent. The temperatures slowly rose to a plateau at point seven
only slightly above the published melting point, with the phase change occurring

at point eight as each thermocouple reaches the plateau temperature. Again
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Figure 41. Typical 1.9-cm (3/4-in.) cell melting temperature history.
after the cell was completely melted, all liquid temperatures started to rise
sharply, as indicated by point nine. Although unstable temperature oscillations
were present between cight and nine, they were diminished and of a higher
frequency than for the high heating rate cases.

The 0.635-cm (1/4-in.) cell data is not worthy of separate discussion
since the primary difference as compared to the 1.9-cm (38/4-in.) cell data,
was the delay time at the plateau temperature. In the case of the 0.635~-cm cell,
the plateau consisted only of a slight curve inflection near the values of the 1,9-
cm (3/4-in,) cell plateau. In the fast melt cases, the 0.635-cm (1/4-in.)
cell melted so rapidly, that in some cases temperatures in these cells reached

a second higher plateau corresponding to the liquid equilibrium value.

Test Observation

Figures 42 through 49 show views of the thermal capacitor cells

during the phase change process for four arbitrarily selected times, Low and



Figure 42, Initial stages of slow melt phase change process.
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Figure 43. Final stages of slow melt phase change process.
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Figure 44. Initial stages of fast melt phase change process,

98



Figure 45. Final stages of fast melt phase change process.
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Figure 46. Initial stages of slow freeze phase change process.
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Figure 47. Final stages of slow freeze phase change process.
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Initial stages of fast freeze phase change process.

Figure 48.
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Figure 49, Final stages of fast freeze phase change process.
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and high heating rate tests (230-59 and 230-49) and low and high cooling rate
tests (230-54 and 230-58) are presented, respectively. It appears from these
photographs that the zero point on the vertical scale is below the plate level.
However, as discussed earlier, the bottom of the cells are obscured by an
epoxy coating used to geal the bottom plate to the coolant passage. The rear
epoxy line appears as a lighter horizontal line in these photographs. The
irregular dark vertical lines appearing in the 1.9-cm (3/4-in.) and 0.635-cm
(1/4-in.) cells are thermocouple wires of which the wider ones are the freely
suspended sheathed wires and the narrower ones are the wires leading to plate
and fin thermocouples.

The absence of photographs of elevated phase change interface heights
near the top of the cells was caused by two limitations. The first was due to
the prohibitive length of time required to run a complete capacitor phase change
cycle, especially in low heat flux tests. The second, which occurred in the
case of melting only, is the fact that when the cells had melted to within 1.27
cm (1/2 in.) of the top, the unmelted solid tended to slide down into the lig-
uidus region, Either of these reasons was sufficient to terminate a test.

In the case of melting (Figures 42 through 45) some disparity is seen
between the melt heights of the 1.9-cm (3/4-in.) cells on the right and left
sides of the capacitor. This disparity occurred only in a few tests and was
discernable in these photographs. The nebulous appearance is due to fur-like

dendrite formations at the interface, shown magnified in Figure 18A.
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Also the nearly planar front evident in the melting photographs gives
way to a sharp saw tooth freeze front profile. The saw tooth profile is less
pronounced for the closer fin spacing because the freeze front moving up the
fins and the cell center are merged.

Comparison of the meniscus formed in the upper portion of each frame,
between the ullage and the liquid, indicates a decreasing level with time. This
decrease is caused by freezing contraction occurring in the paraffin, and was
most pronounced in slow melting tests as shown by comparison to the fast
melting and freezing photographs. Since the melting heights were repeatedly
higher on the coolant inlet side (i.e., left side in photographs), the bottom
plate was apparently not exactly isothermal, but sustained a temperature
gradient, increasing from inlet to outlet sides.

In both rapid and slow cases it is obvious that the 1,9-cm (3/4-in.) and
1.27-cm (1/2-in.) cell melting rates are nearly equal. However, a much
faster rate is seen in the 0.635-cm cell.

In Figures 46 through 49 (representing slow and fast freezing), the
liquid/solid interface, which was well defined in melting, appears nebulous.
Although not well defined in the photographs, the rough dendrite interface is
visible as a dark region. For those frames in which the freezing of the cell is
nearly complete, the chalky zones are visible.

It is obvious that the freeze rates are much slower than the melt rates.

This is caused by loss of convection in the freezing modes.
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CHAPTER 7

DISCUSSION OF EXPERIMENTAL AND ANALYTICAL RESULTS

Phase Change Temperature

Because the apparent temperature plateau achieved during melting
tests did not correspond to the phase change temperatures exhibited during
freezing, only freeze tests were used to estimate variations in the phase change
temperature. From discussions to be given later, it will be apparent that the
phase change temperature was not constant. Figure 50 shows a plot of the
measured freeze temperature as a function of time., It can be seen from this
Figure that the apparent freeze temperature decreased with time, This was
accompanied by a ""yellowing'' of the solid paraffin, which had been initially
chalky white in the solid state.

To account for this apparent change in the freeze temperature in the
numerical work, the phase change temperature used in the numerical compu-
tations was altered to agree with experimental freeze data. However, since
numerous investigators have reported that deviations between freezing and
melting temperatures are common, referred to as phase change hysteresis,
the phase change temperature was not altered for numerical predictions
corresponding to the melt tests. However, for a single melt test, computer

runs were made with varying phase change temperatures to illustrate the effect
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of altering this property. The influence of changing the fusion temperature
on numerical predictions for the selected melt runs is illustrated in Figure 51.
From this Figure it can be seen that small changes in the melting
temperature drastically alter the predicted melt height velocity. As this
temperature is depressed, the onset of increased interface velocity occurs
earlier. This is explained by the fact that for the same boundary temperature
in both cases the temperature difference in the Rayleigh Number expression
is proportionately higher for the case with lower melting temperature. This
reduces the height at which the onset of convection occurs and thereby causes
the melting velocity to increase at an earlier time. No such drastic differences
were noted for the predictions for freeze runs since contributions due to

convection were absent and accordingly omitted from the numerical model,

Apparent Heating/Cooling Rates

The apparent experimental heating/cooling rates for tests were deter-
mined by using appropriate paraffin property data along with the interface
velocity information discussed in Chapter 6.

Since the 1.9-cm (3/4-in,) cell freeze and melt fronts approached a
planar front, a uniform horizontal front was assumed. Even though the front
was not exactly planar, especially in the freezing case, this is an acceptable
approximation since the phase change front velocity, which was used to deter-

mine the experimental heating/cooling rates, did not alter shape with time.
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Also, since the sensible heat absorbed/rejected by the paraffin and its housing
were small compared to the heat absorbed/rejected by the phase front, all of
the energy transfer was considered to produce phase change. Finally, to
express the heating/cooling rates on a unit area basis, the lower plate was
considered to be the base area through which the heat was transferred. Visual
data revealed that the assumption of a planar interface was not valid for 0.635-
cm cells. As a result, heating and cooling rates and fluxes are given only for
1.9-cm (3/4-in.) cells.

Using the approximations outlined above, the following equations were
used to generate experimentally determined heating/cooling rates,

ds

Qap=pa-VAH

and

(Q/A)ap = Q, /A

These values are given in Tables 6 and 7.

Comparison of Experimental and Analytical Data

The experimental data were compared to analytically generated inter-
facial positions at varying times. Although the analytically predicted temper-
ature profiles with respect to time and distance are discussed, it should be
emphasized that the primary objective in formulating the numerical model was
to match the interface position data, and consequently the rate and flux data.
It was realized that the artificial manner in which convective effects were
incorporated into the numerical model would not provide accurate predictions
of the temperature field in the liquid region.
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Freeze Temperature Profiles

In the case of freezing, the analytically produced temperature profiles

versus time and distance matched quite well with experimental results. Typi-

cal comparisons are shown in Figures 52 and 53,

TEMPERATURE

|
souo«—f—» LIQUID

EXPERIMENTAL !

7  ANALYTICAL

1

DISTANCE

Figure 52. Freeze test temperature versus distance.

From Figures 52 and 53, it is apparent that the largest discrepancy is

in the solid region. This is due to the method by which the heat transfer

surface area was artificially increased for all nodes to account for the aug-

mented interface velocities, thereby causing an apparent increase in the

thermal conductivity of the paraffin. In the liquid region, the temperature

profile tended to yield a better match for the experimental data with augmented

transfer area, indicating the thermal diffusivity properties used for the liquid

were either low or that some convection was occurring in the liquid during
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Figure 53, Freeze test temperature versus time.
freezing. This was possible, to a degree, since the fins were typically cooler
than the paraffin in the center of the cell, giving rise to a doublet with flow

from the fins toward the center, see Figure 54,

ISOTHERM

Figure 54. Possible doublet flow during freezing.
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The temperature plateau in the liquid portion of the cell formed
quickly and was maintained as the freeze front passed through the entire cell.
This indicated that most sensible heat was removed from the paraffin before
latent heat removal started. The plateau apparently was caused by the liquid
region being surrounded by a nearly isothermal freeze boundary. Although
not apparent on filmed data, visual inspections and the freeze models indicated
a thin freeze film occurred on the fin and plate wall almost immediately. This
is consistent with the rapid drop in fin and plate temperature. On reaching the
freezing temperature, the fin temperatures leveled out until the freeze front
had passed through the vicinity.

As noted earlier, the plateau temperature decreased below the published
phase change temperature with time, From inspection of the test data, it was
apparent that this depressed plateau was the temperature level at which phase
change was actually occurring. Since most freeze tests were slow, it could
be easily determined that the liquid dendrite front had passed the thermocouple
at about the same time the thermocouple indicated a ''decline'’ from the plateau.
Since phase change had to be occurring on the dendrite zone or the chalky zone,
and the chalky zone passed through at temperatures well below plateau values,
the freeze front was taken to be the line of demarcation between the liquids and
dendrite zones and the corresponding plateau was then considered to be the

freeze temperature,
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Apparently the depression which occurred in the measured fusion
temperature could be a result of contaminants ingested during testing, or al-
ready present in the newly procured paraffin. The cause for this freezing point

depression was not investigated.

Melt Temperature Profiles

The predicted and experimental results for melt tests exhibit more of
a discrepancy in temperature versus time and distance data, see Figures 55
and 56, The primary reason for this is the artificial way in which the effective
thermal conductivity of the liquid was used to account for convective effects.
The analytical predictions, based on a pure conduction model with the thermal
conductivities modified in the liquid, do not reveal a constant temperature
plateau. The experimental data, although exhibiting some oscillations, remains
relatively constant at a plateau value for a period of time inversely proportional
to the heating rate.

The plateauing is immediately preceded by a temperature jump. This
jump may be due to the film coefficient which occurs at the liquid/solid inter-
face as a result of convection in the liquidus region. The convection is a result
of buoyancy induced convection in the fluid cell. 1n the case of melting, the
mixing action of the convective currents caused the pseudo-plateau, as
opposed to the isothermal boundary causing the plateau in the freezing case.

The unsteady oscillations in the liquidus plateau region are caused by these
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Figure 56, Melt test temperature versus time,
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convective currents. Since these tests were run, Griggs [78] has run tests on
individual cells which verify the occurrence of these oscillations. The plateau
level is dependent upon the mean temperature between the melt temperature
value at the solid/liquid interface and the plate temperature. Typically a
simple averaging of these two values at any time approximated the plateau
level. The plateau level is maintained in the cell until the entire cell is melted,
which is followed by a rapid rise in all measured liquid temperatures. A
second plateau is reached in some cases. This plateau is the limiting temper-
ature of the cell, slightly lower than the plate temperature.

As the heating rates were increased and for narrow fin spacings, the
plateau became less pronounced, tending to disappear with very high heating
rates in the 0.635-cm (1/4-in.) cells. Reference 77 verifies these findings,
showing that the plateau duration in time and absolute level is a function of cell

wall material as well as heating rates.

Freeze Front Position

Comparison of measured transient freeze front position histories with
corresponding numerical predictions are shown in Figures 57 and 58 for slow
and fast cooling rates, respectively. From these figures it is apparent that a
pure conduction modeling technique under-predicts the transient freeze inter-
face position as well as the freeze front velocity.

A literature research reveals this disparity has also been noted in

References 8 and 74. Reference 8 gave no explanation for this underprediction.
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Figure 57. Comparison of freeze front position test data and predicted
data for a slow cooling rate.

Although Golden [74] attributed this disparity to erroneous property data, evi-
dence shows this not to be the case in this instance.
Possible causes of underprediction are liquid phase convection, aniso-

tropic or erroneous property data resulting in higher thermal diffusivities or
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Figure 58. Comparison of freeze front position test data and predicted
data for a fast cooling rate.
latent heat values than used in the model, and augmented heat transfer surface

area at the interface due to dendrite formation, Bailey* has shown however,

*Verbal communication between the author and Dr. Bailey of N.C.
State University.
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that the deviation in latent heat of fusion of the paraffin used in these tests
from the values quoted in the literature is negligible.

Convection in the bulk liquid or local interdendrite convection could
produce this underprediction, However, since freezing is from below the
former is not expected to be a large effect, and the latter effect produced by
the volume change phenomena has been shown in Chapter 2 to be negligible,

To examine the approximate level of paraffin thermal conductivity
change required to match test data, a highly simplified technique was used.
The vertical conductors (i.e. KA/AX values) in the conduction model were
artifically increased by applying multiplying factors to the conductors in the
liquid and solid phases. These factors were varied until a good interface
position match was attained.

Plots of fast and slow cooling rate tests showing the effect of the opti-
mum match are shown in Figures 59 and 60, respectively. Applying this tech-
nique to a number of tests, multiplying factors ranging from 4 to 10 resulted.
Although the technique used to reproduce test data is highly simplified, it
serves to show the magnitude of thermal conductivity coefficient augmentation
required is much greater than any expected increase due to anisotropic effects
or property measurement inhaccuracies.

Using the author's data, Griggs [77] has shown that by altering the
vertical conductors at the interface only, good approximations of test results
can also be achieved (Fig. 61). Extrapolation of these data indicates multi-

plication factors on the order of 100 to 200 are required for best results.
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Examination of microscopic photographs indicates these magnitudes are not

inconsistent with the dendrite geometry at the interface.
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Figure 59. Comparison of freeze front position test data and predicted
data for fast cooling rate.

From the foregoing discussion it can be concluded the exclusion of the
heat transfer surface area augmentation at the interface is the most probable
cause of underprediction. However, combination effects of augmentation with

other effects discussed is also a possibility.
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Figure 60. Comparison of freeze front position data and predicted data
for slow cooling rate.
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Figure 61. Comparisons of predicted interfacial positions at center of
cell for MSFC in-house run 230-7.

Melt Front Position

The pure conduction model did not predict the melt front position with
any degree of accuracy (Fig. 62). Estimations of natural convective levels,
clearly indicated that this was due to the augmentation created by the convective
currents. As a result, the basic conduction program was modified, as dis-
cussed earlier, to provide an estimate of convective enhancement. An esti-
mating approach was taken rather than try to solve the convection problem,

because of the complicated nature of the problem when the energy is coupled
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with the momentum equations. No attempt was made to form convection co-
efficient conductors because insufficient film coefficient data were available

to cstimate these coefficients at a melting solid/liquid interface.
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Figure 62. Conduction mode sensitivity for 1.9-cm (3/4-in.) cell,
Comparison plots of experimental data with analytical data are shown
in Figures 63 through 71 for 1,9-cm (8/4-in.) cells and in Figures 72 through
76 for 0.635-cm (1/4-in,) cells, From these plots, it is obvious that in most
cases the modified model satisfactorily represents melting rates and conse-
quently the heating rates. The analytical data in most cases slightly under-
predicts the experimental results, although the lag is only slight,
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Figure 63. A comparison of experimental and analytical data for test 230-5.

A constant melt temperature of 89.8°F was used in the model for all
computer sums. The experimental results of freezing tests indicated that phase
change temperature appeared to decrease with time. The later predictions
could have been improved by decreasing the model melt temperature to the

experimental level.

126



1.4(3.56) .

3/4 INCH (1.9 cm) CELL o
. TEST 230-6

1.2(3.05)

1.0(2.54)

.8(2.03} 1

.6(1.52}

MELT FRONT HEIGHT -in, (cm)

4(1.02)1 O TEST DATA

awmeme CONVECTION MODEL

.2(0.51) 1

T T
0 0.4 0.8 1.2 1.6 2.0
TN hours)

Figure 64. A comparison of experimental and analytical data for test 230-6.
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Figure 65. A comparison of experimental and analytical data for test 230-8.
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Figure 66. A comparison of experimental and analytical data for test 230-9.
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Figure 67. A comparison of experimental and analytical data for test 230-49.
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Figure 69. A comparison of experimental and analytical data for test 230-57.
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Figure 70. A comparison of experimental and analytical data for test 230-59.
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Figure 71. A comparison of experimental and analytical data for test 230-60.
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Figure 72. A comparison of experimental and analytical data for test 230-5.
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Figure 73. A comparison of experimental and analytical data for test 230-57.
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Figure 74. A comparison of experimental and analytical data for test 230-59.
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Figure 75. A comparison of experimental and analytical data for test 230-8.
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Figure 76. A comparison of experimental and analytical data for test 230-56.
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From the data is it obvious that the phase change position versus time

for melting runs can be approximated by a straight line. This phenomena can
be justified onalytically. In Appendix B the Rayleigh Number is given as

Ra = 1.68x 10 I} AT
For these tests the range of temperature differences in the liquid region was

2.8°C (5°F) < AT < 13.9°C (25°F)

Using these limits with the above equation and the Rayleigh Number
regimes defined by Silveston and O'Toole [30], a plot of Rayleigh Number versus
melt height may be generated. (See Figure 77).

From this figure, it is apparent that most of the cell is operating in
regime 4. Although this is basically a transient problem, a steady-state
approximation of the velocity profile may be made. Noting that the Nusselt

Number is given by

and combining this with the regime 4 Nusselt Number expression, the heat
transfer coefficient may be approximated by

(0.104) Rao' 305 Pr0'084

=
1
[l b

Again assuming constant properties and a constant temperature differ-
ence, the following relation holds

h = C, L--0.085
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neglecting sensible heat and an energy balance on the melt interface yields
hAT = AHpV

or
vV = CZL-0. 085

This indicates that velocity is relatively constant, only weakly dependent on the

melt height.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

1. In a one-g environment, a pure conduction model cannot be used to
determine freeze or melt front position accurately in paraffin. The freeze

and melt front positions are both underpredicted. In the case of melting, the
actual rate is faster because of the augmenting effect of natural convection.

For freezing, the inability to reproduce expérimental results is thought to be
due to the influence of dendrites. However, this suggestion is not proven herein.
2. A convection model accurately predicted experimental results for
melting. However, a notable fallacy is that this model cannot accurately re-
produce temperature profiles in the liquid phase. This model utilizes an
effective thermal conductivity variation with Rayleigh Number to simulate
conductive effects. Although the model has been demonstrated to give good
results for only the geometry and heat flux ranges discussed in the text, the
model is expected to apply to larger cell sizes and for lower and higher heat
fluxes up to nucleate boiling initiation. Because of the reversal trend predicted
by Jones and Smith [79], for cell sizes below 0.635-cm (1/4-in.) (Figure 78)
alterations are necessary. These alterations require the Silveston and O'Toole

correlations be replaced by the Catton and Edwards closed cell correlations.
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Figure 78. Typical effects on fin spacing on average heat-transfer coefficients.
3. During freezing of paraffins the phase change boundary is made up of
numerous dendritic arms. This phenomena is not present in melting. Although
this effect is well known in material sciences, it was not considered by a
number of authors investigating heat transfer during solidification.

4. The freeze front position cannot be matched without making unverified
assumptions. It is apparent that dendrite formations augment the surface area
available for heat transfer at the interface during freezing. Augmentation of

this area will improve conduction model data matching. It is hypothesized that
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failure to include this augmented area effect is the major cause of the reported
underprediction. Further study of these effects is needed before positive
conclusions may be reached.

5. Insufficient information is available to determine if the unexpectedly
rapid freeze front progression noted in one-g will also occur in zero-g. How-
ever, assuming the augmented rate is due to dendrite formations, as hypoth-
esized, the paraffin freeze rate should again be underpredicted by a pure con-
duction model. This is true since there is no evidence in the literature that
dendrite formations are affected by the gravity level.

6. In a zero-g environment, conduction modeling techniques are expected
to be applicable to determining melt front positions and temperature profiles
unless significant surface tension driven convection is present. However,
there are insufficient zero-g data to corroborate this finding.

7. From the literature, surface tension driven convection can be appreci-
able for normal paraffin capacitors in zero-g only in systems contain-

ing adjacent liquid/gas phases. Insufficient data are currently available to
allow quantitative estimates of convective levels created by this phenomena.
8. Excluding convection due to orbital maneuvers, the only other affect
expected to be important during phase change is that of ullage bubble location.
The ullage location, in the case of paraffins, will be favorable for maximum
heat transfer from metal surface, because of good wetting characteristics of

paraffins,
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APPENDIX A
PARAFFIN PROPERTIES

Introduction

A tabulation of paraffin property data is given in Table A-1. These
data were compiled from the‘authors listed below in references A-1 through
A-10. Items A-25 through A-59 give a list of property references compiled
by the Thermophysical Properties Research Center at Purdue University.
These authors in-turn referenced those items listed for A-11 through A-24.

In most cases the authors did not specify the paraffin grade, however, it is
assumed that all data was acquired by using pure or research grade paraffin,
Only those data considered reliable are presented herein,

Data for twenty normal paraffins with carbon atom chains ranging from
eleven to thirty are presented. These paraffins cover a freezing point temper-
ature range from -25.6°C (-14°F) to 65.6°C (150°F), encompassing the
normal interest of the thermal capacitor designer.

The reader is referred to references A-4, and A-5, for more specific
information of property variations with temperature.

Available paraffin cost data is given in Table A -2.
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Phase Change Transition
Chemical| Molecular Temperature Temperature

Item Name Formula] Weight °F °C °F °C
1 Undecane CyyHy, [156.302 -14,1 |} -25.6 | -32.8 | -36.0

2 Dodecane CyHy 1170.328 14.7 -9.6 | none none
3 Tridecane CwlsH?a 184.354 22.3 5.4 -0.4 | -18.0

4 Tetradecane CyH3 |178.380 42.6 5.9 | none none
5 Pentadecane CysHsy  ]212.406 49.9 10.0 27.9 -2.3

6 Hexadecane CygHyy |226.432 64.7 18,2 | none none
7 Heptadecane CyHy |240.458 71.6 22.0 50.9 10.5
8 Octadecane CygHyg | 254.484 82.8 28.2 | none none
9 Nonadecane CygHyo |268.510 89.4 32.1 73.0 22.8
10 Eicosane CyoHy, |282.536 98.2 | 36.8 | 97.2 | 36.3
11 | Heneicosane | CyH, [296.562 [104.9 | 40.5 | 90.5 | 32.5
12 Docosane CqoHy [310.588 111.9 44,4 | 109.4 43.0
13 Tricosane Cyp3Hyy [324.614 117.7 47.6 104.9 40.5
14 Tetracosane CyyHgo |338.640 123.6 50.9 | 118.6 48.1
15 Pentacosane | CysHg, |352.666 |128.7 | 53.8 | 117.6 | 47.6
16 Hexacosane CyeHsy |366.692 133.5 56.4 | 127.9 53.3

17 Heptacosane CyrHy, 380,713 138.2 59.0 | 127.4 53.0 |

18 Octacosane CpgHy |394.744 |142.5 | 61.4 | 137.4 | 58.6
19 | Nonacosane | CyeHy, |408.770 |146.7 | 63.8 | 136.8 | 58.3
20 Triacontane CyoHgy  ]422.796 150.4 65.8 | 143.6 62.0

*Values taken at 158°F (70°C)

**Values taken at 107°F (41.7°C)







Density at
Phase Change Temperature

Specific Heat

Latent Heat Heat of at Phase Change
of Fusion Transition Total Heat Liquid Solid Temperature
Btu/lb| J/g Btu/Ib| J/g | Btu/Ib J/g Ib/ft* | Kg/m?® | Ib/f | Kg/m3 | Btu/Ib-"R | J/Kg-°K
57.9 134.6 18.4 |42.7 76.3 177.3 - - - - - -
93.0 | 216.1 | none |none 93.0 | 216.1 - - - - - -
66.5 154.5 17.9 |41.6 84.4 196.1 - - - - - -
97.7 227.1 none | none 97.7 227.1 | 48.4 774.4 50.8 | 812.8 0.50 2092
70.5 163.8 18.6 |43.2 89,1 207.0 - - - - - -
101.3 | 235.4 | none |none 101.3 | 235.4 | 48.4 774.4 52,1 | 833.6 0.51 2134
72,4 168.3 19.6 |45.6 92.0 213.9 - - - - - -
104.7 | 243.3 | none |none 104.7 | 243.3 | 48.5 776.0 53.3 | 852.8 0.52 2176
73.4 170.6 22.1 151.4 95.5 222.0 | 48,2 771.2 52.4 | 838.4 - -
107.0 248.7 none | none 107.0 248,7 48.6 777.6 51,2 | 819.2 0.53 2218
69.1 160.6 22.4 [52.1 91.5 212,7 47, 4% 758, 4% - - - -
69.1 160.6 39.6 |92.0 108.7 252.6 47.6%* 761,6%* - - - -
71.5 166.2 28.8 166.9 100.3 233.1 | 47.7* 763, 2% - - - -
69.7 162.0 | 39.7 }92.3 109.4 254.3 48.02% | 768, 3% - - - -
76.7 178.3 31.8 [73.9 108.5 2562.2 | 48,01%| 768,3% - - 0.52 2176
69.8 162.2 37.8 |87.8 107.6 250.0 | 48.2 771, 2% - - - -
68.2 158.5 32.7 {76.0 100.9 234.5 | 48,7 779.2 - - - -
70.4 162.8 38.6 189.7 109.0 252.5 48.4% 774,4% - - - -
69.5 161.5 31.2 |72.5 100.7 234.0 - - - - - -
108.0 | 251,0 | none |none 108.0 | 251.0 - - - - - -







TABLE A

-1. PARAFFIN PROPERTY DATA

Coefficient of Thermal

Heat of Vaporiza-

Coefficient of
Expansion at
60°F (15.6°C) and

Conductivity at Phase Boiling Point at | tion at 14.7 psia 14.7 psia
Change Temperature 14,7 psia and Boiling Point | Vapor Pressure {1.013 x 10° N/m?)
Btu/hr-ft-°F | J/sec-m-°K °F °C | Btu/b J/g Psia {@°F] @°C 1/°F 1/°C
- - 384.60 | 196.05 | 114.2 265.4 41.6 | 220 | 104,5 0.00056 | 0,00101
- - 421.30 | 216.45 | 110.2 256.1 - - 0.00055 | 0.00099
- - 455.79 | 235.63 | 106.3 247.0 41.5 | 139 59.5 0.00052 | 0.00094
0.087 0.149 483.43 | 251.00 | 103.4 240,3 1.03] 166 74.5 0.00051 | 0.00092
- - 519.13 | 270.84 | 100.0 232.4 - - - 0.00050 | 0.00090
0. 087 0.149 548.23 | 287.07 97.7 227.0 1,03]222 | 105.6 - -
- - 575.28 | 302.06 95.0 220.8 - - - - -
0.087 0.149 601,02 316.38ﬁ 92.6 215.2 1.03]347 | 175.1 - -
- - 625.5 329.95 90.5 | 210.3 - - - - -
0.087 0.149 648.9 343.00 87.8 204.0 1.031388 | 197.9 0.00047 | 0.00085

671.2 355.39

692.6 367.29

712.9 378.58

732.6 369.53

751.5 400. 04

769.5 410.05

786.9 418.61

803.7 429.07

819.9 439.07

835.5 446.74
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Volume Surface Absolute Viscosity Refractive Index
Change on Tension of Liquid at 68°F of Liquid at 68°F
Freezing/ at 14.7 psia (20°C) and 14.7 psia (20°C) and 14.7 psia Heat of Formation
Melting (1.013 % 105 N/m?) (1.013 X 10° N/m?) (1.013 % 10° N/m?) of Gas at °R
Percent dynes/cm Centipoise |N-sec/m? Btu/Ib-mole | J/gm-mole
- 24.7 1.185 0.001185 1.4173 -88434 -2.05 x 10°
- 25.4 1.503 0.001503 1.4216 -94986 -2.20 % 10°
- 25.9 1.880 0.00188 1.4756 -101556 -2.36 X 10°
4.8 26.6 2.335 0.002335 1.4289 ~108176 -2,51 x 1¢°
- 27.1 2.863 0.002863 1.4355 -114678 -2.67 x 10°
7.4 27.6 3.474 0.003474 1.4368 -121230 -2.82 x 10°
- 27.9 4.196 0.004196 1.4389 -127782 -2.97 x 10°
9.6 28.3 - - 1.4408 -134352 -3.12 % 10°
- 28.6 - - 1.4425 -140886 -3.27 x 10°
5.2/3.0 28.9 4.29%* 0.00429%* 1.4420 -147456 -3.43 x 1¢°
- - - - 1.4247 - -
- - - - 1.4260 - -
- - - - 1.4276 - -
- - - - 1.4286 - -
- - - - 1.4302 - -
- - - - 1.4310 - -
- - - - 1.4321 - -
- - - - 1.4330 - -
- - - - 1.4340 - -

1.4348







Net Heat of Combustion at

77°F (25°C) and 14.7 psia CRITICAL CONSTANTS

(1.013 X 10° N/m?) Flash Point Pressure Temperature | Specific Volume
Btu/lb-mole | J/gm-mole °r | °c | psia] N/m? °F | °C ft3/1b m?®/Kg
2968.2 6898.1 149 65 282 [1.94 X 10%; 694} 368 ) 0.0676 0.0042
3230.3 7507.2 160 71 262 }1.81 % 10°] 728|387 0.0676 0.0042
3492.6 8116.8 175 79 250 | 1.72 x 108| 761|405 0.0667 0.0042
3754.7 8725.9 250 | 121 235 | 1.62 x 108] 791|422 0.0667 0.0042
4016.8 9335.8 - - 220 | 1.52 x 10%] 818] 417 0.0667 0.0042
4278.9 9944, 2 - - 206 |1.42 x 10°] 8441 451 0. 0667 0.0042
4541, 0 10553.3 - - 191 |1.32 x 10°| 8691 465 0.0667 0.0042
4803.5 11163.3 - - 176 | 1.21 x 10%} 890]| 477 0.0667 0.0042
5065.4 11265.5 - - 162 {1.12 % 10° 912 489 0.0667 0.0042

5327.8 12381.8 - - 162 |1.12 x 10%] 932} 500 0.0667 0.0042
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TABLE A-2. PARAFFIN COST DATA*

Technical Pure Research
Grade Grade Grade 3
Cost/1b Cost/lb Cost/1b Cost/1b

Paraffin > 90% Pure | > 95% Pure | > 99% Pure | > 99.8% Pure

1 Undecane - $ 6.40 $11. 30 $ 86.40
2 Dodecane - 5.75 . 08 107. 30
3 Tridecane - 10.10 20. 00 106. 40
4 Tetradecane - 8.60 9. 20 h -

5 Pentadecane - 13.60 20.00 -

6 Hexadecane - 14.30 8.40 -

7 Heptadecane - 13.60 22.00 -

8 Octadecane - 13.60 9.30 -

9 Nonadecane - 12,70 24.00 -
10 Eicosane $13.70 1.60 1 .30 _

11 Heneicosane - - - -
12  Docosane - - 30.00 -
13 Tricosane - - - -
14  Tetracosane - - 30.00 -
15 Pentacosane - - - -
116 Hexacosane - - - -
17 Heptacosane - - - -
18 Octacosane C - - 30.00 -
19 Nonacosane - - - -

20 Triacontane - - - _

* Lowest 1972 prices from Eastman (Kodak) Organic Chemicals, Rochester,
N.Y.; Humphrey Chemicals, North Haven, Conn.: and Phillips Petroleum
Co., Bartlesville, Okla. - based on quoted quantity prices nearest one pound.

> 99, 9 percent purity sold for ~2 90 per 5 ML sample.
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APPENDIX B

NON-DIMENSIONAL NUMBERS

Introduction
When estimating thermal performance in zero-g and one-g environments,
the Rayleigh Number, Marangoni Number and Bond Numbers often appear. The
Rayleigh Number can be used to estimate the convective level due to natural
buoyancy in a one-g field. The Maragoni Number may be used to correlate the
Nusselt Number at zero-g. Finally, the Bond Number may be used to assess

the relative magnitude between buoyancy driven and surface tension or cap-

illary driven convection.,

Rayleigh Number

The Rayleigh Number is given by

3
GrPr = giL

Ra = o (Tg - Tg) ’
where
k
o = —— s
pCcp
g = gravitational constant = 32.2 ft/sec? (9.8 m/sec),
B = coefficient of Volumetric expansion,
L = characteristic fluid dimension — in this case L is taken to be

the average height of the fluid phase in a cell,



T, = boundary temperature of the hot fluid temperature at the transfer

S
plate,

TE = is the equilibrium temperature at the phase front = TFr’
Vo= % the kinetic viscosity,
k = the coefficient of thermal conductivity in the liquid phase,
p = the average liquid phase density,
Cp = the specific heat of the liquid phase, and
K = the absolute viscosity of the liquid phase.

Assuming the following constant values for these properties, the one-g
Rayieigh number for melting may be found in terms of the fluid temperature

difference and characteristic dimension:

B = 0.00045 (1/°R) [0.00081 (1/°C)]1,

k = 0.087 BTU/HR-FT-°R (0.149 J/sec-m-°K),
p = 47.2 Ib/ft? (755.2 kg/m?),

cp = 0.5 BTU/lb m-°F (2092 J/kg-°"K),

g = 14.3 lbm/hr-ft (0.0059 n j/m?), and

giving for one-g
Ra = 1.68x 10® 17 AT;
where
AT-= TS - TE
FFor a zero-g determination, the Rayleigh Number is zero because of the

gravity term. For the case where the net equivalent gravity acting on the

melting cell is reduced to 1 X 107" g, the zero-g Rayleigh Number is given by
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Ra = 16.8 I3 AT .

Marangoni Number

In the case of paraffins the diminution of surface tension as temperature
increases is approximately linear over a large temperature range [39]. The
variation of surface tension with temperature is given by Eotvos, Ramsey and

Shield equation [80] as

0(2—4)2/3 =a(T_-T-6) . (B-1)

where o is the surface tension in dynes/cm, M is the molecular weight, Tc
is the critical temperature and a is an arbitrary constant. Since a, M and
TC are constant, and p varies only weakly with temperature over the range of
interest, differentiating equation (B-1) with respect to temperature yields the

surface tension-temperature gradient,

do a

@< _ 2. (B-2)
9 ’

dT (I;I) s

a constant. Rearranging equation (B-1), an expression for a results in

g

M\ %
* T 1) )" (8-3)

Substituting a surface tension valuc of 28.7 dynes/cm at 20°C (68°F), a critical
temperature of 490°C, a density of 0.79 gm/cm? and a molecular weight of
268.51 for nonadecane [ 14], the value of a is found to be 3.0.

Now using equation (B-3), we have
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do _ dynes
aT - -0.062 TS , (B-4)

so that the Marangoni Number may now be determined by using
-do dT 9
(72)(G)e

Ma = ——-—pm_' . (B-5)

Assuming a linear temperature profile, the %—E, 12 product becomes ATL.
Substituting the liquid properties for nonadecane given earlier, the gravity
independent Marangoni Number relationship is found to be

Ma = 1684 ATL (B-6a)
for AT in °C and L in centimeters, and

Ma = 2374 ATL (B-6b)

for AT in °F and L in inches.

Bond Number

The Bond Number is given by

pgL?
g

Bo = (B-7)

Again using the nonadecane liquid properties given earlier, the one-g Bond
Number is given by

Bo = 26.6 L? (B-8a)
where L is in centimeters, and

Bo = 171.6 L2 (B-8b)

where L is in inches.
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Reynolds, et al., [81] have shown by a graphic representation similar to Figure
B-1, the hydrostatic regimes for typical liquids. The gravity dominated

regime being above the paraffin diagonal in this Figure and the capillary or
surface tension dominated regime being below. Operating points falling in a

near proximity of the diagonal are not clearly dominated by either phenomena.

10

GRAVITY DOMINATED REGIME

10 Bo= pgL2/g>>1
10‘2..

10734

9/9,

CAPILLARY DOMINATED REGIME
Bo << 1

10‘7-—4

10-8 T T T T T T T T 1
0.1 2.01 FT. 5 1 1FT 10 1FT. 100 10FT 1000

L, cm.

Figure B-1. Hydrostatic regimes for typical liquids.
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APPENDIX C

COMPUTER PROGRAMS
Introduction

The computer programs used in the foregoing study are detailed in this
Appendix. Some of the information given herein is excerpted from Reference
78. Copies of the FORTRAN programs for a typical melting run with inclusion
of convective effects (Table C-1), a typical freezing run, written in FORTRAN
(Table C-3), and a CINDA freezing run (Table C-4) are given, along with the
corresponding notations. The details of each step is discussed for the melting
FORTRAN model in Table C-2. All programs, excluding the CINDA program,
are written in FORTRAN V. Programs utilize explicit forward finite differ-
encing techniques.

Since the CINDA model uses techniques similar to those employed in
the FORTRAN model no explanation is given and the reader is referred to
Reference 77 for explanations of listed sub routines. A skeleton flow chart for
the melting model is given in Figure C-1.

It was later discovered that the FORTRAN program for melting would
not run for the case of m = 1. The statements causing this incompatibility are
indicated in the melting program listing by an arrow placed at the left of the
appropriate statement. The FORTRAN freezing program incorporates the

changes necessary to allow runs for m = 1.
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noy
"y

AM

BETA
8J
c(1,9)
CL
cpP
CP1
Cp2
CP3
DAVG
oDoT
DELT

DEN
DENT
DEN2
DEN3
DFLO’

DFIN

DIF

DMID

NOMENCLATURE

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 (I,J), Btu/F

constant pressure specific heat of wax, Btu/lbmF

constant pressure specific heat of wax, Btu/lbmF

constant pressure specific heat of bottom plate, Btu/lbmF
constant pressure specific heat of fin, Btu/1bmF

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

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

wax density, lbm/ft3

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

top plate density, Ibm/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.

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.
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NOMENCLATURE (Continued)

DMO DMID evaluated at previous time, in.

DT time increment, hr.

EPS arbitrarily set small number used as a comparator

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

F(1,d) mass fraction of node (I,J) which has undergone phase change
since start of process

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

F2aM fraction of S which corresponds to 1/32 inch (arbitrary)

G acceleration of gravity, ft/hr?

H PCM section height (See Figure 31), ft.

HBOT? heat transfer coefficient between external fluid and bottom plate,

Btu/hr-ft2-F

HMELT heat of fusion, Btu/lbm

HTOP?3 heat transfer coefficient between external fluid and top plate,
Btu/hr-ft2-F

HTR heat of transition, Btu/lbm.

I integer designation of vertical column in which a mode is located
(See Figure 31)

J integer designation of horizontal row in which a mode is located
(See Figure 31)

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

KCHK integer used to control printing of results at desired times
(See definition of KCOUNT)

KCOUNT integer counter used to print our results at times when
KCOUNT = KCHK

M number of wax nodes in a horizontal row

MCOUNT counter used in determining unspecified fin temperatures

MFIN maximum value of MCOUNT which when exceeded causes program to stop

M M+1 (See Figure 31)
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b
NDP

NI

NJ

NN

PR
Q(1,J)
0BT
QBW

QFTR
QMELT
QRAT(I,J)
Qs(1,J)

QSIN

QSW
QTop
QTTR
QTW
QWAX

Q1

Q2

Q3

04

NOMENCLATURE (Continued)

number of wax nodes in a vertical column

number of data points for measured fin temperatures
ND-1

N+4

N+3

N+2

Prandtl number

unnecessary variable - replaced where needed by QS(I,J)
instantaneous heat transfer rate through bottom, Btu/hr

instantaneous heat transfer rate through bottom to wax only,
Btu/hr

instantaneous rate of heat transfer to fin, Btu/hr,
energy which acounts for amount of wax melted at any time, Btu.
the instantaneous net rate of heat transfer to node 1,Jd, Btu/hr.

the energy stored by node 1,J above TREF for wax and above 0 for
metal nodes, Btu

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

instantaneous heat transfer rate from fin to wax, Btu/hr.
instantaneous heat transfer rate out of top of section, Btut/hr.
instantaneous rate of heat transfer to top plate, Btu/hr.
instantaneous heat transfer rate from top plate to wax, Btu/hr
net energy transfer to wax since start, Btu.

energy stored by wax node above TREF corresponding to start
of phase transition, Btu.

energy stored by wax node above TREF corresponding to end of
phase transition, Btu.

energy stored by wax node above TREF corresponding to start
of melting, Btu.

energy stored by wax node above TREF corresponding to end of
melting, Btu.
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SRA2(1,J)

RA

RATIO

RH(1,J)

RV(1,J)
S

St

S2

S3
TAMB
TAU
TIME
TIN

TK

TKL
TKR
TMELT
TREF
TTR
T1(1,J)
T2(1,9)
T3(1,J)

TAUZ

NOMENCLATURE (Continued)

Instantaneous rate of heat transfer to node I,J based on temperatures
obtained from QRAT(I,J) and then used to correct temperature
predictions, Btu/hr

Rayleigh number for liquid wax

ratio of instantaneous heat transfer rate from fin to wax to that
from bottom plate to wax

horizontal thermal resistance between node [-1,J and node I[,J,
hr-F/Btu

vertical thermal resistance between node 1,J and I,J-1, Hr-F/Btu
wax node width, ft.

bottom plate thickness, ft.

fin thickness, ft.

top plate thickness, ft.

temperature of environment external to top plate, °F

limiting time value to stop program, Hr.

instantaneous value of time, Hr.

initial temperature of all nodes, °F

wax thermal conductivity (artificially allowed to vary in liquid
to account for convection), Btu/hr-ft-F

thermal conduqtivity of liquid, Btu/hr-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 I,J at time t+at, °F

temperature of node 1,J in fin at beginning of each iteration
step used in finding steady state solution, °F

arbitrarily defined time value used in print-out control, Hr.
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TK1
TK2
TK3
TIM(L)

TMI(L)
TM2(L)
TM3(L)
THM4{L)
VIS

Vi

V2

NOMENCLATURE (Concluded)

thermal conductivity of bottom plate, Btu/hr-ft-F
thermal conductivity of fin, Btu/hr-ft-F
thermal conductivity of top plate, Btu/hr-ft-F

time value corresponding to input data of measured fin temperatures,
hr.

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, 1bm/hr-ft

volume of wax melted at time t, ft3

volume of wax melted at time t+at, ft3

width of wax cell, ft

! This assumes that some finite thickness must have melted before it
would be detectable on the film. The number DFIN is the height
corresponding 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.

This has been included but set at a small value to essentially

correspond to the top being insulated.
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TABLE C-1. FORTRAN COMPUTER PROGRAM FOR MELTING

W NOYO oo —

31) . QS(
) . ORAT(
(9), TIM(

DIMENSION RV(5,31) , RH(5,31) , C(5,
DIMENSION T2(5,31) , F(5,31) , Q(5,31
DIMENSION TMI(9), TM2(9}), TM3(9), THM4
DIMENSION QRAZ(5, 31)

COMPUTATIONAL PARAMETERS
N=27
M=4
AM=M
MM=M+1
NM=N+2
NJ=N+3
NI=N+4
ND=9
[{DP=8
TAU=1.1
KCOUMNT=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
HB(T=5.0
G=(32.2*3600.*3600.)

WAX
DEN=47.2
T¥=0.087
CP=0.5
TTR=73.04
4TR=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
JDEN3=72.5
TK3=0.09
CP3=0.33
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TABLE C-1. (Continued)

55 GEOMETRY PARAMETERS

56 W=0.75/12.0
57 H=2.625/12.0

L8 B=5.0/12.0

59 S=W/(2.0%AM)

60 $1=0.032/12.0

61 $2=0.008/12.0

62 $3=0.25/12.0

63 F20M=1.0/(32.0%*5*12.0)

64 VERTICAL' RESISTANCES

65 RV(T,2)=( S]/(TK]*SZ*B))+(2./(HBOT*SZ*B))
66 DO 10 I=2,M

67 10 RV(1,2)=(S 1/(2 *TKI*S*B) )+(1./(HBOT*$*B))
68 ( ,3)=(S/(TK2*S2%B) )+(S1/(TK1*52*8) )

69 DO 20 1=2,MM

70 20 RV(1,3)=(1./(2.%TK*B))+(S1/(2.*TK1*S*B))
71 00 30 J=4,NN

72 30 RV(1,d)=((2.%5)/(TK2*S2+*B))

73 D0 40 J=4 NN

74 D0 40 I=2,MM

75 40 RV(1,d)=(1./(TK*B))

76 RV(1,N+3)=(S3/(TK3*S2%B) )+(S/(TK2*52*B))
77 DO 50 I=2,MM

78 50 RV(I,N+3)=(S3/(2.*TK3*S*B))+(1./(2.*TK*8)
79 RV(1,N+4)=(S3/(TK3*S2%B))+(2. /(HTOP*S?*B)

81 ——*D0 60 [=3,MM

82 60 RV(I,N+4)=(S3/(2.*TK3*S*B))+(1./(HTOP*S*B))
83 HORTZONTAL 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*53*B))

)
)

80 RV(2 N+4)=(53/(2.¥TK3*B*(S+(52/2.))))+(1./(HTOP*B*(S+(52/2.))))
)

87 DO 80 J=3,NN
88 80 RH(2,d)=(52/(2.%TK2*S*B) )+(1./(2.¥TK*B))
&9 D0 90 J=3,NN

90 =00 90 1=3.MM

91 90 RH(1,d)=(1./(TK*8))

92 RH(2,2)=((S2+S) /(2. *TKI*S1*B))

93 ——=—D0 100 1=3,MM

94 100 RH(I1,2)=(S/(TK1*S1*B))

95 RH(2 ,N+3)=RH{2 ,N+3)+RV(1 ,N+3)

96  NODAL CAPACITANCES

97 C(1,2)=((DENT*S1*S2*B*CP1)/2.)

98 DO 110 I=2,MM

99 110 C(I,2)=(DENI*S1*S*B*CP1])

100 DO 120 J=3 AN

101 120 c(1 ,J)=( (DEN2*S2*S*B*(P2)/2.)

102 (1 N+3)=((DEN3*52*S3*B*CP3)/2 )

103 C(2,N+3 )=(s3*a*(s+(sz/2 ) J*DEN3*CP3)
104 ——*=D0 130 I=3,MM

105 130 C(1,N+3)=(DEN3*S3*S*B*CP3)

106 DO 140 J=3,NN

107 DO 140 1=2,MM

108 140 C(1,J)=(DEN*(S**2)*B*CP)

109 ——=Q1={C(3,4)*(TTR-TREF))

110 Q2=Q1+( (DEN*(S**2 ) *B*HTR))
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TABLE C-1. (Continued)

111 ——==0Q3=02+((C(3,4))*(TMELT-TTR))

112
13
114
115
116
17
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

146
147
148
149

151
152
153
154
155
156
157
158

160
161
162
163
164
165
166

Q4=Q3+( ( DEN*(S**2)*B*HMELT) )

INITIALIZATION OF PERTINENT QUANTITIES

150

TIME=0.0
NWAX=0.0
QBW=0.0
QSW=0.0
QTW=0.0

L

=4

—

=}

|
[N N
[ Nanw i on)

DO 150 I
T1(1,9)=T

—— N

——— [ F(TIN.LT.TTR)QSIN=(C(3,4)*(TIN-TREF))
——— IF(TIN.GT.TTR.AND.TIN.LT.TMELT) QSIN=Q2+((C(3,4))*(TIN-TTR))
—_— IF(TIN.GT.TMELT)QSIN=Q4+((C(3,42)*(TIN-TMELT))

160

170

180

190

199

11
22

33

44

DO 160 I=1,MM

T1{1,N+4)=TAMB

DO 170 J=3,NN

D0 170 I=2,MM

QS(1,J)=QSIN

DO 180 I=1,MM

0(1,2)=0.0

Q(1,N+3)=0.0

D0 190 J=3,NN

Q(1,J)=0.0

D0 199 J=2 NI

DO 199 I=1,MM

F(1,J)=0.0

QRAT(1,J)=0.0

READ(5,11) (TMI(1), I=1,ND)
READ(5,11) (TM2(1), I=1,ND)
READ(5,11) (TM3(1), I=1,ND)
READ(5,11) (TM4(1), I=1,ND)
READ(5,11) (TIM(I), I=1,ND

FORMAT(8F10.0)

WRITE(6,22) TIME,W,H,N,M

FORMAT (1X ,5HT IME=,E15.8,10X ,2HW=,E15.8,10X ,2HH=,E15.8,10X,2HN=,12,
15X,2HM=,12)

WRITE(6,33)Q1,02,Q3,Q4
FORTAT(]X,3HQI=,E15.8,10X,3HQZ=,ElS.8,10X,3HQ3=,E15.8,10X,3HQ4=,E1
5.8

WRITE(6,44)

FORMAT (2X,8HI J,5X,19HVERTICAL RESISTANCE,6X,2THHORIZONTAL RESIST
ANCE ,6X, 17HNODAL CAPACITANCE,6X,11HTEMPERATURE,5X,7HQS(1,J))

DO 200 J=2,NI

DO 200 I=1,MM

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

GO T0 2

Qs{1,4)=0.0

RH(1,J)=1.E08

c(1,J)=0.0
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TABLE C-1. (Continued)

167 2 TF(I.EQ.1)RH(I1,J)=1.E08

168 IF(J.EQ.2.0R.J.EQ. N+3)QS(I J)=0.0

169 IF(I.£Q.1)QsS(1,3)=0.0

170 WRITE(6,55)1,d,RV(1,d),RH(1,d),C(1,d),T 1(1,d),Q5(1,J)

171 55 FORMAT(]X I2,1x,12,5X,E15.8,10%,E15.8,10X, E]S 6X,E16.8,4X,E15.8)

172 200 CONTINUE

173 DO 889 J=3,NN

174 889 T3(1,J)=T1(1,J)

175 COMPUTATION SECTION  COMPUTATION SECTION COMPUTATION SECTION
176 3 TIME=TIME+DT

177 DO 210 J=3,NJ

178 QRAT(],J)-((T](Z J)-T](],J)VRH(Z I)HTI(1,0-1)-T1(1,3) ) /RV(1,J)
©179 +((T1(1,d+1)-T1(1,3) ) /RV(1,J+1))

180 QRAT (MM, 0)=((T1(M,J)-T1(MM,J) ) /RH{MM, J))+((TT(MM,0-1)-T1(MM,J) ) /RV
181 (MM,0))4+((T1(MM, J+l) ~T1(MM,J))/RV(MM,J+1))

182 210 CONTINUE

183 D0 211 J=3,NJ

184 =——===D0 211 I=2 M

185 QRAT(1,d)=((T1(I-1,3)-T1(1,d))/RH(I,J))+ ((TY(I+1,3)-T1(1,d))/RH(1+
186 ; J))+((T1(I,J-])-T1(I,J))/RV(I,J)) +((T1(I,3+1)-T1(1,J))/RV(I,d+1)
187

188 211 CONTINUE

189 212 DO 220 J=3,NJ

190 D0 220 I=1,MM

191 220 QS(1,d)= QS(I J)+(QRAT(I ,J}*DT)

192 DO 240 I=2,MM

193 240 T2(I,N+3)=T1(I,N+3)+ ((QRAT(I,N+3)*DT)/C(1,N+3))

194 T2(1,N+3)=T2(2 ,N+3)

195 DO 250 J=3,NN

196 DO 250 I=2,MM

197 IF(QS(I J).LT.Q1)T2(1,J)=TREF+(QS(1,J)/C(1,d))

198 IF(QS (I,J) GE.Q1.AND.QS(I1,Jd).LE.Q2) T2(I,J)=TTR

199 )§Q (I1,J).6T.Q2.AND.QS(I,J).LT.Q3) T2(I,J)=TTR+((QS(I,J)-QZ)/C(I,
200 IF(QS(I,J).GE.Q3.AND.QS(I,J).LE. Q4) T2(I,3)=TMELT

201 WHEN GOING FROM MELT TO FREEZE OR VICE-VERSA CHANGE THE FOLLOWING CARD
202 IF(QS(1,J).GT.Q3.AND.QS(I,J).LT.Q4) F(I,J)=(QS(I,J)- Q3)/(DEN*(S**2
203 )*B*HMELT)

204 IF(QS(1,J)GT.Q4) T2(1,J)= =TMELT+((QS(1,J)-Q4)/C(I,d))

205 WHEN GOING FROM MELT TO FREEZE OR VICE-VERSA CHANGE THE FOLLOWING CARD
206 IF(QS(1,J).GE.Q4)F(I,d)=1.0

207 IF(QS(1,J).LE.Q3) F(I J)=0.0

208 250 CONTINUE
209 SPECIFICATION AND/OR DETERMINATION OF FIN TEMPERATURES

210 THE FOLLOWING DO LOOP ASSUMES FIN TEMPERATURES FOR ITERATION
211 DO 255 J=3,NN

212 255 T2(1,0)=T3(1,4)

213 DO 260 L=1,NDP

214 IF(TIME.GE.TIM(L) .AND.TIME.LE.TIM(L+1)) GO TO 4
215 260 CONTINUE

216 4 FAC=(TIME-TIM(L ))/(TIM(L+1) TIM(L))

217 T2(1 2) =THMI(L)+( (TMI(L+1)-TMI(L) ) *FAC)

218 T2(1,8)=TH2(L)+((TM2(L+1)-TM2(L) ) *FAC)

219 T2(1, 15) =TM3(L)+((TM3(L+1)- TM3(L))*FAC)

220 T2(1,21)=TMA(L)+((TMA(L+1)-TMa(L) ) *FAC)

221 00 270 1=1,MM
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222

224
224
226
227
228
229
230

232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

254
255
256
257
258

270
27

277

—— D0 283

TABLE C-1. (Continued)

270 T2(1,2)=T2(1,2)
UNSPECIFIED FIN TEMPERATURES DETERMINED BY STEADY STATE EQUATIONS
256 MCOUNT=MCOUNT+1
DO 280 J=3,NN
T3(1 ,0)=T2(1,d)
IF(J.£Q.8.0R.J.EQ. 15) G0 TO 5
1F(J.EQ.21) GO TO 5
T201.,9)=((T2(1,3-1)/RV(1,3))+(T2(2,J) /RH(2,J
)N/ /RV(D WA+ 7Ru(2 J7)+(l JRV(1,0+1)
5 CONTINUE

280 CONTINUE
1F(MCOUNT .GT.MFIN) GO TO 8
DO 281 J=3,NN
DIF=T2(1 J) -T3(1,J)
1F(ABS(DIF).GT. EPS) GO TO 256
281 CONTINUE
IF(JOE.EQ.2) GO TO 285
JOE=JOE+1
PO 888 J=3,NJ
0O 888 I1=1,MM
888 05(1,d)=0S(1,J)-(QRAT(I,J)*DT)
DO 282 J=3,NJ
QRA2(1,J )=((T2(2 W)-T2(1,d))/RH(2, IN+((T2(1,3-1)-T2(1,9))/RV(1,J)
)+ ((T2(1,J+1) T2(1 J))/RV(1 ,J+1))
QRAZ(MM,J)=((T2(M, J) T2(MM, J))/RH(MM I))+((T2(MM,J-1)-T2(MM,J) ) /RV
(MM,J) )+ {(T2(MM, J+1)-T2(MM ) )/RV(MM,J+1))
282 CONTINUE
DO 283 J

£
E
J ))+(T2(1,d+1)/RV(1,0+1
v ))

0RA2(I,
2J))+(

)
283 CONTINUE
DO 284 J=3,NJ
DO 284 I=1,MM
284 QRAT(I,J)= (QRAT(I J)+QRA2(1,J))/2.0
GO TO 212
285 MCOUNT=1
DO 286 I=
286 QRAT(1,2
DO 287 1
287 Qs(1,2)=
01
2(
2(

:3,
1=2,

)=((T2(1-1,0)-T2(1,9) ) /RH(1,0) )+((T2(1+1,0)-T2 RH(I+
(T2(1,9-1)-T2(1,9))/RV(1,9) )+ {{T2(1,J+

))+( (I,9))/
(T2(1,041)-T2(1,0))/RV(1,0+1)

2(1 ,2)-T1(1,2))*c(1,2)/0T)
) (C(I,2)*(T2(I,2)-T1(l,2)))
,3))/RV(1,3)+QBW

)
(IN&)VRWIN+w+mw
-T2(1,3))/RV(1,3))

P W~ -—‘
—‘zl’\)- —~ e

QBW=(T
290 QTw={T2(I,
QBT=QBW+((
DO 300 J=3,NN
300 QSW= QSN+((T2(] J)-TZ(Z,J))/RH(Z,J))
po 310 I=1,
370 QTOP= ((TZ(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 Q1TR= QTTR+QRAT(1 ,NJ)
QWAX= (QBN+QTN+QSN)*DT+(QNAX)
RAT10=QSW/QBW

=L
:
I,
I
(

N+VZ’—‘3’—‘S
i !

—~w _-‘.
._1\_/—1
N—IA
VN
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930

945

946

947

949

350

313
314

315
316

TABLE C-1. (Continued)

ERROR= ((QB -(QBW+QSW+QTW+QTOP+QFTR+QTTR))*100.0)/QBT

V2= V2+(F(I J)*(S**Z)*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)
R=(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*0.104*(RA**0.305)*(PR**0.084))
IF(RA.GE.3500.0.AND.RA.LE.1.E05) TK=(TKL*0.229*(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
D0 946 J=4 NN
D0 946 1=2 ,MM
IF(F(I,J).LT.EPS) GO TO 946
RV(I,d)=(1./(TK*B))
CONT INUE
DO 947 I=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 J) (S2/(2.*TK2*S*B) )+(1./(2.*TK*B))
CONTINUE
DO 950 I=3,MH
IF(F(I J).LT.EPS) GO TO 950
RH(I,d)=(1./(Tk*B))
CONTINUE
IF(KCOUNT.EQ.XCHK) GO TO 6
KCOUNT=KCOUNT+1
GO TO 7
WRITE(6
FORMAT (
00 313
AJ=J-3
BJ=J-2
IF(F(2,J) .GT.F2JM) DFLO=(BJ*5*12.0)
DFIN={AJ*S*12.0)
IF(F(2,J).LT.EPS) GO TO 314
CONTINUE
DG 315 J=3 NN
Ad=J-3
TF(F(MM,J).LT.1.0) DMID=((AJ*S)+(F(MM,J)*S))*12.0
[F(F(MM,J).LT.1.0) GO TO 316
CONT INUE
WRITE(6,67) DFIN, DFLO, DAVG, DMID

,66) TIME, QWAX, ERROR
1X,5H TIME=,E15.8,IOX,5HQWAX=,E15.8,10X,6HERROR=,E15.8)
J=3,NN
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334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354

356
357
358
359

361
362
363
364
365
366
367

67

68

77

88

99
320

330

111

TABLE C-1. (Concluded)

FORMAT(]X,SHDFIN=,E15.8,10X,5HDFLO=,E15.8,10X,5HDAVG=,E15.8,10X,5H
DMID=,E15.8)

DDOT=(DMID-DMO) /DT

OMO=DMID

WRITE(6,68) RA, TKR, QMELT, DDOT
FORMAT(1X,3HRA=,E15.8,10X,4HTKR=,E]S.B,]OX,6HQMELT=,E15.8,1OX,5HDD
0T=,£15.8)

WRITE(6,77) QBW, QSW, QTW, QBT, RATIO
FORMAT(]X,dHQBw=,E15.8,3X,4HQSW=,E15.8,3X,4HQTN=,E15.8,3X,4HQBT=,E
15.8,3X,6HRAT10=,E15.8)

WRITE(6,88)
FORMAT(ZX,1HI,2X,1HJ,]0X,11HTEMPERATURE,1OX,15HFRACTION MELTED,10X
,1THENERGY RATE,10X,13HENERGY STORED)

DO 320 J=2,NJ

Lo 320 I1=1,MM
WRITE(6,99)1,J,T2(1,d),F(I,d),QRAT(1,J),QS
FORMAT(1X,12,1X,12,8X,E15.8,8X,E15.8,8X,E]1
CONTINUE

KCOUNT=1

QBW=0.0

(1,J)
5.8,8X,E15.8)

JOE=1

IF(TIME.LT.TAU) GO TO 3
WRITE(6,111) MCOUNT
FORMAT(1X,13)

STOP

END
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TABLE C-2. 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,N])
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
64 - 82 computation of all vertical thermal resistance

values RV (I,J)

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

9 - 108 computation of all nodal capacitance values
c(1,9)
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

13 - 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 print-out 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
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151

173

175
176
177

189

192

194

195

- 172

- 174

- 188

- 191

- 193

- 208

TABLE C-2. (Continucd)

print out of initial values for checking purposes
and print out of certain computed quantities for
informational purposes

initially defines T3(1,J) for all fin nodes and
se%s t?ese equal to the initial temperatures
T1(1,J

beginning of main computation scheme

time is stepped forward by At

loops which compute and store the net rate of heat
transfer to nodes (1,J) based on old temperatures

T1(1,J); the rate of heat transfer to node (1,d)
is given by

: CT(1-1,0)-T(1,d) , T(I+1,9)-T(1,J
q(I,J) = &H(I’J% L. I RH(IZJ)( Il

T(1,9-1)-T(1,4d) , T(I,J+1)-T(1,J)

A 11T 6 U)) RV(T,J+1)

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

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

2 aat

time

Utored ~

computation of new top plate temperatures T2(1,N+3)
from the expression

_ q(1,Jd)at
T2(1,d) = TI(1,3) + 3¢ 3

sets the corner top 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

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
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209
211

213

221

223

224

238

239
240

243

- 210
- 212

- 220

- 222

- 237

- 242

- 254

TABLE C-2. (Continued)

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

beginning of determination of fin temperatures

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

jteration process used to determine unspecified
fin temperatures; in each iteration, T2(1,J)

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 iteration 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 energy stored at each node (I,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
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255 - 257

258

259

279
283

284

285

287

288
289
291

294

295

316

3V
318

278

282

286

290
293

315

TABLE C-2. (Continued)

calculation of net heat transfer rate to each node
as the average of that based on old temperatures
T1 and new temperatures 12

return to Tine 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

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

v

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 0‘'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
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TABLE C-2. (Concluded)

319 - 320 write statement for printing results

321 - 332 computation of interface position for columns
next to fin and next to centerline

333 - 335 write statement for printing results

336 - 337 calculation of interfacial velocity and renaming

interfacial position to provide for determining
its change at the next time step

. 338 - 351 write statements and corresponding formats for

printing results

352 - 358 reinitialization of pertinent quantities for next
time step.

359 - 361 setting new temperatures for current time step to
be old temperatures for the next time step

362 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, tﬂ

{ t=t+Lt l

COMPUTE HEAT TRANSFER RATES q(lJ)
FROM T1 VALUES

1

EVALUATE ENERGY STORED BY
NODE (1,J) FROM q(1,J) [::l:]
JOE = 2
COMPUTE T2 FROM ENERGY STORED
VALUES EXCEPT FOR FINS AND q(ld)+g’ (LJ)
BOTTOM PLATE ol d) = )

4
NO COMPUTE HEAT TRANSFER RATES
FROM T2 VALUES q' (1,4}
YES

DETERMINE DEPENDENT QUANTITIES

VAR!IOUS HEAT TRANSFER VALUES
INTERFACIAL POSITIONS

| RECOMPUTE THERMAL
RESISTANCES IN LIQUID

(—
[PRINT RESULTS]|

T, =T20,J)
JOE=1

NO
YES
STOP

Figure C-1. Skeleton flow chart.
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TABLE C-3.

TEST 230=,
DIMENSIUN
1,31)
DIMENSION
1(5,31)
OIMENSION
QIYENSTION

FORTRAN COMPUTER PROGRAM FOR SOLIDIFICA TION

5 FREEZZ TEST 3/4 INZH CELL
Rv(5s31)s RH4I(5,31), C(5431))s Q5(Ss31)s T1(E

T2(%231)s F(5:31), QRATI(6,311s T3(1,31),QRAZ

TM1(25)s TM21251s TM3(25)s TMalR2E), TIMI(25)
vR(52431)s HR(5,31)

c

COmPUTATIINAL
NS27
Mmg
AVeM
MMevel
NNENe 2
NJmN+3
Nim\Nes
ND=23
NOP=g2
TAUm1+5
KCOUNTe
MCOJNT=]
MFIN®S50C
EPSmleEm=Q6
KCMKmiu00
JUE=
CT=0eQC005
Taues(10sa
AF=s4C

PARAMETERS

DT+ (DT/30)

WUN=1+QeEPS

-

o

™

-

PAYSICAL PrROPE
TAMBm8G
TIN2100Q
HTIP=1+EaQD
HBOT=S,

Ga {32 {74x
nWAX
DENm4 742
TX=Q+087
CPmde5
TTR=73404
HTR®224¢108
TYE_T2589+8
HquT’73.3
TREF=S(
BETAeDs00C
viSml4¢3
CLmCP
TXL=TK
BOTTOY PLATE
DENI=171s
T<1m93,
CPlape22

RTIES

3600+43600¢)

57

45

PENDTED BY 1
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TABLE C-3. (Continued)

o FIN DENUTED 8BY 2
DENC®174
TXE=93,
CP2a0e22
- TOP PLATE DENCTED mY 3
DEN3®72:5
TK3=0e (9
CP3=0e¢33
C GEOMETRY PARAMETERS
we0e75/1240
He2e625/12¢0
BmSe¢0/12¢0
Smw/(2e8aM)
S1204032/12+0
S2=20:008/12¢0
638042571240
F2uvm1+0/(32¢0252124¢0)
C VERTICAL RESISTANCES
RV{1s02)m(S1/7(TK1sS28B) ) +{2e/{H30T#S248))
CO 10 Im2,mM
10 RVII,2)8(S1/(2e4TK15S8B))+{1+/(HBOT#S88B) !}
RVI1,3)m(S/(TK24S28B) )+ (S1/(TK1»S228))
DO 20 lm2,mM
20 RVI(1,)3)m(ie/(208T<2B))+(S1/(2s8TK14SsB))
DO 30 uUmu,yNN
30 Rv(lsJ)m((2evaS)/(TK285248))
CQ 40 JUmé,yNN
DI 40 l1=2,MM
40 RYIIaJim{le/(TKaR))
RY(1oNe3)m(S3/(TKIS2»B) )1 +(S/(TK2#824B))
DO 50 [e2)MM
RY(IaNe4) = (S3/(2:8TK3I*S4B)) ¢ (1¢/(HTOPxS»B))
50 RV(IaN+I)m(S3/{2+8TK34S#B))+(3e/(2e5TKnB))
RY(1sN+4)m{B3/(TK3IuE24B) )¢ (2e/(RTOP*E24B))
RY(2sN+8)m(53/(2+8TK34B8(54(52/2¢))))e({10/(HTOP#B* (8«
1182/2+¢))))
o MORIZONTAL RESISTANCES
DI 70 le2,mMm
RM(Is2) = (S/71TKiwS128))
70 RH(I)Ne3 )= (S/(TKINSI*B) )
DO BU JUs3sNN
00 BCL lm2,mm
B0 RH(Isy) ®» (Lle/(TkuB))
D3 90 Ju=3,NN
90 RHlzad)Im (S2/(2enTK24S8B) ) ¢ (1e/(2e8TKaB))
Re4(2,21m((52+5)/(2+8TKinSi»B))
R4{2sN+3 )= (S2+S)/(2eaTKIuSI*B) )
R4({2)N+3)=RH(2sNe3)+RVILIIN+I)
C ~JIDAL (aPACITANCES
Clis2)m({DENL®SL1aS28BeCPL)/20)
DO 110 le2,mMM
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TABLE C-3. (Continued)

110 CtIs2)=({DENI*S14S8BECPL)
DO 120 um3dsNN
120 Cllrule( (DEN2#S2¥S¥B¥CP2)/20)
CllaN+3 ) ((DENI®S24538BSCP3)/2:)
DO 130 I=2,mMm
130 C(lsN+3 )= (DENIHSIsSapsCP3I)
Cl2sN+3)m(5348%(Se(S52/2+) )8DENISCP3)
DO 140 U=3,NN
DO 140 lem2,mMM
140 ClIs»JIm({UENS(S»»2)8BaCP)
Gl = (C(243)8(TTR=TREF))
Q2=21+¢( (DEN»(S»»2)uBx4TR))
@3 = G2 + ((C(2,3) )18 (TMELT=TTR})
QaeJ3+  (DEN®(S*52)aBsHMELT))
INITIA_IZATION GF PERTINENT QUANTITIES
TIME=Ds0
GNAX=040
QBw=040
RSwele0
GTw=0s g
QTOP=0D.0
WFTR=0+0
QTTR=0,0
Vis{.0
V2mde 0
DMO=0+0
DO 150 JUw2,Ny
00 150 Isi,MM
150 Ti(l,JieTIN
IF(TINOLTeTTRIQSIN®(C(2s3)%(TINSTREF))
IF(TINCGTeTTReANDOTINSLToTHMELT) GSIN=Q2¢(C(2.3)2(TIN
1=TTR) )
IF(TIN-GT-THELT)QSIN-0#+I(C!203))QITIN-THELT))
DO 160 I=i,mmM
160 Tl(l,N+4)aTaMB
00 17C usms3,NN
DO 170 Is=2,Mm
170 WS(I,u)=QS]IN
D3 199 um2,N1
DD 199 Ieil,mmM
Fliladie0s0
199 QRAT(I,J)=m040
READ(5,11) (TM1(I)s I=1sND)
READ(5,11) (TM2(11s IeisND)
READI(S,11) (TM3(I)s IwisND)
READ(5,11) (TM& (1), ImlaND)
READ(5511) (TIM(I})s ImisnND)
11 FORMATI(8F10+0)
DO 910 KTCmi, nNO
910 TIM(KTC)-TIHIKTC)/3600'
WRITE(6022) TIMEswaranNaM
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TABLE C-3. (Continued)

22 FDR%AT(ix:5H1IﬁE-:ElS-Bo10x:?%~-oE15-8:IOXJBHH-OEISOS
1s10%xs2rNu, I22135x,2HME,12)
WRITE(6233)1G14G2203,046
33 FORﬂA?(1x;3n01-051508o10x:3H02-:E15~Bo10Xo3H03-151508
1,10X03mQas)EL1SeB)
WRITE(G6sbs)
vk FORMAT(2Xs4r] Js5X2194VERTICA. KRESISTANCE.6X
1,21 Hn0OKIZONTAL KRESISTANCES6Xs»17HNODAL CAPACITANCEs6X
2)1IHTEMPERATURESSX27HES(T2U))
5O 200 Js2sNl
DD 200 Imi,MM
IF({JeEWsN+4) GO TD
GC T0 ¢
1 QS(IsJ)mCseD
RM(IsJ)mleEQS
CtlsJ)=0e0
IF(IsEGslY RH(Jou)wleEQE
IF({JsEQe2eCRoJsEQIN®T) QS(I1su)m000
IF(TsEQel) RS(1sJ)m0eD
HRITElﬁlss)IJJJRVlIIJ)IRH‘IJJ)OC(IJJ)JTI‘XJJ)OQSlXOJ)
55 FORMAT(IXs[2s1X012s5XsE150B,1CXaEL15¢8010X,EL150826X
1s515e8,0x2,E1548)
200 CONTINUE

D2 400 JU=m3,NJ

GO 400 Jw2,MM

VRIIsJIekRY(Ia4)

w0 MR(JsJ)mRMITad)
D3 BB9 JUm3,NN
889 T3(lsu)=eTi(1a4)
CIMPUTATION SECTICN COMPUTATION SECTION COMPUTATION
SECTICN
3 TIME=TIME+DT

DO 210 J=3,NJ

QRAT(1sd1m((T(2adleTallau))/RM(2oJ)IS(ITIIL)UmL) TR
10J))/RV(1)J’)0‘(Tl(lldvl)'Ti(ioJ))/RV(IIJ#i))

QRAT (MM Ul m( (TL(Mag)eTLIMMaJ) ) /ZRHIMMII)II*((TI (MM JmL)
1-T1(HMOJ))/RV(ﬂH:J))¢((Ti(HHaJol)'TI(HﬂoJ))/RV(HHIJ
2+11))

€10 CONTINULE

IF(MsEQel)IGO TO 212

00 211 Uusm3IaNJ

D0 211 ls=s2,™

QRAT(1s0)®i(T1(letsd)nTi (o)) /RHITAJIIISIITLI(TI®LsJ)eTY
LUTodl ) /ZRHII®22 001 e ((TL(TaJmt)eT i (Tad)I/RYV (T2 CITIT
2odslleTi(laU) I /RVILaJeL )

241 CINTINUVE
212 00 220 Jw3,NJ
D) 2&C lmi,mm
220 USt11oalmgSiladle{3RAT(LI2JI8DT)
D0 2640 Im2,MM
200 T2(1aNe3)mTi(IsNe3)+((GRATIIINCIIADTI/C(1aN*3))

o3
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TABLE C-3. (Continued)

T2(isNe3)mT2(2sN+3)
D3 250 J=3sNN
0C 250 [=2,rm
IFE3SIIad)elTodl) TR2U1aJ)®TREFS(QS(LoJ)/C(Iad))
IF(QS(Iau) e GEWLoANDOAS(TaJ)eLEeQ2) T2(1oJ)=TTR
IF(ISITad)eGTe02eaNDeuS(TIad)olLTe@3) T2(IoJ)=TTR*((QS(I
1,0)2Q2)/CU1sd)
IF(QS (1o J)sCE0UIeaNDIRS(IsJ) o LEeQS) T2(IsJ)=sTHMELT
wHEN GOING FROM MELY TO FREEZE OR VICECVERSA CHANGE THE
FCLLOWING CA
IFIQS(1ad) oGTeQ3eANCIQS(Isu) sl ToQ4) F(IsJ)m(Q4=QS(]
10J0)) /7 (DEN® (Su32)s3sMMELT)
IFIASt1sJ)eGEsQN) F{l,J)a0e0
IF(QSITau)eGTog8) T2(1aJ)mTMELT*((QS(LoJ =08 /C{1sJ))
wHEN GCING FROM MELT TC FREEZE OR VICE=YERSA CHMANGE THE
FOLLOWING CA
IF(AS(Isu)eLEeQ3) F(lsuimlae0

250 CONTINUE

C SPECIFICATION AND/OR QETERMINATICN OF FIN TEMPERATURES

C
C

THE FOLLOWING DO LOOP ASSJUMES FIN TEMPERATURES
FOUR ITERATION
D3 255 Jw3,NN

255 T2(1,J)=T3(8s4)

03 260 Le1,NDP
IF(TIMECGE e TIMIL)oANDeTIMESLESTIMIL*L)) GO TO o

260 CONTINUE
4 FACS(TIMESTIMIL))I/Z(TIM(L+L)aTIVIL))

“T2(122)aTMI(L)I*((THML(Lel)wTMI(_))NFAC]
T2(18)@TMR2(L)I+((TM2(L+1)aTM2(L))5FAC)
T2(1,15)=TM3(LI+((TM3(Lel)aTMI(L))IBFAC)
T2(1,21)@TMe( L)+ (THM4(L*1)sTM&(L))SFAC)
DD 270 lmi,mm

270 T2til,2)mT2(4,2)
UNSPECZIFIED FIN TEMPERATURES NDETERWINED BY STEADY STATE

EQUATIONS

256 MCOUNTaMCOUNT+Y

DO 280 J=m3,NN
T3(1,J1mT2(1,J)
IF{JU'EQIBeQReJCEGe1S) GO TO 5
IF(JUsEQe2L) GO TO 5
T2ilsu)®iiT2(1oumt)/RY 10U IS (TR(24J)/RHI2aJ)I®(T2(304
141)/RVIL2UeL )N /Z7 0t o/RYVILIJ) IS (Lo /RHL2aJ) V(L0 /RV IS0 Y
e+l )
5 CONTINUE

280 CONTINUE

IFIMCOUNT«GTeMFIN) GO TO 23

03 281 Jm3,NN
DIFsT2(1,0)=T3(1,4)
IF(ABS(DIF)«GTeEPS) GO TO 256

281 CONTINUE

IF1JOEsEQe2) GO T 288
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TABLE C-3. (Continued)

JOE=SJOE+1
DO 588 Uus3,NJ
DO B88 Isi,mMm
B8 AS(1,J01eQ0S(1sul={ARAT(L2J1#DT)
DO 282 Jm3shy
OQAZIIoJ)-((TEI?:J)~TE!1:J))/Rﬂ(EJJ)l#((lalloJ-l)-TZ(I
1J11/ZRV L2011 1T211sJ*11=T2(12J))1/RVILNJ+1)) .
QRAZ(MMIJIm((T2(MaJ)oT2IMMIJ)I/RHIMMa L)) *L{TR2(MMNaJ=Y)
1aT2(M Ut I/ZRVIMM I I ((T2(MMa el ) @T2(MYsJ))/RV MM
e+1))
282 CONTINUE
IF(MeEGL1IGD Tu 283
DO 283 J=3)NJ
DO 283 l=2,M
GRAZITI,J)e{(T2i1miaginT2(10J))/RMiTsu) )+l (T2(1¢350)mT2
10au))/RMIT+3001) 01 UT211sd=1)=T2ULL00))I/RVITSUI*LLTRLL
24411 =2T2(10u))Y/RVI1adel))
2383 CONTINUE
DI 284 u=3)NJ
DI 28B4 Isi,mMm
284 QRAT(IJJ)-tORATlIoJ)OoﬂlatIJJI)/200
GO TO z12
285 MCOUNTw]
DO 401 Uu=m3IiNy
DJ 401 I=s2,MM
IF(F(IsJ)eGTeEPSsANDOF{IoJ)e L TeUN) GO TO 402
IF(F(lsJ)eGToUN) 30 TO 403
G TO #01
403 RV(laJimyR({l0J)
RY4(IsJimHR(1aJ}
GO TO 401
402 RV(I,JImyR(]aJ)/AF
RA(IsJImHR(TaJ) /AT
RV(IsJel)imnVR(LsJel)/AF
Red(l+1sJimHRII*1,J)/AF
401 CONTINUE
DO 286 Imi,MM
286 QRAT(I,2)e((T2(1,2)=T1(1s2))#C(142)/DT)
DO 287 I=1,MM
287 QS(1,2)mQS11s2)¢(C(122)8(T2(152)mTL(I02)1))
DO 290 I=2,MMm
EBns(T2(1,2)2T21{143))/RVII03)¢3BW
290 RTwe(T2(1,N+3)=2T2{12N+2))1/RV(IsN+3)+QTW
Q3TalUBwW+((T2(122)T2(123))/RVI143))
D3 330 JUs3I,Nh
300 QSw=QUSW+((T2(1,J)=aT2(22J))/RH{204))
3 310 lei,Mm
310 QTOPm((T2(IsN+3)=TAMBI/RVIIaN+4))eRTOP
DC 311 JU=m3,yNN
311 QF TReQFTR+QRAT(1,J}
DO 312 I=l,MM
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TABLE C-3. (Continued)

312 QTTReGTTR2URATI(I)NJ!
QHAX® (BW*RTW*USW)INDT e (QWAX)
RATIO®QSwW/0BW
ERROR®( (UBT=((UBWeUSH+QTHW+OTOP+3FTR+WLTTR) )#100e0) /287
DO 930 Je3,NN
DO 930 Im2,MM
Vémav2+(FllsJ)n(5a82)4B)
930 CONTINUE
DAVEm((2¢08V21/(weB))a1240
QMELTe((v2myl ) sDENSHMELT ) /DT
QFREZ=UMELT
Vimy2
v2sQ0e0
IF(XKCOUNTSEGCeKCHMK) GD TD 6
KCOUNTaKCOUNT+1
GC 10 7
6 WRITE(6s606) TIME, DWAXs ERPFPOR
66 FORMAT (IXs5HTIMEm)ELSsBs10Xs5nanAXR,EL1508,10Xs8HERRORS
1sE1548)
DO 313 Jm3,NN
AJs jm=3
BJmy=2
IF(FI2ad)eGTeF2 M) DFLO®(BU*S*12¢0)
DFINm(AJNS812¢0)
IFIF(2aJ)eLTHEPS) BO TO 314
343 COMTINUE
314 DO 315 Js3,NN
AJm =3
IF(F(MMaJ) oL Tel00Q) DMIDR((AJNS)#{F(MMaJ)%8) ) 8120
IF(F(MMaJ)IeLTele0) GO TO 316
315 CONTINUE
316 WRITE(6467) DFINs DFLOs DAVG) DMID
67 FORMAT(1XsSHDFINNIELSe8010XsS5mDFLOmIELS5e8,40Xs5HMDAVGS
1)E1508,40Xs85HDMIDm,EL5e8)
DDOT={(DMID=LMC)I /DT
DMO=sDMID
WRITE(6469) GFREZ, DCOT
69 FORMAT(IX)6HUFREZw)ELIS+8,10Xs5HDDOT®)EL1508)
WRITE(6477) WBws» 35wWs 3Tws QBT, RATIO
77 FORMAT (1Xs4HUBW® 1568, 3IX)4HOSHmIELS 18B,3X) 4HOTWE,EL1508
1s3Xs4H0BT®,E15+8,3X,6HRATION,EL{5.8)
WRITE(6,88)
B8 FORMATI2Xs1m1s2Xs1HJUs10Xs 1IHTEMPERATURE,»10Xs154FRACTIO
IN MELTEDs1OX211HENERGY RATES10Xs13HENERGY STORED)
DO 320 Je2,NJ
DO 320 Isi,mM
WRITE(6499)1100sT2IL0J)sF(LsU)s3RATIINU)IIAEITY)
99 FORMATI(IXsI12s1Xs12,8X)E150828XsE15e8,8%xs01508,8X%
1,E15+8)
32C CONTINUVE
KCOUNTm]
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TABLE C-3. (Concluded)

/7 JBnmQe{
OSheQeC
QTn=s{e 0
GTCP=0eC
QTTREQe0
QFTR=0e0
DO 330 Us2iNJ
DO 330 lsi,mM
330 T1(laJ)mT2(]0sd)
JOE=]
IF(TIMESLTeTAU) GIJ TO 3
8 WRITE(60111) MCCOuUNT
111 FORMAT(IX,13)
sSTOP
ENC
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NOMENCLATURE

A Area
ADI Alternating direction implicit numerical method
Bi Biot modulus = Eﬁ

c(1,J) Thermal capacitance of node (I,J)

Cp Heat capacity

GH Horizontal Thermal Conductance

GV Vertical Thermal Conductance

g Acceleration of gravity

H Height of PCM in Cell (Figure 31)

h Convective heat transfer coefficient
hf Latent heat of fusion

! Designation of nodal location (See Figure 31)

J Designation of nodal location (See Figure 31)
k Thermal conductivity
L Distance between bottom surface of cell and liquid-solid

interface at center of cell

M Number of horizontal nodes in PCM (Figure 31)
N Number of vertical nodes in PCM (Figure 31)
Nu Nusselt number = Eﬁ

f
PCM Phase change material
q Heat transfer rate
q" Heat transfer rate per unit area

3

Ra Rayleigh number = Sﬁ%aél
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NOMENCLATURE (Concluded)

RH Horizontal thermal resistance
RV Vertical thermal resistance

S Nodal spacing PCM

S, Thickness of bottom plate

S, Thickness of fin

Sy Thickness of top plate

T Temperature

t time

W Width of PCM in Cell

X Significant length

GREEK SYMBOLS

o Thermal diffusivity = E%—
A Denotes a finite incremegt
u Dynamic viscosity

v Kinematic viscosity

o Density

SUBSCRIPTS

f fusion value

g Glass

S Surface

SUPERSCRIPT

Denotes calculated value at time t + At
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3CD
BCO
HCOL
2101 )]
HChH
5CiD
END
RCH

sk
GEN
GEN
GEN
GEN

GEN
END

HCD
GEN
GEN
GEN
GEN

Gt N
GEM
GEM
GEN
GEN
GEN
GEN
GEN
GEM
GEN
GEM
GEN

TABLE C-4. CINDA COMPUTER PROGRAM FOR FREEZING

3THERMAL LPCS

THFRMAL CHPACLTOR S2 wax KOUF 3/4 FIN SPACING STUDY
TEST u(23u-7) 20F FLUIN TRLET NMONADECAME FPLASTIC ©OX
FIRST CELL= 3uU/tn/HKk FLULD FLOWRATE=-K=PLEXIGLAS=.09
K=%AXZ U8 o4X18 NUDES IN wAX=IrPUT FIN TEMPS AND BASE
TEMPS FROM TEST DATA

[FaN RN o o

JINOUE DATA

319100er 002

o403 9100691 =lerlariarl,
deorlelilUer=alelerlerl,
cOrErlolU)er=e20l0riaerl,
16020101 00er=lerleriorl,
c8r20leltiae=lerlerlerl,

=19100000lie BROITO
-or100erle $FIn
—7'1()00'0‘ 3":1

=14eJ U020 $F i
=159r100e00. BF I
=18+110U.900. tFIr
=19¢1U00er 0. BFIn TEMP

=201952¢1 21 U0erVerlerlearle

SCONNUCTOR LATA

2920101000201 903.,3001001a0ls
cletdolv1 900201 rleet’Selerlerts
G4p24ele2rlrtielrle58r1erlerl.
205:U4B010201019205010e031325er10rle
301020201071

S6T7e201920U01 0300007101 .01ar},
312:201920801 05010 4ti7Thelerlerl,
5170201021201 07010 eii7lelerleri.
3220201021601 0901 retiTlolerlerl,
32Te20 02200101101 re)7101arlarte
3320201022491 910020 0710 erhir e
3370201922801 0102100071 01er]are
3420290102320 1017010e/)rlerlorte
357120102848 01923910 07101 e21ere
A4792910236010199 100171 01erlerle
3629291924801 920r010e)71r1erlarle
3520291024001 0210101710 1arlerle
S0Te252027 0071
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TABLE C-4. (Continued)

GEN 202r29 1020101920290 9 e0U3101erlerle
SUHr2030208» ,0U31
GEM A09e3p1e205% 0120001026031 0202 erle
GEN 0180391020991 921001reU31¢1lerlearl.
GEN 3199301021312 8010 eU310lerlenl,
GEN St e391021 7012100100031 0lerlerle
SN 3299301022101 02229104031 02er1erle
GEN 334r3¢19225¢r 10220010 e03101erlerle,
GEN S539e321022Y9 19230010 eU31r1erlerle
Ubh SUU 2291233019206 1re031rlerlertle
GEN O4992 391023701 v 25801 rei31rlerlarle
GElv 958930128101 v2420100U310Lerlarle
GEN 059 e 301024 r 124001 reU31slerlerle,
GEN 264039192499 1925001700310 1er1erle
GEN 2953020192492 1025392002901 1Ler10r1.
eHH 1251312 s U2Y4G
eH6e 2529290 s 1294
GeM o oliezele2Rel e300 lraUDrlerloerl,
SEr S r31lr D
Gt ool e2hsloztolrellrlerlerls
£98)

1e0i,
Poil,
e,
4r0,
b,u-
f)ill.
TeU,
Belh,
9'0-
1u,0.
11’00
12+,
lj'(‘n
lq'l'o
1hen,
leri,
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17'00
18e0,
19.0.,
2000
21'0.
2200,
23'00
24'0-
2500,
26'00
27'0.
28r0.
?grﬂ.
30000,
31'00
3200
3300,
34rn,
:55'[].
d6r01.
37'”.
35'00
59'”0
QUOU.
41e0r,
4290,
4300,
bgeg,
45900,
46'0-
470,
480r 0,
“q'ﬁc
HOel,
S51e0,
bYer0,
53'0.
b“!Oo
bf)lO.
56000
5700,
5890,
59'00
60r0,
610,

TABLE C-4. (Continued)

02010,
63r0.
64r0,
6500,
6610
6701,
6B,
691,
7U'U|
Tlelia
72'“.
73'“0
7400,
75'00
76'“.
77'0'
T80,
79'“.
0o
B8let)s
52'(10
83'00
54'“0
8520,
60,
8B7r0,
8Hen,
&9!0.
G0r0,
Yle01,
92'“.
93'00
Y490,
95'0-
9610,
97'00
98'00
999 (1,
10000,
101'0.
10200,
10300,
1040,
105'00
10600,

191

107!00
108e0,
109+0.
1100,
1110,
112+0,
1130,
11“'0.
115'0'
116'00
117+0.
118r0,
1190,
1260,
121r0,
122'00
123'0.
124»0,
125’”0
l2b'ﬂ.
127'00
128'“0
129r 0,
130'”0
1310,
132¢0,
133'0.
134,0,
155700
156'”0
13700,
136'0.
139'0-
1400,
]4100.
142+0.
14390,
144v0.
14590,
1“6000
1“7'0.
1“8'00
1490,
150'00
151'00



152 0.
153+0.
15“'00
155¢0).
15620,
1579110
1580,
1590,
16020,
1610,
1620,
16301,
1640,
oSl
166'00
16790,
1680,
16901,
17“'0.
171'“0
17200,
175000
L7410,
17520,
17610,
l77'ﬂo
178'0.
179:0.
1800,
1810
18200
183s 0,
164'“-
185r00,
186'“0
1&7'0-
18800,
18990,
190eNe.
191.n,
192'”0
19300,
1940,
1901,
19620,
]97'00

TABLE C-4. (Continued)

198'Qo
199+0.
2000,
20100,
ZUZ'D.
2030,
20400
2”5'0.
2“6'0.
20700,
20800,
20990
cl000.
21100,
212!”0
1320,
1400,
2150,
Zlboﬂ-
1700
2140,
219+0.,
22000
2210,
222v0.
22300,
2240,
22500
2260 Q.
227'0-
22820
2290,
230r0.
231'".
23210,
233'00
2340 0.
c3500.
2a6er0,
c37rv00s
ZSHvﬂ.
23900,
24Ur 0.
24100,
2420,
24320,
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bl
245'00
z4br (.
2u7v0.
28R (0,

. Qe (e

25000,
2510,
£H2r (.
253r 0.
2'5’40[').
5500,
cH6r e
257+0.
25890,
cH9r N,
coUlrQe
Zbl'ﬂ.
26210,
263'”0
264120,
6500,
20610
267¢0.
c68r (e
chb9r,
27000
271'0.
1210
27300,
ZVQOOQ
27500ts
eThr(le
217720,
7800,
£79vﬂ-
PR\ A LES
28100,
cB2r0e
z83r0.
28B40,
28590
286'00
2870
288+ 0.
2890,



z90'0.
291r0,
292'“0
293'00
2940,
295'00
Y6 (1
897'00
Z98!0.
299'”0
300'0.
301rn,
o220,
303'00
30“'0.
3(]5'0.
30600,
307004
5UH'00
509'”.
310'00
311'0.
312r0.
313r,617
314r.617
315' .617
316r.617
317r.617
318r,617
3190 ,617
320 .617
321'.b17
3221 .617
523'0617
324,617
525’-b17
260,617
327¢.617

TABLE C-4. (Continued)-
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J28'0b17
529,617
b30'obl7
331r.617
332r.617
3330 .617
3:34' c(‘)l?
3350 .,617
3360 .617
237r.017
S38e ,617
339,617
QU401 617
341r,.017
SUze 617
543'0617
244y 617
450,017
SU6r 617
479 .617
3489 ,617
349,617
350,617
351¢.617
521,617
aH3r ., 617
354,617
9551 .017
3562 ,617
3571 .617
JbB' 617
3591..617
3601 .617
361,.617
362r.617
3630 ,617
5640, ,617



N
HCD

REM

REM

REM

REM
E D
Hew

OIMENSION X(100)

NDIM=
NTH=U

END

TABLE C-4. (Continued)

DAMEAY o8 PARITH wWODE DAMP LNG
[AMEDY e ¢ 3

MLOOP P41 BA

ARLACAr 01 $RELAXATION CRITERIA
URLACA r 001

GTIMFI»UUBZE

CSGFAC 10,

TIMEND G0

OQUTPUTy 061

SARKAY DLATA
1 % TEMP VS afpiu) uF waX RcF =50-F
(.'o'b”.'.nqullsg'01072'730'-2036'900'.5952'9‘00
e 12060150« rNiJ % (4 PER NOUE VERSUS TEMP
-2 % LAREL ARRAY FOik WAX
GmWAX s DA*TImr QkT1IMr TWAX pFND
-3 3 LABEL 1EMPS EXCEPT wAX
T1eT2r123eTue TS T6e17e T T9eTLOPT11
TleeT13eT14eTIS»T1lorT17,T18eT19,T20»T210T722
TooeT24eT299 1200 T2/ T289T29e T30, T31eEND
4:0.;10U.0.139o9b.ﬂ!.27&!91-6!.417'91.3!.356191-5'.696v91.ﬂ
.85uo9boﬁv.976:90.&r1.11d'68.5r1.201!8b.5'l-690v8uo3r1.529
H2.1vl.h74'80.le.Hlb'79o601-946'77.2'2.UBbo75oﬂ'2-224072.8
2e3R81 7146025020 Te UrEND
NMIDGLE FlLiv NOOLE =1EST TEMP T26
50 0erpl10Uctrel13005Hethr 273005421 e417¢91479.5569191.09695+90.6
.Rbufg(lc:S' 0975090-4'10112'90.3'1oZbl'gUnb'10«590'9004'10&)29
90-6.1.h74190.0v1.ﬁ15v80.9'].Q46'89.4v2.085v88.292-22u985.7
2e363183:612:502981L630E11
MIDDLE FIN NOUE TEST TEME 127
h'Uo!lUUOO' 0159"5803' 027&'9:’.3' -u17'93n2' 0556'92.1'0695'9100
.85&-9Uo7'-957991.1v1.112'90.991.201091.3'1.390'91o2'1-529
91 -6'106374'910U'10015'9“08'10946'9Uob'2.‘)85'90'892022‘#!9005
2:363190a70226e5U20YtedeFMN)
Tob FIN NOUE TEST TeEMP £R
‘/'UQ'IUUOU'Clég'UUcQ.." 0278775ul’)0 oul-"?U'b' .55(.‘)'67.7' 0695!6505
.8ju.bb.8o.973rb?.901.1]2r00.9v1.201059.401.690v58.&f1.529
57.991.b?“vbb.4vl-H13055.7v1.946v54.7v2.085v53.6.2.22“052.5
2e363101e312e5021D0e4rENY
PLATE NOUE TENMP TEST DATA T33

SEXECUTION

100

mTm

CSGIMP
CNFwRK
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TABLE C-4. (Continued)

BCD 3VARTABLFS 14

UMETER(T1eT2019G6201¢K1)
GMETFR(T2eT2U01¢G3019K2)
OMETEFR(T205,T20196G2050K 5)
GMETER(T202»T201vG30U20K4)
WRETEFR(TLeT2020 G202 KY)
GMETFROT2012T202963020Kkp)
GMETFR(T206,T2020¢G2U61KT)
GMETFROT203,T202¢ G303k )
UMETFR(T19oT203062030KY)
GMETEFR{TZ02¢T2059G30u39K1D)
CGMETER(TZ0792T2030 62079k 11)
GMETER(T208eT200rG3060K12)
UMETER(TLI e ToUdr»G2DUPK1A)
GMETEFR(TZ203rT204rGRUAPKLIN)
UMFTEFROT208,T20491G2LHeK1N)
GMETFR(T3 2 TZ04065079K16)
OVETFRA(T201r [2UHrG2USPK17)
GMETER(TU e TE0D9pGO0RPK1IA)
WiiF TEFROT209 T209 e G2UY K1)
CMETEROT2009 T2UDrGALArK2N)
LivE TFROT 202 T2U0r GPUGIKZL)
GMETFR(T209eT2009rGILQrK22)
UMETFROT2109 T2 G21lUrK234)
UMETERITZ2D7» 1200063100k 20 )
GMETEFRITZ203+ 120700207 0K2%)
CVMETFRIT2060 T2079G3L00k2A)
GMETEROTZ2L1IvT20 70 G211rK27)
CMETER(TI2082 720796311 0Kent)
CMETEROT2D4eT2000G20ReK22)
OMETERCI2079T2080 G301 ek 30)
OMETFR(TZ212y 120006212k 3Y)
GMETER(THS e T20B9G3129K32)
GMETFR(TZ209»T209062U309K43)
LMETER(TAPTZOY» 03139 K34)
GMETFRA(OTZ2L39pT209 962130k 8%)
WMETFROTZ102 1209063009k 2¢,)
CMETEROTZ2060 1210262100k 57)
CMETFROTZU9eT21006G31 4 ek Ait)
GMETEFR(T2L8rT21UPGR LUK 5)
VAMETFROT211e 72105315 eK0101)
CVMETER(TZ207eT211952110ek41)
OMFTFR(OI2102 7210006315 eng))
OMETER(T2199T21196219rkb3)
UMETER(T212,T211 v G3LArKYt})
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CMETFR(T208»T2129G2L1l2k0H4)
GMETFR(T211eT212:G31Arkue)
GMETFR(TZ216eT2129G2LArKku47)
WMETFRAT7eT212063179KUg)
OMETFROTZ2NDY9eT2150G2L30K4LHY)
CMETFR (T8 T2139GEL1ErKH0)
OMETER(T2172T213¢52170K51)
GMETER(T21492T21301G3199K52)
OMVETFHR(TZ2102T214 062180k 32)
CMETEFR(TIZ21392T214¢63199K5U)
GVETER(TZ2LRe 21495218 0K5%)
Uf‘-“ETF'H(T215'T214'(53&”'K5(\)
OMETFR(TA11vT2190621590k07)
CHETEROIZ2149T2100 G320 0k 5)
CAETFRUT2LY99T2199GP 18 rk09)
CVETER(TZ100912159 G321 0Kent)
GUNVETFR(TZ212¢T2160G52160K51)
GMETER(TZ159T210¢ G321 eKk62)
UMETFROT2209T21urR2-00K6D)
CMETFR{TY9» 11696322 K64)
GVETFROTPL3»T217062171K60N)
CMETER(TIUr 12170032008 60)
CMETER(TZ2212T2170G2ALeKeT7)
GMETEP(T2L1Be 12170 GA28eKoH)
OVMETEFRIT2142T21Gr 21 KEGQ)
OMETFR(T217¢T2180 63240k /0)
WMETFR(T 2220 1210062020 KT71)
GMETFRUTZ2LSrTS1 0 GE25 21T 2)
VHMETER (T2l e T219r 562109k 74)
GMETER(T21L82T21Y9 90580k 70)
CRETEFRITE232T2190 2030 K YY)
GMETER(TZ2200T2190GRHeKT76)
CRETEFRITZ162T22005Pc0)eKT7)
GFMETFRITZ2192T2200 G326 0K 7T1)
CMETER(TZ2240T2200 G2 79)
GMETERATIL e 1220032 710 KEB0)
CMETERIT21 721221062100k 00)
WNETFHR(TI29T221 0320 KEB2)
OMETFR(T225¢ 122106205 0kR 1Y)
VNETFR(T2220Te21 1 G390 Kisth)
NPETER(TZ1IBr T2220 (220 KHN)
CNETFROT221Lp T2220 G390k ER)
LMETER(TZ260 T2220 G200k H7)
CMETEFR(T223» T22206A000KNY)
GVMETEFRA(T2199T223162c3 9 K189)



TABLE C-4. (Continued)

«MF]FR(1222orzaovoésuykyu)
uN&TFR(T?Z?vT&ZéoG?Z?-KQl)
NNETER(TRENoTZEérGBJloKQ?)
tMETFH(T?ZUoTZZ#:GZHQ!KQ&)
CMETERET2239 122496301 0K9G)
WNF]FR(T?2H!T2?4!G2(H!K95)

GMETER(T139 12264 0CG3320K96)

WMNETHFRITZ2219T220062259KY7)

UMETFR(T14r 12259 63339KS0)

CRETER(T2299 T22Dr G299 KYI)

bNETFH(T?ZboTZZD'G3JQ'K100)
GMETFRUT22290T2200G2260K101)
GMETFR(T22591 72200 G304 IK102)
OMETFRUT2300T226062300K1103)
UME1FH(1&270T2?DVG3351K1U4)
CMETFR(T2230122706G2279K1ND)
UMEIFH(TKEho]Z?Y!HSJSrKlUb)
WME TERUT23LT2270G251iK1INT)
CMETERLT228¢T22 10 GA3AIKINB)
GNETER(T224 1 TEzdrG22R0K10Y)
GMETER(TZ227 0 T228063269K110)
CMETFRUTA320T226062320K111)
umEiFH(Tldor22&.~537-K112)

INETFRIT225eT2290G2c99K110)
UMFTEH(TID'|2£90635H'K1]“)

GMETERITZ339 12291623392 K115)
GMETER (1230072291 63359K110)
GMETER(TZ2260 T230162500K117)
WMETFR(T229,T23UrG309rK118)
uMETFH(I?54rTZSU'G2549K119)
NMETFH(IZ510123U9G340nK1?U)
uNETEH(]ZZ?rT23lvG2JIrKlQl)
uM&TFR(TajU'T£3lv634ﬂvhl?a)
UNETFR(T?dboTZ3lvGZuboKl?5)
GMETER(T232,T2310G3410K124)
(NETFR(T?Z&:TZSZ:G?o?vkl?b)
hNETFR(1251vT23dvG3417K126)
UNE]FH(18560T2320h2361K1P7)
hMFTFH(T]70T252063HZOK12R)
HMETFR(12290TZ55'G?J30K1?9)
uME]FR(T]%'beéobBQb!Kl5ﬂ)
UMETFR(1257v123o-6237oK131)
uNETER(T2541T23J'G344vK1£2)
HME1FR(T?SﬂvT234vG264vK13J)
uMETFR(T235.T234-G344-K134)
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GME1FR(T256:T234oGZJHvk13b)
uMETFR(12557T2340G3“5!K136)
uM&1ER(raélvTZBvaZJSoK137)
QMETFR(T95491255063w50K13a)
OMETFR(TZ2399 T255062390K139)
wME1FR(T?jhoT23b-G34aoK1uu)
uMhfFR(T?BZ:TZbquaJHvKlnl)
UME|FR(T?357T&JU!GB%60K1H2)
wMETEH(1240v1430v624nvklu3)
UMETFR(T]9'T256'05“7'K1““)

uMF1FR(1433:T257v6257vK1ub)
uMETFR(120!T257vb34HDK146)

WMETER(TZ41 e T237 06241 9K14T)
wMETER(T?é&vTZé?vGquoKluﬁ)
WMETFR(T?}ﬂvT?vaG?JRoK]49)
wM&1ﬁH(T?37-T23dv63uQ.K1wn)
uMETFR(T?HZvTanvG?4?vKl%l)
UNETFR(1?590T2559G3300K152)
HME1FH(T?550T2399G2J99K]HS)
hMF]FH(T?jH!T239!G§Dﬂvklﬁ%)
uMETFk(TijoTzsyvﬁ?as'KlSb)
wMETFR(TZ“OUTZBBvG}hHKl“U)
QMETFR(TZﬁéoT2“U!GZNH;K157)
uMEIFH(T239vT2uU-G331oK]Hd)
th1FR(T£4uvIZquG?QQvKlﬁ9)
uMF1FR(THlvTZkﬂv@Bb(rKlbﬁ)

LVETFR(TZA?:T(erG?wl'thl)
GMETFR(TR20 1261003550 K162)

LME1FR(TZUbrTZvaG?%SoKlGS)
WMETFH(1Z42rT2ulv6534vK164)
GME TER(T238r T2L2 1G2U2 1K 16AD)
hMtTFR(TRHloTZ%&oGSDUvKlﬁu)
GRETHR(T2U6r 12642152400 K1AT)
EMETFR(12439T¢hz06335oK1nd)
uMPlFR(TRbgvT2uév6?45vthv)
uMLTFR(1242!124096595:K17U)
UMETER(TZ47-T2N5:G2%70K]71)
uMElER(TZMQrTZQévG3thK172)
uMETFH(TdQUrT2uQvG244vK]7J)
wMETFR(1246vT2u4vGBb6vK179)
UMETFR(T2QB!T?Q“!Q24H!K175)
CMETFRITAZ0 124406357 0K176)

NNETFR(TkulvTZMDvGPwﬁ'Kl77)
wMtTFN(T24012459h3%dvh17ﬂ)

waTFR(lZuQ:T?Qb'G?49oK179)



TABLE C-4, (Continued)

UMETFRIT2460T2459G359eK171)
GMETER(T242:T240rG2460K1R1)
UMETFR(T2459,T240¢G3590K132)
CMETFRUTZ5L2T2409G220¢K1R3)
OMETFR(TZ24 7y T2400r 6300 K184 )
CMETFROT243,T247vG24T79K1RS)
OMETER(T246:T247¢6300rK ] P6)
GMETER(TZ51¢T24T706G22319k1RT7)
UMETER(T248¢T24706301¢K138)
CMETER(TIZ244» T2HUB e G248 K1 AY)
WMETFR(TZ4T7»T2U816361eK140)
GMEFTFRT?2%2:T248916252rK191)
GMETEFRITZH5eT2480G362¢K192)
GMETFRITZ24De T24Y ¢ G2499K193)
UGMETFR(T26T2499:3H39K1Yyn)
GMETER(1283, 1249, (255¢K19%)
GMETFRITZ2500T2499G3040K190)
UMETFR(T246»T2509G250¢K197)
CMETFR(TZ249e T250¢630UrK198)
GMETFRIT30r 12506254 rK1909)
OMETER(TZ2H19T2500R3052K200)
OMETFR(T247¢T251962%10K201)
UMETFHIT?50,T2510G305K2002)
OMETFR(T31eT251962500K203)
GMETFR(TZ252¢T251r63060K2n4)
WMETFR{T248,T252962921K205)
GMETFR(T251¢T2%21630hrk200)
GMETEK(T29¢T252¢52509K207)
CMETFR(T2791252¢G367eK20R)
AUDD KL e K21 K39 KUK 209)
ADD(KSeKOEPK /e KBrK210L)
ADDI(KYrr1D9K119sK129n211)
ADD (K 139k 1LU4sK15eK160K212)
ADD(K1T7eK1BrKL1Y9eK2091K213)
ADD K21 vK220K23¢K2UrK214)
ADDIK25rK2brK27 9 K289K215)
ADDK 299K 30U KI19Kk32¢1K2186)
ADD(K 33 e K3UrKBS k36 K217)
ADD(K37 ¥ 38¢K39»K4NrK218)
ADD(KGL1 K42 KY4Irr 4y s1K219)
ADD(KUSrKUHG 2 KUT7rKUHPIK220)
ADD (K49 e KS50eKS1rH21K221)
TADDIKSH3KHL I KHS k561K 222)
ADD(KST e KSB1KSQ ek 601 K223)
ADDIK61 /K62 KE3 e KOU P K224)
ADD(K6S KO e KOT7rKBHrK225)
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FOD(KODrK7UIKTLeKT72:K226)
ADDIK T3 vk 7L KT8 K769 K227)
ADDAK T 7 ek TReK TG KA »K221)
ADDIKBLeK K2 1 KHI3PKRY P K 229)
ADD(KES ek BB o KB T e KRB K230)
ADD(KB9rKI0DrKYLeKI29K231)
ADOD(K93rKOUY » KIS KY6H P K232)
ADNIKGTrKIBIKYYGrK10UPK253)
ADD(K101eK1U29K1U39er10U,pk234)
ADD K105y K1UbrKLUTrh 1R k235)
ADDIK10GeK110vK1119n112sK230)
ADDIKLI13rK114rK1I150n11lbsu23/)
ADD(W117»K118PK1199k120,%230)
ADD(KLI2)19K122PKL2391 12Uy K23Y)
ARDDIK1252K1260K1eTrr 126 ¢K240)
ADD(K 129 e K13 PK1319r132,K241)
ADD(K133»K1lo4 K135 ra1360Kk242)
ADD(K137 K138 K139sn1400K2HS)
ADD(K141rKI429K143en144,K20Y)
ADD K 14 e K146 KIUT e 148 K 24D)
ADDIKI49eK1L0DPKLID1PK1IH2,K200)
AODIK ISP KIDPKLILS IR 1S6 k24U ()
ADDIKIS7rK1HB K159 rA lolpK2U0B)
ADVKIBLPKIDZ2 K163 rn 18K 2UY)
ADDIK 165 K166rK167 011068k 2Hu)
ADD(K16Y e K176UrK171 et 17201 251)
ADDIKL1ToeK174 K170k 1760K25¢2)
ADDUK LT TeKLI7BrK1799K1B0 1k 2HS)
ADD (K181 eK182K183rr 18U K254)
ADDIK1E85rK1o6PK187ek18389K25Y)
AND (K 18Y P K190 P K1G1eK192,K2506)
ADDIK198K1Y4 K195 rn19h9K257)
ADD(K197rK1Y982K1IY9en2009K258)
ADDUIK201vK2U2K 20301 20U2K25Y)
ADDUK2U05 K2UB K207 R2UR 1K 260U )
LIDEGLI(K313ealeT1201)
JIDEGI(K3140,A1,T202)
C10ECTI(K315r A9 12003)
GIDEGL(KIL169AY» 1204)
DIDEGL(KR317,A1,1205%)
LINEGLIKILB2AL s T206)
BIDEGLI(K3L19eALleyT207)
DIDEGL(K320rAleT208)
C1OEC1(K3210A1,T209)
D10EGLI(K322rAlri1210)

T DIDEGL(KR323rA1,T211)
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DIDEGL (K3249A1»T212)
U1DEGL (K325rAle1213)
1DEGLIKAZ2HPAL T214)
U1OEGL(KRA32TeAL e T21H)
L1DEGL(K328rALe1216)
UIDEGY (K329,41»T217)
L1DeGL (K3302A1rT21H)
CIDEGLIK331 P AL T219Y)
LIDEGL(KRS32,A1eT220)
L1DLGI(K333,A1,T221)
IDEGY (K334 ealeT222)
DIDEGL(KR335ral»T223)
UIDEGL(K336rAl,T224)
VIDEGL (R33TrALlrT225)
U1IDEGLIK338,A1,1226)
C1DEGL (K33Yr ALy T227)
DIDEGL(K340rALT22R)
GIDEGL(K3419A1»T229)
HIDEGL(K342r A T230)
DIDEGL(K34302A1,1231)
UIDEGL{K2U4 AL, T252)
DIDERT (K345 AL T233)
DINDEGLIK346rALy T234)
DIDEGLIKA4T»AL»T235)
UIDEGL(KR34BrAL»T236)
DIDEGL (K349eAL»1T237)
DIDEGLIK3S0r AL, T238)
DIDEGLI(RAS1P AL, T239)
UIDEGL (K3592rAleT240)
DICEGY (K353rAleT241)
DIDEGT (K354 rALyT242)
UDIDEG]L (K3559A1»T243)
DIDEGL (K3S6rAl,T244)
DIDEGL(K3ASTrALr1245)
DIDEGL(K3S8r A1, T246)
DIDEGL(K3590AlT24T7)
DIDEGLIK360rALy [2UB)
LIDEGL(R3619A1 P T249)
DINEGL(K362¢ AL T250)
U1DEGL(K363rALeT251)
DIDEGLIK36HYALYT252)
MLTPLY(K209/DTIMEUIPK261)
MLTHFLY (K210¢DTIMEUPR202)
MLTPLY (K211+DTIMEUPR263)
MLTPLY (K212 DTIMEU»K264)
MLTPLY (K213/DTIMEU»K265)
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MLTPLY (K214 DTIMEU K 2660)
MLTPLY(K215¢DTIMEUIR267)
MLTPLY(K216e0T1MEUPK268R)
MLTHPLY (K217 DTIMEUPn269)
MLTPLY (K218 DTIMEUPK270)
MLTFLY (K2199DTIMEUPK271)
MLTPLY (K220 DTIMEUPR272)
MLTPLY (K221 eDTIMEUeK273)
MLTPLY (k222eDTIMeUsn274)
MLTPLY (K223 DTIMEUPK2T7H)
MLTPLY (K224 3T IMEUIR2T76)
MLTPLY (K225 DT IMEUeK2T77)
MLTPLY (KP260DTINMEUP e 278)
MLTPLY (K227 ¢DTIMEUPK279)
MLTPLY (K228 DTIMEU,n280)
MLTPLY (K229 DTIMEUrA2A1)
MLTPLY (K230 e DTIMEUrn282)
MLTPLY (K231 DTIMEUPK283)
MLTPLY (K232 DTIMFUer284)
MLTPLY (K233»DTIMEU»R285)
MLTPLY (K234 DTIMEU PR 286)
MLTIPLY (k235D 1 IMEVen287)
MLTPLY (K236 DTIMEU»n288)
MLTPLY (K237 eDTIMEUPR289)
MLTPLY (K238 e DT IwEH K 290)
MLTHFLY (K239 DTIMEUPR2Y])
MLTPLY (K240 DTIME LI R292)
MLTPLY (K241 DT IMREUIKZ293)
MLTPLY (K242 DTIMEU»K294)
MLTPLY (K243 DTIMEUPK295)
MLTPLY (K244 rDTIMEU P k290)
MLTHLY (K245 OTIMELI 1 K297)
MLTRPLY (K246 DT IMEU»K298)
MLTPLY (K2UT7 1 DTIMEUIR299)
MLTPLY (K249»DTIMEUIPKS01)
MLTPLY (K248 DT IMEUen300)
MLTPLY (K250 DTIMEU»K302)
MLTPLY (K251 oDTIMEUPR3V3)
MLTPLY (K252 DTIMEU»KIVH)
MLTPLY (K253 OTIMEU»KA0H)
MLTPLY (K24 rDTIMEUYK306)
MLTPLY (K255 ¢DTIMEUPK307)
MLTPLY (K256 DTIMEUPK308)
MLTFLY (K257 DTIMEUPK3U9)
MLTPLY (k258+DTIMEUsr310)
MLTPLY(K259/DTIMEUPK311)



TABLE C-4. (Continued)

MLTPLY (K250DTIMEUIA312)

ADD (K261 v K3139rK013)
ADD(K262eK314eK31Y)
AON(K 2039 K315rKH1H)
ANUD (K264 KI1HPKI1A)
ADD(KZ2659K31 /e KSLT)
ADD{K260e K318 KAL)
ANDIK267 9 K31YrKH1LY)
ADDIK268 K320 K320)
ADDI(KZ26Y1K3219K321)
ADDK2TU P K22 KI22)
ADDIK2T1rK323rKA23)
ANDIK2T29 K324 K024 )
ADDK2T30K3£B1KI2%)
ADD(K2THrKA2Z2H0KS26)
ADDC(KR 2790 K3cTrKS¢T7)
ADDK2TOrKALBIKSCH)
ANDIK2T7 97 K3299K329)
ADDIK27H8 K330k H3ND)
AOD(K2TI9e K351 Pk 351)
ADD(K2B0rKIS21K332)
ADD(K281¢K353¢K033)
ADD(KZ2B2K3oUrKS34)
ADDUIK2HIPKI0DHPKSSH)
ADD (K284 2 K336 9K 336)

ALDIKZAY K34 31K 343)
ADDIK2Y92 v K344 rK 344)
AU K Z98 e K345 0Kk 545)
ADDK 2941 KI4 0Pk 346)
ADDK295 9 K347 rKkOH7)
ADD(K2Y0 e K343 KSU8)
ADD (K297 9K 349K 549)
ADD (K298 ¢ K350 K 3501)
AUD{K29GrKAH1 K391 )
AND(KA00rK3ID21K 552)
ADD (K301 9K323rk 0HA)
AL (K302 KIDL P K O5U)
ADDIKADA8eKIDH K OH5)
ADUDK 30U rK3DA K 356)
ADDIK 30D K37 rKE57)
ADNK300rK32RrKkIHH)
ADD(KA07 K359 K 3529)
ADD(K30EPKI6UPK300)
ADD(K30YrK301rK361)
ADD(KA3LU e K302PK I2)
ADDKIL1 K303 KSR 3)
ADD(K 312 KALU P KINY)
DIDEGI(TIMEN P ALY [6)
LIDEGYI(TIVEN»AU»17)

UIDEGLI(TIMENASe114)
CINEGL(TIMEN AP TIS)
UIDEGL(TIMELirAB»T18)
UIDEGL{TIMENPAGe 119)
{(NMDEGL(TIMEN AT eT11)

ADDIK2BS K387 91K537)
ADDIK 286G KI3SBIPKIIN)
ADD (K287 9K35990K539)
ADD(K2BRB e K340 rKS40))
AMID(K28YrK3412K341)
ADDIK2Y0L e KIG2 P KAG2)

END
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TABLE C-4. (Continued)

8CD 3VARIABLES 2

END

RCO 30UTPUT CALLS
STHNURD
PRINTL(A20K209'K261'K313'T201)
FRINTL(A2+K210/,k2629K3149T202)
PRINTL(A29/K2119K2639K315eT203)
PRINTL(AZ2»K212¢,K26U4 K316 T20UU)
PRINTL(A2/K2139K265¢K3179T205)
PRINTL(A2/K2149K2669K318,T206)
PRINTL(AZ2K215¢K267¢K319,T20U7)
PRINTL(A2/K216,K26RrK320¢T208)
PRINTL(A2,K217¢K2699K321,T209)
PRINTL(A2K2182K270rK322,T210)
PRINTLC(AZ2 K219¢K2710K323,T7211)
PRINTL(A2 1 K220+sK272:K324,T212)
PRINTL(A2+:K2219K273+K325,T213)
PRINTL(A21K222,K2TU»KI26,T214)
PRINTL(AZ 1 K223¢1K2T59rK327.T7215)
PRINTL(A2/K2249K276¢K328¢T216)
PRINTL(AZ2rK225,K2T7TrK3299T217)
PRINTL(A2¢:K226¢K2781K330+T21H)
PHINTL(A?!K227|K279'K331oTle)
PRINTL(A2:K228¢K280eK332,T7220)
PRINTL(A2:K2299Kk281+K333,T221)
PRINTL(AZ2/K230,K2829K33U4,T222)
PRINTL(A2/K231eK2831K335,T223)
PRINTL(A2,K232,K28U49rK336,T2204)
PRINTL(A20K2339K285!K337'T225)
PRINTL(A?9K234'K286'K538'T226)
PRINTL(A2' K359 k28T eK339,T227)
PRINTL(A2:K236:K288¢K340+12<8)
PRINTL(A2¢K2379K2899KI41T229)
FRINTL(A2+K238,K290¢K342,T250)
PRINTL(A2¢K2399:K2919K343,T7251)
PRINTL(A2,K240,K282 9/ K3UY»T1252)
PRINTL(AZ e K2G419oK293rK3USH»T233)
PRINTL(AZ2 1 K242 K294 K346, 1234)
PRINTL(A2 1 K2U39K295¢ K347 [255)
PRINTL(AZ2 ' KZU4» K296 KI3UB» T256)
PRINTL(A2:K2U59K297¢K3UYe [237)
PRINTL(A2/K2460K298¢K350¢T258)
PRINTL(A29/K247¢K2999K351,T239)
PRINTL(A2/K248,)K3000,K352,T240)
PRINTL(A2,K2U499yK301¢K353,T241)
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TABLE C-4. (Concluded)

FRINTLIAZ/K25U0rK3021K354,T1242)

PRINMTLIAZ P K251 1K3031K355, [243)

PRINTLOAZ v K252 K304 K356 T244)

FRINTL (A2 K253 rKANS1KIHT e T24Y)

PRINTLUAZ /K254 9K30691K358,T246)

PRINTLOAZ /K255 ,r30T7rKA59,T247)

PRINTL (A2 K25 KINBIK 60, T24A)

FRINTL{AZ K257 oK30YrKIE1, | 249)

PRINTLIAZ »K2581K310K362,T250)

PRINTL (A2 K259 rK3111K365,T251)

FRINTLIA2 1 K26UrK3129/ K364 ,T252)

PHINTL(AbrTlvT2v13vIQ'T5rTb'T/rTHrT99T1UrT11'T12vT13'T14
Tlﬁleb'Tl7leHlequdﬂv121'T£2de3oT24'T25de6vT27
T28»T299 T8G9 TSL)

ENL
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APPENDIX D
TEST DATA

Introduction

Test data for twenty phase change tests run at Marshall Space Flight
Center's Test Division are included herein. These data includ(;s temperatures
and phase change position time histories. Data for 1.9-cm (3/4-in.) and
0.635-cm (1/4-in,) cells for twenty tests are given. Of these, nine tests are
melting runs and eleven tests are freezing runs. Data are divided into four
gections; Section I, freeze temperatures; Section I, freeze front position
height; Section III, melt temperatures; and Section IV, melt front position
height. Figure D-1 gives a presentation of temperature instrumentation loca-

tion for all runs. Only data from the last 1.9-cm (3/4-in.) and the center

0.635-cm (1/4-in.) cells are presented.

General Data Description

Temperature plots for test 230-5 through 230-15 were hand plotted, and
all subsequent tests were computer plotted. Although numerous additional
temperature data were acquired, only the fin and cell temperatures for the
center 0.635-cm (1/4-in.) cell and the last 1.9-cm (3/4-in.) cell (i.e., at

fluid outlet) are presented. Thermocouple T31 through T33 represent fluid
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temperatures not used in analyses and T-34 represents the lower plate temper-
ature. The phase change position data were visually read from filmed data
using a film analyzer. Readings were recorded and stored on computer cards.
These cards were input to a 4020 computer plotter to generate position versus
time plots. Position data for center of cell readings are given for all tests.

In soun.e cases, the phase change position on the upstream fins are also given,
these data are represented by starred and unstarred lines, respectively. In
the case of the 0.635-cm (1/4-in.) cell, when only one set of data is given
for both fin and center cell, this indicates that these two heights coincide. In
some cases the data were truncated when the cells were completely melted,

in others the data plotting was continued. In the later case, this can be easily
seen by the flatting of the data plots.

Across the top of some data plots the following information parameters
are given; test type, internal test designation (official test designation), test
duration, date the test was run, initial paraffin temperature and fluid inlet
temperature,

In test 230-52 only 2000 seconds of data is available because of
improper camera positioning. In test 230-7 the 1.9-cm (3/4-in.) cell data
were inadvertently lost. For this case the smoothed data are presented in

lieu of raw data.
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SECTION I

FREEZE TEMPERATURE DATA FOR
FINNED THERMAL CAPACITORS
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SECTION II

FREEZE FRONT POSITION DATA FOR
FINNED THERMAL CAPACITORS
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Figure D-24. Freeze front position data (test no. 230-7).
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Figure D-25. Freeze front position data (test no. 230-7).
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Figure D-26. Freeze front position data (test no. 230-10).

231



‘uy *Barpesy uyy pue e

Lo o - - ek * . ad - " *
o— ' . i ; :
.w 44 4 - 4 - 4= * b ' ;
. — - 4 “.‘n/, -4 }
- il . N .
- bl + _ e Y
T '
=R . M »L.r 4.4 g A et - S N S
=~ A 3 M “ - . -4 L_ - nL].t
: : i | ¢
_leY\?I 4 bme - 4+ T e ™ i F_ .- e
{0 - : : S s
- - 4 P RN T I WY‘ - 4
- | | n + —
; . i ] ' M e
: | H i . ™™ i
* H e e B SR T8 o ~ t
_ ﬁ : RN =
Lo i :
— [ I i
+ = )
Py . - i R i
\ i : : b ;
H \‘ L_r P -+ - bt —dos e -
) " 4 : _T . 1 + + -1 :
! ; 1 Lo i ! :
- + ¢ — .
L) H v
- ; L ’ NSRS 1 + T Y e
N L ‘ q f_» + .lelL -
+ T : : T i
{ HE| + :
s + — t ;
. ; ; :
7 - )
} } + ' +
|} H H i
e j !
& = w
< T 4 : M
4 . ™ + p T H
* i : i
b : + !
z i
z
N ' +
¥ ﬂ t N
~ It LN T
- i . «
- H
e ! 1y “ R ;
; : ! ! YO 4
i ; : _ ; I
w | : . ' L , +—
' : 4 i - |
— } o | I . M "
b { — . T T
i _ “ ' T 4 ' i — — H !
H H . t 1 i i i
; Sl i R ; — e H U U S G N S
. T T IHEB il L i IBE NP
—t + + ; Tt
- _ B) EEESSEEE RN - feaet
: ; ; ; I i N ;
- ~ ° ® ° - o ° o
z. ™~ ™~ - - - - - o

Time, ksec

Figure D-27. Freeze front position data (test no. 230-10).
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Figure D-28., Freeze front position data (test no. 230-11).
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Figure D-29. Freeze front position data (test no. 230-11).
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Figure D-30. Freeze front position data (test no. 230-15).
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D-32. Ireeze front position data (test no. 230-51).
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Figure D-33. Freeze front position data (test no. 230-51).
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Figure D-34. Freeze front position data (test no. 230-52).
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SECTION III

MELT TEMPERATURE DATA FOR
FINNED THERMAL CAPACITORS
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SECTION IV

MELT FRONT POSITION DATA FOR
FINNED THERMAL CAPACITORS
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Figurc D-64. Melt front position data (test no. 230-5).
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Figure D-65. Melt front position data (test no. 230-5).
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Figure D-66. Melt front position data (test no. 230-6),
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Figure D-67. Melt front position data (test no. 230-6).
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Figure D-68. Melt front position data (test no. 230-8).
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Figure D-69, Melt front position data (test no. 230-8).
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Figure D-70, Melt front position data (test no. 230-9),
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Figure D-71. Melt front position data (test no. 230-9).
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Figure D-72. Melt front position data (test no. 230-49).
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Figure D-73. Melt front position data (test no. 230-49).
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Figure D-74. Melt front position data (test no. 230-50).
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Figure D-75. Melt front position data (test no. 230-50).
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Figure D-76. Melt front position data (test no. 230-57).
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APPENDIX E

DERIVATION OF INTERFACE BOUNDARY CONDITION*

An observer on the interface at S(x', t) moves with the velocity g—f in

the y direction. He observes p% d x 6t mass change phase during the time

interval Ot in the distance interval x' ..62—X = x = X'+ Z—X The heat
liberated because of the change in phase is pAH g—f and is equal to the net heat

conducted away from the interface between x' - Z—X and x' + Z—X during 0ot.

In the y direction, the heat conducted away is given by

8T BT
_KLa—y_<_KS a—y) 5x 6t (E-1)
for
y = S(x',t)

In the X direction the heat conducted away is given by

aoT oT
L S 9S
[- e G } (-5 ox ot) (E-2)

for
y = S(x',t)
Equating the net heat conducted away from the interface and the heat librated

due to phase change gives

*
K. A. Rathjen; and L. M. Jiji: Heat Conduction with Melting or
Freezing in a Corner. Trans. of ASME, Journal of Heat Transfer, February

1971,
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2T oT

S 8S L 8S
- —_— = + ot
s 3% x ox ot KL 5% 5% aoxot
8T 0T
L S oS
- KL -537— Ox6t + KS —8;- oxOt = pAH -é—t- O6tdx
for
y = S(x',t)
rearranging and dividing by 8x 6t we have
y BTS « BTL . x 8TL §§ N 8TS _Q_S_ - AR §
S 8y L oy L 8x dx =S 9x 0ox P at ’
for
y = S(x',t) . (E-3)
We know the total differential is given by
oT aT 2T
S S S
= —— dx + — + — .
dTS s 5y dy pr dt

However, along the interface T_ = TF’ a constant, so that

S
9T oT aT

S S S
0 = —&' dx + 3}7 dy + -—at— dt .
for
y = S(x,t) , (E-4)

and we also know

8s . S
dy = T dx + 3t dt , (E-5)

for
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Putting (E-5) into (E-4) gives

?5+8_%'?§ dx + a_T_S+?’1_g?.S_ dt = 0 (E-6)
ox dy ox ot dy ot ’
for
y = S(x,t) .
Since x and t are independent
Eis. = % ﬁ (E 7)
0x T 9y ox ’ -
for
y = S(x,t)
and
ir_s :_B_TS §§ (E 8)
ot oy ot o
from equation (E-6), for y = S(x,t)
Also by the same method
E =_ﬂ Q_S_ (E-9)
ox 8y ox ’
for
y = S(x,t)
and
oT 8T
- < - a—yL g—f , for y = S(x,t) . (E-10)

Substituting (E-7) and (E-9) into (E-3), we obtain
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oT oT oT

S L L (9S¥
K — _ K. — . — (=2
S 9y L 9y L 9y (8x
oT
S 88)2 as
+ K e — = a—
s ay (8x PAH ==

for
y = S(Xat) .

Since x' is a general coordinate

T oT
N R
for
y = s(x,t)
If the dimensionless temperatures TS* and TL* are introduced, the desired

boundary condition form is obtained,

where:
-T

T * = Ts - Ty

- _ T b}
S TF - TW

K -T
T * = _L _F.F_L___F
- T ’

L KS TF w
TF = Fusion temperature,
TS = Solid Temperature,
TL = Liquid temperature, and
TW = Wall temperature.
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