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FOREWORD 

This report represents the results of work performed by the 

Thermal Environment Section of the Aeromechanics Department of 

Lockheed Missiles & Space Company, Huntsville Research & Engineering 

Center, for the National Aeronautics and Space Administration, Marshall 

Space Flight Center, Huntsville, Alabama, under Contract NAS 8-261S9. 

The NASA contract monitor was Mr. John Austin of the MSFC Astro

nautics Laboratory. 

The report for "Study of Thermal Conductivity Requirements" 

consists of thl'ee volumes: 

Volume I: 

Volume II: 

Study of Thermal Conductivity Requirements -
Multilayer Insulation Thermal Conductivity Test 
Program - Final Report - NASS-261S9 

Study of Thermal Conductivity Requirements -
Multilayer Insulation Data Manual - Final Report -
NASS-261S9 

Volume III: Study of Thermal Conductivity Requirements -
Analytical and Experimental Heat Transfer Study 
of a Venting Cryogen Tank - Final Report - NAS8-
261S9. 
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SUMMARY 

A detailed parametric thermal analysis of the electrical cylindrical 

calorimeter was performed to identify those changes which would increase the 

accuracy and improve the operation of the calorimeter. A detailed descrip

tion of the analysis and design improvements made in the calorimeter are 

discussed. Also, a complete description of the calorimeter, the calorimeter's 

instrumentation system and automation circuitry, the method of specimen prep

aration and the environmental control apparatus is included. 

A detailed discussion of the thermal conductivity test procedure, com

pression test procedure and the method for obtaining physical density data is 

presented. Using double-aluminized mylar and Tissuglas composite as an 

example, the procedure for the presentation of the total data matrix of this 

multilayer insulation (MLI) is given. 

Thermal conductivity and compression tests were conducted for six 

multilayer insulation materials to obtain temperature-dependent thermal 

conductivity data and compressibility versus layer density data. By 

mutual agreement with the Contracting Officer's Representative the materials 

tested were: 

* 

1. Double-aluminized mylar and Tissuglas 

2. Double-aluminized mylar and Goodyear Aerospace Company 
(GAC)-9 white foam 

3. Double-aluminized mylar and dacron net 

4. Super£loc 

S. Double-aluminized mylar and Nomex Net 

* 6. Double-aluminized mylar and Cerex IIpunbond nylon. 

Cerex is a registered trademark for spunbonded nylon material manufactured 
by Monsanto Company. 

iii 

LOCKHEED· HUNTSVILLE RESEARCH & ENGINEERING CENTER 
,. 



LMSC -HREC 0225135-1 

The thermal and compression data obtained during the test program 

were usect to prepare the following curves for each material over a wide 

range of layer densities and temperatures: 

• Layer density versus physical density 

• Thermal conductivity carpet plots which present thermal 
conductivity as a function of layer density and temperature 

• Density times thermal conductivity carpet plots which pre
sent density-conductivity product as a function of layer 
density and temperature 

• Layer density versus compression. 

Data generated during this test program are compiled in a separate 

* multilayer insulation data manual. The data manual includes a brief descrip-

tion of the materials tested, method of specimen preparation, the test pro

cedure and error analysis, while this report gives a precise treatment to 

each item. The purpose of the data manual is to present design engineers 

with experimental data for use in designing MLI space thermal control sys

terns. The contents are comprehensive with regard to the variety of insula

tion composites, the parameters which can be varied and the range of the 

paramete rs. 

Empirical correlations were developed which fit the previously defined 

surfaces (carpet plots). They present thermal conductivity and density times 

thermal conductivity as functions of temperature and layer density. The tech~ 

nique used in developing these correlations is discussed in Section 3. The 

correlations are presented in the data manual for all insulations tested. 

An analytical and experimental study was conducted to develop a new 

multilayer insulation composite by utilizing a net spacer which is as nearly 

optimum a spacer as possible. 

nylon developed by Monsanto. 

report. 

* Volume II of this document. 

The net spacer selected is Cerex spunbond 

Results of the study are presented in this 
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The results of the error analysis discussed in Section 5 verify the ac

curacy and utility of the data generated by the cylindrical calorimeter. An 

average probable error of ± 2.10% was determined for all data points obtained 

during the test program. Each data point taken during the test program was 

indlVidually analyzed to determine where inaccuracies occur and how they can 

be eliminated. 

In order to experimentally verify the accuracy of thermal conductivity 

measurement with the cylindrical calorimeter. repeatability tests were con

ducted for several data points. The demonstrated repeatability was excellent. 

verifying the accuracy found in the error analysis. 

v 

LOCKHEED· HUNTSVILLE RESEARCH & ENGINEERING CENTER 
" . 



LMSC-HREC 0225135-1 

Section 

1 

2 

3 

4 

5 

CONTENTS 

FOREWORD 

SUMMARY 

NOMENCLATURE 

INTRODUCTION 

CALORIMETER ANALYSIS AND DESIGN IMPROVEMENTS 

2.1 Calorimeter Thermal Analysis 

2.2 Calorimeter Description 

2.3 Calorimeter Instnmentation System 

2.4 Calorimeter Automation Circuitry 

2.5 Specimen Preparation 

2.6 Environmental Control Apparatus 

EXPERIMENTAL METHODS, DATA PRESENTATION, 
AND SEMIEMPIRICAL CORRELATIONS 

3.1 Thermal Conductivity Testing 

3.2 Compression Testing 

3.3 Physical Density Measurement 

3.4 Method of Presenting Data 

3.5 Semiempirical Correlation Development 

NET SPACER STUDY 

CALORIMETER ACCURACY, ERROR ANALYSIS AND 
REPEA TABILITY TESTING 

5.1 Calorimeter Accuracy and Error Analysis 

5.2 Repeatability Testing 

6 CONCLUSIONS AND RECOMMENDATIONS 

Appendix 

A Method of Interpolation 

vi 

LOCKHEED· HUNTSVILLE RESEARCH " ENGINEERING CENTER 
t 

Page 

ii 

iii 

viii 

1 

2 

2 

4 

4 

5 

6 

7 

9 

9 

10 

11 

11 

14 

15 

18 

18 

19 

21 

A-I 



LMSC-HREC D225135-I 

LIST OF ILLUSTRATIONS 

Table Page 

I Thermal Data for DAM/Tissuglas 23 

2 Compression Data for DAM/Tissuglas 24 

3 Density Data for DAM/Tissuglas 24 

4 Thermal Data for DAM/Cerex 25 

5 Compression Data for DAM/Cerex 26 

6 Density Data for DAM/Cerex 26 

7 Re.!,ults of the Error Analysis for DAM/Tissuglas 
at N = 200 l./in. 27 

8 Re.!,ults of Repeatability Testing for DAM/Cerex 
at N = 75 l/in. 27 

Figure 

1 Nodal Network for Thermal Analysis of Lockheed's 
Cylindrical Calorimeter 28 

2 Error in Conductivity Measurement for Cylindrical 
Calorimeter with Internal Emissivity of Zero 29 

3 Error in Conductivity Measurement for Cylindrical 
Calorimeter with Internal Emissivity of 0.5 30 

4 Error in Conductivity Measurement for Cylindrical 
Calorimeter with Internal Emissivity of 1.0 31 

5 Schematic of Electrical Cylindrical Calorimeter 32 

6 Insulation Application Concept 33 

7 Environmental Control and Vacuum Chamber System 34 

8 Compression Test Apparatus 35 

9 Compressibility Data for DAM/Tissuglas 36 

10 Density Data for DAM/Tissuglas and DAM/Cerex 37 

11 Data Surface for K = f(T J 'N) 38 

12 Thermal Conductivity Carpet Plot for DAM/Tissuglas 39 

13 Density x Thermal Conductivity Carpet Plot for DAM/ 
Tissuglas 40 

14 Compressibility Data for DAM/Cerex 41 

15 Thermal Conc1uctivity Carpet Plot for DAM/Cerex 42 

16 Density x Thermal Conductivity Carpet Plot for DAM/Cerex 43 

17 Thermal Conductivity Repeatability Test for DAM/Cerex 44 

A-I Method for Double Interpolation on Carpet Plot A-2 

vii 

LOCKHEED· HUNTSVILLE RESEARCH & ENGINEERING CENTER 
5 



I 
J 
T 

r 
i 

r 
r 

r 
r 
r 
r 
r 
r 
r 
r 
r 
I" 
r 

Symbol 

A 

C 
P 

D 

1 

K 

1 

L 

m 

N 

p 

q 

r 

t 

T 

v 

w 

Greek 

~N 

~T 

p 

NOMENCLATURE 

total insulation surface area 

specific heat 

calorimeter tube diameter 

test section current 

thermal conductivity 

layers 

calorimeter test section length 

mass 

layer density 

test section power 
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heat flux through insulation on test section 

calorimeter tube radius 

calorimeter tube thicknes s 

temperature 

test section voltage 

weight 

change in layer density 

temperature differential through insulation 

emissivity 

physical density of insulation 
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allowable (q is allowable heat flux) a 

inside of insulation 

outside of insulation 

reflective shield 

spacer 
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Section 1 

INTRODUCTION 

In 1967, Lockheed -Huntsville designed and fabricated for NASA-MSFC 

the first electrical cylindrical calorimeter for measuring temperature

dependent thermal conductivity of multilayer insulation composites. Although 

the data obtained on earlier calorimeters were accurate, many refinemeJ'lts 

and design improvements were necessary to meet the increasing demand for 

inexpensive and accurate design data for MLI thermal control systems. 

Accurately determi.ned temperature dependent and layer density de

pendent design data musi: be generated to meet the needs of an MLI design 

engineer for all conceivable design requirements. Experimental data must 

be comprehensive enough to provide a complete picture of the total required 

range of layer densities at the total required range of temperaturet.. Lockheed

Huntsville's electrical cylindrical calori::neter has the capability to generate 

test data within this required range. 

The results of the complete analytical and experimental study are pre

sented in three volumen. This report (Volume I) documents the analytical 

study performed and presents specific examples of test data obtained during 

the test program. A special need was felt for presenting density, compression 

and thermal conductivity test data in a design data manual. Volume II presentlJ 

all design data obtained in a form well suited for design engineers. Volume III 

documents the results of an actual MLl application. An MLI composite is 

applied to a venting cryogen storage tank, and experimental studies are 

performed. 
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Section 2 

CALORIMETER ANAL YSIS AND DESIGN IMPROVEMENTS 

2.1 CALORIMETER THERMAL ANALYSIS 

A parametric thermal analysis of the cylindrical calorimeter was per

for1'lled. Three parameters were studied: inside tube diameter, wall thickness, 

and internal emissivity. The nodal network is shown in Fig. 1. The nodes are 

sufficiently small to yield accurate temperature and heat rate data. All con

ductio.-. resi stances were input as functions of temperature for accuracy. Ex

perimental data were used for the material conductivities. The internal radiation 

resistors were calculated to take multiple reflections into account, as well as 

standard diffuse emission. A room-temperature data point was simulated in 

all cases. 

Figures 2, 3 and 4 present the results of the analysis. In each of these 

figures, the ordinate represents the temperature difference, T d 82 - T d 8S' no e no e 
The abscissa represents the percent error in conductivity measurement which is 

defined by the following equation: 

% Error = Measured K - Actual K x 100% 
Actual K • 

The reason for presenting the results in this fashion is that the error is 

not only a function of geometry, but also of longitudinal gradient (T
82 

- T
8S

)' 

In Fig. 2, the error is shown for different thicknesses and diameters with 

the internal emissivity fixed as zero. At first glance, it appears unusual that 

the error is not zero for a zero longitudinal gradient (T 82 - T 8S)' However, 

upon ins pection of the temperature distributions, it Wl'·S found that when the 

longitudinal gradient is zero along the calorimeter, the longitudinal gradient 

in the MLI specimen is not zero. Even more interesting is the fact that when 

2 
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the longitudinal gradient becomes slightly negative (T 85 > T 8Z), the gradient 

in the MLI i& oppositely directed (the outer layers of MLI above node 82 are 

hotter than those above node 85). The result of these oppositely directed 

gradients is heat flow in one direction in the calorimeter, and heat flow in the 

opposite direction in the outer layers of MLI. The error is zero when these 

two heat flows balance one another in magnitude. 

With the real calorimeter, the longitudinal gradient is maintained at 

o .± O.OZoF between nodes 8Z and 85. The + O.OZoF band is shown in Fig. 2 as 

dashed vertical lines. Regardless of thickness or diameter, it can be seen 

that the error for this zero emissivity case is less than 1.5% when the longi

tudinal gradient remains within the + O.OZoF band. 

Figures 3 and 4 present results for emissivities of 0.5 and 1.0, respec

tively. It is obvious from the figures that radiation has a huge effect on the 

error. As the longitudinal gradient increases in magnitude (regardless of 

sign), the error rises drastically. This increase in error is due to relatively 

large amounts of radiation heat transfer inside the calorimeter. The error 

is slightly greater for the E = 1.0 case than for the E = 0.5, as would be expected. 

Tube wall thickness still has no appreciable effect, but diameter has a 

large effect in these two radiation cases. In Figs. 3 and 4, it is easily seen 

that the larger the diameter, the larger the error. This is due to an increase 

in both area and view factor for larger diameters, resulting in more radiation 

heat transfer along the calorimeter. 

From the computer thermal analysis. the following conclusions were 

drawn: 

1. The internal emis sivity should be as close to zero as pos sible; 

Z. The diameter should be as small as practical; 

3. Bec.ause wall thickness has no appreciable effect on the longi
tudinal heat flow error, the wall should be made as thin as 
practical to minimize heat storage error. 

3 

LOCKHEED· HUNTSVILLE RESEARCH & ENGINEERING CENTER 

c 



LMSC-HREC D225135-I 

The calorimeter was designed on the basis of these conclusions. The table 

below shows the changes in the new calorimeter compared to the old calorimeter. 

Parameter Old Calorimeter New Calorimeter 

D 3.0 2.5 

t 1/16 1/32 

E 0.8 - 0.9 0.03 (aluminized mylar) 

Mat\erial Silicone Fiberglas Phenolic Fiberglas (lower p,K,C ) 
P 

2.2 CAL\.JRIMETER DESCRIPTION 

Lockheed-Huntsville's electrical cylindrical calorimeter consists of a 

phenolic glass fiber tube, 39 inches long, 2.5 inches outside diameter and 1/32 

inch thick as shown schematically in Fig. 5. Six-mil copper magnet wire is 

wound continuously around the tube to form three individual heaters. There 

are no spacings between either the adjacent windings or the heaters. The re

sult is that 38 inches of uniform, continuous windings completely cover the 

base cylinder. As shown in Fig. S, the center heater, which is 36 inches long, 

serves as the "test heater." It is flanked on either side by a one-inch long end 

heater. Separate power control is provided for each heater in order to provide 

for a uniform temperature distribution along the tube. The center test heater 

is automated and is designed to maintain a constant temperature at the center 

of the calorimeter. The end heaters are maintained at a slightly higher tem

perature than the test heater to reduce longitudinal heat loss. 

2.3 CALORIMETER INSTRUMENTATION SYSTEM 

The temperature sensing devices used on the calorimeter are mainly 

copper constantan thermocouples. Differential thermocouples of 3-mil copper 

and constantan wire measure temperature differences between the following 

pair s of pOints (F ig . 5): 1 and 2, 2 and 4, 3 and 4, 4 and 5, 4 and 6 and 6 and 7. 
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A plalinunl I'l'sistancc thcrmonleter is used 10 measure Ihl' abuslul(~ lenlpcra

IUl'l' al point 4. A reserve copper-constantan absolute thermocouple is also 

located at point 4, in case of malfunction of the resistance thermometer, 

There are three main improvements in the new instrumentation system 

over past systems: (l) the platinum reFlistance thermometer is more sensitive 

than the thermocouple it replaces. This allvws determination of temperature 

changes with tinle in a shorter period of time, which allows power corrections 

to be made more accurately and more often, thereby expediting data point ac

quisition; (2) the new system has seven temperature-measurement locations 

along the calorimet~r rather than five as used previously. This provides more 

information concerning the lengthwise temperature gradient than before, and 

if one thermocouple malfunctions, the test can continue by using the thermo

couples chsest to it to mO!litor the lengthwise gradient; and (3) all absolute 

thermocouples are referenced to a ConOhmic thermocouple reference junc

tion oven in the new system, rather than being refer enced to LN 2 as in the past. 

The boiling temperature of LN2 fluctuates with barometric pressure, while the 

oven is electrically ma;ntained at a constant temperature, These improvements 

further increase the accuracy of the new calorimeters. 

2.4 CALORIMETER AUTOMATION CIRCUITRY 

A new automated circ uitr y controls the power input to the calorimeter. 

The circuitr y is simpler than past circuitry because the longitudinal heaters 

have been eliminated, The basic automation system is composed of the test 

heater automation circuit and two end -heater automation circuits. 

f' The test hea.ter automation circuit is designed to maintain a constant 

, 
1 

temperature at the center of the calorimeter (point 4 in Fig,S). The circuit 

utilizes a VECO synchronous controller which balances the voltage from the 

platinum resistance thermometer with a reference voltage, and the inbalance 

between these voltages is amplified and used to power the test heater. The 

<::o~t:J:'oller allows the test heater to be maintained within l/200
0

F in the range 
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J of testing (i.e, -200
0

F to +200
0

F). Because of the extreme accuracy of the 

synchronous controller power oscillations with time are negligible so that it 

r is not necessary to convert from automatic to fixed power when thermal sta

bilization is achievl.d as in past procedures. The primar y benefit of this new 

... -
I 

automation circuit is the elimination of personnel attendence during the sta

bilizing period {which lasts approximately 18 hours}. 

The end heater automation circuits maintain a slightly higher tempera

ture at the end than a t the next thermocouple location inward. The right end 

circuit maintains point 7 (Fig. 5) at a temperature slightly higher than point 6. 

The left end circuit maintains point I at a temperature slightly higher than 

1 point 2. There are differential thermocouples between points I and 2 and be

tween points 6 and 7. The voltages from these thermocouples are amplified 

r 
r 
r 
r 
r 
r 
r 
! 

and used to power the end heaters. By means of a variable potentiometer, 

the temperature difference can be set at any reasonable value. The end heater 

automation circuits are essentially the same as in the past, with a few refine

ments to allow more power capability and more stable amplification. 

2.5 SPECIMEN PREPARATION 

The entire calorimeter is wrapped with a specimen of the MLI composite 

to be tested. The longitudinal portion of the calorimeter is wrapped circum

ferentially and the ends are covered with circular pieces of insulation. Figure 6 

shows that the longitudinal portion of the specimen joins the "end caps'l at a 

45-degree diagonal joint. This eliminates any thermal shorting between layers. 

Heat loss is, therefore, limited to that which passes through the instrumenta

tion wires and nylon support cords which exit the test specirr.en at the 45-degree 

joint. This heat loss is compensated by the automated end heaters. 

After the calorimeter is wrapped at a predetermined layer density, a 

3-mil copper constantan differential thermocouple is attached to the outside 

of the insulation to measure the temperature difference through the insulation. 

The entire package is then suspended in the chamber by the support rod and 

support brackets (Fig. 7). The shroud and chamber are then closed and testing 

is begun. 
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2.6 ENVIl{ONMENTAL CONTROL APPARATUS 

To support previous MLI contracts, Lockheed-Huntsville constructed a 

vacuum chamber for conducting thermal conductivity tests on MLI !Jystemc;. 

i T' e chamber was designed specifically to meet the requirements of the thermal 

tests with the two primary criteria: (1) precise thermal control, and (Z) speed 

r 
r 
r 
r 
r 
f , 

r . 

I 

r 

of operation. This chamb~r is shown in Fig. 7. The nominal dimensions are 

17.5 in. inside diameter and 5Z in. long. The chamber was constructed by 

butting a stainless steel, right circular cylinder chamber 23 in. long, against 

a glass bell jar chamber 30 in. long. An aluminum shroud 14 in. inside diam

eter and approximately 47 in. long is wrapped with heater wire to provide a 

controllable thermal environment [or the test specimen. A copper coil en

closes the aluminum shroud, and LN2 is circulated through the coil for thermal 

control of the shroud. The shroud and coil are enclosed in an MLI blanket to 

minimize heat leakage between the shroud and the chamber. 

A new and improved shroud heating and cooling system was designed. 

Previously, hot fluids (liquids or air) have been used for heating the copper 

coil shroud to provide the external temperature environment for the calorim

eter for "hot" data points. An on/off cyclic flow of LN
Z 

in the coils was used 

for "cold" points. In the past, these systems were adequate, but far from 

optimum. With the redesign of the calorimeters for greater accuracy, the 

need for a more accurate external thermal environment system is evident. 

Figure 7 is a schematic showing the new shroud heating and cooling sys

tern. Surrounding the calorimeter is a ZO-mil aluminum shroud which is wound 

with heater wires. This electrical heater is controlled by a VECO synchronous 

controller, which maintains the heater at any desired temperature from -ZZO 

to 1800 F. At "hot" data points, this heater is used alone to control the tem

perature of the calorimeter external environment. For cold points, the heater 

is used in combination with the cooling coils (Fig. 7) in the following way. The 

synchronous controller is also capable of controlling LN
Z 

flow. Therefore, a 

desired temperature is set on a calibrated potentiometer. When the tempera

ture of the heater is above this pl"escribed temperature, the controller opens 
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a valve allowing LN2 to flow through the coils until a temperature slightly 

below the desired temperature is achieved at the aluminum heater shroud. 

The LN2 is then shut off by the controller. If the temperature falls slightly, 

the heater is activated by the controller. With this dual electrical heater/ 

LN2 coil system, the temperature of the calorimeter external environment 

remains at the prescribed temperature within .± 1 to 20 F over the full tem-
o perature range -220 to 180 F. This represents a great improvement in 

accuracy over the previous non-electrical systems. 
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Section 3 

EXPERIMEN TAL METHODS, DATA PRESENTA TION, 
AND SEMIEMPIRICAL CORRELATIONS 

THERMAL CONDUC TIVITY TESTING 

The initial step in thermal conductivity testing is to select the MLI ma

terial. After the material has been selected, the calorimeter is carefully 

wrapped at the required layer density and compression. The fully insulated 

calorimeter is then installed inside the shroud in the vacuum chamber. The 

chamber is evaluated to a pressure of ~ 8 x 10-6 torr by both a mechanical 

pump and a diffusion pump. The pressure inside the vacuum chamber is meas

ured by an ion pressure gage. The calorimeter is then heated or cooled to the 

desired temperature either by supplying power to the shroud heater or by cool

ing the shroud with liquid nitrogen. When the calorimeter attains the desired 

temperature, the inside is heated to a slightly higher temperature than the 

outside by supplying power to the calorimeter test heater. A temperature 

drop of approximately 400 F is usually desired across the insulation. The 

automated end heaters maintain a slightly higher temperature at the ends than 

the test heater to compensate for longitudinal heat loss out the ends. Sections 

2.4 and 2.6 describe the automatic circuitry that maintains the shroud tempera

ture, calorimeter temperature and temperature differential across the insulation 

at the prescribed values. 

When the temperature of the calorimeter is constant with time, and the 

temperature gradient along the test heater is zero, steady state has been 

achieved. When steady state is reached, power and temperature distributions 

along the calorimeter are constant. With such a distribution the test section 

of the calorimeter very accurately approximates a section of an infinite cylinder. 

The solution to the heat conduction equation for radial heat flow through 

an infinite cylinder is given on the following page: 
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where 

K(T) = 

q ln (:~) 
1 

-Z1rL (T. - T ) 
1 0 

T +T· o 1 
T = -2--

is the mean temperature through the insulation. The parameters r , r., L, 
o 1 

(1) 

(2) 

T and T. are measured directly while q is the power input to the calorimeter. o 1 

That is 

q = P = IV. (3) 

Therefore, by solving Eq. (1), thermal conductivity as a function of mean 

insulation temperature is found. Table 1 presents the thermal data obtained 

by the procedure outlined above for DAM/Tissuglas. 

3.2 COMPRESSION TESTING 

Using the apparatus of Fig. 8, compression tests for MLI composites are 

performed in the following manner: 

l. The MLI material under study is cut into 10 x 10-inch squares. 

2. One-half of the squares are stacked and thickness measurements 
with no applied load are made (Fig. 8a). Five measurements are 
made: four, two inches in from each side and the fifth at the center. 
The measurements are averaged to obtain the stack thickness. The 
layer density is established by dividing the known number of layers 
by the stack thickness. 

3. A plate weighing 49 grams is placed on the stacked layers (Fig.8b) 
and the five measurements as in (2) above are made. The plate thick
ness is then subtracted from each nleasurement, the values are aver
aged and, with the number of layers known, the layer density is 
established. 

4. The plate is removed and the remaining layers of the MLI are stacked. 
Measurements with no load, 49, 279, 1147, and 4815 grams are made in 
the same manner as (2) above. 
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The total compression exerted on the stacked layers is due to the weight 

of the applied load and the weight of the MLI. Since the load due to the MLI's 

weight varies linearly from the top of the stack to the bottom, the mean self

loading corresponds to liz the total MLI weight. To obtain data at a very low 

r- compressive load, it is therefore necessary to work with very few layers. This 

is the reason for obtaining data with only half of the layers before going to the 

main test series with all the layers. As an example, the compression data for 

DAM/Tissuglas is presented in tabular form (Table Z) and graphical form (Fig. 

9). The number of layers used in each case is indicated in Table Z. One layer 

represents one reflector shield and one spacer (where spacers are used). 

3.3 PHYSICAL DENSITY MEASUREMENT 

The physical density for a MLI composite is obtained by weighing several 

10 x 10-inch squares of the reflector shield and the spacer. From this, an aver

age mass of one 10 x lO-inch sample of the reflector shield and spacer is found. 

These values are substituted into the following equation 

where 

- -
p = 

(N +1 ) m + (N) m 
r.s. s 
Area 

m = average mass of one 10 x 10-inch reflective shield r.s. 

m = average mass of one 10 x 10-inch spacer s 

Area = 100 in2 

N = layer density in layers/in. 

Table 3 presents density data for DAM/Tissuglas. Figure 10 presents 

the same data in graphic form. 

3.4 METHOD OF PRESENTING DATA 

For each MLI tested, 12 thermal conductivity data points are obtained. 

Four temperature points for each of three layer densities are taken, using a 
o 

omall temperature drop « 50 F) to assure temperature dependence. 
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The data matrix obtained for each MLI material tested is show!1 quali

tatively in Fig. 11. The thermal conductivity (K) of each MLI can be described 

as a function of two variables, temperature (T) and layer density (N). This 

functional relationship can be shown graphically as a surface, K = f (T, N), in 

K-N-T space. Testing is conducted over a range of temperatures (T-range) 

from -2000 F to +2000 F, and over a range of layer densities (N-range) from 

a minimum practical density to a highly compressed layer density. The 

twelve data points obtained for each MLI define the K-surface, as shown in 

Fig. 11. Another data surface obtained in the p K = f (N, T) where p K is the 

density-conductivity product. The K and pK data surfaces are presented in 

carpet plot form for DAM/Tissuglas in Figs. 12 and 13 respectively. 

The presentation of ML1 thermal conductivity data in carpet plot form 

is an innovation developed during this study. Since MLI thermal conductivity 

is a function of the two independent variables, temperature and layer density, 

the data can be presented in carpet plot form which allows exact double inter

polation to determine the value of conductivity for any set of (T, N) within the 

ranges of the data. Presentatio:rl of the data as a familv of curves would not 

allow accurate and eadY double inte rpolation. For a detailed desc ription and 

example of the use of the carpet plot, the reader should consult Appendix A. 

Density times thermal conductivity (pK) data is also presented in carpet plot 

form. 

The data in Figs. 9 through 13 can be combined to yield carpet plots 

showing conductivity and density-conductivity product as function of temper

ature and compreslllive load, but these plots have been found to be difficult 

to use due to intersection of isotherms when plotted. An alternate approach 

is suggested to obtain these data. As an example, if the conductivity is needed 

for a certain compressive load and temperature, use Fig. 9 to obtain the layer 

density corresponding to the compressive load in question. Then use Fig. 12, 

with this layer density and the original temperature as coordinates. Deter

mining the conductivity (or the density-conductivity product) in this two- step 

process has been found to be ea8ier than u8ing a carpet plot with compressive 

load and temperature as the coordinate8. 
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Density times thermal conductivity data are presented due to the extreme 

importance of the pK product in multilayer insulation design work for weight 

limited applications. Presentation of data in pK form is duly justified by the 

derivation shown below. 

For most weight-limited MLI system applications the following variables 

are fixed: 

AT = T. - T (temperature differential through the 
1 0 insulation) 

A = total surface area 

q = allowable heat transfer. a 

The conduction equation for this process is 

KAAT 
qa. = t (4) 

where t is the insulation thickness. Solving this equation for t gives 

t = (5) 

The weight of the MLI bystem is: 

w = pAt (6) 

where w is the weight and p is the physical density of the MLI. Substituting 

Eq. (5) into this equation yields: 

w = pA (K~~T) (7) 

Rearrangin5 : 

Z 
w = pK (A q:T) • (8) 
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J 
J Since thl' tern) in parenthesis is a constant quantity, 

w = pK x constant - (9) 

and pK is seen to be the parameter to minimize for weight limited applications. 

,- 3.5 SEMiEMPIRICAL CORP-ELATION DEVELOPMENT . 
f. 

r 
r 
r 
r , 

r 
r 
r 
T· 

I 
1 . 

i 

r 

r 
I 

A total of twelve data points form the K = f(T, N) and pK = f(T, N) sur

faces in Fig. 12 and Fig. 13. A curve fitting technique is applied to this surface 

to develop a semiempirical correlation in variables T and N that completely 

defines the K and pK surfaces within the range of testing. A five-term poly

nomial is used with experimentally determined values of T, Nand K to form 

a 5 x 5 system of linear equations. The five-term polynomial is of the form 

3 
K = AT + B T + C T2 + DN + EN 2 

N 
(10) 

where T is the mean temperature at w:lich each data point is taken, N is the 

layer density and K is t..'le corresponding value of thermal conductivitv. The 

solution of the 5 x 5 system gives 5 constants (A throubh E) for the surface 

under consideration. The semiemt;irical correlation for the K-surface of 

DAM/Tissuglas is 

Similarly, for the pK surface 

pK x 10 5 = [0.0226 N + 0.0212] [0.4271 x 10-
5

) ~ - (2.1744 x 10-
2

) T 

+ (1.3431 x 10- 5) T2 t (2.2822 x 10- 2 ) N + (2.2881 x 10- 5)N 2
] 

IUnits: T (OR), N(t/in.), K(Btu/hr-ft-oF), p(lbm/ft3)]. 
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Section 4 

NET SPACER STUDY 

Analytical and experimental investigations were performed to develop 

a new MLI composite by utilizing a net spacer which is as nearly optimum a 

spacer as possible. A comprehensive survey of existing nets was m3.de. 

Materials investigated in the survey included nylon, silk, dacron and glass 

fibers. Net spacer parameters considered were: 

• Fiber Material 

• Thickness 

• Percent cutout 

• Fiber size 

• W?avf'- spacing 

• Weave geometry 

• Fiber construction 

• Material h\llk thermal conductivity 

• Material bulk aenaity 

• Cnmpressibility 

• Outgassing in vacuum 

• Sheet strength 

• Coefficient of thermal expansion. 

Cerex spunbonded nylon was the material chosen due to an examination 

of all of the above parameters. One of the most important and in£lul'!Qcing 

parameters in 'llved in the selection was the strength and fabricability prop

erties of the Cerex. At the time of the study Cerex was .'1ot a production item . 

Cerex spunbonded nylon developed by Monsanto Company is manufactured 

in several sheet thicknesses and sheet densities. The minimum sheet thickness 

and density were selected because for most weight-limited MLI system applica

tions pK is the parameter that should be minimized. As spacer thickness 
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decreases, the attainable layer density increases. Large layer densities (with

out being achieved by simply compressing the composite) are desirable sinc£. 

the radiation heat transfer contribution is inversely proportional to layer density . 

Cerex spunbonded nylon is uniquely ccnstructed by placing nylon fibers in 

a high-temperature air stream and allowing the fibers to be blown against a 

screen. The fibers are fused together due to the high temperature air stream 

which is at the approximate melt temperature of the fibers. This construction 

technique creates a random weave geometry and weave spacing for the Cerex. 

This random weave spacing also affects the percent cutout. Some intermediate 

r optimum value of the weave spacing exists for a given fiber diameter, since 

r 
r 
I 

r-· 

j 

r-
\ 

r' 
I 

" t 

T-

t 

f 
~ .. 

values that are too small result in small percent cutouts, and values that are 

too large result in touching the radiation shields. The percent cutout for Cerex 

(- 900/0) was large enough to keep physical density at values comparable to other 

net spacers, yet small enough that there could be no contact between radiation 

shields. 

In most net spacers, various weave patterns are available: square, rec

tangular, hexagonal, octagonal and others, but these s pacers are severely 

limited in strength properties. For exam}.lle, a square weave pattern is used 

in the dacron net spacer. If a tensile force is exerted in a diagonal direction, 

the dacron net loses its strength properties and deforms continuously. With 

the Cerex, there is no diagonal direction due to the random weave pattern. 

Therefore, Cerex's strength properties are uniform in all directions. This 

uniformity in strength allows greater ease in handling the material and fabri

cating the test specimens. None of the previous net s pacers tested to date 

have had this extremely important combination of uniform strength properties 

and ease in £abricability which is most desirable. 

MLI composites have various applications. One important use is in the 

insulation of cryogen storage tanks where lateral strength of the spacer and 

ease in fabricability of the composite are of utm.ost importance. Spacers such 
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as Tissuglas have excellent therma.l properties but will probably never be used 

due to the extremely fragile nature of the material. The DAM/GAC -9 white 

foam composite also has favorable thermal properties but the while form is 

semirigid and fabric ability is a problem. Dacron nets and Nomex nets are 

limited due to deformation which occurs when the material is handled. In com

parison, DAM/Cerex spunbonded nylon is a composite having good thermal prop

erties and excellent fabric ability characteristics. 

Low values of material thermal conductivity, and coefficient of thermal 

expansion were found for Cerex, because of its nylon composition. A minimum 

value for the thermal conductivity parameter is desirable to prevent heat con

duction through the material. Due to the nature of previous nylon nE:t spacer 

materials, outgassing problems have occurred because of the use of the pre

servative, formaldehyde, in manufacturing the material. With Cerex, 

no outgassing problems were encountered primat"ily because formaldf>hyde 

is not used in manufacturing the material. 

The experimental portion of the net spacer study involved density meas

urements, compression tests and thermal conductivity tests performed on the 

MLI composite of double-aluminized mylar and Cerex spunoonded nylon. The 

results of the ext>erimental work presented in tables and graphs show that this 

MLI composite compares well with other similar composites. The total data 

matrix is given as follows: 

Table 4 

Table 5 

Table 6 

Figure 

Figure 

Figure 

Figure 

10 

14 

IS 

16 

Therrrlal Data 

Compression Data 

Density Data 

Layer Density vs Phrsical Density 

Layer Density vs Compression 

Thermal Conductivity Carpet Plot 

Density Times Thermal Conductivity Carpet Plot. 

To compare the DAM/Cerex composite with other similar MLI com

posites refer to the Data Manual - Volume II, which presents thermal desigll 

data for six MLI. 
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Section 5 

CALORIMETER ACCURACY, ERROR ANALYSIS 
AND REPEATABILITY TESTING 

5.1 CALORIMETER ACCURACY AND ERROR ANALYSIS 

Thermal conductivity data obtained from the calorimeter are verified by 

error analysis for each data point obtained. To determine the error in ther-

mal conductivity it is necessary to determine the error introduced by heat stor

age, longitudinal heat los s and physical measurements. The Kline-McClintock 

probable error analysis procedure is used to obtain the combined effects of the 

* errors on thermal conductivity. Hale gives a precise treatment of the error 

analysis. 

Results of the error analysis verify the extreme accuracy of the 

calorimeter for obtaining thermal conductivity data. An average probable 

error of .±2.100/0 was found for all data points obtained during the test program. 

This average probable error of .±2.100/0 represents a substantial increase in 

accuracy over past calorimeter data due primarily to increased sensitivity in 

the instrumentation system and the improvements in physical design of the 

calorimeters. Accuracy has been increased by the addition of a platinum 

thermometer. A temperature of 10F is equivalent to 100 J.1.V output from the 

platinum thermometer, while 10F is equivalent to approximately 20 J.1.V output 

(at room temperature) from an absolute copper -constantan thermocouple which 

is replaced. Also, the ConOhmic thermocouple reference junction oven repre

sents a definite improvement over past procedures of referencing the absolute 

thermocouples to a liquid nitrogen bath. 

* Hale, D. V., and M. J. O'Neill, "Study of Thermal Conductivity Requirements," 
LMSC-HREC D162128, Lockheed Missiles & Space Company, Huntsville, Ala., 
February 1970. 
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Cost in data point acquisition has been reduced due to greater s peed in 

stabilizing on steady state power. This reduced time is due primarily to the 

increased sensitivity of the platinum thermometer used in measuring absolute 

calorimeter temperature and design improvements in the automation circuitry. 

Results of the error analysis for DAM/Tissuglas at a layer density of 

200 layers/in. are presented in Table 7. As stated previously, the total per

centage of probable error is due to the percentage of error attributable to the 

heat stored in the calorimeter tube, the percentage of error due to the quantity 

of heat loss out the ends of the calorimeter and the percentage of error intro

duced by physical measurements. Table 7 gives an indication of the relative 

contribution of each of the three component errors to the total probable error. 

Factors such as heat loss out instrumentation lead wires, heat loss out insu

lation joints and instrumentation access openings and longitudinal heat loss by 

tunnel radiation within the calorimeter can cause errors in test data. Errors 

currently resulting from these factors are not detrimental to the test results. 

5.2 REPEATABF ... ITY TESTING 

In order to experimentally verify the accuracy of the calorimeter, a 

series of repeatability tests was conducted. As part of the original test pro

gram thermal conductivity tests of DAM/Cerex at layer densities of 75, 100 

and 150 were conducted. Three data points for each layer density were obtained. 

The repeatability test was initiated after all testing of the DAM/Cerex 

was compiotcd, After the final data point for this insulation waS obtained the 

test specimen at a layer density of 75 layers/in. was removed from the vacuum 

chamber, subjected to atmospheric conditions for a period of 18 hours and then 

replaced inside the vacuum chamber. No deviations from original thermal con

ductivity test procedLlre were made. 

Results of the repeatability test are presented in Table 8. Included in 

the table is the percentage of probable error for each data point obtained in 
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J the original test and the repeat test. For all three data points obtained, the 

percpntage difference in thermal conductivity was within the prob~ble error 
-r 
l band determined by error analysis. The results are presented graphically as 

r 
j 

r 
r 

r 
f 

r 
r 
i 

r' 
i 

r 
i 

I 

thermal conductivity vs temperature in Fig. 17. 

the results of the repeatability test and error analysis again identify 

the electrical cylindrical calorimeter as an extremely accurate and useful tool 

in obtaining thermal conductivity data. 
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Section 6 

CONCLUSIONS AND RECOMMENDATIONS 

The following general conclusions are drawn from "~e study: 

1. The new calorimeters operated with unprecedented accuracy. The 

average probable error for the 72 data points obtained was just + 2.10%. The 

repeatability tests experimentally substantiated this extreme accuracy. 

2. The new automation system functioned with great ease and economy. 

The data point conditions were simply dialed in with variable resistors, and 

within an average of two days the data po:.nt was acquired. Only minimal per

sonnel attention was required foi' data acquisition. 

3. The entire data acquisition system functioned with reliability. The 

system operated 24 hours a day, seven days a week for the last seven months 

of the study without any noteworthy problems. 

4. The method of presenting MLI data in carpet plot form was developed 

and proved to be superior. By double interpolation on the carpet plots, K or 

pK data can be obtained easily and accurately for any given set of (N, T) or 

(compressive load, T). 

5. A new and untried spacer material, Cerex, was located and tested 

with encouraging results. The competitive thermal properties, coupled with 

the exceptional strength and fabricability of the new material, make the new 

composite extremely attractive. 

6. Accurate temperature and layer density dependent thermal design 

data were obtained for six different MLI composites. 
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Specific recommendations based on the results of the study are: 

1. Data should be obtained for K and pK as functions of temperature 

and layer density and as functions of temperature and compression for other 

MLI composites not studied under this contract. The data should be presented 

in the newly developed carpet plot form. 

2. The proven concept of MLI cylindrical calorimetry should be ex

panded to include the capability of testing space shuttle materials. The tem

perature ranges for such materials will have higher limits (3500 to 400
0
F), 

but such a capability could be easily developed by modifying the existing 

cylindrical calorimetry facilities. 

3. Effort should be continued in developing new MLI materials, such 

as Cerex, especially new materials with space shuttle capabilities. The con

tinued effort will undoubtedly lead to new and greatly superior materials for 

space thermal control systems. 
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Layer Chamber .toT 
Density Pressure 

N 
(layers/in) (torr) (oF) 

120 7.0 x 10 
-7 

40.2 

J20 3.4 x 10 
-7 

35.0 

120 4.0 x 10 
-7 

31.9 
N 
UJ 120 

-6 
29.0 5.2 x 10 

160 1.0 x 10 
-7 

38.2 

160 9.4 x 10 
-8 

42.1 

160 1.2 x 10 
-7 

38.5 

160 1.9 x 10 
-6 

36.5 

200 9.0 x 10 
-8 

200 9.0 x 10 
-8 

200 2.2 x 10 
-7 

200 4.0 x 10 -6 

Table 1 

THERMAL DATA FOR DAM/TISSUGLAS 

Mean Thermal Density x Therm~l 
Temperature Conductivity Conducti vity 

(K x 105) (PKxl0 5) 

(oF) (Btu/hr-ft-OF) (Btu/hr-ft-OF) x 
I 

(lbm/ft
3

) 

-198.1 0.77 2.13 

- 60.5 3.16 8.72 

66.9 12.60 34.78 

191.1 29.50 81.42 

-199.6 1.41 5.19 

- 53.4 3.62 13.32 

68.7 12.04 44.31 

195.0 20.95 77.10 

-198.2 2.33 10.72 

- 72.6 2.68 12.33 

94.8 5.65 25.99 

200.1 19.65 90.39 

-

Probable 
Error 

! (%) 

1.02 

1.15 

1.32 

1.40 

1.03 

0.896 

1.19 

1.90 

1.11 
I 1.16 

1.59 

3.16 
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Table 2 

COMPRESSION OAT A FOR OAM/TlS5UGLAS 

Number of Layer Mechanical 
Layers Density Load 

(Layers!m) (lb/in
2

) 

• 
90 149 0.00054 

90 183 0.00162 

90 235 0.00668 

90 275 0.0258 

90 351 0.113 

Table 3 

DENSITY DATA FOR OAM/TIS5UGLAS 

La ye r .!?ens ity Physical Density Physical Density 
N p Equation 

(Layers/in) (Ibm/it 3) 

120 2.79 P = 0.0226 N + 0.0212 

160 3.69 

200 4.60 
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Table 4 

THERMAL DATA FOR DAM/CEREX 

Layer Chamber 6T Mean Thermal 
Density Pressure Temperature Conductivity 

~ 
N (K x 105) 

R 
,.; 
% 

(layers/in) (torr) (oF) (oF) (Btu/hr-ft-of) 
PI 
PI 
0 

% 
C 75 -6 41.0 -190.1 2.29 3.5 x 10 
Z 
-t 
CIt 75 -6 50.3 0.4 4.42 5.6 x 10 
< ;= 
r 75 -6 36.9 198.8 13.03 6.0 x 10 
PI 
~ 

N PI 
CIt \J'\ 

~ 100 
-8 

40.4 -186.8 3.10 1.4 x 10 
~ 
% 100 

-7 
43.9 7.2 5.11 1.0 x 10 .. 

~ 100 
-6 

29.7 194.0 18.49 2.4 x 10 
G') 

Z 
PI 
PI 
~ 

Z 
G') 

15C * -6 32.2 -182.1 4.21 < 8.0 x 10 

150 
.- -6 

35.6 - 17.8 7.07 < 8.0 x 10 
n 
PI 
Z 150 *~ 8.0 x 10-6 27.5 198.8 23.54 
-t 
PI 
~ ----- -------- - ---- ----

* Exact pressure reading was not obtained due to faulty pressure gage. 

Density x Thermal 
Conductivity 

(PK x 105) 

(Btu/hr-ft-of) x 

(lbm/ft
3

) 

8.27 

15.97 

47.07 

14.91 

24.58 

88.92 

30.33 

50.93 

169.56 

Probable 
Error 

+ (0/0) 

1.45 

1.63 

1.87 

1. 91 

1.90 

2.23 

2.78 

2.78 

2.86 

r-
3:: 
en 
() 
I 

::r: 
~ 
tr:I 
() 

o 
N 
N 
U1 -IJoI 
U1 
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I 
J Table 5 

COMPRESSION DATA FOR DAM/CEREX 

1 
J 

r------

Number of Layer Mechanical 
Layers Density Load 

(Layers/in) (lb/in2) 

25 81.2 0.000352 

J 25 120.8 0.00143 

50 93.6 .000699 

T 
50 122.2 0.00178 

50 167.8 0.00684 

I 
50 196.9 0.0260 

50 237.0 0.107 

.,. 
f 

r 
r Table 6 

-- [ 
DENSITY DATA FOR DAM/CEREX 

Layer ..Qensity Phys ical Dens ity Phys ica1 Dens ity , [ N Equation 
(La ye rs lin) (lbm/ft3) 

[ 75 3.61 P = 0.0479 N + 0.212 

100 4.81 

T 150 7.21 

1 

J I J 
I 
I 
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Mean 
Temp 
(OF) 

-198.2 

- 72.6 

94.8 

200.1 
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Table 7 

RESULTS OF THE ERROR ANALYSIS FOR 
DAMjrISSUGLAS AT N = 200 llIN 

0/0 Storage 

I 
0/0 Longitudinal 0/0 Measure-

Error Heat Loss ment Error 
~ (0/0) Error + (0/0) 

± (0/0) -

0.206 0.0042 1.09 

0.389 0.0082 1.09 

1.16 0.0284 1.09 

2.96 0.0804 1.09 

Table 8 

RESULTS OF REPEATABILITY TESTING 
FOR DAM/CEREX AT N = 75 l/IN 

Probable 
Error 
+ (%) 

1.11 

1.16 

1.59 

3.16 

Original Test Repeatability Test 0/0 Difference 

Mean K x 105 Probable Mean K x 105 Probable In K 
Temp. Btu Error Temp. Btu Error 

(OF) Hr-ft-CF + (0/0) (OF) Hr-ft-OF ± (0/0) 

-190.1 2.29 1.45 -189.5 2.34 1.82 2.18 

0.4 4.42 1.63 -1.0 4.43 2.13 0.226 

198.8 13.03 1.87 196.2 13.34 1.50 2.38 
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Fig. 15 - Thermal Conductivity Carpet Plot for DAM/Cerex 

... 

r 
::: 
(J) 
(') , 
:x: 
~ 
to1 
(') 

t1 

'" '" III -... 
\II 
I 

-



... 

200.0 

. --f 

r;-:-:-:
t' .. 

If~"",,,,,,,,,, , ~,.-.-----.-. - '--', ~ ........... .-... ' .. ".~ ...... .-. , ~, ... .,., .... t 

:-0 L I=t:tl-, t-ii:l: " ::: " ." r f; ~ tF~Ftttfi=~l4rr~ f.f F rf1Tl H.T! 
. ',' ·++H-+ I-+-,. Ie" "'" ,f-t j- f++++m-t1ltltt . Htt t, ,,1, r:: : '1~ 

;t-+-+ 
. t' 

• --t--t--t .. . .... ~ .t'·II'F'("tftWt
· t 1 tT ~ .. , · I . " ;+- I "! I , • ." -, t· +, ;., t , 

•. j, • f-: . ;: 
-:-:-: ~ <-- ~-+ • 

~:: .. U:':liL Jf~-;!-~tt: -q ::,: ~::!!; !.!t .. if ::Lt ::.: i,f!', 
:;::F:cTITffFt: _ Hcff.fJ·'-d ij;:ll ~:ij '::1 '~.! Ij'i: H idi :: .. :;~.: 

I---+----j .. _ .. :-:-_~+~~-:~n =i~oo·;~~R~~~:=!.~ + -1, :~q-r:[: :1: :~: ;: ·tt: .!:. ~~ti :~.:..i~ :' .. 
o~ :T: ~~: .,.. '!: ~ :f~::;fH:: ,:~~n! 1 : :~t :1: ~ .... ... T - 0 .• •. ~~ ~~ ~:: V: : : / .. 

, . . ,. ',," . r' .. ,-. , . ." t 1 ••• t .,.. ,'" ... - 200 . F L.,. -'"'" ~ .•. , .• 

.:;: : . • . " . AN = 25 '/in.: ~ 1 ::; i " l' •• ,. ,.:: ........ ~ ... r-: . .. .... i:: . 
.. .~ "'-T-'--'(0' . ....... ,,~, ,.. .. 

, .. 
" .. 

~ 100.0 ,.' 0 Actual Data Points from i ' .' ': 1 ~ ;: U'" '~f----': ,. 150 t/in. J. .. f 

;! 90.0 i. Calorimeter Tests ;: : . , . I :: q ,~:-'-f~--+-·-'-t+---l 

~ 80.0 .Ulli';; ~;;Ur:iH;:~illitl;:Hl;~,; :1; ;;:: ,;iJ.~i~·1: :.1~ Ii: llii iii" il;.l~:;! ;:.t;;;ii' 
~ 

"-. 
.0 

'" o 

)( 

:x: 
S 
>. 

~ 
u 
::l 

"C 
C o 
U 

-;; 
E .. 
" .c 

f-o 
)( 

~ .. 
C 

" o 

70.0 , ~ , : :1 l' 
: t i i : i 

:::i" ,": ,':, ': i'[, iii., j ::r1rJ i't ';,' !,:;o?~I: ':: ~ll'.~ f~~'!i i} 
.... ,-, •. Idt-r l ::'-+ I::.;L 1,;ill'l d!.lll: tti: ::~~r;; ,.:.:.-:::7 ....... I,.l I-+-r-++-- L~f-~ ~ ~ l ~ + - : t • * •• .Jit'--' . ~ ,j r ~ .. L/.: .• ; : ;. ~ ~ .. - . _ /. 7':; t!:-; ; I ; ; :7' '0 . I: I LA-I":: :: ;::: It:;"I i: :: ;!:: I:!! ·1;:: L>:' .. N - Layer Denslty - 751 In. .,., . " t" If! : 0 F ! , -tf, I ... ' .... :~. . , .• ,.,' ~ t· " •. 

30.0 .... . _ . '. . .. ... . r 1 ~ : t ~ . t· • +_1: ;:' t: ~ t ~~:-: I :: ;.:' .: ~ ~ . j: .. t ~ ;1...: ~:.; .. :. ~ t • •• •• •• -t • 

.•• t I. ..I·· ·1···· .... . .. 0- ,~tf. . . 't j:;,1 .. ~ . , I'. 'I" t. , ... -i!'fi.--., ".1 '.' I I l"j r '. t . , I .. + • 

.... I· .. , ," :::: .. ,. :1 1 ::~ . t; ~;o. r-:; I,:; I ;r~ .. ~..,. :,:. r::. :;:1 .:t 1:1 I::: ·:':1·::: 
.-t-\ Lf .. t-~ tTL ,t t' , ~\ .: ., t', • t ~~' 1 :: t: 'i U. 1oP"1',j. ... :- : .. 't" " :. \t, )., :. . \ t : •. .:.-+.- L-+ ___ ----to ~ " f+t" +\ - r- 0 '1 j~rl+:t ....... :+.. ··t--t t.+-- t +1 .' + 

!':i :r:::;i !J..IT+~dt~ij. fIt i-·~~.frrr~:; :::;:/:: t~:: ':i: ::;, :1;+ ;p; .);. :!t: f ., 

. : : : .: .;:. ~ ... 'J~. :.; l1~:J". : ;: :.: . ;:. , :; 

. ,. ::::~.: :';.0.:;:: ~., . ~ 'I i t f f,: :;: .• j:r ... '-. . 1~f"1 . .. .! f 1 .. t !.. :,. . j '" I .. 
•• _. .:::. • ~ : : : . r •• • i;' i ~;; ; 1 ~_ ; -~ ... : -: ... ....... : JttII!' . .t, r d·l I' I I " I··" • 1-. I .. ; t l' . ,., . . '-'.1 r ~ • .".~: • t t-+- I + - ~ ~ • • ; • I . r l. • , I t t "! • 

~t·, . ".:.Y' .. J'~ ..• ,. : ti t t, I' ;. 'I j" I I , •• tt : . . . . , " .. , .. r' ,T 
t," !:" :::~:::~!: -;~ ->;; ~:~r !-:;~ :;: .• !;. 1! rr-Ll .. j ,,:~t~ :::~ :~:: I •• 

.. ... Wif' . ..,JJI''', ,·t " l' '. r- f
, "'. '.'" i"! ...,. I lj . , '1:!" ". . 1" 'j" t . .' - . ",--• . -- 't • ., . • It· • T' +. r' ; 1 •. • I r f ~ I r . r t •• :. t + ' r t t -l- • + t· .. · 

-, - t-~- •• ~ .~--.. ·r-f. ··t+ ~ t- ~: .. i ;' 11 t f ;1 I·,: ft, ~ I . r" ·'11 t r I r+ .:-.-t -I ••• tfJ ,:,~ ..... ·r~.-'· !-t+t 'iL' 'rtit "j~ 11,· 'jl\, , .f ,/.; 11:1 tl ,.,t .. ..,.,,: ·~·tr J +t 1.TI ·tH !~',' 
.," ':.t'" .• '~ l-r' '_r'T 'l" !I+t~t.Lt ttl) , , ril, ,', ,', ;: ':: -t L,- ~tt.LT . ,+.:, .,. 

10.0 ill. ' , ; i . i' _; ! I" 

t~i:I'~+' " ,. L ,-'-. 
20.01 I.·'. !+;-;-; 

;il:~: 
I' . t . ~ ; ~ ~ ! 

, .. 
i : ~ . 

r' 

3.0 .~~ ~if" j: .r"·i·1..-'r, ;1, .~t: f% '1-.1 :: ~~.j t: ~:;; 1_' ---.L 0;.' Ii 

8.0 7" ;~q fF~~; :~;::' :~i~J:'" ':1\ ::':,iU;~:,; ;[1, ", " t' i~ ;!:i ;",l..Lt ;;!.~:i; ,+, 
7.0 ~==:p: i : II : : ; ; l- iI' P LIlli1~H{nff H : l-Vitf{fjH l:if II i \ 11111 ! j 1 i If IIi ! : iI' i ! n If1 i 

, '_Ld "0::' ",~ ~_,; h; f Lt.T E. ti i_" ;:. f; "t d-; .' , ,!!, "" 

l!f! 1: .. 1 tt1l! f 

Ll...Lilli II' , ; ~ t f .. 
fIT; it !ItH ni; 

i' 
! : 

Fig. 16 - Denaity x Thermal Conductivity Carpet Plot (or DAM/Cerex 

_ .. 

r 
~ 
U> 
() , 
:r: 
:>:1 
M 
() 

o 
N 
N 

'" 
"" ..n , -

...... 



I , I T
 

T
' 
. r r J T
' 

t , I 

L
M

S
C

-H
R

E
C

 D
Z

Z
5

1
3

5
-1

 

...... '" 
............ tt 

:.::: :::. : .. :.:: : :::,:':: 1-t1 
t: 

............ ~
 ' ... 1 ..... 1. 

;~ ~~i~~i i:::1T:C;! 
Ii 

"
f
 

, 
•
•
 1

,
 .
.
.
.
.
.
.
.
.
 

, 
•
•
•
•
•
•
 

:.:.: .. i :.i.:,,: i,i.:. :.: .... ·,i.: ... !,:.·.:.:. i.f.: •. : :;.,;! 
1!!I~,.!l,;!t·~tl.t In 

.:+ 
'
.
 

It f.llltt: 
'l~ :1;:1++;. :.:: .. :il::: ::.:1 I::: ::;;1":: I .. : .::: 

'-'=
 

t:.::l:":J 
~tt 

Ii;' 
tH1 

~n 
!--

. t1 
of. H

 lR
 F.E

 4, In. ;.1:. ' H.H·.·.·. ',:'.':. 
: ....•.• ].' :!. :.:.:.'. :.'.':.:, '.'~.:.~ . .:....':.:. :::.:. '.'::,'. 

:
-
:
~
 .:c.r;::-:-r:-r:' :;-:, 

.. " 
'1

' 
fl1' 

" 
• 

H
 

Iltt: 
I 

:
,
 

.. 
: :E

:: i:fill:i: H:; :ii :i:: :::1 
rtrlHHH: 

W~·t !i;;:;:wtmt:[±ff!-~!:' 
• 

: 
t~;' 1ft; 

~Mt: ;1;: :!:: i:i! ;1.: iiI: iii: i:::! :i :::: iii: 
:::JHL:'" 

"::;.:. 
Q!I'ID1 IfHttlU ~ 

H
:·!t ff .t: :fl ~~¥' ~Ul:li nn~~~ ~j~~ :J :~; l41 :lilli¢rw.~4. 

."
' ~
 ., 

~ 
iiJ, 'I' f!i' \, 

iii 
. 

'; ,i" "Ii;; . ~Ii ill '11 '''i ii' i:i 
::di'i i 'ii';" ';::I,,, g 

.. .... 
t-I 

.... 
• 

H
'! H

: 
• 

.. .n
 

l!-
11' 

.
.
.
.
.
.
.
.
.
.
.
 ,
.
.
.
.
 

.
.
.
 
,
.
,
 
..... 

-
' 

:·:t I:: 
>< 

>
. ifi· 

l' ::1 til 
itt 

!:tt: 
~tt 

rH-li 
hE

itrrii iii: ':i: ::l: ... :::i ill: :;:! ::::,:_. 
I 

;::: i::: 
Q) 

.
.
.
:
:
:
 lh 

n t£tiltf 
t 

~ 
rtH

r 
li= ffil! 

ill :H;~ni li;i :l)! i::: : :: :::: :i!! Ii:: ::;; i:: 

s ••• : ... 
·._.·::~~::=-=-·:: '.

'.
:
 

.
.
 

:.:,~ :,: .. 
u"'Q) 

.:...g 
alQ) 

:;: I':! ·:·····I·II:·I';jl:. I !IH!'II'III·I"I·:I·IITI:ili:"II"'j··ill:l· :1:]: :I:~ .' :[: :1'1" 'j:!' :1: ~: :~: :!:~ ':1" .~: :1: ]: :~:. 
-:~. -

~
 

::.. 
~
'
.
 

:W
ltt 

ill1-' , 
:::: ~lil 17 

,,~: I::. ·:t: it:: I::! it: .. : 
: Iii: ;::T

::: :1
::: 

: 

EfhIT .......... "-( 
t-I 

~ 1m Hn :Hl I:. 
H

 t 
• :l~ it .... tf:.;;.ffID, fit. :';;1 .. :i.i., i.i.:.:. :.i. 

;,i:.,:. ;.:,:.:.rL,~~.i.;. ;.:.j~~: .... 
E
~
:
:
:
E
 

I.t) 
-
'
 

I'IIQ
);I' 

.:t 
lIi ;;t; 

t::t ::;:: .... 
r
-
.
~
 

;~, ...... ;; 
,;J

 
'1 ;::1 

::1 iff; lift:i::; 
I::: :::::. 

it:: 
::.!'::: ::!i :: 

f:f;rtS~.... 
" 

... 
0.. ;:;; ;:;;~;;I j':' ~t.! 

;1 't;~ Hi+t11f" +,~,:;;;: ':;1' ;
j:

.
 r.-:~ :~.t::;: .:;..:. :;... .. 

::!~ :::t: 0 
-,5.-4 

d
) 

::::;';litt!:f .t", ~.;: 
t h. 

';1
+

 
q~ 

H
t" .... t' .. , .

.
.
 ,., ..... ,. 

"
.
"
 

, 
&..·;: •.. ·Iffifi.-,· 

.• :t~ 
\Z

 
P:; 

•••. \. 
·t,. ,1". 

It! rn 
~
H
'
 

llii ::. 
j":' .;;: :::: :::. ::: 

" 
~
r
-
-
:
-

:-. 
-

~ 
.~ 

+
 

m
 

t: 
tH

 
.
.
.
 H

. U· 
t!:' 

, .• , 
j
.
"
 

•
•
•
 

, 
"
"
 

I:;::mffi':':~ 
l~:": .t:: 

;1 t:t 
1 

'll 
"
.tt 

m·'· 
:11:.' l: .. :, ill.'.:. :.:,;,i.l..~ ... ~ .•. · C:._:.,,:,:, 

.. 
t .. :.:,. 

,._
. 

~
.
.
 

0 
EI 

" .. ttl:' 
.... 

Itt 
•• 

::m.·,1. 
'. 

1 
"
d

"
 .. 

~H. ~ r 
f'''t!f' 

11" 
+

t 
It: 

:H
i' 

t; 
It! 

__ it i~:: 
~:i; H:: :::: :::: '.: 

... , 
j
"
 

~l44,,, 
'11 

W
'riW

j' 
., :;~: ,:::,;,::,,: 

~
j
W
 

Fffi 
'['" , .. , . "" 

. 
, 

::!: ::::::1
 I'ti 

W
f,r,I; 

!1 1:!1 J:;;'liii'!! 
[t!u

l 
~
 

, 
:I;j ill ':1: 

I
:
'
.
 

'
~
.
'
 
I
"
 

'"
 I:' 

. 
:-:+: f-H-+H:/ 

"
I
l
 

t
H

 .:t: 
...01' 

+.1 
•••• ~':'" 

I'.,., ',.:.:,:. c.-:~ ..... :~ .... 
,:':.;1.~=-:-· ~.~.-.t~.~· 

.. : .. 
0 

.... ,., .. 
,.,.tt·'1

 
::1 .... 

1,1,. :.q •• i"illull.t.·~tllifH,i.l' 
ii. jl;: 

I
' 

,"
 
l"

.lj;"
t1.t;.... 

.... 
. 

.. 
. 
.
.
 

, 
.
.
.
 

j ... 0 
::':t"!n

 
::~. tt~:. 

~tl 
:!:' 

fttrt 
q 

+
 

1: 
t-

tt 
lIt 
~
 

'H
 

.~;< 
.
•
.
 j ... !;:' .. , 

...... liE
, 

.. 
,t" 

. 
,
I
 

! 
ilt ltit. .... ,," .... "'" 

. 
... 

. ...... I. .. 
~ l:il'I.::; :1: 

:Im
 II!ld l:; 

i~ ;!Hr:I1'! iH: :flll: 
:11 

't 
.': ~;; 

;:;:: ii ;;;: ;:: :: .-:-:rt:.-t·~tf:·-
~ 

I.t) 

-
' 

o ..... 
L

iIo -H
-.Jt{

/n
lg

) S
O

l x 
A

H
A

H
:lnpuo:) re

w
.J

C
lt{L

 

44 

LO
C

K
H

EED
· H

U
N

TSV
ILLE R

ESEA
R

C
H

 &
 EN

G
IN

EER
IN

G
 C

EN
TER

 

o 

>< Q
) 

'" Q
) 

u 
.......... 
::E 
« c::l '" 0 .... ... III 

Q
) 

t-I >
. 

... . ~ -
' 

~
 

.... .D
 

0 
I'll 

-
.... 

Q
) 

lIS 
Q

) 

'" 
0.. 

::s 
Q

) 
... I'll 

P:; 

'" 
>

. 
Q

) 
0.. 

... .. ~ 
E

 
:>-

.... 
Q

) 
... 

t-I 
u :j 

"0
 

s:: 0 
U

 
-
' 

I'll 

S '" Q
) 

..t: 
t-I 

r-.... bO
 

.
~
 

~
 

+ 



I 
1 
'Y 
i 
i .. 
r , 
-! 

r 

, 
i 

r 

r , 

r 

f 

r 
t 

I 

LMSC-HREC D225l35-1 

Appendix A 

Given the carpet plot in Fig. A-I, in which pK is shown as a function 

of T and N, double interpolation can be used to obtain the pK value for any 

set of T and N within the ranges of the plot. As an example, if it is desired 

to determine pK for N = 140 J./in. and T = -50oF, the following method should 

be used. 

1. First, construct the N = 140 J./in. curve. This is done by starting 
at intersection A. From the indicated scale, four large horizontal 
spaces represents 20 J./in. Therefore, by moving to the right on 
curve AD a horizontal distance of four spaces, point 1 is located. 
The coordinates of point 1 are therefore (140 J./in., -100o F). 
Similarly, starting at intersection B and traveling along curve BC 
four horizontal spaces to the right locates point 2. The coordi
nates of point 2 are therefore (140 J./in., OOF). A curve can now 
be faired through point~ 1 and 2 which should parallel AB and CD. 
This curve represents N -= 140 l/in. 

2. Next, construct the T = -50oF curve. This is done by starting at 
intersection A. From the indicated scale, one large horizontal 
space represents 50o F. Therefore, by moving to the right on 
curve AB a horizontal distance of one space, point 3 is located. 
The coordinates of point 3 are therefore (120 J./in., -500 F). Sim
ilarly, starting at intersection D and traveling along curve DC 
one horizontal space to the right locates point 4. The coordinates 
of point 4 are therefore (160 J./in., -500 F). A curve can now be 
faired through points 3 and 4 which should parallel AD and BC. 
This curve represents T = -50oF. 

3. The intersection (point 5) of curves 1-2 and 3-4 has the desired 
coordinates (140 J.-in., -500 F). The pK value corresponding to 
this point can now Je read directly from the abscissa, yielding 
the value: 

pK = 12.5 x 10- 5 (lb/ft3 ) x (Btu/hr-ft-oF). 

A-I 
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