
\ 

APPROVED: 

AN ANALYSIS OF SELF-COOLING WITH 

INFILTRATED POROUS COMPOSITES 

INCLUDING THE EFFECT OF THE MELT LAYER 

by 

Maurice Robert ~~.rry, Jr. 

Thesis Submitted to the Graduate Faculty of the 

Virginia Polytechnic Institute 

in Partial Fulfillment for the Degree of 

MASTER OF SCIENCE 

in 

Mechanical Engineering 

Chairman, Dr. Martin Crawford 

Dit'. H. L. Wood Dr. F. R. DeJarnette 

April, 1968 

Blacksburg, Virginia 



TABLE OF CONTENTS 

LIST OF FIGURES. 

LIST OF TABLES 

NOMENCLATURE 

I. INTRODUCTION 

II. REVIEW OF LITERATURE 

A. Previous Investigations. 

B. Manufacturing Process. 

c. Experimental Tests 

III. THE ANALYSIS 

A. Introduction and Theoretical Model 

B. Detailed Theoretical Analysis. 

1. Time Period I. 

2. Time Period II 

3. Time Period III. 

4. Time Period IV 

5. Time Period V. 

C. Methods of Solution. 

IV. THE FINITE-DIFFERENCE ANALYSIS 

A. The Finite-Difference Model and General Equations. 

B. Time Period I. 

C. Time Period II 

1. Liquid-Solid Interface Above Nodal Point n-1 

2. Liquid-Solid Interface Below Nodal Point n-1 

3. Generalized Equations for Heat Conducted Into and 

Away from a Finite-Difference Element. 

ii 

PAGE 

v 

vii 

viii 

1 

3 

3 

8 

8 

10 

10 

14 

15 

16 

19 

22 

26 

27 

29 

29 

37 

38 

41 

46 

50 



iii 

4. Generalized Interpolation Equation • 

5. The Growth of the Liquid Layer 

D. Time Period III. 

1. Below the Original Surface 

2. The Depletion of the Liquid Layer. 

E. Time Period IV 

1. The Temperature at the Vapor-Liquid Interface. 

2. Vapor-Liquid Interface Above Nodal Point n-1 

3. Vapor-Liquid Interface Below Nodal Point n-1 

F. Time Period V. 

V. MATERIAL PHYSICAL PROPERTIES 

VI. RESULTS AND DISCUSSION 

A. General Conditions 

PAGE 
52 

55 

56 

56 

56 

60 

60 

62 

66 

69 

70 

77 

77 

B. Case Studies 78 

1. Effects of Various Coolants in a Constant Matrix 85 

2. Effect of Varying Porosity 89 

3. Effect of Variable Properties. 91 

C. Conclusion 93 

VII. CONCLUSIONS 

VIII. RECOMMENDATIONS 

IX. APPENDIX A - PRESENTATION AND DISCUSSION OF THE COMPUTER 

PROGRAM. 

X. BIBLIOGRAPHY 

A. References Used In Analysis. 

B. References Used in Search of Property Data 

95 

97 

98 

121 

121 

123 



iv 

XI. ACKNOWLEDGEMENTS 

XII. VITA 

PAGE 
125 

126 



LIST OF FIGURES 

PAGE 

Figure 1. Theoretical Model, Time Periods II and III • 12 

Figure 2. Theoretical Model, Time Period IV 13 

Figure 3. Finite-Difference Model, Time Periods II and III • 30 

Figure 4. Finite-Difference Model, Time Periods IV. 31 

Figure 5. A General Internal Finite-Difference Element • 32 

Figure 6. Element Defined by Liquid-Solid Interface at 
Times 8 and 8 + t.e • 40 

Figure 7. Schematic of Liquid-Solid Interface Above Nodal 
Point n-1 42 

Figure 8. Schematic of Liquid-Solid Interface Below Nodal 
Point n-1 47 

Figure 9. Interpolation Model 52 

Figure 10. Element Defined by Vapor-Liquid Interface at Times 
e and e + t.e. 62 

Figure 11. Schematic of Vapor-Liquid Interface Above Nodal 
Point n-1 64 

Figure 12. Schematic of Vapor-Liquid Interface Below Nodal 
Point n-1 68 

Figure 13. Surface-Temperature Response, Various Coolants, 
p = 0.2 79 

Figure 14. Surface-Temperature Response, Various Coolants, 
P=0.2 80 

Figure 15. Liquid-Solid Interface Recession, Various Coolants, 
p = 0.2 81 

Figure 16. Growth and Depletion of Liquid Layer, Various 
Coolants, P = 0.2 82 

Figure 17. Growth and Depletion of Liquid Layer, Various 
Coolants, P = 0.2 83 

Figure 18. Typical Temperature Distributions, Silver, P = 0.2. 84 

v 



Figure 19. 

Figure 20. 

vi 

Surface-Temperature Response, Silver Infiltrant, 
Varying Porosity. 

Effect of Variable Properties, Silver, P = 0.2. 

PAGE 

90 

92 



LIST OF TABLES 

PAGE 

Table I Specific Heats 73 

Table II Conductivities 74 

Table III Densities 75 

Table IV Constant Properties 76 

vii 



NOMENCLATURE 

A Intercept of Vapor Pressure-Temperature Curve (lb/ft2) 

a c 

a m 

B 

c c 

c m 

h 
0 

k c 

k m 

L 

i a 

M 

m v 

m v 

n 

p 

Thermal Diffusivity of 

Thermal Diffusivity of 

Infiltrant (ft2/hr) 
2 Matrix (ft /hr) 

Slope of Vapor Pressure-Temperature Curve (lb0 R/ft2) 

Specific Heat of Coolant (BTU/lb 0 R) 

Specific Heat of Matrix (BTU/lb 0 R) 

Conversion Factor (4.169 x l08lbmft/lbfhr2) 

Convective Heat-Transfer Coefficient to the Heated Surface With 
No Vaporization or Transpiration Effects of the Coolant 
(BTU/hr f t 2 0 R) 

Thermal Conductivity of Infiltrant (BTU/hr ft 0 R) 

Thermal Conductivity of Matrix (BTU/hr ft 0 R) 

Distance From the Insulated Surface to the Original Surface of 
the Matrix (ft) 

Distance to Nearest Point of Known Temperature Above Point 
in Question (ft) 

Distance to Nearest Point of Known Temperature Below Point 
in Question (ft) 

Molecular Weight of the Coolant (lb/lb mole) 

Mass Rate2of Flow of Liquid Coolant Per Unit Surface Area 
(lb/hr ft ) 

Rate of Formation of Liquid (lb/hr ft 2) 

Mass Rate of Flow of Coolant in Vapor Form Per Unit Surface 
Area (lb/hr ft2) 

2 Rate of Formation of Vapor (lb/hr ft ) 

Nodal point at the Original Surface 

Porosity of the Matrix; Fraction of Infiltrant Volume as 
Compared to the Total Volume 

viii 



p 
0 

p 
v 

T 

T a 

T c 

T m 

T mm 

T v 

x 

6x 

a 

ix 

Ambient Pressure of the Hot-Gas Stream (lb/ft2) 

Vapor Pressure of the Coolant (lb/ft2) 

Heat Convected by the Hot-Gas Stream (BTU/hr ft 2) 

Heat Conducted Into a Finite-Difference Element (BTU/hr ft 2) 

Heat Conducted Out of a Finite-Difference Element (BTU/hr ft 2) 

Universal Gas Constant (1545.4 ft lb/lb mole0 R) 

T t ( OR) empera ure 

Temperature of Nearest Nodal Point Above Point in Question 
(o~ 

Temperature of Nearest Nodal Point Below Point in Question 
(o~ 

Critical Temperature of the Coolant ( 0 R) 

Melting Temperature of the Coolant (0 R) 

Melting Temperature of the Matrix ( 0 R) 

Normal Boiling Temperature of the Coolant ( 0 R) 

Ambient Temperature of the Hot-Gas Stream (0 R) 

0 Vaporization Temperature of Coolant ( R) 

Initial Temperature Distribution Throughout the Composite 
(o~ 

Distance Normal to Surf ace Measured From Insulated Back 
Face (ft) 

Distance Increment (ft) 

Viscous Flow Coefficient (ft-2) 

Inertial Flow Coefficient (ft-1) 

Distance From Insulated Back Face to Liquid-Solid Interface 
(ft) 

Distance From Insulated Back Face to Vapor-Liquid Interface 
(ft) 



e 

e . crit 

A m 

A v 

µ 

x 

Time (hr) 

Time Increment (hr) 

Time at Which Temperature at the Original Surf ace Equals 
the Melting Temperature of the Coolant (hr) 

Time at Which the Surf ace Temperature of the Liquid Layer 
Equals the Vaporization Temperature of the Coolant at 
Ambient Pressure (hr) 

Time at Which Liquid Layer Starts to Recede Below the 
Original Surface (hr) 

Time at Which All Coolant has Vaporized (hr) 

Time at Which Heated Surf ace Temperature Equals the Melting 
Temperature of the Matrix (hr) 

Latent Heat of Fusion of the Coolant (BTU/lb) 

Latent Heat of Vaporization of the Coolant at Normal 
Boiling Point (BTU/lb) 

Latent Heat of Vaporization of the Coolant (BTU/lb) 

Density of the Coolant (lb/ft3) 

Density of the Matrix (lb/ft3) 

Viscosity of the Coolant Vapor (lb/ft hr) 

Subscripts 

cl 

cs 

CV 

i 

m 

me 

ms 

Coolant in Liquid Phase 

Coolant in Solid Phase 

Coolant in Vapor Phase 

Any Internal Nodal Point 

Nodal Point at the Liquid-Solid Interface (x • 01) or 
Matrix in Solid Phase 

Weighted Property of Matrix and Coolant Composite 

Weighted Property of Matrix and Liquid Coolant Composite 

Weighted Property of Matrix and Solid Coolant Composite 



xi 

mv Weighted Property of Matrix and Vapor Coolant Composite 

ml 

m2 

v 

vl 

v2 

II,II 

1,2 ••• 

Nodal Point Immediately Above Liquid-Solid Interface 

Nodal Point Immediately Below Liquid-Solid Interface 

Nodal Point at Vapor-Liquid Interface (x = oz) 

Nodal Point Immediately Above Vapor-Liquid Interface 

Nodal Point Immediately Below Vapor-Liquid Interface 

Regions Existing During Various Time Periods 

Quantity at a Particular Nodal Point 

Superscripts 

( ) ' Quantity at Time 9 + 69 



I. INTRODUCTION 

The development of high-energy aluminized propellants with 

flame temperatures in excess of 6000°F has created the need for 

a new non-eroding nozzle-throat insert material for solid rocket 

motors. The nozzle wall temperatures attained with these pro-

pellants during a reasonable firing duration exceed even the 

maximum practical operating temperatures of uncooled tungsten. 

However, by infiltrating a porous tungsten matrix with a coolant 

material that is subject to melting and vaporizing, it is possible 

to retard the rapid temperature rise at the surface and permit 

increased exposure to the hot-gas stream. This concept has been 

termed "self-cooling" by Schwarzkopf and Weisert (1). 

In a previous study (2), the transient behavior of an 

infiltrated tungsten composite was investigated from the stand-

point of one- dimensional, finite-thickness, flat-plate model. 

In that study, the plate is initially at a uniform temperature. 

The hot-gas flow is initiated, and the surface temperature of 

the plate increases until the coolant begins to vaporize. As 

vaporization proceeds, a porous tungsten region develops through 

which the gaseous coolant flows to the hot surface, whose tem-

perature continues to increase with time. The gaseous-solid 

coolant interface recedes from the surface with time. The effect 

of the phase change of the coolant from solid to liquid was not 

considered. Ungar and Touryan (3) have recently shown that, 
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due to the expansion involved in the change of phase from a 

solid to a liquid, there exists a period of time when the 

infiltrant forms a stable liquid layer on the surface exposed 

to the hot-gas flow. Also, it was observed that this melt 

layer has a significant influence on the transient temperature 

response of the matrix surface in that, during this time period, 

the surface is insulated from the hot-gas flow and remains 

essentially at the temperature of the liquid layer. Therefore, 

during this time period, there exists a relatively flat portion 

on the temperature-time curve of the matrix surface temperature. 

The object of this investigation is to develop an analysis 

of the self-cooling concept which will include the effects of 

the melting process and of the liquid layer on the temperature 

response at the original matrix surface. 



II. REVIEW OF LITERATURE 

A. Previous Investigations 

Initial development of the infiltrated porous tungsten 

self-cooling concept was carried out by Maloff (4) and Davies 

and Smith (5) with copper and lithium hydride respectively. 

Subsequently, Gessner, Ingram, and Seader (2) initiated an 

analytical investigation of the mechanics of the self-cooling 

concept. The application of the analysis was to aid in the 

selection of coolant materials, to indicate the effects of the 

porous structure of the matrix and to provide guidance in the 

interpretation of the experimental data obtained from small 

solid-propellant motor firings. The self-cooling process was 

described physically in the following manner: After hot-gas 

flow is initiated, the temperature of the composite surface 

rises rapidly until the vaporization temperature of the coolant 

is reached. All effects of the phase change of the coolant at 

the melting point were assumed negligible. At the instant the 

vaporization temperature is obtained at the surface, the coolant 

begins to vaporize and a porous tungsten layer develops through 

which the gaseous coolant flows to the exposed surface. This 

results in a vapor-liquid coolant interface which recedes with 

time. The rate of recession of the interface and, consequently, 

the gaseous coolant mass flow rate are functions of the temper-

ature distribution within the composite and of the pressure drop 

through the porous structure caused by viscous and inertial 

3 
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effects on the coolant mass flow. Thus, the interface recession 

rate and the corresponding mass flow rate of the coolant, as well 

as the interface temperature, are time-dependent variables. The 

vaporization process continues until the coolant is exhausted. The 

cooling mechanisms employed in the analysis include: heat absorbed 

at the interface due to the vaporizing coolant, convective cooling as 

the gaseous coolant flows through the porous structure, the reduction 

of the convective heat transfer coefficient by mass addition into the 

boundary layer. The heat absorbed by the melting coolant and all 

chemical reactions were neglected due to the complexity of the prob-

lem. It was noted (2) that exothermic chemical reactions between the 

gaseous coolant and hot-gas would have an unfavorable effect on heat 

transfer. 

Gessner et al. (2) indicated that in an extensive search of 

previous investigations, a more complex model than those existing for 

transpiration and ablation cooling was needed to adequately describe 

the self-cooling process. The transpiration models examined consider 

one-dimensional, steady-state heat transfer, and thus do not consider 

the coolant flow rate as function of time. The ablation models 

discussed more closely approximate the physical situation of the 

self-cooling process than do the transpiration models. However, the 

ablation models reviewed are based upon semiempirical relationships 

and quasisteady analyses that are not applicable to the self-cool-

ing process with infiltrated tungsten composites. A comprehensive 

tabulation of thirteen transpiration and ablation models is con-

tained in reference (2). 
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The general model employed by Gessner considers the thick-

ness of the nozzle liner as small compared to the diameter of 

the nozzle throat and thus approximates an infinite flat plate 

of finite thickness. The liner consists of a constant-porosity 

composite utilizing a tungsten matrix impregnated with a single 

coolant that vaporizes below the melting point of tungsten. 

The plate, initially at a constant temperature, is suddenly sub-

jected to intense convective heating on one surf ace. The other 

surface or back face is considered as thermally insulated. One-

dimensional, unsteady-state heat transfer continues in the plate 

until the vaporization temperature of the coolant at the heated 

surface is attained. At that instant, the flow of coolant vapor 

begins and the vapor-solid interface recedes through the porous 

structure. This interface recession continues until a reasonable 

firing time is attained or until all coolant is exhausted. 

Throughout the analysis, equal matrix and coolant temperatures 

at a given depth in the porous structure are assumed. Other 

assumptions made include those of negligible heat conduction 

through the gaseous coolant, negligible radiation at the heated 

surface, and no diffusion or chemical reactions. Also, since 

the liquid phase was not considered, the effect of melting of 

the coolant on the temperature distribution was neglected. 

A closed-form solution for the complete set of differential 

equations applicable to Gessner's (2) analysis did not appear 

feasible at the time and, therefore, a finite-difference numerical 

approach for solving the set of equations was developed and 
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programmed for a digital computer. The transpiration effect of 

the coolant vapor on the hot-gas stream was included in the 

analysis. However, in a later report (6), Gessner indicates 

that the reduction in convective heat transfer due to transpiration 

effects for cases studied is less than three percent. 

Several case studies were made with eight different coolants 

infiltrated in tungsten matrices of various porosities. From the 

data, conclusions were drawn as to the desirable properties of 

an ideal infiltrant. The ideal coolant should have large values 

of vapor specific heat, solid density, and latent heat of 

vaporization, and also a low boiling point. Gessner, Ingram, 

and Seader (2) also indicated that compatibility problems were 

evident and that these problems are discussed in detail in volume I 

of their report, which is classified. 

In an earlier report, Grosh (7) developed an analytical 

solution to the differential equations applicable to the self-

cooling process, but with restricted boundary conditions. His 

objective was to examine the simultaneous effects of transpiration 

and change of phase. The model formulated was a semi-infinite 

porous plate initially at uniform temperature and suddenly sub-

jected to a step increase in temperature at the surface. Solutions 

for the temperature distributions were given in terms of tabulated 

functions. However, the phase-front positions were determined by 

solving a set of non-linear, algebraic equations whose solutions 

are presented in the form of a nomogram for the case where only 

one phase change occurs in the solid. For more than one phase 
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change the solution proved quite difficult without the aid of a 

computer. 

While conducting tests in an arc jet on a copper-infiltrated 

tungsten matrix, Ungar and Touryan (3) observed a copper film 

on the surface of the test specimen. Accompanying the existence 

of the copper film, the temperature of the matrix surface remained 

somewhat less than the vaporization temperature of the copper. 

The tests were repeated with several variations, but in all cases, 

the formation and retention of a relatively stable liquid layer 

strongly influenced the time to failure of this specimen and its 

temperature history. These observations indicate that the self-

cooling process must include the effect of the liquid layer and that 

the process can be separated into five time domains: 

"l) The initial heat-up period prior to any phase changes, 
2) The period during which coolant melts and flows onto the 

surface to form a liquid layer but with no vaporization, 
3) The period during which the liquid metal coolant vaporizes 

and is renewed at the surface as the melting process 
continues, 

4) The period after the liquid layer has been depleted during 
which the liquid coolant vaporizes within the refractory 
matrix, and 

5) The final period during which the base tungsten fails." 
(Ref. 3, pg. 1949) 

Ungar and Touryan (3) also note that this important phenomenon seemed 

to have been overlooked in previous studies (2). 

A similar temperature plateau was observed by Resnick, et. al (8). 

Molten pools appeared on the surfaces of test specimens during the 

early stages of the heating period, accompanied by a noticeable de-

cline in the rate of temperature rise of the surface. Resnick also 
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observed that the molten pools were more pronounced for larger 

porosities. 

B. Manufacturing Process 

The manufacturing process described briefly by Resnick (8) 

was as follows: Tungsten particles of different sizes were used. 

Various porosities were achieved by varying the compacting pressure 

which was in the order of 50,000 to 100,000 PSI. The matrix 

was then sintered. Infiltration was accomplished by placing ex-

cess infiltrant in contact with the sintered matrix and heating 

to a temperature above the melting point of the infiltrant in 

a hydrogen atmosphere. A similar manufacturing process was 

indicated by Schwarzkopf and Weisert (9). Both Resnick (8) 

and Schwarzkopf and Weisert (9) observed that matrices fabricated 

from tungsten particles of small diameters restricted the flow 

of coolant and infiltrant remained in the matrix after the tungsten 

at the surf ace failed. Gessner (2) indicated a minimum particle 

size of 10 microns for unrestricted flow. 

c. Experimental Tests 

An extensive testing program has been carried out using 

small-scale rocket nozzles to develop the concept of self-cooled 

composites (9). Several conclusions were drawn from the experi-

mental data obtained. It was found that the maximum thermal 

protection can be achieved with graded matrices in which a layer 

having low porosity forms the exposed surface and is backed by 

a high-porosity layer. In addition, these data indicate a 
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requirement for graded porosity in the axial direction. The 

test data also show the thermal expansion and expulsion of liquid 

coolant onto the surface. In most cases, the data obtained do 

not appear to be comparable to the analytical results presented 

by Gessner (2) due to severe erosion which occurs at the nozzle 

throat. However, these tests substantiate the belief that the 

self-cooling mechanism provides an inherent form of thermal 

protection. 



III. THE ANALYSIS 

A. Introduction and Theoretical Model 

A detailed theoretical model and analysis are developed 

to describe the self-cooling process in infiltrated composites. 

The general model considered is similar to that assumed by 

Gessner (2) in that a porous matrix infiltrated with a coolant 

of a somewhat lower melting temperature, initially at a uniform 

temperature, is suddenly subjected to a strong convective heat 

input at the exposed surf ace. The composite is considered as 

an infinite flat plate of finite thickness. The remaining sur-

face, or back face, is considered as thermally insulated. To 

show the effect of the liquid infiltrant on the overall self-

cooling process, particular emphasis is given to the phase change 

from solid to liquid, and the resulting liquid layer which ex-

pands onto the exposed surface. Also, an extensive search was 

conducted to determine the dependence of the thermophysical pro-

perties upon temperature. 

The process is divided into five time periods for purposes 

of analysis, similar to those suggested by Ungar and Touryan (3). 

Briefly, these time periods are as follows: 

Time Period I: Once convective heating at the exposed surface 

has begun, the composite will undergo an initial heat-up 

period prior to any phase change. The temperature of the 

exposed surf ace approaches the melting temperature of the 

coolant. 

10 
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Time Period II: When the melting temperature of the coolant 

is attained at the exposed surface, the coolant begins 

to melt. The expansion of the coolant due to phase change 

forces liquid coolant onto the·surface. The interface 

between the solid and liquid coolant continues to recede 

through the matrix, sustaining the flow of liquid onto 

the surface. The evaporation of coolant from the sur-

face will be neglected until the vaporization temperature 

of the coolant is attained at the surface. Therefore, 

the melt layer continues to grow until vaporization occurs. 

Time Period III. A flow of vapor begins from the surface of 

the melt layer once the vaporization temperature is attained. 

Initially this effect will tend to reduce the rate of build-

up of the liquid layer. The mass rate of flow of vapor 

will continue to increase until it becomes greater than 

the flow of liquid onto the surf ace and the thickness of 

the layer will diminish. Figure 1 shows the model during 

time periods II and III. 

Time Period IV: As the flow of vapor continues, the vapor-

liquid interface will recede throughout the matrix, having 

a transpiration effect on the convective heating at the 

exposed surface (Figure 2). The vapor-liquid interface 

recedes to the back face of the matrix at which time all 

coolant is exhausted. 

Time Period V: In the final period of interest, heating continues 

in the base tungsten matrix, until the melting temperature 
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of the tungsten at the exposed surface is exceeded. It is 

possible that the melting temperature of the tungsten will 

be exceeded before time period V even begins. This time 

will be considered as the critical time and the analysis 

is complete. 

The major cooling mechanisms employed in the analysis are 

the heats absorbed on the phase change at the liquid-solid and 

vapor-liquid interfaces. Other mechanisms include: convective 

cooling as the gaseous and/or liquid coolant flows through the 

porous structure, reduction of the convective heating at the 

exposed surface by mass addition, and the insulating effect of 

the melt layer above the exposed surface. 

Several simplifying assumptions are made. Equal matrix and 

coolant temperatures at any given depth in the porous matrix are 

assumed. This has been substantiated by Weinbaum and Wheeler (10) 

in their analysis of heat transfer in sweat-cooled metals. In 

addition, heat conducted through the coolant in the vapor phase 

is assumed negligible as compared to that conducted through the 

matrix. Due to the complexity of the problem, erosion at the 

exposed surface and diffusion or chemical reaction between coolant 

vapor and hot-gas are neglected. Also, radiation from the hot 

gas to the heated surf ace is assumed negligible compared to the 

convective heating. 

B. Detailed Theoretical Analysis 

A detailed theoretical analysis is developed for the various 

time periods described in Section A of this chapter. 
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1. Time Period I (Os 6 5. e1) 

Since the temperature difference between the matrix and the 

coolant is assumed negligible, it is convenient to define an 

apparent thermal conductivity for the matrix and solid coolant 

composite, 

k = k (1-P) + k P ms m cs (3.1) 

and heat capacity per unit volume as, 

(pc) = p c (1-P) + p c P (3.2) ms mm cs cs 

which will be assigned locally to the composite. After heating 

has begun but before the surf ace temperature has reached the 

melting temperature of the infiltrant, an energy balance on 

any internal element can be written as: 

2-_[kmsaT] = (pc)msaT (3 •3) 
ax ax ae 

The corresponding initial condition and boundary conditions are 

as follows: 

When 6 = O, T = Txi 

at x = L, k aT h (T -T) 
msax = 0 0 

at x = O, aT = 0 
ax 

(3.3a) 

(3.3b) 

(3. 3c) 

Solutions to the above equation, with constant properties, are 

presented in the form of charts in most heat transfer texts 

(for example, 11). Since these charts assume constant thermal 

properties, they are not applicable to this analysis and can 
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be used only as an approximate check to the solution ob-

tained. 

2. Time Period II (91 < 9 s 9z) 

After melting of the infiltrant at the surface begins, 

there exists a time period during which a liquid layer grows 

onto the surface due to expansion of the coolant upon melting. 

The various regions that may exist are shown in Figure 1. When-

ever the liquid layer exists on the surface, there are three 

regions in which a heat balance must be written. The first 

region is the liquid layer itself. The heat balance can be 

written as follows: 

Region I - (L :S x S oz) 

(3.4) 

Where initially the temperature distribution is that determined 

from time period I at 9 = 81, and the boundary conditions are: 

at x = oz, k naT = h (T - T) 
c~ax o o 

where T < T (P ) v 0 

(3. 4a) 

(3.4b) 

Where again an apparent conductivity of the matrix and liquid 

coolant is written as, 

(3. 4c) 
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It is seen that the solution for this region is dependent 

on the temperature gradients in region II and the mass flow rate 

of the liquid coolant. An energy balance at the melting inter-

face yields the following expression for mass flow rate of 

liquid infiltrant per unit area: 

mi = _P_cs_-_P_c_i [kmi!!, I -
P A. ox II cs m 

k oT ms-ox 
(3.5) 

Thus region I is also dependent on the temperature gradient in 

region III and therefore all regions must be solved simul-

taneously. The mass flow rate of liquid may also be written 

as: 

(3.6) 

so that the recession rate of the melting interface may be 

determined from: 

do 1 mi 
de = ....,.(p----p-.,....)P 

ci cs 

subject to the conditions 

at x = o1 , T = Tm 

(3. 7) 

(3. 7a) 
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when e = e1 , o1 = L (3. 7b) 

The growth rate of the liquid layer on the surface may 

also be determined from the mass flow rate of the liquid onto the 

surface. This can be written as: 

. do 2 
(3. 8) mR. = P cR. d'9" 

or, 

do 2 
. 
mR. 

(3.9) --= de p cR. 

In making this analysis, it is assumed that thermal expansion is 

negligible except during a phase change. A detailed development 

of the mass flow rate expressions are contained in Section C of 

the finite-difference analysis. 

Region II - (o 1~ x<L) 

For the region where there exists liquid coolant in a solid 

matrix a heat balance may be written as follows: 

(3.10) 

where initially the temperature distribution is that determined 

from time period I at e = e1 , and the boundary condition is: 
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at x = 01' kmt!!'.. I - k aT I 
ax II msax III 

= • p >. mi cs m 
(p cs-pct) 

(3. lOa) 

Region III - (O ~ x < o1) 

In region III, there exists solid coolant within the matrix so 

that the differential equation will be the same as that presented in 

time period I. The initial condition is again the temperature dis-

tribution from time period I at e = e1 and the boundary condition 

at x = 0 remains: 

when x = O, aT = 0 
ax 

(3.11) 

It should be noted that the existence of region III is dependent on 

the location of the liquid-solid interface (o 1). If o 1~ O, region III 

does not exist and the boundary condition (3.lOa) for region II 

becomes: 

when x = o 1 = O, aT = 0 (3.12) 
ax 

Also, it is understood that once the melting interface recedes to the 

back face of the matrix the formation of liquid coolant no longer takes 

place. 

3. Time Period III (e2 <es e:;i) 

The temperature of the liquid at the surface of the liquid layer 

exposed to hot-gas flow will continue to rise until its vaporization 

temperature corresponding to the free-stream pressure is attained. 

The vaporization temperature can be expressed in terms of vapor 

pressure by the general equation: 



T = B v -----A - log P v 

20 

(3.13) 

Once vaporization begins, the heat associated with this change of 

phase is absorbed at the surface of the layer. The effect of 

vaporization temperature on the latent heat of vaporization will 

be computed from Watson's equation as presented in reference (12). 

0.38 (3.14) 

To use this equation, it is required that Anh' the latent heat at 

the normal boiling point, Tnb' be known. The latent heat at all 

other reduced temperatures can then be computed from equation (3.14), 

if the critical temperature of the coolant, T , is available. c 

The rate of formation of vapor per unit area may be calculated 

from an energy balance at the surface of the liquid layer as: 

m v = 1 
A v 

[ 
h (T -

0 0 
T ) - k noT 

V CA.-OX I~ 
Assuming all vapor formed leaves the surface, 

. 
m = m v v 

(3.15) 

(3.15a) 

The regions that may exist for this time period correspond to those 

defined in time period II. The mass flow rate of vapor leaving the 

liquid layer will tend to reduce the growth rate of the liquid layer 
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until eventually the mass flow rate of vapor exceeds the mass flow 

rate of liquid onto the surface. At that time the thickness of 

the liquid layer will begin to recede toward the original surface. 

Equation (3.9) can now be rewritten to give the recession rate 

of the liquid-vapor interface as: 

(3.16) 

The differential equation describing the liquid layer remains: 

with boundary conditions: 

at x = L, 

= m A v v 

(3.17) 

(3.17a) 

(3.17b) 

and with the initial condition that the temperature profile at 

8 = a2 is known from time period II. 

The regions below the original surf ace for time period III 

will remain the same as in time period II. It is essential to 

note that during the periods in which there exists a liquid layer 

above the surface, the underlying structure remains at a temperature 
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less than the coolant vaporization temperature at free-stream 

pressure. 

4. Time Period IV (63<6S61+) 

After the liquid layer recedes to the original surface (6 = 63) 

the coolant will begin to vaporize from within the matrix. The 

various regions that may exist are shown in Figure 2. 

When the vapor-liquid interface has receded below the original 

surface the heat balance for region I is as follows, assuming that 

the thermal conductivity and heat capacity of the vapor are 

negligible in comparison to those of the matrix, 

!.._ [km(l-P) aTJ - m a c T = p c (1-P) aT 
ax dX vax CV m m as (3.18) 

where initially the temperature distribution is that determined 

from time period III at 6 = 6 3 , and the boundary conditions are: 

at x = L, k (1-P)aT = h (T - T) 
m - o o ax 

k (1-P)aT I - k nST I 
m ax I m~ax II 

= m >. v v 

(3.18a) 

(3.18b) 

In the above equations, h is the convective heat-transfer coefficient 
0 

at the original surface. The effect of mass addition to the boundary 

layer is neglected on the basis of data presented by Gessner et al. (2) 

as previously discussed. 
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The mass flow rate of the coolant in vapor form through the 

porous matrix will be reduced due to a pressure drop between the 

interface and original surf ace. As suggested by Greenberg and 

Weger (13) and Green and Duwez (14), most experimental results 

for one-dimensional flow through porous materials may be correlated 

by an equation of the type: 

- ~ = aµV + SpVn dx (3.19) 

where a and a are constants, n is an exponent between 1.0 and 2.0 

and V is the velocity of the fluid. The constants a and S, de-

fined respectively as the viscous and inertial coefficients, 

characterize the porous structure and are independent of the 

physical properties of the fluid. The viscous coefficient is 

the inverse of the permeability coefficient defined by Darcy's 

Law. The first term on the right-hand side of equation (3.19) 

represents the portion of the pressure gradient due to friction, 

while the second term represents the inertial effects. The 

inertial coefficient is thought to account for the irregularity 

of the flow passages and the contraction and expansion of the 

fluid rapidly changing direction in the flow path. Letting 

(3.20) 
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and using the perfect-gas law, equation (3.19) can be written as: 

= 
2aµR Tm 2BR Tm 2 

u v + __ u __ v_ 
gcM gcM 

(3.21) 

Gessner, et al. (2) suggest that to account for the non-isothermal 

flow of the coolant vapor to the surface equation (3.21) can be used 

to calculate the interface pressure by writing: 

p =[P 2 + v 0 

. 
2m R vu 
g M c 

(aµ + Sm >jL 
v 02 

]
1/2 

Tdx (3.22) 

The dependence of a and B on temperature and pressure have also been 

studied (2). It is concluded that B is independent of temperature and 

pressure over the ranges anticipated in this analysis. Although a is 

independent of pressure, its dependency on temperature is significant, 

but at present its dependency has not been substantiated and will 

not be included in this analysis. It is also noted that the viscous 

and inertial coefficients are also independent of matrix porosity (2). 

The coolant-vapor viscosity variation with temperature is 

calculated from the relation presented by Gambill (15, equation 15) 

with units modified: 

µ = 
(MT )1/2 

nb 
v 'l./3 
nb 

(3.23) 
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where Vnb is the molar gas volume at the normal boiling point. 

Applying the perfect-gas law, the molar gas volume at the normal 

boiling point becomes: 

RTb 
vnb 

u n = 
Pnb 

(3.24) 

or, 

vnb = 0.73 Tnb (3.25) 

Substituting equation (3.25) into (3.23) the viscosity expression 

becomes: 

µ = 
;.12 
T 1/6 

nb 

[
0.0915 (T/T b) 0•645-0.0307 J 
(1.18 T/Tnb~0.9 log (1.18 T/Tnb)J 

(3.26) 

The temperature at the vaporization interface may now be determined 

from the vapor pressure-temperature relationship (3.13). Also the 

latent heat of vaporization will be available from Watson's equation 

(3.14). The mass flow rate of coolant vapor per unit surface area 

is then determined from an energy balance at the vapor-liquid 

interface, 

. m = v 
(3.27) 

and the location of the vapor-liquid interface from a mass balance, 
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(3.28) 

It is again evident that the solutions to the above equations are 

not only dependent on each other but also on those of the other 

regions that exist during this time period. 

The analysis of regions below the vapor-liquid interface is 

the same as presented previously in time period II. The existance 

of region III will cease during this time period, as must that of 

region II, since this time period is defined to include the 

vaporization of all coolant. When the vapor-liquid interface 

recedes to the insulated surface, the coolant will be depleted. 

This will conclude time period IV. 

5. Time Period V (8 4 <8S8crit) 

After all coolant is exhausted only one region will exist--

that of a porous matrix. The differential equation can be written 

as: 

p c (1-P)aT 
mm as (3.29) 

with as initial condition the resulting temperature distribution 

from the preceeding time period, and the boundary conditions; 

at the exposed surface, 



k (1-P)aT h (T - T) 
m -= o o ax 
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and at the insulated back face, 

aT 
ax = 0 

(3.29a) 

(3.29b) 

This equation will be employed until the temperature at the matrix 

surface (x = L) is equal to the melting temperature of the matrix. 

This time will be considered the critical time and the analysis 

complete. 

C. Methods of Solution 

As previously mentioned, the solution of the differential 

equation applicable to time period I is presented in most elementary 

heat-transfer texts for the case of constant thermal properties. 

Unfortunately, a closed-form solution to equation (3.3) is not 

as readily obtainable, due to difficulties arising in the separation 

of variables technique of solution. 

At the instant melting occurs at the original surface, a 

difficulty arises in specifying the boundary conditions in addition 

to the complication of the dependency of the thermal properties 

on temperature. The coolant mass flow rate, the growth rate of 

liquid layer above the surface, and the recession rate of the 

liquid-solid interface are not prescribed functions but are 

interdependent. Therefore, the boundary conditions at the original 
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surface and the interface are not uniquely specified. Further-

more, the various regions that exist at any instant of time are 

coupled at the interface and cannot be solved independently. 

Similar difficulties exist at the vapor-liquid interface, with 

the added complication of the dependence of the vaporization 

temperature on pressure. 

Due to the above complications, a closed-form solution does 

not seem feasible at this time. When closed-form solutions are 

not possible, the approach often used for transient conduction 

problems is a finite-difference solution similar to that discussed 

by Dusinberre (16). A finite-difference analysis will be used 

to evaluate the temperature distributions within the composite, 

and the surface temperature variation, interface locations, 

and mass flow rates of the coolant with time. 



IV. THE FINITE-DIFFERENCE ANALYSIS 

A. The Finite-Difference Model and General Equations 

The finite-difference approximations to the theoretical models 

presented in Chapter III are shown in Figures 3 and 4. The com-

posite is divided into n-1 equal elements of height ~x and unit 

area, yielding n nodal points. The nodal points are counted as: 

1, located at the thermally insulated back face, through n, on 

the original surface. 

It is convenient to first derive an explicit finite-difference 

equation for a general internal nodal point, i, which will be used 

for several regions throughout the entire heating period by 

selectively substituting the proper conditions at the time of 

application. This equation will be used to evaluate the temperatures 

of the internal elements, excluding boundary elements and those 

elements adjacent to interfaces, for all regions throughout the 

entire heating period. The differential equation for an internal 

element, in its most general form, can be written as: 

(4.1) 

In order to derive an explicit finite-difference equation as an 

approximation to equation (4.1), consider a heat balance on a 

finite-difference element as shown in Figure 5. The term explicit 

is used to denote that the temperature of the element after one 

29 
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time increment (T.' ate+ 66) is evaluated from the temperatures 
]. 

of adjacent nodal points (Ti+l and Ti-l) at time e. Later on the 

term implicit is used to denote that the temperature of the element 

after one time increment (T.' at 6 + 66) is evaluated from the 
]. 

temperature of the adjacent nodal points (Ti+l' and Ti_1 ') at 

time 6 + 66. 

Figure 5 

A General Internal Finite-Difference Element 

An energy balance on the element shown in Figure 5 yields, 

(4.2) 

or, using finite-difference approximations: 

(4 .3) 
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Throughout the finite-difference analysis, the temperature enclosed 

in parentheses following a thermal property will indicate the 

temperature at which that property is to be evaluated. Solving 

equation (4.3) for T.' yields: 
1 

(4.4) 

The above equation is then the general equation for a region con-

sisting of solid, liquid, or gaseous coolant in a solid matrix. The 

thermal properties and the mass flow rate of the coolant must be 

suitably selected. For explicit equations such as equation (4.4), 

there is a certain criterion which must be satisfied to assure 

stability of the calculated temperature values. This is accomplished 

by reducing the time increment sufficiently for a given nodal spacing 

so that the coefficient of the unprimed temperature is positive. 

For equation (4.4) the coefficient is: 

1 -

(4. 4a) 
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and the required stability becomes: 

LlS s 

. 
m c 
21'.lx(p c) (T.) me i 

Equation (4.4) ~ay also be modified to apply at the insulated 

back face. If i = 1, Ti-l = Ti+l' and me= 0 for the back face 

element of height Llx/2 equation (4.4) is written as: 

T ' = T + ~2_1'.l_a~__,..---.~ 
1 1 (pc) (T1) me 

(4.5) 

It is also possible to derive a general implicit equation 

for the nodal point at the original surface under normal conditions; 

that is, when a liquid layer does not exist above the surface 

and all interfaces, if they exist, have receded below nodal point 

n-1. The differential equation is: 

!..._ [k (T ') aTn'J- m !..._ [c (T ')T '] = (pc) (T ') aTn' 
ax me n ax cax c n n me n aa 

or, expanding: 
2 

k (T ')a T ' me n n 
ax2 

[ ak (T '> m c (T ')] at ' + me n c c n n 
ax ax 

- m T I ac (T ') c n c n = (pc) (T ')aT ' me n n 
ax aa 

(4. 7) 

(4.6) 
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At the exposed surface, we may also write that the convective 

heat input to the surf ace is equal to the heat conducted into 

the composite: 

h (T - T ') = k (T ') aT ' o o n me n n (4 .8) 
ax 

or, 

aT ' h (T -T ') n o o n 
~ = k (T 1 ) 

me n 
(4.9) 

Writing the Taylor-series expansions, neglecting third-order and 

higher derivatives for the temperature at the surface yields: 

or, 

and, 

or, 

T ' = T ' n-1 n 

2 

2 
aT ' 2 a T ' 

6x __ n_ + 6x _.,,.n_ 
ax 2 ax2 

a T ' 2 (T ' -T ') aT ' n n -1 n + !.._ n = 
ax2 6x2 6x ax 

aT ' 
T T ' n = 60 as-n n 

aT ' T '-T n n n --= a0 60 

Also for the thermal properties: 

(4.10) 

(4.11) 

(4.12) 

(4.13) 
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ak ('l' '> (4.14) k (T r 1) k (T ') - t:.x me n = me n - me n ax 

or, 

ak (T ') k (r ') - k (T ' ) (4.15) m1: n me n me n -1 = ax t:.x 

and similarly: 

<le (T ') c (T ') - c (T ' 1) (4.16) c n c n c n -= ax t:.x 

Substituting equations (4.9), (4.11), (4.13), (4.15), and (4.16) 

into equation (4.7) and solving for the temperature of the surface 

gives: 

J 
(pc) (T ') k (T ') 

T , = me n T + 2 me n T , 
n t:.6 n t:.x2 n -1 

+ hoTo [3kmc(Tn') - kmc(Tn'-1) - m c (T '~~ 
k (T 1 ) t:.x c c n me n 

I(pc) (T ') k (T ') h [3k (T ')-k (T' 1) me n + 2 me n + o me n me n -
t:.6 Ax2 k (T ') t:.x 

o me n 

-mc°c (Tn' )H (4.17) 

The above equation is then the general implicit equation 

applicable at the original surface for the conditions previously 

discussed. Implicit finite-difference equations require no 

stability criterion. 
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B. Time Perfod I (0 S 6 :S 61) 

During the initial heating period, the composite consists of 

solid coolant in the solid matrix. The temperatures of the internal 

nodal points are given by the general explicit equation (4.4) as 

follows: 

Nodal points 2 through n-1 

k = k me ms 

(pc)rnc = (pc)ms 

m = o.o c 

(4.18) 

The temperature at the insulated back face is deterJlli.ned from 

explicit equation (4.5): 

Nodal point 1 

k = k me ms 

(pc) = (pc) me ms (4.19) 

The general implicit equation for the original surf ace is 

applicable at the exposed surface: 

Nodal point n 

k = k me ms 

(pc) = (pc) me ms 

m = o.o c 

(4.20) 

The time at which the temperature at the exposed surf ace is 

the same as the normal melting point of the coolant will be de-

noted as 61 and will terminate time period I. 
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There may exist three separate and distinct regions during this 

heating period as indicated in Figure 3. The general explicit 

equation (4.4) will be used to calculate the temperatures of the 

interior nodal points for these regions as follows: 

Nodal points 2 through m2-l 

k = k me ms 

(pc) = (pc) me ms 

in = o.o c 

Nodal points ml + 1 through n-1 

kmc = km R. 

(pc) = (pc) ... n me uu. 

c = c c cR. 

(4.21) 

(4.22) 

The temperature of the back face will again be determined from 

equation (4.5) with: 

Nodal point 1 

k = k me ms (4.23) 

(pc) = (pc) me ms 

At this point, it must be noted that the existence of the 

region consisting of the solid coolant within a solid matrix depends 

on the location of the liquid-solid interface and, therefore, the 

point within the composite where the temperature is equal to the 

melting temperature of the coolant. Since the temperature gradient 
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near the insulated back face of the composite is small compared 

to that nearer the heated surface, it is convenient to let the 

temperature of the back face be equal to the melting temperature 

of the coolant when the liquid-solid interface recedes below 

nodal point 2. At subsequent times, the liquid-solid interface 

will not exist and the temperature of the back face will be 

determined from equation(4.5) with: 

Nodal point 1 

k me kmR. 

(pc) = (pc) n me mx. 

(4.24) 

Also, at the time when the interface recedes below nodal point 2, 

the formation of liquid will cease and for subsequent calculations, 

The remaining nodal points require a separate analysis due 

to the heat absorption accompanying melting at the liquid-solid 

interface and due to the liquid layer above the original surface. 

It is convenient to develop two equations that apply at different 

times depending on the location of the liquid-solid interface. 

First, however, an expression will be developed relating the mass 

rate of flow of the liquid, the rate of formation of the liquid, 

and the recession date of the liquid-solid interface. 

Consider the element defined by the liquid-solid interface at 

times e and e + 66 as shown in Figure 6. 
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AJ 
(Unit Area) 

Figure 6 

Element Defined by Liquid-Solid Interface 

or, 

at Times e and e + 1:::.e 

The rate of formation of liquid is: 

(01 - 01') 
m = p P-----

R, cs 1:::.0 

(4.25) 

(4.26) 

The mass of the coolant at time e, M0, may be written as: 

M = p PA(o1 - 01') (4.27) e cs 

and at time e + t::.e: 

Substracting equations (4.28) from (4.27): 

so that: 

:m = R, 

(4. 28) 

(4.29) 

(4.30) 
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Combining equations (4.26) and (4.30), we also obtain the relation 

between the mass flow rate and the rate of formation of the liquid 

coolant as: 

(4.31) 

1. Liquid-Solid Interface Above Nodal Point n-1 

In the development of the equations for the liquid-solid inter-

face recession, first consider the case where the interface lies 

between the original surface and nodal point n-1. The temperature 

of nodal points 1 through n-2 are determined explicitly as previously 

discussed. To develop an implicit finite-difference equation for 

the location of the liquid-solid interface, consider the following 

system as shown schematically in Figure 7. 

It is assumed that while the liquid-solid interface lies above 

nodal point n-1, the quantity of liquid that has accumulated above 

the original surface is negligible and therefore the thickness of 

the liquid layer above the surf ace (02 - L) is sufficiently small 

so that we may let T = T • This allows us to write: v n 

q =h(T -T)=k (Tn-Tm) (4.32) 
1 o o n mR. L - 01 

An implicit equation for the heat conducted out of the element (q2) 

will be developed for a general case later. 

The shaded area of Figure 7 represents the change of internal 

energy of the element, ~U, and may be written as: 
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Figure 7: Schematic of Liquid-Solid Interface Above Nodal Point n-1. 
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6U = l/2(pc) n(T 1 -T )(L - 61) + l/2(pc) n(61-61')(T 1-T) m.., n n m.., n m 

+ l/2(pc) (T 1 2-T 2) [61-(n-3)6x] ms n - n-

+ l/2(pc) (61-61')(T -T 1 2) ms m n -

With some algebra equation (4.33) may be rewritten ~s: 

(4.33) 

26U = (L - 61')[(pc) n<T 1-T) +(pc) (T -TI 2)] mx,n m msmn-

- (L - cS1)[(pc) n(T -T) +(pc) (T -T 1 2)] · m"' n m ms m n -

+ (pc) (T ' 2-T 2H61-(n-3)6x] ms n - n-

An energy balance on the element yields: 

(4.34) 

(4.35) 

and substitution of equations (4.31) and (4.30) into the energy 

balance: 

Substitution of equation (4.34) into (4.36) yields: 

by defining the following constants: 

A2 • (pc) (T ' 2-T 2)[61-(n-3)6x] ms n - n-

+ (L-61)[(pc) n<T -T) + (pc) (T -T I 2)] mx, n m ms m n -

A4 = (pc) (T -T ' 2) + 2p A p ms m n - cs m 

(4.37) 

(4. 38) 

Using the same assumption that led to equation (4.32), we may write: 

[ T 1 T ~ h (T -T 1 ) = k n ~ 
o o n mil L-61 (4.39) 



or solving for T ' , n 
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k~nT· + h (L-01')T T , = WN m o o 
n kn+ h (L-01') mi1. 0 

(4.40) 

Substitution of equation (4.4Q reduces (4.37) to a qtadratic equation 

in the unknown (L - 01'), 
2 h0 [A4+(pc)mR.(T0 -Tm)](L-01') - [(A3-A2)h0 -A4kmR.](L-o 1') 

- (A3-A2)kmR. = 0 (4.41) 

from which the solution is: 

(L-o i') = f [<A3-A2)ho-A4km.e.] 

[ (A3-A2)ho-A4kmR.] 2 + 4ho [ A4 + (pc)mR. (To-Tm)] (A3-A2)kmR.1 

/2ho [ A4+(pc)ml. (To-Tm)] (4.42) 

Close inspection reveals that the positive sign must be used to in-

sure o 1 '< o l • 

Equation (4.42) enables one to calculate the location of the 

liquid-solid interface and thus the mass flow rate of the liquid 

from equation (4.30). 

To determine the temperature at the original surface, we will 

develop an implicit equation to be used whenever equation (4.42) is 

employed. Consider again Figure 7 and the discussion that led to 

equation (4.32). The heat transfer may be written: 

aT ' 
q = h (T -T ' ) = k_n ~xn 1 oon WNa 

(4.43) 
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The differential equation at the surface is: 

2 
a T I • I aT I ar I 

n mR, CCR. n 1 n (4.44) -- = -----
ax2 kmR. ax amt ae 

Write the Taylor-series expansions: 
aT I 

T = T I - t.e _n_ (4.45) n n ae 

or, 

aT ' T '-T n n n __ ,.. (4.46) 
ae tie 

and, 
(L-o l') 2 a2T ' aT ' 

T = T I (L-01') _n_+ n -m n ax 2 ax2 (4.47) 

or, 

a2T ' 2 2 aT ' n (T -T ') n = + (L-o l '> ax2 (L-o l') 2 m n ax 
(4.48) 

Substituting equations (4.46) and (4.48) into the differential 

equation and solving for the temperature gradient at the original 

surface yields: 

aT ' n 

1 
amt 

ax-= 

Substitution of 

h T 
0 0 

2 

(T 1-T ) n n 
tie 

2 (T -T I) 
(L-o l ') 2 m n 

(4.49) 

equation (4.49) into (4.43) and solving for T ' gives: n 

[ 
2 - mR. I cct] + T kmt + 2kmt Tm 

(L-01') kmt J n amtt.e (L-01')2 
T I = ----------------------n 

(4.50) 
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A generalized interpolation equation, ~ased on the differential 

equation, for determining the unknown temperature Tn-l' or Tm2 will 

be developed later as will the expressions for calculating the other 

variables T' and 02'· v 

2. Liquid-Solid Interface Below Nodal Point n-1 

The second set of equations which will be developed for pre-

dieting the recession of the liquid-solid interface implicitly assumes 

the interface has receded below nodal point n-1. The procedure is 

similar to the previous analysis. Consider Figure 8. Again, assume 

the temperatures of nodes 1 through m2-l and ml+l through n-1 have 

been calculated from the general explicit equation as previously 

discussed. The generalized equations to calculate the heat con-

ducted into and out of the element as well as the interpolation 

equation for nodes ml and m2 will be developed later as previously 

mentioned. 

The shaded area shown in Figure 8 again represents the change 

in internal energy and is written as: 

(4.51) 

The energy balance on the element is again given by equation (4.36). 

Substituting equation (4.51) into the energy balance and solving for 

the new location of the liquid-solid interface yields: 
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T' m2-l 

T m2-l 

m2 
q2~ 

Figure 8: Schematic of Liquid-Solid Interface Below Nodal Point n-1. 
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01' = 01 + ~pc)m1 (Tmi+l-Tml+l)[(ml)6x-01] (4.52) 

+ (pc)ms(Tmi_1-Tm2_1)[01-(m2-2)6x] + 269(q2-q1~ 

I [(pc)_n(T i'+1-T) +(pc) (T -Tm21 1 ) + 2p AP] 
Wk m m ms m - __ cs m 

Once the location of the liquid-solid interface is obtained from 

equation (4.52) the mass flow rate of liquid may be calculated 

from equation (4.30), as in the case where the interface is 

located above nodal point n-1 and for which equation (4.42) is 

employed. 

There remains to be developed an explicit expression to 

determine the temperature at the original surface when the inter-

face has receded below node n-1. We may neglect the heat storage 

in the liquid layer since its maximum thickness for anticipated 

coolants is at most 5.0 percent of the total composite thickness, 

assuming extremely high porosity. A more realistic maximum thick-

ness would not exceed 2.0 percent of the total composite thickness 

since it is not expected that the liquid-solid interface will 

recede to the back face before the vaporization temperature is 

reached at the exposed surface of the liquid layer. Making this 

assumption, we may write: 

(4.53) 

Solving for the temperature gradient at the original surface from 

these relations: 

aT h [ h T (o2-L) + k ,, T ] n _ o T o o c~ n 
ai"'"" - kmR. o - h0 (o 2-L) + kcR. 

(4.54) 
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The differential equation is: 

Again using Taylor-series expansions, we may write: 

aT 
n as-= 

ax 

T 1 -T n n 
M 

!J.x 

(4.56) 

(4.57) 

(4. 58) 

Substituting equations (4.54) and (4.56) through (4.58) into (4.55) 

and solving for T ' yields: n 

T I = T + 
n n 

Since this is an explicit equation, the following stability criterion 

must be satisfied whenever equation (4.59) is employed. 

3km.e.(T0 ) - km.e.(T0 _ 1) 
!J.x 

kcR. 
ho + ('52-L) 
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3. Generalized Equations for Heat Conducted Into and Away From 

a Finite-Difference Element 

A Generalized equation will be derived to predict the tempera-

ture gradient at a given nodal point, i, which leads to an expression 

of the following form for the heat conducted into an element: 

(4.61) 

It is assumed that both the old and new temperatures, Ti and Ti' as 

well as the temperature, Tb' at a small distance, ib' below nodal -point i are known. The differential equation can be written as: 

a2T i 
k (Ti) -2- + 

me <lx 

By writing the Taylor-series expansions, we obtain: 

aT. 
1 --= ae 

ak (Ti) k (Ti) - k (Tb) me me me ------- = ---------------ax tb 

(4.63) 

(4.64) 

(4.65) 

Substituting equations (4.63), (4.64), and (4.65) into the dif-

ferential equation, we may solve for the temperature gradient at 

nodal point i, so that with equation (4.61) the heat conducted 

into the element becomes: 



q = k 1 me 

51 

2 a . (T. )Ae me i 
(Ti)3k. (T.) - k (T) me i me b 

R.b 
- m c (T.) c c ]. (4.66) 

When this equation is used in connection with equation (4.52), the 

variables are: 

Ti = Tml+l k = kmR. me 
T. ' = T ' a = amR. ]. ml+l me (4.67) 
Tb = Tml 

. = m.e. m c 

R.b = /:J.x c = c c cR. 

In a similar manner, we may develop an expression for the heat 

conducted away from an element: 

Ti'-Ti 2(Ta-Ti) 

q2 = k 2(T.) me i 

a (Ti)tJ.e R. 2 
me a 

k (T ) - 3k (Ti) 
me a me _ m c (T.) 

R. c c ]. (4.68) 
a 

where T. and T.' are the old and new temperatures at a given nodal 
]. ]. 

point and T is the known temperature at a small distance, R. , a a 

above the nodal point. This expression is used in connection with 

both equation (4.52) where: 

Ti = Tm2-l k = k me ms 
T. ' = T ' a = a 

]. m2-l me ms (4.69) 
T = Tm2 

. = o.o m a c 
R. = /:J.x a 

and equation (4.38) where, 
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T. = T k = k 
1 n-2 me ms 

T. I = T I a = a 
1 n-2 me ms (4.70) 

T = T m. = 0.0 a n-1 c 
R, = !J.x a 

Equation (4.68) will also be used in the development of an expression 

to calculate the mass flow rate of vapor leaving the surface in time 

period III. 

4. Generalized Interpolation Equation 

We must derive a general interpolation equation based on the 

differential equation in order to determine the temperatures of the 

remaining nodal points in the vicinity of the liquid-solid inter-

face. Consider the system shown in Figure 9. 

T I 
a 

R, a 

T. 
1 

k me 
a me ----- TI T. I -- b 

1 -+---m 

Figure 9 

Interpolation Model 

c 
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The differential equation is: (4. 71) 

a2T ' [ ak (T. ') ] aT ' k. (T. ') aT. ' 
k (T. 1 ) i + me 1 _ m e (T 1 ) _i_ = me 1 _i_ 

me 1 ~x2 ax e e i ax a (T.') a9 
a me l. 

We may write the following Taylor-series expansions: 

aT ' i T = T ' - 69 --i i a0 

aT ' .e. 2 a2T ' 
T'=T'+R. __!_+_2-._ i 

a i a ax 2 ax2 

ak (T. 1 ) 

k (T ') = k (T ') + R. me a me i a 
me 1 

ax 

k (T. 1 ) 
me 1 

ak (T ) 
= k (T ) + 69 me i 

me i a0 

From equation (4.72), we may write: 

aT ' i --aa= 
Substraeting equations (4.73) and (4. 74) 

aT.' R. 2T ' - R. 2T ' (R.a-R.b)Ti' l. b a a b + --= ax R.aR.b (R.a+R.b) R. aR.b 

yields: 

(4.72) 

(4.73) 

(4.74) 

(4.75) 

(4.76) 

(4. 77) 

(4. 78) 

(4.79) 
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Adding the same equations yields: 

(4. 80) 

Also substraeting equations (4.76) from (4.75) yields: 

ak (T. ') k (T ') - k (Tb') me i me a me ---- = ---------ax ia + ib (4.81) 

and adding these equations: 

ibk (T ') + i k (Tb') me a a me k (T. ') = ----------me i ia + ib (4.82) 

Similarly, we may obtain: 

iba (T ') + i a (Tb') 
' me a a me a (T. ) = ----------me i ia + ib (4.8J) 

Substitution of equations (4.78) through (4.8J) into the differential 

equation (4.71) and solving for the unknown temperature leads to the 

me a -b a a a me a a k. (T') [JR... 2T'+i (2ib-i )Tb'] + k (Tb') [Ji 2Tb'+ib (2i -9..b)Ta' ]1 

a me a a m~ 
/

(Jib-i )k (T') + (Ji -ib)k A(Tb') + 

+ M iba (T' )+i a (Tb') me a a me 

(i 2-tb2)m e (T.) a e e i 

(4.84) 
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Selectively substituting for the arbitrary variables in the above 

equation allows one to obtain the temperature of any internal nodal 

point by knowing the temperatures at the arbitrary distances £ a 

and £b above and below the nodal point. When used for determining 

the temperatures of the nodal points above and below the interface, 

it is convenient to use the temperature of the interface as one 

of the known temperatures. 

5. The Growth of the Liquid Layer 

The only remaining unknowns in time period II are the thick-

ness of the liquid above the original suface and the temperature 

at the exposed surface of the liquid layer. 

Consider a mass balance on the coolant above the liquid-solid 

interface at any time. Neglecting any thermal expansion other than 

that due to phase change, we may write, on a unit area basis: 

p n(T )(02'-L) = [p (T) - p nCT )] P(L-01') c,., m cs m c,., m (4.85) 

so that solving for the thickness of the liquid layer yields: 

[ 
p (T ) l 0 I = L + P(L-o ') cs m - 1 

2 1 p n (T ) 
C>V m 

(4.86) 

The discussion which led to equation (4.53) allows one to write: 

[ T '-T '] k n 0v, Ln = h (T -T ') 
C"' z - 0 O V 

(4. 87) 

and solving for the temperature at the exposed surface of the 

liquid layer gives: 



T I = 
v 
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(4.88) 

When the temperature at the exposed surf ace of the liquid layer 

becomes equal to the vaporization temperature of the coolant at 

ambient pressure, the time will be designated e2 and time period 

II will be complete. 

D. Time Period III (e2 < e S e3) 

1. Below the Original Surface 

The determination of all temperatures, the location of the 

liquid-solid interface, and the mass flow rate of the liquid coolant 

below the original surf ace are obtained from the same equations 

discussed in time period II. It is assumed that the location of 

the liquid-solid interface, if it exists, is below nodal point n-1. 

2. The Depletion of the Liquid Layer 

When the temperature at the exposed surface of the liquid layer 

exceeds the vaporization temperature of the coolant at ambient pres-

sure the liquid begins to vaporize at the surface. New equations 

which account for this effect are required for the temperature of 

the original surface and for the mass flow rate of vapor leaving 

the surface of the liquid layer. 

In the development of an implicit equation for the temperature 

of the original surface the differential equation is: 



a2T ' 
k (T ') n 

mR. n Clx2 
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+ n - m c (T I) __ n_ = [ 
ClkmR. (T . I) ] ClT I 

Clx R. cR. n Clx 
k . n (T . 1 ) ClT 1 

m"' n n 
amR. (Tn t) --a0 

(4. 89) 

and Taylor-series expansions may be written as in equations (4.56) 

through (4.58) so that substitution into the differential equation 

yields: 

k .(T ') 
m"' n T 

amR. (Tn' )ti a n 

fuR. c d (T n' ) ] 

(4.90) 

ClT ' n 
Clx 

Again, neglecting the heat storage in the liquid layer and realizing 

that the exposed surface of the liquid layer remains at a constant 

temperature, we write: 

or 

T -T ' v n 
kcR. o '-L 

2 

ClT ' 
= k (T ')-n-

mR. n Clx 
(4.91) 

(4.92) 

where the conductivity of the liquid coolant may be evaluated at 

the average temperature of the liquid layer. Substitution of equation 

(4.92) into equation (4.90) and solving for the temperature at the 

original surface yields: 



T ' n 

(o2 1 -L)Tn 
= a n (T 1 )/J.6 + m.., n 
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2(o '-L)T ' 2 .. Ii-1 

/J.x2 

k T + ct v 
k 2 (T ') 
mt n 

[ 
3k n (T. ') - k. ft (T ' 1) ]~ m.., n m.., n- _ m 'c (T ') 

/J.x t ct n 

kcR, 
+-----

k 2 (T ') mt n 

2(o 2 1-L) 
+----

/J.x2 
(4. 93) 

A mass balance on the liquid layer over an increment of time is: 

(4.94) 

from which we may solve for 02 1 as: 

0 I = 
2 

Cm '+m -m '-m )tJ.6 t t v v (4.95) 

Since the new mass rate of flow of the vapor, mv', remains to be 

determined, rewrite equation (4.95) as: 

0 I 
2 (4.96) 

in which form it is to be used in connection with equation (4.93). 

In the evaluation of the thermal properties it is also necessary 

to replace T ' with T • n n 
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With the aid of the generalized equation for heat conducted 

away from an element, equation (4.68), the heat conducted into the 

composite at the original surface is: 

q ' = [k (T ')] 2 
2 mR. n 

(4.97) 

An energy balance on the liquid layer, neglecting heat storage, is: 

m 'A (T ) = h (T -T ) - q ' v v v 0 0 v 2 (4.98) 

Substitution of equation (4.97) into the energy balance, equation 

(4.98), and solving for the mass flow rate of the vapor yields: 

1 iii' = -~--,.... 
v A (T ) v v l h (T -T ) 

0 0 v 

- [k (T ')] 2 
mR. n 

T '-T T ' -T ' 

amR.CTn')6e 2 n:~2 n J 
3k_n(T ')-k n(T 11) 

WA. n m~ n- - m 'c (T ') 
6x R. cR. n 

(4.99) 

After the mass flow rate of the vapor has been determined, the 

thickness of the liquid layer is determined from equation (4.95). 

When the location of the vapor-liquid interface coincides with the 

original surface of the composite, time period III is complete, and 

the time when this occurs is denoted as e3• 
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The various regions that may exist in time period IV are shown 

in Figure 4. As previously discussed, the methods of determining 

the temperatures, location of the liquid-solid interface, if present, 

and the mass flow rate of the liquid coolant for nodal points 1 

through v2-l are the same as in time periods II and III. Additional 

quantities to be calculated in time period IV are the location of 

the vapor-liquid interface and the mass flow rate of the coolant 

vapor leaving the interface. 

1. The Temperature at the Vapor-Liquid Interface 

The temperature at the vapor-liquid interface will not remain 

constant as was the case at the liquid-solid interface due to the 

increased pressure which results from the flow of vapor through 

the porous matrix. We may rewrite equation(3.22) developed in 

the theoretical analysis for this pressure in finite-difference 

form as follows: 

n-1 1/2 

-L f pi+l2 
2m R 

[ ""1 + amv l (Ti+l+Ti) 

J Pvl + vu /:J.x g M 2 c 
i=vl (4.100) 

where, 

(4.101) 

is obtained from equation (3.26) as: 



;-12 
µi = T 1/6 

nb 
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. ·+1 i ~ ( T +T )0 • 645 J 
0.0915 ~tnb - 0.0307 

(4.102) 

Adding the contribution of the partial distance increment immediately 

above the interface yields: 

2m R (T 1+T ) l/2 
Pv =[Pvl2 + g:Mu (aµv + Smv] v2 v [(vl-l)tix-02]] 

(4.103) 

where again, 

(4.104) 

and is obtained as in equation (4.102). 

The vapor-liquid interface temperature may now be obtained 

from the relation: 

B 
T =-----v A - log P v 

(4.105) 

as well as the latent heat of vaporization from the relation: 

A - A c v [
T - T j .38 

v - nb Tc - Tnb 
(4.106) 

as were discussed in the theoretical analysis. 
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2. Vapor-Liquid Irtterface Above Nodal Poirtt n-1 

As was the procedure for the liquid-solid interface, it is 

again convenient to derive two equations to predict the location of 

the vapor-liquid interface. First, however, we must derive re-

lations between the mass flow rate of the vapor, the rate of for-

mation of the vapor, and the interface recession. Consider a 

mass balance on the element defined by the vapor-liquid interface 

at time e and e + 66 as shown in Figure 10. 

in v 

2 

(Unit Area) 

Figure 10 

Element Defined By Vapor-Liquid Interface At Times 

e and e + 66 

The rate of formation of the vapor is: 

or, 

m v 

(4.107) 

(4.108) 

The mass of the coolant at time e, M6, may be written as: 

(4.109) 



and at time e + ~8: 

subtracting: 

so that, 
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PA(p -p )(o -o ') 
Ci CV 2 2 

(4.110) 

(4.111) 

(4.112) 

Combining equations (4.112) and (4.108), the relation between the 

rate of flow and rate of formation of the vapor may also be ob-

tained as: 

m = v 

P in -p m 
Ci V CV Q, 

p cQ,-p CV 
(4.113) 

An implicit equation for the location of the vapor-liquid 

interface, assuming it lies between nodal points n and n-1 will 

now be developed. Consider Figure 11. The development follows 

closely to that of the liquid-solid interface. The shaded area 

is again the change in internal energy of the element and may be 

written as in equation (4.33) with subscripts modified to agree 

with Figure 11. The heat input to the element is: 

ql = q = h (T -T ) o o o n 
(4.114) 

and the heat leaving the element by conduction, q2 , may be ob-

tained from the generalized equation (4.68) where: 



T' 
n 

T 
n 
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k mv 

Figure 11: Schematic of Vapor-Liquid Interface Above Nodal Point n-1. 



T. = T k = kmR. 1 n-2 me 
T = T a = amR. a n-1 me 
JI, = 6x c = c a c cJI. 

As an approximation let: 

[ T ' T ~ k ~ 0 Y = h (T -T ') mv - 2 o o n 

so that: 

T ' = n 
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(4.115) 

(4.116) 

(4.117) 

The heat-balance equation differs from that of the liquid-solid 

interface due to the flow of liquid into the element in addition 

to the flow of vapor due to interface recession. It becomes: 

(ql - q2)66 + mnc n(T 2-T )66 - m c (T -T )66 - 6U = m A 66 
)(, Cx, n- v v CV n v v v 

(4.118) 

Following the same methods of solution that led to equation (4.42), 

solve for the location of the vapor-liquid interface as: 

L-02' = [c (A3-A2)ho - kmvA4] 

[ho(A2-A3)+kmvA4]2+4ho[A4+(pc)mv(To-Tv)](A3-Az)kmv 1 

/ 2h [(pc) (T -T )+A4h ] o mv o v o (4.119) 

where the constants are defined as: 
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+ 2m c (T -T )68 +(pc) 0 (T ' 2-T 2)[o 2-(n-3)6x] v cv n v m~ n- n-

A4 = (pc) n(T -T 1 2) + 2Pp nA 
m~ v n- c~ v (4.120) 

With the aid of equation (4.120), it is possible to calculate the 

mass flow rate of vapor leaving the element from equation (4.112). 

A more accurate approximation for the temperature of the original 

surface similar to equation (4.50) may be derived as: 

h T [ 2 m 'c j k T 2k T 
V CV + mv n + mv v 

o o (L-02') k a M (L-o ') 2 
T ' mv mv 2 = n k 2k 

h [ 2 m c J mv + mv + ~ CV 
a M (L-o ') 2 o (L-02') (4.121) mv mv 2 

The generalized interpolation equation (4.84) previously developed 

will be employed to determine the remaining unknown, T •1• n-

3. Vapor-Liquid Interface Below Nodal Point n-1 

When the vapor-liquid interface has receded below nodal point 

n-1, the general equation (4.4) for an internal element may be used 

to determine the temperatures of nodal points vl+l through n-1 with: 

k = k (1-P) me m in =in c v 

(pc) = p c (1-P) me m m c = c 
C CV 

(4.122) 
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Also, the general implicit equation (4.17) may be employed at the 

original surface, subject to the same conditions, (4.122). 

Assume that the vapor-liquid interface lies below nodal point 

n-1 and may be shown schematically as in Figure 12. The shaded 

area represents the change in internal energy and may be written 

from equation (4.51) for the liquid-solid interface by changing 

the subscripts. The heat into and out of the element by conduction 

may again be obtained from the generalized relations. An energy 

balance on the element is given by equation (4.118) so that fol-

lowing the same methods of solution that lead to equation (4.52) 

leads to an expression for the location of the vapor-liquid inter-

face as: 

- l/2(pc)mv(Tvi+l-Tvl+l)[(vl)~x-o2] 

- l/2(pc)m1 (TvZ-l-Tv2_1)[o 2-(v2-2)~x]J 

I p 0 P>. + 1/2 [(pc) (T i'+1-T ) + (pc) n (T -T 2' 1)] 
Cit. v mv v v m.it. v v -

(4.123) 

The mass flow rate of the vapor leaving the interface will be ob-

tained from equation (4.112) and the remaining unknown temperatures, 

Tvl and Tv2 ' from the generalized interpolation equation (4.84). 
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The above analysis applies until that time at which the vapor-

liquid in.terface recedes below nodal point 2. At that time, the 

following will be assumed: 

T = T 
1 v 

02' = o.o 
m = o.o v 

9 = 9 4 

which will complete the analysis for time period IV. 

F. Time Period V (94< 9 ~ 9 . t) cri 

(4.124) 

Once the coolant has vaporized completely, the composite consists 

of a porous matrix only. The temperatures of the internal nodal 

points are given by the general explicit equation (4.4) as follows: 

Nodal points 2 through n-1 

k = k (1-P) me m 
(pc) = p c (1-P) me mm 
m = o.o c (4.125) 

The temperature at the insulated back face is determined from 

explicit equation (4.5) and the general implicit equation for the 

original surface, equation (4.17), is applicable at the exposed sur-

face, both subject to the above conditions. The time at which the 

exposed surf ace reaches the melting temperature of the matrix will 

end time period V and the analysis is complete. 



V. MATERIAL PHYSICAL PROPERTIES 

An extensive search was conducted to determine the thermo-

physical properties of seven different metallic coolants: silver, 

magnesium, copper, tin, lithium, zinc, and lead. In general, the 

values obtained for the conductivities and specific heats of the 

coolants, as well as the tungsten matrix, are seen to be strong 

functions of temperature over the temperature range anticipated. 

The data collected were plotted so that properties could be 

evaluated from the following relations: 
2 c = a1 + a2T + a3T 

k = bl + b2 T + b3T2 

(5.1) 

(5.2) 

The constants are given in Tables I and II for the coolants and for 

the tungsten matrix in the various phases expected to exist in the 

analysis. Conveniently, straight lines approximate much of the 

data to within the variations reported in the references, and the 

last terms in the above equations are not needed. For those pro-

perties where the second-order term is necessary, a least squares 

fit of the data was performed. The conductivities of the coolants 

in vapor form are considered negligible for this analysis. 

The densities of the coolants and matrix in the solid phase 

were obtained from volumetric expansion coefficients. These pro-

perties are most conveniently related in the following forms: 

(5 .3) 

70 
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(5.4) 

The densities of the coolants in liquid phase which were ob-

tained from the references are given by the following relation: 

(5.5) 

These constants for the matrix and for the coolants in solid and 

liquid phase are given in Table III. 

Densities of the coolants in vapor phase are obtained from 

the perfect-gas relation: 
p M 

v 
Pcv = RT 

u 
(5.6) 

In some instances, the properties of the coolants in liquid phase 

were not obtained, in which case the property was assumed constant 

and equal to the value obtained for the liquid coolant at its 

normal melting point. 

Other pertinent properties and constants for the coolants and 

tungsten matrix are given in Table IV. The constants A, the inter-

cept of the vapor pressure-temperature curve, and B, the slope of 

the vapor pressure-temperature curve, are in general taken from 

reference (2). In cases where these constants were not reported 

plots of the vapor pressure-temperature data from other references 

were made so that these constants could be evaluated. 

The values of the viscous-flow coefficient and the inertial-

flow coefficient used for the determination of the pressure drop of 

the vapor through the matrix are those reported by Gessner (2). 

These values are characteristic of a tungsten matrix fabricated 
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from tungsten powder of about fifty microns in diameter. They are: 

a = 3. 71 x 1011 ft-2 

a = 1.525 x 107 ft-1 

(5. 7) 

(5. 8) 

These values will be considered independent of temperature, pressure, 

and matrix porosity as previously discussed. 
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TABLE I 

SPECIFIC HEATS 

1 5 9 Reference Element Phase a1x10 a2x10 a3x10 

cs o. 850 1.510 o.ooo 20 
Cu c.Q, 1.200 o.ooo o.ooo 

CV 0.480 1.000 0.000 25 

cs 2.040 7.290 o.ooo 20 
Mg cR. 2.680 2.950 0.000 19 

CV 1.990 0.175 o.ooo 25 

cs 0.520 0.706 o.ooo 20 
Ag cR. 0.692 o.ooo 0.000 19 

CV 0.461 o.ooo o.ooo 25 

cs 0.450 1. 730 o.ooo 24 
Sn ci 0.480 1.120 o.ooo 29 

CV 0.521 o.ooo o.ooo 2 

cs 10.000 o.ooo o.ooo 2 
Li c.Q, 10.000 o.ooo o.ooo 19 

CV 8.043 -5.330 8.060 25 

cs 0.705 4.070 0.000 24 
Zn ci 1.420 -1.820 o.ooo 19 

CV 0.760 o.ooo o.ooo 25 

cs 0.430 -1.390 o.ooo 29 
Pb Ci 0.284 -0.194 o.ooo 29 

CV 0.240 o.ooo o.ooo 2 

w m 0.300 0.137 o.ooo 28 
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TABLE II 

CONDUCTIVITIES 

Element Phase Reference 

cs 2.370 -2.250 o.ooo 20 
Cu cR, 1.820 o.ooo o.ooo 
Mg cs o. 770 0.000 0.000 20 

c.ll. o. 770 o.ooo o.ooo 
Ag cs 2. 757 -5.180 o.ooo 20 

cl 1.607 0.000 0.000 

Sn cs 0.452 -1.330 o.ooo 29 
cl 0.204 -0.103 o.ooo 19 

Li cs 0.280 o.ooo 0.000 2 
c.ll. 0.218 0.000 o.ooo 19 

Zn cs o. 723 -1. 350 o.ooo 29 
c.ll. 0.354 -0.141 o.ooo 19 

Pb cs 0.235 -0.615 o.ooo 14 
cl 0.090 o.ooo o.ooo 

w m 0.939 -1.403 1.155 20 

Note: Conductivity of Coolant in Vapor Phase Assumed Negligible 
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TABLE III 

DENSITIES 

Element Phase dl d2 Reference 

Cu -3 -8 cs 1. 756xl02 5.197xl0 26 
c.Q. 5.183xl0 0.000 21 

Mg -3 -7 cs 9 .092xl01 4.106xl0 26 
C.Q. 9.810xl0 o.ooo 19 

Ag -3 -8 26 cs l.520x102 5.364xl0_2 
C.Q. 6.500x10 -3.llOxlO 19 

Sn -3 -8 26 CB 2.164xl02 8.750xl0_2 
c.Q. 4.560xl0 -2.362xl0 19 

Li -2 -6 26 cs 2. 875xl01 2.826xl0_3 
c.Q. 3.400xl0 -2.850x10 19 

Zn -3 -8 26 cs 2.040xl02 9.740xl0_2 
c.Q. 4.588xl0 -2.153xl0 19 

Pb -3 -8 26 cs 1. 380xl02 7.120xl0_2 
c.Q. 7.040xl0 -3.980xl0 19 

-4 -9 26 w m 8.513xl0 6.154xl0 

Note: Densities of Coolant in Vapor Phase are Obtained From Perfect 
Gas Relation. 



TABLE IV 

CONSTANT PROPERTIES 

Element M A Bxl0-4 T Tnb T ). ~nb m c m 

Cu 63.54 8.92 2.93 2440 5239 9900 91.1 2110 
(22) (22) (20) (22) (27) (20) (20) 

Mg 24.32 8.35 1.25 1664 2477 4954 148.0 2407 
(2) (2) (19) (19) (2) (19) (19) 

Ag 107.87 8.79 2.44 2221 4473 8940 43.4 1001 
(2) (2) (19) (19) (2) (19) (19) 

Sn 118.70 9.34 2.75 909 4578 7190 26.1 1031 -...J 
0\ 

(19) (19) (18) (19) (2) (19) (19) 

Li 6.94 8.29 1.44 817 2875 4595 284.0 8424 
(2) (2) (18) (18) (2) (19) (19) 

Zn 65.38 8.39 1.08 1247 2123 4246 43.9 755 
(2) (2) (19) (19) (2) (19) (19) 

Pb 207.21 7.93 1.67 1081 3619 6900* 10.6 368 
(19) (19) (19) (19) (27) (19) (19) 

w 183.92 -- -- 6560 
(2) 

( ) - Indicates Reference *T = l.47(T )l.03 
c nb 



VI. RESULTS AND DISCUSSION 

A computer program of the finite-difference analysis was written 

for use with the IBM 7040/1401 digital computing system to compare 

the relative effectiveness of the seven different coolants previously 

discussed. The program and a discussion is contained in Appendix A. 

The results and computer program presented carry the analysis through 

time period III, the time at which the liquid layer recedes to the ori-

ginal surface and vaporization begins from within the matrix. A pro-

gram for the completion of the analysis was written, but at this time, 

the reliability of the results has not been established. The reader 

is referred to reference (2) for the effect of vaporization from 

within the matrix on the self-cooling process. 

A. General Conditions 

There are certain variables in the analysis that must be speci-

fied. The ambient temperature and pressure are typical of the flame 

temperature and throat pressure of a high-energy solid-propellant 

rocket motor. The convective heat-transfer coefficient is also 

typical of that at the throat of such a motor having a throat diam-

eter of about 2 inches. The general conditions specified to be used 

for all cases are as follows: 

T = 6660° R 
0 

P = 226 psia 
0 

h = 1303 BTU/hr ft 20R 
0 
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L = 2.0 inches 

T . = 530°R xi 
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These conditions are also those presented by Gessner, et al. (2). It 

was anticipated that the results could be compared so that the effects 

of varying thermal properties and of the melting process could be 

shown. However, the specific heat of the tungsten matrix reported 

in (2) was approximately 18 percent higher than the average value 

obtained for this analysis and, therefore, any comparsion merely 

indicates this difference. It is interesting to note, although, 

that with other properties about the same, the difference in specific 

heats accounted for as much as a 5 percent variation in the tempera-

ture of the original surface at any time. The effect of considering 

properties that vary with temperature is shown in Section B of this 

chapter. 

B. Case Studies 

Data were obtained for seven different metallic coolants using 

the general conditions stated and the properties as previously pre-

sented. The variations of original surface temperatures, recession 

rates of the liquid-solid interface, and the growth and depletion of 

the liquid layers are given in Figures 13 through 18 for a constant 

porosity of 20 percent. As mentioned earlier in this chapter, re-

sults were obtained up to the point where the coolant begins to 

vaporize from within the matirx (e = e3). This is the point where 



79 

6000 

5500 

5000 
Copper 

IZ 
0 

ft 

i:: 
H 

ft 4500 Q) 
i...i 
;::l 
.µ m 
i...i 
Q) 

~ 
Q) 

H 
Q) 4000 
u m 

4-i 
i...i 
;::l 

ti) 

3500 

3000 

0 10 20 
Time, 8 , sec. 

Figure 13: Surface-Temperature Response, Various Coolants, P=0.2 



80 

400 

Tungsten 

3500 

r:i::: 
0 .. 

s:: 
H 

<IJ 
Magnesium 

H 
;::! 
.µ 
Ill 
H 
<IJ 

~ 3000 <IJ 
H 
<IJ 
0 
Ill 
'H 
H 
;::! 
ti) 

2500 

2000.___... ........ ~..._~~~..._~~~ ........ ~~~ ........ ~~~~ 
0 1 2 3 4 5 

Time, 9, sec. 

Figure 14: Surface-Temperature Response, Various Coolants, P=0.2 



1.0 

0.8 

~ 1~ 0.6 .. 
c 
0 

"" .i.J 
Ill 

I H+-1...: •• _ \ \. \.. ' '-... tJ 00 
0 I-' 
~ 

Q) 0.4 
tJ 
Ill 

4-l 
..... 
Q) 
.i.J c I \\ \ "\.opp er 1-4 

0.2 

0 5 10 15 20 25 
Time, 6, sec. 

Figure 15: Liquid-Solid Interface Recession, Various Coolants, P=0.2 



1.2 

~ 
0 
0 
r-i 

~ 0.6 

~~ 

0.4 

0.2 

o.o 

82 

0 10 20 

Silver 

30 
Time, e, sec. 

40 50 

Figure 16: Growth and Depletion of Liquid Layer, Various Coolants, P=0.2 



tN! 
0 
0 
r-1 

>< 

0.20 

0.15 

~I, -.'.)"'..... 0.10 

0.05 

83 

Zinc 

0.00----~~~--~~--~_._~~--L~~.1...-~~~~ 

0 1 2 3 4 

Time, 6, sec. 

Figure 17: Growth and Depletion of Liquid Layer, Various Coolants, P=0.2 



6000 

5000 

4000 

3000 

2000 

1000 

Time Period 
6=12.0sec. 

84 

Time Period I 
6=0.8sec. 

T =2221°R 
m 

0 '--~~~~ ...... ~~~~~ ....... ~~~~--~~~~~--~~~~-
o. o 0.2 0.4 

x 
L 

0.6 0.8 

Figure 18: Typical Temperature Distributions, Silver, P=0.2 

1.0 



85 

the curves of Figures 13, 14, and 15 terminate unless otherwise 

indicated. The temperature response of the original surface for 

the solid tungsten was obtained as a baseline of comparison by 

letting the porosity be zero. Data were also obtained for solid 

tungsten by again letting the porosity be zero and assigning a 

melting temperature of the coolant in excess of that of the matrix. 

This kept the analysis in time period I. A comparison of the two 

methods showed good agreement. A slight divergence of the surface 

temperature was noted when the equations of time period II were 

first employed but after a reasonable number of time increments 

convergence to the solution using time period I only was obtained. 

The author feels that this was due to assumptions made for the 

surface temperature relation in the development of the expression 

to predict the location of the liquid-solid interface, equation (4.42). 

Also, data were obained for solid tungsten using the thermal pro-

perties of (2). A comparison with data reported in (2) showed 

excellent agreement throughout the entire heating period. 

1. Effect of Various Coolants in a Constant Matrix 

The data presented in Figures 13 and 18 are for a tungsten 

matrix of 20 percent porosity. It can be seen in Figure 13 and 14 

that the rate of surface temperature rise was retarded to varying 

degrees by the coolants investigated. Matrices infiltrated with lead, 

tin, and lithium result in surf ace temperatures somewhat higher than 

that of solid tungsten. This does not, however, rule out 
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the possibility that these may be effective coolants since no 

comparison is made at times greater than 8 = 83• It is possible 

that the rate of surf ace temperature rise may be greatly retarded 

by vaporization of these coolants from within the matrix. The 

reader is again referred to reference (2) for this effect. The 

recession rates of the liquid-solid interfaces and the growth 

and depletion of the liquid layers are compared in Figures 15 

through 17 for the various coolants. Typical temperature dis-

tributions throughout the composite for the various time periods 

are shown in Figure 18 for the silver coolant at 20 percent 

porosity. 

Due to the relatively high boiling point of silver, the 

total time until recession of the vapor-liquid interface to the 

original surface (8 3) does not occur until 48.6 seconds. During 

the early stages of the heating period the temperature of the 

heated surface is less than that of the solid tungsten slab as 

a result of the increased conductivity of the composite due to 

the high conductivity of the infiltrant. This effect diminishes 

as the boiling point of silver (5705°F) is approached at the 

exposed surface of the liquid layer, as evidenced by the approach 

of the silver curve to that of the solid tungsten curve in Figure 13. 

The importance of the liquid layer is indicated by the relatively 

flat portion of the surface temperature response curve, Figure 13, 

which corresponds to time period III. Even though the maximum 

possible thickness of the liquid layer is attained (about 1.0 percent 

of the total composite thickness) the temperature difference across 
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the liquid layer is small compared to other coolants due to the 

high conductivity of silver. This factor, as well as the relatively 

high latent heat of vaporization of silver, accounts for the 

essentially constant temperature at the original surface during 

time period III. Since the difference between the melting point 

(2221°R) and boiling point (5705°R) of silver is relatively large, 

there exists a portion of time period II in which the liquid-solid 

interface has receded to the insulated back face and a constant-

thickness liquid layer remains on the surface. This is shown in 

Figure 16. The relatively flat portion of the surface temperature 

response curve is an indication of the effect of the melting process. 

Figure 13 shows that for silver, the rate of rise of the surface tem-

perature is practically eliminated for a considerable period of time. 

Since the boiling point of copper at the pressure of the hot-

gas stream is higher than the melting temperature of the tungsten 

matrix, the original surface of the matrix begins to melt while there 

exists a liquid layer above the surface. Due to the relatively high 

conductivity of copper, the temperature at the original surface of 

the composite remains substantially lower than that of the solid 

slab during the early stages of the heating period. However, the 

curves converge as the melting temperature of the matrix is ap-

proached. Therefore, the advantage of infiltrating with copper 

is limited. 

The behavior of tin, as might be anticipated, is very similar 

to that of silver since their boiling points are about the same. 
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Due to the lower melting point of tin (1081°R), liquid-solid inter-

face recession occurs much sooner. Also, due to its smaller volume 

change on fusion, the maximum thickness of the liquid layer (0.5 per-

cent of total composite thickness) is much less than that of silver. 

The portion of the surf ace-temperature response curve that corresponds 

to time period III is not as flat as that of silver due to the low 

conductivity of tin. The relatively poor thermal diffusivity of the 

composite also causes the surface to run hotter than the tungsten 

slab during early heat-up stages. 

Lead possesses the same general characteristics as tin. Due to 
0 the lower boiling point of lead (4875 R), however, vaporization of 

the coolant below the original surface occurs at an earlier time 

(93 = 13.3 sec.). It is interesting to note that the difference 

between the melting (1081°R) and the boiling (4875°R) temperatures 

are such that complete liquid-solid interface recession occurs (10.0 

sec.) shortly after vaporization at the exposed surface begins (9.4 

sec.). As shown in figure 13, when vaporization begins there is a 

decrease in the rate of rise of the surface temperature. However, when 

the flow of liquid onto the surface ceases an increase of the surface 

temperature is iuunediately seen. 

Lithium, magnesium, and zinc have relatively low boiling points. 
In all cases, vaporization of the coolant begins well before 5.0 

seconds of heating time is completed. Figure 15 and 17 show that 

complete liquid-solid interface recession is not obtained before 

vaporization begins (92) and only minimal liquid layer growth is 

accomplished. However, the effect of the melting process (time 
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period III) can be seen from Figure 14 to occur during a time when 

the rate of surface temperature rise is greatest and therefore af-

fords valuable inhibition of the surface temperature rise. 

2. Effect of Varying Porosity 

All of the cases previously examined have considered variable 

properties and a constant matrix porosity fixed at 20 percent. Due 

to its relatively constant surface temperature during time period III, 

silver was chosen to show the effect of varying porosity. The sur-

face temperature responses for various porosities are shown in 

Figure 19. Data were obtained for porosities of 10, 20, and 30 per-

cent. A considerable increase in conduction cooling is seen as the 

porosity is increased for early stages of the heating period due to 

the high conductivity of silver compared to that of the tungsten 

matrix. The tendency for conduction cooling effects to diminish 

as the boiling temperature of the coolant at the exposed surface 

is approached is apparent. An interesting fact is that recession 

of the liquid-solid interface for each silver case ceased at 

essentially the same time (18 sec.). This is again thought to be 

due to the increased conductivity of the composites as the porosity 

increases. The major advantage of increasing the porosity is seen 

to be in the increased length of the flat portion of the temperature 

response curve (time period III). This does not, however, indicate 

that longer heating times may be obtained by increasing the porosity. 

Gessner (2) reports that the surf ace temperature response curves for 
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silver coolants with porosities of 20 and 80 percents converge as 

vapor-°liquid interface recession below the heated surface preceeds. 

It is suggested that a graded matrix with highest porosity at the 

exposed surface would be more efficient in increasing allowable 

heating time (2). In any case, a compromise between porosity, 

mechanical strength, and manufacturing limitations must be made. 

3. Effect of Variable Properties 

All data presented up to this point have been calculated using 

variable thermal properties as tabulated in Chapter V. To determine 

the effect of variable property values on the analysis, the data 

must be compared to data obtained using constant properties. This 

presents the question as to what constant values to compare with: 

room temperature, average temperature over the entire temperature 

range anticipated, or an average over the temperature range for each 

phase anticipated. The author feels that the most representative 

constant values that can be used is the average value over the 

temperature range for each particular phase. This is expected to 

minimize any effect of using constant properties in the calculation. 

The values used in (2) appear to be an average over the entire 

temperature range and are not comparable to this data as previously 

discussed. A comparison of data obtained using variable and 

average properties is shown in Figure 20. It is seen that the 

surf ace temperatures using average properties are somewhat lower 

than those when variable properties are assumed. This comparison 

indicates the necessity of using variable thermal properties. 
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Also, it is noted that in some cases small differences in a 

particular constant property, especially those of the matrix, 

lead to large differences in the surface-temperature responses. 

The increased length of time period III, as indicated by the 

flat portion of the surface-temperature response curve, for 

constant property data is misleading in that the amount of liquid 

that expands onto the surface is directly related to the dif-

ference in the densities of the solid and liquid coolant at 

the melting point. This is normally from 2.0 to 7.0 percent of 

the solid density. When average values for each phase are used, 

this becomes nearly 13.0 percent, which increases the maximum 

liquid-layer thickness by more than twofold. 

C. Conclusion 

Based upon the results of the case studies using the numerical 

computer solution of the detailed finite-difference analysis, a 

fundamental understanding of the early stages of the self-cooling 

processes was gained. It was shown that the effect of the melting 

process on the temperature response of the heated composite surface can 

be of great importance, in that in some cases, the temperature of the 

surface remains essentially constant while vaporization of the li-

quid layer occurs. It was emphasized however that any boundary 

layer shearing or erosion effects have been neglected in this analysis 

and that the analysis did not consider the latter stages of the heat-

ing process when vaporization of the coolant proceeds below the 
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exposed.surface of the composite. The need for accurate thermal 

properties for both the coolant and matrix materials was demon-

strated. Also, the effect of assuming properties that vary with 

temperature in lieu of constant properties was seen to be significant. 

The results indicate a coolant with high conductivity or thermal 

diffusivity increases the contribution of the conduction cooling 

during the early stages of heating. High volume change on fusion 

is desired for maximum layer thickness above the surface. Also, 

a high latent heat of vaporization is desirable in that it decreases 

the rate of original surface temperature rise during time period III 

when vaporization of the liquid layer above the surface takes place. 

The concept of a composite that retards its own heating rate by 

sacrificing its coolant has been verified as theoretically sound and 

it is seen that the effect of the melting process can be of con-

siderable significance on the duration of the heating period. 



VII. CONCLUSIONS 

In this investigation of self-cooling with infiltrated porous 

tungsten composites, the following significant conclusions are 

drawn. The conclusions are based on the results obtained from 

the theoretical analysis up to that time at which the liquid layer 

vaporizes completely from above the composite surface. 

1. The effect of the melting process on the early stages of 

the self-cooling process is significant for certain com-

binations of infiltrant thermophysical properties. 

2. There exists a period of time during which a stable li-

quid layer builds up above the original surf ace due to 

the expansion of the coolant on melting. 

3. The rate of rise of the original surface temperature is 

suppressed to varying degrees for the different coolants 

due to the vaporization of the liquid coolant above the 

surface. 

4. Considering thermal properties that vary with temperature 

has a significant effect on the determination of an ac-

curate value for the temperature at the composite surface. 

5. Infiltrants that possess high values of thermal conductivity, 

volumetric expansion on melting, and latent heats of fusion 

and vaporization tend to maximize the effect of the melting 

process. 
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6. No conclusions are drawn as to the most effective infil-

trant since results were not obtained for the time period 

during which vaporization takes place from within the matrix. 



VIII. RECOMMENDATIONS 

It is recommended that future studies in the area of self-cooling 

with infiltrated porous composites be directed toward: 

1. Determining the effect of any shearing or erosion at the 

surface of the liquid layer due to the boundary layer. 

2. The expulsion of liquid coolant by mechanisms other than 

thermal expansion. 

3. The effect of evaporation processes other than boiling. 

4. Extension of the basic analysis to include capabilities of 

a graded matrix porosity. 

5. Consideration of coolants other than metals. 

6. Consideration of matrices other than tungsten. 

7. Extension of the analysis for a three-dimensional model. 

A complete one-dimensional analysis is of basic importance in 

a fundamental understanding of the self-cooling concept. However, 

a three-dimensional geometry which is typical of actual rocket nozzle 

conditions must be considered before the self-cooling concept can be 

applied with any reliability to the design of rocket nozzle liners. 
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IX. APPENDIX A 

Presentation and Discussion of the Computer Program 

The following discussion applies to the computer program listed 

at the end of this appendix. 

Use of the Program 

Equations frequently used in the analysis are listed at the be-

ginning of the program and designated as function statements so that 

they may be called at any time. In general, symbols used in the pro-

gram are the same as those given in the nomenclature. It is under-

stood, however, that subscripts must be written as part of the symbol 

name; for example, KML = kmi· Greek symbols are partially spelled so 

they may be recognized as those given in the nomenclature. Through-

out the program, all primed quantities are designated by the letters 

PR following the symbol name. The function statements are, in general, 

self-explanatory. Possible exceptions are as follows: 

TFPRl - The general explicit finite-difference equation for 

nodal point 1. 

TFPR2 - The general explicit finite-difference equation for an 

internal nodal point. 

TFPR3 - The general implicit finite-difference equation for the 

nodal point at the original surface. 

TFPR4 - The generalized interpolation equation. 

The remainder of the function statements are for evaluation of 

thermal properties. 

The read-in procedure is best described with reference to the 
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sample input data shown at the end of the program. The data are read 

in as follows: 

Card 1 - The coolant name 

Card 2 - The total number of nodal points, 01, 02, and 03. The 

last three numbers refer to the print-out options 

available within the program and will be discussed 

later. 

The following constants, as given in the nomenclature, are read 

in on cards 3, 4, and 5: 

Card 3 - L, P, T , A, B, T , T m mm 0 

Card 4 - M, Tnb' T , Anb' gc, R, h c 0 

Card 5 - A ' p 
m 0 

The next two data cards prescribe the initial temperature 

distribution for the composite: 

Card 6 - The total number of temperatures to be read-in. For 

the sample data the initial temperature distribution 

is constant throughout the matrix. Therefore, only 

one temperature was needed. 

Card 7 - The initial temperature at each nodal point. The 

temperatures are assigned to the nodal points accord-

ing to the following rule: the last temperature read 

in is assigned to nodal point n, the next to last 

temperature to nodal point n-1, etc. The first 

temperature read in is assigned to the nodal point 
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next in the above sequence, and also to the remaining 

nodal points down to the back face, nodal point 1. 

Additional cards may be needed for the initial tem-

peratures. 

The remaining data cards contain the constants needed in the 

polynominals that calculate the variable properties as discussed in 

Chapter V. Provisions are made in the program for a fourth-order 

polynominal whereas one of second order was used in the analysis. 

The constants are contained on the data cards as follows: 

Card 8 - dml' dm2' des!' dcs2 

Card 9 - am!, am2 ' am3 ' am4 ' am5 

Card 10 - bml' bm2 ' bm3' bm4 ' bmS 

Card 11 - a 1 , a 2 , a 3 , a 4 , a 5 cs cs cs cs cs 

Card 12 - act!' act2' act3' act4' act5 

Card 13 - a 1 , a 2 , a 3 , a 4 , a 5 CV CV CV CV CV 

Card 14 - b 1 , b 2 , b 3 , b 4 , b sS cs cs cs cs c 

Card 15 - bet!' bct2' bct3' bct4' bct5 

Card 16 - dctl' dct2' dct3' dct4' dct5 

Card 17 - a1 , a2 , a3 , S 

Formats for the input data may be obtained from the program. 

As previously mentioned, the program contains several print-out 

options. The time interval of print-out is controlled by the input 

value 02. If 02 is an integer greater than zero, print-out is 

executed every 02 intervals, in addition to the key intervals 

(0 = e1 , e2 , e3). For 02 equal zero, print-out is executed at the 



101 

nearest time interval to 03. The sample data shows print-out 

every 0.00027766 hours (1 sec.) as well as at key intervals. 

The form of the print-out is controlled by the character 01. 

There are two options. The following data are obtained with 

either option: 8 (sec.), Tm' mi' o1 , TV, mv and o2• The options 

control the following output for each nodal point. 

For 01 = 1, Distance from back face, temperature, pressure, 

conductivity, and thermal diffusivity. 

For 01 = 2, Distance from back face, temperature and pressure. 

All output, with the exception of time, which is given in seconds, 

is consistent with the units in the nomenclature. 

The program is terminated if one of the following conditions 

are attained: 

a. The end of time period III. 

b. The temperature of the original surface exceeds the melting 

temperature of the matrix. 

c. Time exceeds 200 seconds. 

Program Limitations 

There are certain circumstances that could possibly occur which 

the program is not designed to handle. They are as follows: 

a. Coolants with a difference between melting and boiling 

points sufficiently small such that vaporization occurs at 

the surface of the liquid layer before the liquid-solid 

interface recedes below nodal point n-1. 

b. Liquid-solid interface recession of more than two distance 

increments (26x) in one time increment (68). 
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c. Both liquid-solid and vapor-liquid interfaces lie between 

two adjacent nodal points. 

d. Coolants that contract on melting. 

It is suggested that any problems encountered due to circumstances 

a through c above may be alleviated by sufficiently increasing the 

number of nodal points. 



COMPUTER PROGRAM 
SELF-COOLING WlTH INFILTRATED POROUS COMPOSITES 

C DECLARATIONS 
INTEGER 01, 02, v1, v2, VlPR, V2PR 
REAL L, M, MPR, ML, MLPR, MVe MVPR, Mfe MFPR, MLPRl, MVPRl, 

1 MVPR2, K, KPR, KA, KB, KCe KMe KAPR, KBPRe KF, KMS, 
2 KML, KMSPR, KMLPR, KMPR, KCS, KCL, KCV, KFPR, LA, 
3 LB, LC, LAPR, LBPR, LOAM, LDAV, LOA, LDAPR, MUCV, 
4 MUCYPR, MUF, MUFPR, KMF, KCSF, KCLF, MUCVF, LOAYF, 
5 MOLWT, LOAYNB, KMV, KLPR,KL,KFA, KFB, KFAPR, KFBPR 

DIMENSION TC200), TPRC200), Xl200), Al200), APRl200), 
l Kl200), KPRC200)• PC2001 9 PPR(200) 

C ARITHMETIC-FUNCTION STATEMENTS 
TFPRl(l,J) a Tl + 2.0•Af/KF•DLTH/DLX••2•KFA•CTA - Tll 
TFPR2Cl,J) a Tl + DLTH•AF/KF/DLX••2•lKFB•lTB - Tl) + KFA•CTA - Tl) 

1 ) + MF•DLTH•AF/KF/DLX•tCCFB•lTI + T8)/2.0 - CCFA•lTI + 
2 TA)/2.0) 
TFPR3ll,J) = ITI•KFPR/AFPR/DLTH•LBPR••2 + 2.0•KFPR•TBPR + IHO•LBPR 

1 /KFPR•l3.0•KFPR - KFBPR - LBPR•MFPR•CCPR))•TOJ/(KfPR/AFPR 
2 /DLTH•LBPR••2 + 2.0•KFPR + HO•LBPR/KFPR•C3.0•KFPR - KFBPR 
3 - LBPR•MFPR•CCPR)) 
TFPR4(J,JJ = CTl/DLTH•(LB•KFA+LA•KFB)/(LB•AFA + LA•AFB) 

1 - MF•CCF/LA/LB•iLB••2•TPRA - LA••2•TPR8)/ILA + LB) 
2 + CKFA•l3.0•LB••2•TPRA + LA•(2.0•LB - LA)•TPRB) + 
3 KF8•(3.0•LA••2•TPRB + .LB•l2.0•LA - LB)•TPRAl)/LA/LB 
4 /CLA + LB)••2J/ (((3.0•LB - LAJ•KFA +C3.0•LA - LB) 
5 •KFB + CLA••2 - LB**2)•MF•CCF)/LA/LB/ILA +L8) + 1.0 
6 /DLTH•CLB•KFA + LA•KFBJ/(LB•AFA + LA•AFBJ) 

TVAP(PV) = B/(Al- ALOGlOCPYJ) 
CMF(lf) = AMFl + AMF2•TF + AMF3•TF••2 + AMF4•TF••3 + AMF5•TF••4 
KMF(Tf) ~ BMFl + BMF2•TF + BMF3•TF••2 + .BMF4•TF••3 + BMF5•TF••4 
RHOMF(Tf) 3 1.0/(DMFl + DMF2•TFJ 
CCSF(Tf) = ACSFl + ACSF2•TF + ACSF3•TF••2 + ACSF4•TF••3 
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1 + ACSF5•TF••4 
CCLf lTF) = ACLFl + ACLF2•TF + ACLF3•TF••2 + ACLF4•TF••3 

1 + ACLF5•TF••4 
CCVFCTF) = ACVfl + ACVF2•TF + ACYF3•TF••2 + ACVF4•TF••3 

1 + ACVF5•TF••4 
KCSFlTF) = BCSFl + BCSF2•TF + BCSF3•TF••2 + 8CSF4•TF••3 

1 + BCSF5•TF••4 
KCLFCTF) = BCLFl + .BCLF2•TF + BCLF3•TF••2 + BCLF4•TF••3 

1 + BCLF5•TF••4 
RHOCSFITF) = 1.0/CDCSFl + DCSF2•TF) 
RHOCLFCTF) = DClfl + DCLF2•TF + Dtlf3•TF••2 

1 + DCLF4•TF••3 + DCLF5•TF••4 
RHOCVFCTF,PF) = PF•MOLWT/R/TF 
MUCVFCTF) a SQRTCMOLWT) •Cl0.09l5•lTF/TN8)••0.645 

l - 0.030l)/ll.18•TF/TNB)••C0.9•ALOG10Cl.18•TF/TN8))) 
2 /TNB••Cl./6.) 

LDAVFCTF) = LDAYNB•CCTCCR - TF)/(TCCR - TNBt)••0.38 
KHVCTF) = KMFCTF)•Cl.O - POR) 
AMV(lf) = KMFITF)/RHOMFITF)/CMFCTF) 
KMLCTF) a KMFCTF)•ll.O - POR) + KCLFCTFJ•POR 
AMLCTF) = KMLCTF)/lRHOMFCTFJ•CMFCTF)•ll.O - POR) + RHOCLFCTF) 

1 •CCLFCTF)•POR) 
KMSCTF) = KMFCTF)•ll.O - POR) + KCSFCTF)•POR 
AMS(lf) • KMS(lf)/(RHOMFCtFl•CMF(JF)•ll.O - POR) 

1 + RHOCSFCTF)•CCSFCTF)•POR} 
ALPHACTF) =ALPHAl + ALPHA2•TF + ALPHA3•TF••2 

C READ STATEMENTS 
l READC5,9)C00Ll,COOL2,COOL3,COOL4 
9 FORMATC4A6) 

READl5tl0) N, 01, 02, 03 
10 FORMATCIS,I5 1 I5,Fl5.0) 

2 READ(S,20) Lt POR, TMELT, AltBt TMLTMX, TO, MOLWT, TNB, 
1 TCCR, LDAVNB, GC, Rt HO,LDAM, PO 

20 FORMATC(7Fl0.Q)) 
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3 REAO(S,30) Nl, (T(l), l=l,Nl) 
DO 28 I=ltN 
J = N-1+1 
lf(J-N+Nl-2) 27126,26 

26 Jl = J-N+Nl 
TCJ) = l(Jl) 
GO TO 28 

27 TCJ) = TCl) 
28 CONTINUE 
30 FORMATCl10/(7fl0.0)) 

4 READl5t40) DMfl,DMF2,0CSflt DCSF2t AMflt AMF2t AMF3, AMF4, 
1 AMF5 1 BMFl, BMF2 1 8MF3, BMF4, BMF5, ACSFlt ACSF2, 
2 ACSF3, ACSF4t ACSF5, ACLFl, ACLF2t ACLF3t ACLF4, 
3 ACLFS, ACVflt ACVF2, ACYF3, ACYF4t ACVFS, BCSflt 
4 BCSF2, 8CSF3, BCSF4, BCSF5, BClflt BCLF2, BCLF3, 
5 BCLF4, BCLF5, DCLflt DCLF2, DCLF3, DCLF4, DCl.FS, 
6 ALPHAlt ALPHA2, ALPHA3, BETA 

40 FORMAT C4El0.0/(5ElO.O)) 
C WRITE OUT ALL QUANTITIES WHICH HAVE BEEN READ IN. 

WRITE(6,110) 
110 FORMATl1Hl,48HSELF-COOLING WITH INFILTRATED POROUS COMPOSITES.//) 

WRITEC6tl09)COOLl,COOL21COOL3tCOOL4 
109 FORMATC1Xt12HINFILTRANT =t4A6) 

WRITEC6tlll) 
111 FORMATC1Xtl4HINPUT VALUES--//) 

WRITEl6tll2) N, Lt POR, TMELT, Al, 8, TMLTMX, TO, MOLWT, TNB, 
1 TCCRt LDAVNBt GCt Rt HO, LOAM 

112 FORMATC1X,2HN=,I5,5X,3HL =tfl0.5,SX,lOHPOROSITY =,F10.s,5x, 
1 lHTMELT =,Fl0.5,5X,4HAl =,Fl0.5/lX,3HB =,e10.s,5x, 
2 8HTMLTMX =,Fl0.5,5X,4HTO •tflO.S,5X,7HMOLWT =1Fl0.5 1 5X, 
3 SHTNB =1FlO.S/lX,6HTCCR =1Fl0.5,5X,8HLDAVNB =1Flo.o,sx, 
4 4HGC =,e10.s,sx,3HR =1Fl0.5,5X,4HHO =tf10.5/1X,6HLDAM =, 
5 Fl0.5//) 

WRITEC6141)0MF11DMF21DCSFl1DCSF21AMfl1AMF2,AMF3,AMF4, 
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1 AMF5,BMF1 1BMF2 ,BMF3,BMF4,BMF5,ACSF1,ACSF2,ACSF3 
41 FORMATl1X,5HDM1 =1E15.7,8X,5HDM2 =1El5.7,9X,6HDCS1 =tE15.7, 

1 //1X,6HDCS2 =tE15.7,7X,5HAMl =1El5.7,9X,5HAM2 =, 
2 El5.7,//1X,5HAM3 =,E1s.1,ax,sHAM4 =1E15.7,9X,5HAM5 =· 
3 ElS.7//lX,SHBMl =tElS.7,8X,SHBM2 •1El5.7,9X,5HBM3 =, 
4 El5.7//1X,5HBM4 -,e1s.1,ex,5HBM5 •tE15.7,9X,6HACSl ., 
5 El5.7//1X,6HACS2 =,e1s.7,7X,6HACS3 =,El5.7//) 

WRITEC6,42)ACSF4,ACSF5,ACLF1,ACLF2,ACLF3,ACLF4,ACLF5, 
1 ACVF1,ACVF2,ACVF3,ACVF4,ACVF5,BCSF1,BCSF2t 
2 BCSF3,8CSF4,BCSF5,8Clfl 

42 FORMATC1Xt6HACS4 -,e1s.1,1X,6HACS5 .,e1s.1,aX,6HACLl ., 
1 E15.7//1X,6HACL2 =,El5.7,7X,6HACL3 .,e1s.1,ax, 
2 6HACL4 •1ElS.l//lX16HACL5 •tE15.7,7X,6HACVl •, 
3 El5.l,8X,6HACV2 =,El5.7//1X,6HACV3 .,e1s.1,1x, 
4 6HACV4 .,e1s.1,aX,6HACV5 •,El5.7//1X,6HBCS1 ., 
5 E15.7,7X,6HBCS2 =1E15.l,8X,6HBCS3 •tE15.7//lX, 
6 6HBCS4 •tE15.l,7X,6HBCS5 =,e1s.1,aX,6HBCLl •,El5.7//) 

WRITEC61431BCLF2,BCLF3,BCLF4,BCLF5,0CLF1,DCLF2,DCLF3, 
1 OCLF4,DCLF5,ALPHA1,ALPHA2,ALPHA3,BETA 

43 FORMATC1X,6HBCL2 -,e1s.1,1x,6HBCL3 =1El5.l,8X,6HBCL4 ., 
1 El5.7//1X,6HBCL5 =,El5.7,7X,6HDCll .,e1s.1,ax, 
2 6HDCL2 =1El5.7//1X,6HDCL3 =1El5.l1lX16HDCL4 • 1 
3 E15.l,8X,6HDCLS =,E15.7//1X,8HALPHA1 -.e1s.1,sx, 
4 8HALPHA2 =tE15.7,6X,8HALPHA3 •,El5.7//1X,6HBETA =• 
5 El5.7//////) 

N2•1 
N3•MIN0(1Q,N) 

120 WRITEC6 1130) Cl,l•N2,N3) 
WRITEC6,l31) (l(l),l•N2,N3) 

130 FORMATl1X16H I =110110) 
131 FORMATC1X16HT(l) =110F10.5) 

IF I N3-N) .121, 1221122 
121 N2 = N2+10 

N3 = MINOIN3+101N> 

I-' 
0 
0\ 



GO TO 120 
122 CONTINUE 

C INITIALIZE NECESSARY VARIABLES 
DLX • L/IFLOATINJ - l.OJ 
DLTl = L 
OLTZ = L 
DLTlPR= DLTl 
DLT2PR• DLT2 
TH = O.O 
Ml = N 
M2 = Ml - l 
MlPR ::s Ml 
M2PR = M2 
THl = 1.0E20 
Vl = 3•IN-1J + 1 
V2 = Vl - 2 
VlPR = Yl 
Y2PR = Y2 
TH2 = l.OE20 
TH3 = l.OE20 
ML = O.O 
MV = O.O 
MLPR = O.O 
MVPR = O.O 
TM = TMELT 
TV= TM 
TYPR = TY 
DO 501 l•l•N 
XCIJ • DLX•IFLOATllJ - l.OJ 
PCIJ = PO 
KI I) = KMS ITC IJ J 
ACIJ = AMSITCllJ 

501 CONTINUE 
C WRITE OUT DESIRED QUANTITIES AT TIME THETA 

...... 
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Nl = O 
1000 CONTINUE 

THSEC • 3600.0•TH 
Nl = Nl + 1 
IFIN1.EQ.l.OR.TH.EQ.TH1.0R.TH.EQ.TH2.0R.TH.EQ.TH3.0R.TH.EQ. 

l TH41 GO TO 1060 
IFI02-ll 1040, 1060, 1020 

1020 IFIMODINl-1,021.E·Q.OI GO TO 1060 
GO TO 1070 

1040 IFIAMODCTH,03J.LT.0.5•DLTH.0Rel03 --AMOOCTH,03Jl.LT.0.5• 
1 DLTHI GO TO 1060 

GO TO 1070 
1060 WRITEC6tl061J THSEC, TM, Mlt Dlllt TV, MY, DLT2 
1061 FORMATC//1X,6HTIME =tfl0.5//1X,4HTM •tfl0.5,5X,4HML • 9 Fl0.3, 

1 5X,6HDLT1 •,F10.5/1X,4HTV •tfl0.5,5Xt4HMV •tfl0.3, 
2 5X,6HDLT2 =9 Fl0.5J 
If COl.EQ.lJ ~O TO 1062 
GO TO 1065 

1062 WRIT£C6,1063J 
1063 FORMATC//1x,1ox,1Hx,19x,1Hr,19x,1HP,19X,1HK,19X,1HA//) 

WRITEC6,1064J I XII J t-Tll J ,PC II 9KI I I ,Al I J tl•l,NI 
1064 FORMAT l1X,2F20.5,E20.5,2F20.5J 
1065 IFCOl.EQ.21 GO TO 1066 

GO TO 1070 
1066 WRITEC6,10671 
1067 FORMATl//lX,1ox,1Hx,19x,1HT,19X,lHP//J 

WRITE(6,1068J CXCIJ1TCil1PCIJ, l=l1NI 
1068 FORMATC1X,2F20.5,E20.5J 
1070 CONTINUE 

C DETAILED CALCULATIONS FOR TIME PERIOD I. 
If (TH.GE.THlJ GO TO 1499 
AMAX = AMAXlCAMSClCl)),AMSCTCN))) 
KF = KMSCTCNJ> 
AF = AMSCTCN)) 
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DLTHA • DLX••2/2.0/AMAX 
DLTHlt • CTMELT - TCNUIC2.0•HO•AF/KF/DLX•ITO - TCNJ J -

1 2.0•AF/DLX••2•CTCNI - TCN-l)J) 
IF CDLTHA - DLTH4J ·1201, 1202, 1202 

1201 DLTH = DLTHA 
THPR • TH + .DLTH 
GO TO 1203 

1202 DLTH = DLTH4 
TPRCN) = TMELT 
DLT2PR = l 
DLTlPR • L 
THPR = TH + DLTH 
THl = THPR 
TM = TMELT 
TVPR = TM 

1203 CONTINUE 
Tl = TC U 
TA = Tf 2) 
AF• AMSllClJ) 
KF • KMSCTI J 
KFA • KMSCCTI + TAJ/2.0J 
TPRClJ = TFPRlll,lJ 
NMl = N-1 
DO 1206 I = 2,NMl 
AF = AMS IT 11 )J 
KF = KMSITCIJJ 
CC • CCSF ITC I )J 
MF • O.O 
TI = TlIJ 
TA = TC I+.U 
TB = TCl-1 ). 
KFA = KMSCCTI + TA)/2.o• 
KFB = KMSCCTI + TB)/2.0) 
CCFA = CCSFC(TI + TA)/2.0) 
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CCFB = CCSFltTI + TB)/2.0) 
TPRll) • TFPR211,l) 

1206 CONTINUE 
IFITHPR.EQ.THl) GO TO 1210 
TPRIN) • T&N) 
TEST = TIN) - 1.0 

1201t MFPR • O.O 
LBPR = DLX 
TBPR = TPRCN-1) 
KFPR • KMSITPRIN)) 
AFPR = AMSITPRIN)) 
CCPR • CCSFITPRINJJ 
TOPR • TO 
IFITH.EQ.O.O) TOPR • ITINJ + ~0)/2.0 
HOPR • HO 
TI = TIN) 
KFBPR = KMSITBPR) 
TPRIN) = TFPR31N,l) 
IFIABSITPRIN) - TEST).LT.l.OE-2) GO TO 1210 
TEST = TPRIN) 
GO TO 1201t 

1210 CONTINUE 
DO 1212 l•l,N 
KPRll) = KMSCTPRIJ)) 
APRii) • AMSITPRCl)) 

1212 CONTINUE 
MLPR • O.O 
MVPR • O.O 
TEST = O.O 
NMl • N-1 

1213 GO TO 1620 
1499 IF ltH.NE.THl) GO TO 1500 

Ml • N 
M2 = N-1 
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DLTl • L 
DLT2 • L 
Ml • O.O 
MY • O•O 

1500 CONTINUE 
C ••• OETAILED CALCULATIONS FOR TIME PERIODS II AND Ill. 

1502 IF ITH.GE.TH3) GO TO 2000 
AMAX • AMAXllAMSITll))1AMSClflll1AMLlTMl1AttLITIN)),AMLITll))) 
DLTHA = DLX••2/2.0/AMAX 
DLTH • DLTHA 

1504 IFCTH.GT.TH2.AND.TH.LT.TH3) GO TO 1506 
GO TO 1520 

1506 RHOCL • RHOCLFCTY) 
DLTH3 • RHOCL/CMY - ML)•CDLT2 - LI 
IF IDLTHA.LT.DllH3.0R.DLTH3.LT.O.O) GO TO 1508 
DLTH = DLTH3 
TH3 = TH + DLTH 
DLT2PR • L 
TPRINl = TYAPlPO) 
TVPR = TPRIN) 
GO TO 1520 

1508 DLTH • DLTHA 
1520 THPR • TH + DLTH 

t ••• REGULAR EXPLICIT CALCULATIONS. 
IF IM2.LE.l) GO TO 1526 
AF = AMS ITC 1 )) 
TI • TCl) 
TA • TC21 
KF • KMSCTI) 
KFA • KMSCCTl+TA)/2.0) 
TPRCl) = TFPR1Clt2J 
KPRCl) = KMS(TPR(l)) 
APRCl) = AMSCTPR(l)) 

1526 CONTINUE 
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C FOR NODAL POINT 1 WHEN M2 IS LESS THAN 2 
IFIM2.GE.2) GO TO 1540 
IFlDLTl) 1532.1532.1530 

1530 DlllPR = O.O 
TPRCU = TM 
MLPR • O.O 
KPRll) = KMLCTMJ 
APRll) • AMLCTMJ 
Tl = T(2) 
TPRA = TPRl3) 
LA = DLX 
TPRB = TM 
LB = DLX 
MF • o.o 
CCF • CCLFCTIJ 
KF =- KMLCTIJ 
AMCF = AMLITIJ 
TPRl2J = TFPR412.2) 
KPRl2J = KMLCTPRl2J) 
APRl2J = AMLCTPRC2J) 
GO TO 1540 

1532 AF • AMLITCllJ 
TI = TIU 
TA • Tf 2) 
KF = KMLCTCl)J 
KF A • KML I (TI -+ TA I /2. 0) 
TPRClJ = TFPRlll.2) 
KPR(l) = kMLCTPRllJJ 
APR(l) = AMLCTPRllJJ 
DLTlPR = O.O 
MLPR :a O.O 

1540 M2Ml = M2-l 
MlPl = Ml+l 
NMl = N-1 

...... 
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DO 1542 1=2,M2Ml 
IFCM2Ml.LT.2t GO TO 1542 
AF • AMS CT C I ti 
KF • KMSCTI 1J I 
CC • CCSFCTCJ U 
MF :a O.O 
TA = Tll+lJ 
TB :s TCl-1) 
Tl :s TCI) 
KFA • KMSCITI + TAl/2.0) 
KFB • KMSCITI + TB)/2.0) 
CCFA • CCSFCCTI + TA)/2.0) 
CCFB • CCSFCCTI + TB)/2.01 
TPRCIJ • TFPR2CJ,2) 
KPRll) • KMSCTPRll)) 
APRii) • AMSCTPRCJ)) 

15•2 CONTINUE 
DO 15~ I = MlPl,NMl 
IF IMlPl.GT.NMl) GO TO 1544 
AF • AMLCTll)) 
KF • KMllTll)J 
CC • CCLFCTCIU 
MF = ML 
TA • TCI+U 
TB= Tll-11 
TI = TCII 
KFA • KMLCtTI + TA)/2.0) 
KFB • kMLCITI + TB)/2.0) 
CCFA :a CCLFC(TI + TAJ/2.0) 
CCFB • CCLFCCTI + TB)/2.0J 
TPRCI) = TFPR2Cl,2) 
KPR(l) = KMLCTPRCI)) 
APRCI) = AMLCTPRCIJ) 

1541t CONTINUE 
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c ••• CALCULATIONS FOR NODAL POINT N. 
IFITH.GE.TH1.AND.TH.LT.TH2.AND.Ml.LT.N) GO TO 1552 
GO TO 1556 

1552 TPRIN) •TIN) + AML(T(N))•DLTH•l2.0/DLX••2•1TIN-l) - TCNll + 
1 113.0•KMLCl(N)) - KMLCTCN-lJ))/DLX -Ml•CCLF(T(N)))• 
2 ITO - TIN)) I KMLITIN))••2/ICDLT2 - L)/KCLFITINIJ + 
3 1.0/HOIJ 

KPR(N) = KMLITPRINJ) 
APRIN) = AMLCTPR(N)) 
DLTHl • l.0/12.0•AMLCTCN)J•Cl.O/DLX••2 + 0.5/KMllllN))••2•HO• 

1 KCLFCT(N))/CDLT2 - L)•Cl3.0•KMLITCN)) - KMLCTCN-l)J)/DLX 
2 - ML•CCLFITCN)))/IHO +KCLFCTCNJ)/CDLT2 - L)JJ) 

IF CDLTHl.LT.DLTH) GO TO 1554 
GO TO 1556 

1554 DLTH • OLTHl•0.95 
GO TO 1520 

1556 CONTINUE 
IFITH.6E.TH1.AND.TH.LT.TH2.AND.Ml.EQ.NJ GO TO 1560 
GO TO 1572 

1560 A5 • CL - DLTl)•CKMLITM)/AMLITM)•lTCNI - TMJ + KMSCTM)/AMSCTM) 
I •llM - TPRCN-2))) 

A2 • KMSCTMl/AMSCTM)•(TPRCN-2) - TCN-2))•(0LT1 - OLX•lFLOATCN) 
1 - 3.0)) 

Ql = HO•ITO - T(N)) 
Q2 = KMSCTIN-2 >l•.•2•l lTPRIN-2 I - T IN-2 U/AMSITCN-2))/DLTH 

1 - 2.0•CTIN-1) - TlN-2U/DUC••2)/lKMSCTCN-l)) - 3.0• 
2 KMSIT(N-l))J•DLX 

A3 • 2.0•lQl - Q2)•DLTH + AS + 2.0•RHOCSFllM)•LDAM•POR•Cl-DLTlJ 
A4 = KMS(TM)/AMS(TM)•CTM - TPR(N-2)) + 2.0•RHOCSFCTM)•LDAM•POR 
DLTlPR = l - CHC•lA3 - A2) - A4•KMLITMJ + SQRTClHO•CA3 - A2) 

1 - A4•KML(TM))••2 + 4.0•HO•CA4 + KMLITM)/AMLCTMl•CTO - TM) 
2 >•CA3 - A2)•KHL(TM)))/2.0/HO/CA4 + KML(TM)/AML(TM)• 
3 (TO - TM>) 

IF (TH - TH1)1070,1562,1564 

...... ...... 
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1562 MLPR = POR•(RHOCSFCTMJ - RHOCLF(tMJJ•(DLTl - DLTlPRJ/DLTH Ml • MLPR 
GO TO 1566 

1564 MLPR • POR•CRHOCSFCTMJ - RHOCLFCTMJJ•CDLTl - DlllPRJ/DLTH 1566 CONTINUE 
TPRCNI =CHO•TO•C2.0/(l-DLT1PRI - MLPR•CCLFCTMl/KMLCTMIJ + TCNJ• 

1 KML(TMJ/AML(lMl/DLTH +2.0•KMLCTMJ•TM/CL-DLT1PRJ•~21/ 
2 CKML(TMl/AMLCTMJ/DLTH +2.0•KMLCTMJ/Ct-DLT1PRJtFtt2 +HO•C 
3 2.0/ll-OLTlPRJ - MLPR•CCLFCTMl/KMLITMIJI 

IF IDLTlPR - l + DLXJ 1568,1570, 1570 
1570 TI • TCN-11 

TPRA = TM 
LA • DLTlPR - l + DLX 
TPRB = TPRCN-2) 
LB • DLX 
MF • O.O 
CCF • CCSFCTI) 
AFB • AMSCTPRB) 
AFA = AMSCTPRAI 
KFB = KMSCTPRB) 
KFA • KMSCTPRAI 
TPRIN-11 = TFPR4tN-l,21 
KPRIN-11 • KMSCTPRCN-111 
APRC N-11 a AMSITPRCN-1 U 
GO TO 1572 

1568 Tl • TIN-1) 
TPRA = TPRINI 
LA = DLX 
TPRB = TM 
LB = L - DLX - DLTlPR 
MF = MLPR 
CCF • CCLFCTI) 
AFB • AMLCTPRB) 
AFA ,. AMLITPRA) 

.... .... 
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KFB = KMLCTPRB) 
KFA = KMLCTPRA) 
TPRCN-1) = TFPR~CN-1.2) 
KPRCN-1) = KMLCTPRCN-1)) 
APR(N-1) = AMLCTPRCN-1)) 

1572 CONTINUE 
IFCTHPR.LT.TH2) TVPR = CHO•TO•CDLT2 - LJ + KCLFCTPRCNJJ•TPRCNJ) 

1 /CHO•CDLT2 - l) + KCLFCTPRCN))J 
IFCTVPR.GT.TVAPCPO)) GO TO 1574 
60 TO 1580 

157~ DLTH = DLTH•lTVAPCPO) - TV)/CTVPR - TV) 
TVPR • TVAPCPO) 
TH2 • TH + DLTH 
GO TO 1520 

1580 CONTINUE 
IF CTH.GE.TH2.AND.THPR.LT.TH3) GO TO 1582 
GO TO 1584 

1582 TVPR • TVAP(PO) 
KCL • KCLFCITVPR - TIN))/2.0) 
OLT2PR • DLT2 + 0.5•CML + MLPR - 2.0•MVl•DLTH/RHOCLFCTVPR) 
TPRCNJ = CTCNl•CDLT2PR -LJ/AMLCT(N)J/DLTH + 2.0•TPRCN-ll•COLT2PR 

1 -L)/DLX••2 + KCL•TV/KML(TCN)l••2•CC3.0•KMLCTCNJJ -KMLCTC 
2 N-1111/DLX - MLPR•CCLFClCNJ)))/ CCDLT2PR -l)/AMLCTCNJJ/ 
3 DLTH + 2.0•CDLT2PR -LJ/DLX••2 +KCL/KMLCTCNJ)••2•CC3.0• 
4 KMLCTCNIJ -KMLCTIN-1)))/DLX - MlPR•CCLFCTCNIJJl 1584 CONTINUE 

IFCM1.LT.N.AND.M2.GT.l) GO TO 1586 
GO TO 1600 

1586 Ql • KMLCTCMl+lJ)••2•CCTPRCMl+l)- TCM1+11)/AMLCTCMl+L))/DlTH 
1 - 2.0•CTCMl) - TCMl+l))/DLX••2)/(C3.0•KMLCTCMl+l)) 
2 - KMLCTCMl)))/OLX - Ml•CCLFCTCMl+LJJ) 

Q2 = KMS(l(M2-1))••2•CCTPRCM2-1) - TCM2-l)J/AMSCTCM2-l)J/DLTH 
1 - 2.0•CTIM2) - T(M2-l)J/DLX••2)/CKMSCTCM2)) - 3.0• 
2 KMSCTCM2-l)))•OLX 

...... ...... 
C]\ 



A3 • CKMLCTM)/AMLITMt•ITPRIMl+l) - TM) + KMSCTM)/AMSCTM)• 
1 ITM - TPRIM2-l)) + 2.0•RHOCSFITM)•LDAM•PORI 

A4 • KMLCTM)/AMLITM)•ITPRIMl+l) - TIMl+L))•(FLOATCMl)•DLX - DLTll 
1 + KMSITMl/AMSITMl•ITPRIM2-l) - TIM2-lll•CDLT1 - CFLOAT 
2 IM21 - 2.0)•DLXI + 2.0•DLTH•IQ2 - Ql) 

DLTlPR • A~/A3 + DLTl 
MLPR • POR•IRHOCSFCTMI - RHOCLFCtMll•CDLTl - DLTlPRl/DJ.TH 
TI = TCMl) 
TPRA = TPRIMl+l) 
LA :::ir: DLX 
TPRB = TM 
LB • FLOATCMll•DLX - DLX -DLTlPR 
MF = MLPR 
CCF • CCLFITJ) 
AFB • AMLCTPRI) 
AFA • AN..ITPRA) 
KFB • KMLCTPRB) 
KFA = KMLCTPRA) 
TPRIMll • TFPR4CM1.2) 
IFCDLTlPR - FLOATIM21•DLX + DLX) 1590.1588•1588 

1588 Tl • TIM21 
TPRA = TM 
LA = DLTlPR - FLOATIM21•DLX + DLX 
TPRB = TPRCM2-l) 
LB = DLX 
MF • O.O 
CCF • CCSFCTJ) 
AFB • AMSCTPRB) 
AFA • AMSCTPRA) 
KFB • KMSCTPRB) 
KFA s: KMSCTPRA) 
TPR(M2) • TFPR4(M2.2) 
KPRCM2) = KMSITPRIM2)) 
APR(M2) = AMSlTPR(M2)) 

~ 
~ ........ 



GO TO 1592 
1590 Tl • TIM21 

TPRA = TPRlMl+ll 
LA • 2.0•DLX 
TPRB = TM 
LB • FLOATl"21•DLX - DLX - DLTlPR 
MF = MLPR 
CCF = CCLFITll 
AFB = AMLCTPRBJ 
AFA = AMLCTPRAI 
KFB = KMLCTPRBI 
KFA = KMLCTPRAI 
TPRCM2) • TFPR41M2.21 
KPRCM21 • KMLITPRIM2)J 
APRCM2J • AMLITPRIM2JI 

1592 CONTINUE 
KPRCMll • KMLCTPRlMl)J 
APRlMll • AMLITPRlMl)J 

1600 CONTINUE 
KPRINI = KMLITPRINJI 
APRINI = AMLCTPRINJI 
IFCTHPR.GE.TH21 GO TO 1610 
DLT2PR = L + CL - DLTIPRJ•IRHOCSFCTM)/RHOCLFITMJ - l.OJ•POR 
TVPR = CHO•TO•COLT2PR - LI + KCLFCT~RINll•TPRCNJJ/CHO•CDLT2PR - LI 

1 + KCLFITPRlNJIJ 
MVPR = O.O 
GO TO 1620 

1610 MVPR = 1.0/LDAVFITYl•IHO•CTO -TVPRJ - KMLITPRCNll••2•111TPRCNJ -
1 TCNJl/AMLCTPRINJJ/DLTH -2.0•ITPRlN-lJ - TPRINJl/DLX••21 
2 I CC3.0•KMLCTPRCNJI - KMLCTPRCN-1111/DLX -MLPR•CtlFC 3 TPRCN))))) 

IFCTHPR.GE.TH3) GO TO 1620 
DLT2PR = DLT2 + O.S•lML + MLPR - MY - MVPR)•DLTH/RHOCLFCTVPRI 1620 CONTINUE 

...... ...... 
00 



MlPR • IFIXCDLTlPR/OLXI + 2 
IFCfLOATllFIXCDLTlPR/DLXll.EQ.OLTlPR/DlXI MlPR • MlPR - 1 
M2PR • MlPR - 1 

1630 CONTINUE 
DO 1901 I • l,N 
KCII • KPRCII 
Alli = APRiii 
TCll = T'Rlll 
PC 11 = PPRC I) 

1901 CONTINUE 
TV = TVPR 
DLTl • OLTlPR 
DLT2 = DLT2PR 
ML = MLPR 
MY • MVPR 
Ml • MlPR 
M2 • M2PR 
Vl • VlPR 
V2 • Y2PR 
TH a THPR 
IFCTHSEC-.CT .201.01 ·Go TO 6001 
IF CTCNI - TMLTMXI 1000, 1000, 6001 

6001 CONTINUE 
2000 CONTINUE 
2250 CONTINUE 

GO TO 1 
170 STOP 

END 

I-"' 
I-"' 
\0 



SAMPLE INPUT DATA CARDS 

SILVER CARD 1 
22 1 0 0.00027766 CARD 2 

0.1666667 o.3o 2221.0 8.79 21t400.0 6560.0 6660.0 CARO 3 
107.87 41tl3.0 8940.0 1001.0 416900000. 151t5.lt 1303.0 CARO 4 

lt3.lt 32600.0 CARO 5 
I-' 1 CARD 6 N 

530.0 CARD 7 0 

8.513E-lt 6.151tE-9 1.520E-3 5.364E-8 CARD 8 
0.030E 0 l.370E-6 o.oooe o o.oooe o o.oeo CARD 9 
9.390E 1 -l.403E-2 l.155E-6 o.oooe o O.OEO CARD 10 
0.052E 0 l.060E-6 o.oooe o o.oooe o o.oeo CARD 11 
6.920E-2 O.OOOE 0 o.oooe o o.oooe o o.oeo CARD 12 
4.610E-2 o.oooe o o.oooe o o.oooe o O.OEO CARD 13 
2.757E 2 -5.180E-2 o.oooe o o.oooe o o.oeo CARD lit 
l.607E 2 o.oooe o o.oooe o O.OOOE O o.OEO CARD 15 
6.500E 2 -3.llOE-2 o.oooe o o.oooe o o.oeo CARD 16 
0.371El2 o.oooe o o.oooe o l.525E 7 CARD 17 
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AN ANALYSIS OF SELF-COOLING WITH 

INFILTRATED POROUS COMPOSITES 

INCLUDING THE EFFECT OF THE HELT LAYER 

by 

Maurice Robert Berry, Jr. 

ABSTRACT 

A detailed analytical model was developed to include the effect of 

the melting process on a porous composite which retards its own heating 

rate by sacrificing its infiltrant. A transient one-dimensional heat-

transfer analysis was conducted considering both the heats abRorbed by 

melting and vaporization of the infiltrant from within the matrix. A 

finite-thicknesR liquid layer was seen to exist above the composite 

surface as a result of the flow of liquid coolant onto the surface 

induced by the expansion of the coolant on melting. There existed a 

period of time during which the melt layer was subject to both depletion 

due to vaporization and renewal by the flow of liquid coolant onto the 

surface. As the heating process continued the melt layer was depleted 

and the liquid coolant vaporized from within the tungsten matrix. 

The analysis was solved by finite-difference techniques and pro-

grammed for the IBM 7040/1401 Digital Computing System. An extensive 

search was conducted to determine the dependence of temperature on the 

thermophysical properties of seven different metallic coolants. Data 

were obtained for the various infiltrants up to that time at which the 

melt layer vaporizes completely from above the composite surface. 

A fundamental understanding of the effects of the melting process 

and of assuming variable properties on the early stages of the self-

cooling process was obtained. 
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