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Abstract

The author has successfully interfaced an Apple II 

Plus microcomputer with a Perkin-Elmer model DCS-2 
differential scanning calorimeter. This involved 
developing the physical interface and the data acquisition 
and analysis software.

This experimental set-up was used to investigate the 
effect of sediments on certain thermodynamic properties of 
tetrahydrofuran (THF) hydrates. The sediments used in 
this investigation were glass beads (1.0,0.1, and 0.04 mm 
diameter), Ottawa sand, and ocean bottom sediment in which 
natural gas hydrates once existed.

The effect of these sediments on the hydrate 
formation temperature was also investigated by means of 
cooling curve experiments.
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A Note About the Abbreviations

In this work I have used the symbols "d.s.c" to refer 

to the general subject of differential scanning 
calorimetry. The symbols "DSC" refer specifically to the 
differential scanning calorimeter itself.
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Introduction

Naturally occurring gas hydrates may represent a vast 
energy resource. Their existence in permafrost regions and 
sub-ocean environments has been well documented. The 
question remains, however, of whether or not the gas 
contained in such hydrate deposits can be economically 
produced.

Much of the answer to that question lies in the 
thermal properties of the hydrates themselves (i.e. heat 
capacity, thermal conductivity, heat of dissociation, 
etc.). These properties determine how much energy must be 
added to a given hydrate formation in order to release the 
g a s . That, in turn, determines whether or not hydrate gas 
production is economically feasible.

Hydrate deposits do not consist of pure gas hydrates. 
Rather, like petroleum reservoirs, they consist of hydrates 
which are intimately mixed with a granular matrix. The 
matrix may consist of ocean bottom sediment or of typical, 
petroleum bearing sandstone. In either case, any viable 
production scheme must not ignore the presence of the 
host matrix.

While much has been done to identify the thermal 

properties of pure hydrates, relatively little is known
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about the effect that the host matrix may have on those 
properties. Very little has been done, for instance, to 
determine whether the presence of a porous or granular 

media affects the equilibrium conditions under which gas 
hydrates will form or the amount of heat that is required 
to dissociate them. These two questions provide the 
impetus for this study.

In this work I have completed two objectives. These
a r e ,

1) the interfacing of an Apple II Plus microcomputer 
to a Perkin-Elmer model DSC-2 differential scanning 
calorimeter, and

2) the investigation of the effects of granular 
sediments on the dissociation of tetrahydrofuran (THF) 
hydrates.

While THF hydrates are not found in natural hydrate 
deposits, this study applies to such deposits by inference. 
T H F , like some natural gas components, forms a Structure II 
hydrate. The properties of the empty Structure II lattice 

are not a strong function of the type of guest molecules 
that fill the hydrate cages.
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Literature Survey 

The Nature of Gas Hydrates

Hydrates are special forms of solid solution. They 
belong to the general family of crystalline compounds 
called "clathrates". A clathrate is a compound in which 
one component sets up in a crystalline lattice while the 
others occupy the "cages" of that lattice. The component 
which forms the lattice is called the "host". Any 
component which occupies the cages of the lattice is called 
a "guest" molecule. Hydrates are the specific form of the 
clathrate phase in which water acts as the host molecule.

The water molecules that form the hydrate lattice are 

held together by hydrogen bonds. The guest molecules are 
held in place in their cages by relatively weak van der 
Waals forces. The interaction between guest molecules and 
host molecules is akin to that found between neighboring 
molecules in a liquid. Still, the hydrate host lattice is 
thermodynamically unstable by itself and it is this 
relatively weak interaction which serves to stabilize the 
hydrate structure.

In the hydrate phase, water may form one of several 

structures. The most common hydrate structures are
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referred to simply as Structure I and Structure II. The 
geometry of these structures is governed by the 
configuration of charges within the water molecule itself. 

Much work has been done to try to accurately describe the 
molecular structure of the hydrate lattices. This research 
has involved both the determination of hydrate 
stoichiometry and studies in the actual lattice geometry 

(1,2 ,3 ,4 ,5 ,6) . Table 1 summarizes the results of this 
research.

The basic building block of both Structure I and 
Structure II is the pentagonal dodecahedron, a twelve-faced 
geometrical figure each face of which is a pentagon. (See 
Figure 1). This molecular arrangement consists of 20 water 
molecules held together by hydrogen bonds of 2.8 angstrom 
length. Since these dodecahedra cannot be closely packed 
together into a single, repeatable lattice cell, Structure 
I consists not only of pentagonal dodecahedra but also of 
tetradecahedra (14 faced figures, two faces of which are 
hexagonal). Likewise, Structure II consists of dodecahedra 

and hexadecahedra (16 faced figures, four faces of which 
are hexagonal). In both structures it is the oxygen atoms 
which reside at the vertices of the geometrical faces. The 
hydrogen bonds form the edges of the pentagonal and 
hexagonal faces.
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Table 1
Properties of Hydrate Structures I and II

Property Structure

I

Water molecules/ unit cell 46

Cavities (cages)/ unit cell
Small 2
Large 6

Cavity Radius (angstrom)
Small 3.94
Large 4.30

II
136

16
8

3.91
4.73

Cell Constant (angstrom) 12 17.2
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Figure 1 
The Pentagonal Dodecahedron

The Fundamental Unit
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Research History

Sir Humphrey Davy first discovered the hydrate of 

chlorine in 1811 (7). Most of the early work done on the 

subject of hydrates seems to have been directed toward 
discovering which molecules would form hydrates 
(8 ,9 ,10 ,11,12 ,13). Hammerschmidt has summarized a few of 
the more notable investigations (14).

It was not until the 1930s, however, that curiosity 
about hydrates began to grow outside the realm of academia. 
The natural gas industry became interested in the existence 
of hydrates in 1934 when Hammerschmidt (14) demonstrated 
that the "ice" which often clogged natural gas pipeline 
valves was actually hydrate. By so doing he identified 
that hydrates were a production problem that needed to be 
solved. This spawned research in the area of hydrate 
formation prediction and prevention.

Hammerschmidt1s first attempt at predicting hydrate 
formation conditions was strictly empirical. Wilcox,
Carson, and Katz (15) later tried to be more scientifically 

rigorous by attempting to describe hydrate equilibrium by 
means of vapor solid equilibrium constants. The first 
theoretically valid method of hydrate prediction, however, 
was that of J.H. van der Waals and J.C. Plateeuw (16).
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Their model is based on the principles of statistical 

mechanics and serves as the starting point for most of the 
recent work in hydrate prediction.

Hydrates in Nature

In 1947, I.N. Strizhev postulated the existence of 
natural deposits of methane hydrate in gas bearing 
sedimentary strata. His ideas were affirmed in 1963 by 
thermodynamic analysis of a stratigraphie test hole drilled 

at Markhim in the USSR (17). Since that time, natural gas 
hydrate deposits have been discovered in many places around 
the world. In the USSR the most explored deposit is the 
Messoiakh field which was discovered in 1967. Hydrates 
were also discovered in sediment samples taken from the 
Black Sea and the Caspian Sea in the USSR. Outside the 
USSR, hydrate deposits have been detected or discovered in 
the Mackenzie Delta, the Alaskan north slope, and in the 
Beaufort Sea shelf (18,19). Judge (20) gives a summary of 
the depth range of hydrates in Arctic regions. (See Table
2) .

Direct visual evidence of gas hydrates is limited to 
the Black Sea, the Middle America trench, and the 

Blake-Bahama outer ridge. For the most part the evidence
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Table 2
Possible Hydrate Deposit Depth Range in Arctic Regions

Area Depth (m) 
min max

Thickness of 
Hydrate Zone (m)

Arctic Is.
Western 140
Eastern 140

1100
960

960
820

Sverdrup
Basin 140 1270 1130

Arctic
Platform 140 1400 1260

Mackenzie
Delta

East 190 1860 1670
West 340 730 390
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of the existence of hydrate deposits is inferential. This 
inference is often derived from the crossplot of a hydrate 
phase diagram with a geological pressure-vs.-temperature 

curve. (See Figure 2). Hydrates can exist only in that
region where the curves overlap. This method has been used 
by Makogon (17) , Judge (20) , Kvenvolden and McMenamin (21), 
and many others for predicting the presence of gas hydrate 
deposits.

At the present time, hydrate deposit detection 
techniques are limited to well log analysis (22) and to 
"bottom simulating reflector" (BSR) technology. A BSR is 
an anomalous seismic reflector that parallels the 
topography of the sea floor but lies well below the sea 
floor (100 to 1100 m ) . One of the causes of BSRs is the 
acoustic velocity differences that exist between sediments 
which contain hydrates and those which contain only water 
and gas. A BSR often corresponds to the lower boundary of 
the hydrated zone (23). It must be noted, however, that not 
all BSRs are directly related to hydrate deposits (24). 
Conversely, hydrates have been encountered in sediments 
which produced no obvious BSR (21).
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Figure 2

Phase Diagram / Geothermal Crossplot
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Reserve Estimation

Zielinski and Mclver (25) report some current 

estimates of the magnitude of hydrate accumulations. These
are summarized in Table 3. Makogon (26) estimates gas

12reserves to be as much as 57(10 ) cubic meters in the
continental gas hydrate deposits and 5-25(1015) cubic 
meters within the continental slopes. Milton (27) suggests 
that there a r e , perhaps, 1018 cubic meters of natural gas 
tied up in the form of hydrates worldwide. These figures 
vastly exceed the current estimates for worldwide 
recoverable "conventional" natural gas (8.3(1013)m 3) .

Hydrate Resource Production

In order to produce gas from natural hydrate 
formations one must change local, in-situ equilibrium 
conditions. Hydrate equilibrium depends on three intensive 
parameters : temperature, pressure, and system composition. 

Only two out of these three parameters can be controlled in 
the field. These are temperature and pressure. System 
composition is a function of the reservoir geology and of 
the original gas source. As such, it is beyond production 

control. Any hydrate gas production scheme must.
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Table 3

Hydrate Reserve Summary (25)

Area Estimate
Low

Land (total) 1.4 (1013 )
Marine Sediments 3 .1(1011)

United States
Land 3 . 1 (101 1 )
Continental

Margins 7.6(10 )

(m3)
High

2 .8 (1015 ) 
7 . 6 U 0 18 )

7 . K 1 0 14 ) 

1. 9 (1017 )
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therefore, be directed toward raising the reservoir 
temperature, lowering the pressure, or a combination of 
these two methods.

For hydrates to dissociate they must obtain enough 
energy to break the hydrogen bonded lattice and free the 
trapped gas molecules. The pressure reduction production 
scheme relies on the bulk of the reservoir to provide the 

energy for that part of the reservoir which dissociates. 
This energy is "free" (or at least inexpensive). The other 
method of in-situ hydrate dissociation involves increasing 
the temperature of the reservoir by pumping a hot fluid 
(steam or hot brine) into the reservoir. The general 
approach is similar to conventional secondary recovery 
waterflood methods. P.L. McGuire (28,29,30) has outlined 
and modeled a few production schemes based on this basic 
principle. Makogon (17) gives an extensive mathematical 
analysis of both methods of hydrate production. He also 
suggests a production method wherein the reservoir 
temperature is raised by geothermally heated water located 
below the hydrate reservoir.

Hydrate Reservoir Properties

Any viable hydrate gas production scheme must be
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designed for maximum energy efficiency. Such a design 

requires a knowledge of
1) reservoir properties

2) hydrate heat of dissociation and specific heat
3) hydrate thermal conductivity.
4) the effect of the interaction between hydrates and 

their in-situ environment.
While no single study has attempted to address itself 

to all of these areas simultaneously, a number of 
researchers have studied them separately. Hydrates are now 

known to have a significant effect on sediment 
compressibility, acoustic impedance, and thermal 
conductivity (31,32). The change in sediment acoustic 
impedance, for example, is the basis for the BSR (bottom 
simulating reflector) method of undersea hydrate detection. 
Hydrates decrease the sediment thermal conductivity by 
about 23 percent and Makogon (17) has shown that the 
electrical resistivity of a sediment core increases as 
hydrates form. Holder et. al. (33) list some typical 
values for hydrated reservoir properties. These are 
summarized in Table 4.
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Table 4
Typical Hydrated Reservoir Properties (33)

Parameter Range Typical Units

Hydrate
Volume 0.1 - 0.8 0.2 nr hyd / m reservoir
Fraction

Unrecovered 
Dissociated 0 - 0.2
Gas

0.1 frac. of diss. gas 
not recovered

Hydrate 5 - 7
Stoichiometry

mol wat/ mol hyd gas

Volume
Heat 800 - 3800
Capacity

1200 kJ/m3 media - K

Water
Density in 44 - 45 45
Hydrate

kmol / m 3
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Hydrate Heat of Dissociation

Through the years researchers have chosen not to 

measure the actual heat of gas hydrate formation. Instead, 
most studies have used values which are inferred from 
hydrate phase equilibrium diagrams. These values are 
obtained by measuring the slope of the hydrate vapor 
pressure curve and by using a modification of the 
Clausius-Clapeyron equation. The Clapeyron equation is,

(dP/dT) _ = AH/T(v g - v 1) (1)sat

The Clausius-Clapeyron equation can be obtained by 
assuming that the gas phase is adequately described by the 
ideal gas law and that the molar volume of the gas is much 
larger than that of the liquid. These assumptions 
transform equation (1) into,

(d InP/d (1/T) ) = -(AH/R) (2)

The Clausius-Clapeyron equation provides a handy way 

to calculate latent heats for single component systems.
In general, however, we are not afforded so convenient

an approach to calculate the heats of phase change for 
multicomponent systems. The multicomponent condition for 

phase equilibrium is.
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dMi = ^  (3)

rather than,

dg9 = dg1 (4)

which is the starting point for the Clausius equation 
derivation. In equation (3), is the chemical potential
of component i in phase a. Furthermore, for multicomponent

systems, the fundamental equation for Gibbs free energy 
becomes,

dG = VdP - SdT + Zyid n i (5)

rather than

dG = VdP - SdT (6)

Equations (3) and (5) so complicate matters that we 

cannot derive a simple equation to determine latent heat 
from multicomponent pressure-temperature data. In fact, it 
is thermodynamically incorrect to look for a unique latent 

heat for multicomponent mixtures in general. A mixture, 
for example, with two components and two phases has two 
degrees of freedom. Such a mixture does not have a unique 
vapor pressure at each temperature or a unique boiling 
point at a given pressure. Rather, there are an infinite
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number of ways to get from the saturated liquid phase 

boundary to the saturated vapor phase boundary.
Despite the complications associated with applying 

the Clausius-Clapeyron equation to multicomponent hydrate 
systems many researchers have done so. Makogon (17) even 
attempted to apply the equation to the vapor pressure 
curve associated with hydrate subcooling hysteresis. Such 
hysteresis is d u e , however, to metastability in the water 
phase that occurs before hydrates form. It is not 
thermodynamically correct, however, to apply the Clapeyron 
equation to metastable systems.

Deaton and Frost (34,35) modified the 
Clausius-Clapeyron equation by using a gas phase 

compressibility factor to determine the heats of formation 

for hydrates of some common natural gas components.
This yields the following equation,

(d InP/d (1/T)) = -h H/RZ (7)

Their data, plotted on a semi-log scale, yield lines 
which are essentially straight (see Figure 3). This seems 
to indicate that equation (7) works well for these 
multicomponent systems. Harris (2) used the same general 
procedure to calculate the composition of the chlorine 

hydrate. Holder et.al. (33) also used this sort of
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Figure 3 
Gas Hydrate Phase Diagram (34)
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calculation for their hydrate production reservoir heat 

balance.

Portland and Robinson (36) used this approach to 
determine the composition of the hydrates of sulphur
hexafluoride (SF • xH 0) . Their modification involves6 2.

expressing the gas phase volume by a truncated virial 
expansion,

P\£ /RT = 1 + B'P (8)

This yields.

In P + B'P = -AH/RT + C (9)

where C is a constant of integration. According to 
equation (9), a plot of (In P + B'P) versus (1/T) should 

yield a straight line with the slope,

m = -AH/R (10)

The data of Portland and Robinson fall on a straight 
line when plotted according to equation (9). From this 
data they calculated a hydrate composition of SF6* 1 7 H 20, 
which is the stoichiometric ratio for hydrate formers which 
fill the large cavities of a Structure II hydrate.
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Applicability of the Clapeyron Equation

Strictly speaking, hydrate equilibria is 

multicomponent equilibria. The Clapeyron relation is not 

generally valid for multicomponent systems, but the 
researchers who use the equation get good results. None of 
these researchers, however, approach the question of the 
validity of the Clapeyron equation to hydrate systems.

The only attempt to justify the use of the Clapeyron 
equation for hydrate equilibria is that of Roberts, 
Brownscombe, and Howe (37)• They utilized the Clapeyron 
equation to perform the same sort of calculations as Deaton 
and Frost. Their derivation of the equation for hydrate 
systems is based on a general relation for two component 
systems,

vadP = e?<3T + x adu^ + (l-xa)dua (11)

where a = any one of the phases in equilibrium 
^  = specific volume of phase a 
sa = specific entropy of phase a 
xa = material fraction of water in phase a 

dya = differential chemical potential of component 1 
(water) or component 2 (guest molecule)

If we solve the system of equations that results by
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applying equation (11) to each phase to eliminate the 

chemical potential terms (see Appendix A ) , we get

dT v11- v 1 ( (x h - x 9) / (x 1 - x g) ) - vg ( (x 1 - x h) / (x 1 - x 9) )

where "1" represents the liquid phase, "g" the gas phase, 
and "h" the hydrate phase.

The numerator in this equation is the entropy change 
upon hydrate formation. The denominator is the 
corresponding volume change. (See Appendix A.) This 
allows us to write equation (12) as.

Equation (13) leads directly to the Clapeyron 
equation. This derivation is perfectly valid for 
hydrate-liquid water-gas or hydrate-ice-gas equilibria.

The reason that we can write equation (11) for hydrate 

phase equilibria is that the three phase, two component 
system is "univariant" (has only one degree of freedom).

(12)

(dP/dT) = A s/av (13)

F = C - P  + 2 = 2 -  3 +  2 = l (14)

This constraint manifests itself in our ability to write 

equation (A-2) in Appendix A. The consequence of 

univariance is that we can justify theoretically the
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application of the Clapeyron equation to three phase 
hydrate equilibria.

What happens to this analysis when hydrates are formed 
from a mixture of gases? Roberts, et. al. (37) do not 
address this question.

In order for a system to be univariant, the number of 
phases must be greater than the number of components in the 

system by one. This complicates the equations of Appendix 
A but it is quite probable that equation (13) will still 
apply to complex systems.

Deaton and Frost (34) have shown, however, that 
hydrate forming gas mixtures often act as if they were 
composed of a single component. Plots of InP versus (1/T) 
yield the same straight lines for mixtures as they do for 
single component gases. (See Figure 3.)

This behavior can best be explained by the 
uniqueness of the hydrate solid solution. When hydrates 
are formed from gas mixtures, each of the guest molecules 
is trapped in a separate cage in some fixed, almost 
stoichiometric ratio to the amount of water in the hydrate. 

There exists some statistically averaged composition for 
the hydrate which is essentially constant throughout the 

lattice. It is this characteristic which distinguishes 
hydrate dissociation from other multicomponent phase
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equilibria processes.

In distillation, for example, molecules leave the 

liquid phase preferentially. That is, the more volatile 

of the components exhibit the greater tendency to leave the 
liquid phase in favor of the vapor. When hydrates 
dissociate, however, the guest molecules leave the hydrate 
phase in proportion to their near-stoichiometric ratios.
The composition of the hydrate is virtually constant 
throughout the dissociation process. As far as the hydrate 
is concerned, then, it is dealing with a "pure" gas 
composed of molecules of different sizes. For this reason, 
gas mixture-hydrate-liquid equilibrium exhibits P-T 
characteristics similar to pure gas-hydrate-liquid 
equilibrium. This characteristic of hydrates also provides 
us with another insight into why the Clapeyron equation 
works for hydrate equilibria.

The general multicomponent equation for differential 

G i b b ’s free energy is,

dg = vdP - sdT + Zy dx (15)i i

This equation applies to each phase in equilibrium.
Now, since the composition of the hydrate does not 

change as dissociation takes place,

dîf = 0 (16)
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for all components in the hydrate a n d , therefore, in the 
mixture. Consequently,

dg = vdP - sdT (17)

which is fundamental to the derivation of Clapeyron's 
equation. Equations (16) and (17) show why hydrates formed 
from gas mixtures act as if they were formed from pure 

components.

It must be noted that the Clausius-Clapeyron equation 
cannot be easily applied to THF hydrate equilibrium. First
of all THF hydrates from from a mixture of two liquids.
Consequently, it is not valid to assume that the volumes of
the coexistent phases differ appreciably. It becomes 
necessary, then, to determine very accurately the volume 
change upon hydrate formation in order to calculate heats 
of dissociation. Secondly, THF and water do not mix 
ideally and one must take into account the heat of mixing 
of the final liquid solution.

Experiments in Porous Media

It is not an easy matter to prepare laboratory 
specimens of gas hydrates. Most hydrate forming gases are 

only slightly soluble in water and the saturated gases do
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not contain a large enough water concentration to initiate 
hydrate formation. The only place that water and gas exist 

in concentrations high enough to initiate hydrate formation 
is at the gas-liquid interface. Moreover, once hydrates 

form at the interface, they constitute a diffusion barrier 
and seriously impede further hydrate formation.

These problems are magnified when one tries to form 
gas hydrates in granular sediment or porous media. It 
becomes extremely difficult, in such a case, to control the 
contact of the gas and the water in the media. For this 
reason, experiments on hydrates in granular or porous media 
have been few. Evrenos (38) , Baker (39) , Stoll (32) , and 
Barraclough (40) have met with some success in forming 
hydrates in porous media.

Makogon (17) describes porous media hydrate 
experiments performed at the Gubkin Petrochemical and Gas 
Industry Institute in Moscow. The method used to form the 
hydrates was similar to that of Baker. An increase in the 
electrical resistivity of the core served as an indicator 

of hydrate formation. The purpose of these experiments was 
to determine the effect of the granular media on the 
initiation of hydrate formation. The study concluded that 
the start of hydrate formation in a porous medium requires 
a certain amount of supercooling which is unnecessary with
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a free gas-water interface.

Experiments with THF Hydrates

In this study I have confined my attention to the 
hydrates of tetrahydrofuran (THF). The reason for this is 
twofold. First, THF exists as a liquid at room temperature 
and pressure and it is miscible with water. There is, 

therefore, no water-guest interface in the system. Hence, 
hydrate formation is homogeneous in the sample. This 
circumvents the problem of interface diffusional 
resistance. Secondly, the sample sizes required for 
differential scanning calorimetry are very small (on the 
order of several milligrams). It would be very difficult 
to extract a representative sample of this size from a 
large hydrate-sediment mass. THF-water solutions of 
hydrate composition can be introduced into the sample pan 
in a liquid form. The hydrates can be formed in the sample 
pan itself.

Figure 4 shows the phase diagram for THF-water 
mixtures at one atmosphere pressure. The phases 
represented on this diagram are ice (I), hydrate (H), 
liquid (L), and solid THF (THFg) .

THF is a cyclic ether. Its formula is C 4HgO. Ethers,
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Figure 4 
THF-Water General Phase Diagram
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in general, are not usually miscible with water because the 
carbon and hydrogen atoms in the molecule shield the oxygen 
atom from associating with the water molecules.

Cyclic ethers are different from "normal" ethers in 
that the carbon and hydrogen atoms in the cyclic ether are 
joined in a ring. This pulls them back away from the 
oxygen atom, leaving it exposed and free to associate with 
water molecules. For this reason, cyclic ethers are 
miscible in water. It is probable that their ability to 
associate with water in this way also makes them prone to 
form hydrates. Ethylene oxide is also a cyclic ether and 
it, too, forms hydrates at conditions not very far removed 
from room temperature and pressure.

Palmer first reported THF hydrates in 1950 (41).
Since then THF hydrates have been well studied. K.L.
Finder (42) tried to measure the rate of THF hydrate 
formation by measuring the concentration of a stirred 
THF-water solution as the hydrates formed. His data 
revealed peaks in a plot of concentration versus time. By 
examining these peaks, he discovered that water and THF 
hydrogen-bond to form complexes in water-THF ratios of 
10/1, 8/1, 7/1, 5.5/1, 5/1, 3.5/1, 3/1, and 2.5/1. He 
concluded that a solution of a given concentration is made 
up not of a homogeneous mixture of water and T H F , but of
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different percentages of these water-THF complexes. He 

concluded also that the reaction to form hydrate occurs 
between two hydrogen bonded complexes. Finder's 
observation was reinforced when later experiments revealed 
that plots of viscosity against concentration show breaks 
at the same points as the reaction rate curves.

Hawkins and Davidson (43) studied the low-frequency 
dielectric properties of the hydrates of THF and other 
cyclic ethers. Ross and Andersson (44) studied the 
THF-water system in general at high pressures and reported 
evidence of four different phases. Gough and Davidson (45) 
also investigated the effect of pressure on the THF 
hydrate. Cook and Laubitz (46) have examined the thermal 
conductivity of THF hydrates and Ross et. al. (47) have 

studied the effect of pressure and temperature on the 
hydrate thermal conductivity. Cook and Laubitz, and Gough 
and Davidson obtained the heat of hydrate dissociation 
and heat capacity of THF hydrate incidentally. A more 
thorough investigation of these two properties is given by 
Leaist and Davidson (48) and by Sloan and Callanan (49) .
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Differential Scanning Calorimetry

The forerunner of "differential scanning calorimetry" 

(d.s.c.) was a calorimetric technique called "differential 
thermal analysis" (d.t.a.). In d.t.a., thermocouples were 
placed directly into a sample material and a reference 
material. Then both materials were subjected to heat from 
a single source. By monitoring the temperature difference 
between the two thermocouples as the materials were heated, 
it w a s , theoretically, possible to obtain transition 
enthalpy data on sample materials. Unfortunately, because 
of heat transfer considerations, results obtained from 
classical d.t.a. were largely qualitative.

In 1955, Boersma (50) presented a modified approach to 
classical d.t.a.. Instead of immersing the thermocouples 
in the sample materials themselves, Boersma placed the 
thermocouples at the base of the material holding cups.
This modification allowed the temperature difference 
between the sample and reference materials to be broken 

down into separable parts. This means that Boersma-d.t.a. 
is capable of yielding quantitative data.

Differential scanning calorimetry was introduced in 
1964 (51). Figure 5 shows the d.s.c. experiment 
configuration. In d.s.c. the sample and ballast materials
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Figure 5 
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are placed in separate sample cups. Each cup is equipped 
with a heater and a thermocouple (or platinum resistance 
thermometer). The associated circuitry contains two 

control circuits. One circuit raises (or lowers the cup 
temperatures at a given "scan rate". The other circuit 

monitors the difference in cup temperatures and attempts to 
keep this difference at zero. Its means of doing so is the 

individual cup heaters. Finally, the circuitry monitors 
the difference in power applied to each of the cup heaters. 
If the sample and ballast cups are very similar in 
composition and are placed in similar thermal environments, 
then this power difference is directly proportional to the 
difference in the sample and ballast heat capacities. This 
can be expressed as,

p = (Cps - Cpb)(dT/dt) (18)

where p = power input difference
Cps = heat capacity of the sample material
Cpb = heat capacity of the ballast material

dT/dt = temperature scan rate (the same for both cups)
The actual temperature of a d.s.c. sample lags behind

the indicated temperature. This lag is a function of the 
thremal resistance of the cups and sample pans, the scan 
rate, and the sample and ballast heat capacities.
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Fortunately, it is a simple matter to measure and account 
for this lag.

Mraw (52,53) gives a more thorough treatment of the 
history and governing equations for general differential 
thermal analysis techniques.

Heats of Transition in d.s.c.

D.s.c. is a useful technique for obtaining the heat of 
phase transition for condensed materials (e.g. solid 
melting, glass transitions). The melting of a pure 
material, for example, yields a thermogram such as that 
shown in Figure 6. This sort of thermogram is somewhat 
deceptive in that the sample melting does not, in fact, 
take place over the temperature range from T i to T f.
Rather, a pure sample material is at temperature T 0 , the 
phase transition temperature, throughout the transition.
The electronic DSC circuitry tries to maintain both cups at 
the indicated temperature (which is changing during the 
transition). As the thermocouple temperature increases so 
does the temperature difference between the sample cup and 
the sample material. Consequently the heat flow increases 
and the DSC must input more power into the sample pan. 

Finally, at T m the sample has nearly completed its phase
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Figure 6
Pure Material Melting Thermogram
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transition and comes back to the cup temperature rather 
rapidly.

Area A represents the amount of heat input to the 
sample over and above the amount required to account for 

the sample heat capacity. This area, therefore, represents 
the extra energy that is needed to effect the phase 
transition. The units of A are,

A {=} (power)(temperature)
{=} cal-K/s (19)

Since the scan rate (R) and sample weight (m) are
known, one can obtain the specific heat of the phase change

by,

R {=} K/s (20)

m {=> g (21)

AH = A/Rm {=> cal/g (22)

It is also possible to obtain the phase transition 
temperature (onset) by extrapolating the leading edge of 
the thermogram down to the heat capacity baseline (line 
i-f). This method is based on the fact that the phase 
transition for a pure material is isothermal. The heat 
input (conduction) to the sample cell is, therefore, a 
linear function of temperature.
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Heat Capacity Measurements

There are two ways to measure sample heat capacity 
by d.s.c. One is called the scanning method and the 
other is called the enthalpy method. The latter is 
merely an extension of the former.

To calculate heat capacities with a DSC one must 
obtain thermograms for three different materials. These 
a r e ,

1) an empty sample pan

2) a reference material (and its sample pan)
3) the sample material (and its sample pan)
Since a DSC is a differential device, the absolute 

value of the DSC signal is meaningless. The important 
signal in d.s.c. is the power input deviation. To obtain 
heat capacity data by d.s.c it is necessary to establish a 

baseline for this deviation. This baseline is obtained by 
measuring the DSC signal at isothermal conditions at the 
beginning and end of the experiment. If the instrument 
baseline is flat between the initial and final experiment 

temperatures, then the isotherm baseline (line I in Figure 
7) can be obtained by drawing a straight line between the 

initial and final isothermal reference values. A point on 
line I can be interpreted as the DSC signal that would
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result if the ballast and sample cups (with sample) were 
maintained isothermally at a given temperature.

Line S in Figure 7 represents the actual DSC signal 
during the temperature scan. The difference between curve 
S and curve I at any given temperature, therefore, 
represents the extra power input required due to the 
presence of a material and its pan in the DSC sample cup. 
Let D s represent this difference for the sample material.

D s = S s - I (23)

and, for the reference material.

D r = S r - I r (24)

Let us assume, for the time being, that all sample 
pans have the same mass. The differential signal for a 
scan of an empty pan is,

D = S - I (25)e e e

Presumably then, the difference between the reference 
material signal differential, Dr , and the empty pan 

signal differential, De , is due solely to the mass of the 
reference material.

A D re = D r ~ D e (26)
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To obtain the heat capacity for the reference

material, one must simply divide ADre by the weight of the

reference material (w ) and the scan rate (R) f

C Pr(obs) = ADr e /Rwr <27)

We can account for amplification of the DSC signal by 
comparing CPr (obs) to the known heat capacity of the 
reference material, Cp x . We define,r(lit)

F = C p r,lit, / C P r,obs, (28)

We can calculate the sample heat capacity by analogy 
to equation (27) .

Cp , , , = AD /Rw (29)s (obs) se s

where,

A d = D - D (30)se s e

Finally, we can use F to adjust cP s(obs) by,

C P s(exp) = F ( C P s(obs)) (31)

where Cp , .is considered to be the experimental value
c s (exp)

for the heat capacity of the sample material as determined 
by d.s.c..

It is unrealistic to expect that all sample pans will
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have exactly the same mass. It is necessary, therefore, to 
take into account differences in sample pan weights. The 

procedure for doing so is outlined in Appendix B.

The enthalpy method is similar to the scanning method 
except that it does not calculate the heat capacity at many 
points within the interval. Instead, the enthalpy method 
involves the determination of the entire area between 
curves S and I in Figure 7. The total heat input is then 
divided by the length of the temperature scan interval and 
the material weight to obtain an average heat capacity over 
the interval. This heat capacity is usually ascribed to 
the temperature at the midpoint of the interval.

The enthalpy method is considered to be slightly more 
accurate than the scanning method of heat capacity 
determination. Integration is, after all, a "smoothing" 
process. In this wor k , however, I have confined myself to 
the scanning method only. The scanning method allows one 
to examine the dependence of Cp on temperature over the 
entire experiment interval.

It must be noted that the scanning method of heat 
capacity determination is subject ot some error due to the 
instrument signal lag. This lag is due to the instrument 
itself and is easily accounted for by running a pure 
material transition thermogram and calculating the
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difference between the indicated and actual transition 

temperatures.

The instrument lag and heat capacity calculations may 

also be affected by differences between the thermal 
diffusivity of the sample material and that of the 
reference material. Unless the sample heat capacity is a 
very strong function of temperature or the difference in 
thermal conductivities is very large, however, this total 
effect should be small in most cases.
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Experimental Equipment

The data in this study were generated by two 
different types of experiments. The enthalpy and heat 
capacity data was obtained from a differential scanning 

calorimeter by means of the Thermal Analysis System (TAS). 
Some of the hydrate formation temperature data was taken by 
the cooling curve apparatus.

I. The Thermal Analysis System

The Thermal Analysis System (TAS) is comprised of the 
following major components :

1. Perkin-Elmer model DSC-2 differential scanning 
calorimeter.

2. Houston Instruments Omniscribe model B-5000 strip 
chart recorder.

3. California Computer Systems model 7470A 
analog-to-digital conversion card (A/D card).

4. John Bell Engineering 6522 parallel interface 
card.

5. Apple II Plus microcomputer.

The TAS configuration is shown in Figure 8.
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Figure 8
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The Perkin-Elmer model DSC-2 calorimeter

The Perkin-Elmer DSC-2 outputs three separate types of 

information related to calorimetry measurements. These 
a r e ,

a) A voltage signal proportional to the pan heater 
power input difference.

b) A digital readout of the temperature of the sample 
and reference pans.

c) A "marker pulse" signal at integer values of 
temperature.

The Voltage Signal

The primary function of the DSC is to measure the 
difference in the pan heater power required to maintain the 
sample and reference pan holders at the same temperature. 
(The temperature of the pans may or may not be constant 
during the d.s.c. experiment). Inside the DSC this power 
input difference is translated into a +/- 10 V signal 
corresponding to a +/- 20 mcal/s power difference. This 
internal signal is unfiltered and contains a slight 
oscillation.

Before the voltage signal appears at the recorder 
output terminals it is filtered and fed to a bank of 

selectable resistances. These resistors (accessed via the
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DSC "Range" switch) allow the user to choose a specific 
output signal range.

The Temperature

One of the control circuits inside the DSC maintains 
both pan holders at the same temperature. It does so by 
controlling the power input to the individual pan holder 
heaters (see Literature Survey). The temperature of the 
pan holders is measured by means of platinum resistance 
thermometers (RTDs) , one for each holder, located inside 
the DSC head. The DSC converts the resistance of these 
RTDs to a digital temperature value and displays that value 
on the DSC front panel temperature readout (four, 
seven-segment digits).

The same digital information that drives the 
temperature display is available at the side of the 
DSC through a connection labeled "AUX BCD TEMP READOUT". 
This is a cannon-plug connection at which the digital 
information is available in BCD parallel form.

The Marker Pulse

As the DSC scans through a programmed temperature 
interval it outputs an electrical signal at each integral 

value of temperature with the exception of those
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temperatures directly divisible by 10. Thu s , it outputs 
the signal at 278 K, 279 K, and 281 K , but not at 280 K.

The signal is called the "marker pulse". The pulse 
generator is shut off only when,

a) the DSC scan rate exceeds 80 K/min.
b) the green, "temperature control" light is off. 

(meaning that the pans are not at the indicated 
temperature).

The marker pulse is a 56 V signal, 100 milliseconds in 
duration. It is designed to activate the event marker on a 
compatible Perkin-Elmer strip chart recorder. The purpose 
of the pulse is, therefore, to record temperature 
increments on strip chart records of DSC scans.

The Strip Chart Recorder

The Houston Instruments Omniscribe model B-5000 strip 
chart recorder is a two channel, high impedance recorder 
(Z = 100 Mohm). It is equipped with an event marker which 
requires a closed contacts input signal to activate it.

The raw DSC marker pulse signal is incompatible with 
the Omniscribe event marker. It is necessary, therefore, 
to interpret the signal with the circuit illustrated in 
Figure 9. This is the marker pulse translator. By 

means of two diodes and TTL compatible relay the translator
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Figure 9 

Marker Pulse Translator Circuit

+ ) si
Rl

D1IN
D2

LI

1

1kFBI
( + )

OUT

(-)

Rl - 330 ohm, 1W 
Dl - 4.7 V Zener
LI - TTL Compatible Relay (Reed Switch)



T-2693 50

shorts its output terminals whenever it receives the 56 V, 

100 msec marker pulse from the D S C . The recorder event 

marker, connected to the translator, thus "sees" the closed 

contacts it requires to activate whenever the DSC outputs 
the marker pulse signal.

The recorder possesses five full scale voltage ranges, 
from 1 mV to 10 V, and a fully adjustable zero.

The Analog-to-Digital (A/D) Conversion Card

The voltage signal output by the DSC is sent, in 

parallel, to two separate devices. The first device is the 
Omniscribe strip chart recorder described above. This 
allows the user to create a permanent physical record of 
each experiment performed with the D S C . The other device 
to receive the DSC voltage signal is an analog-to-digital 
(A/D) conversion card located in slot 1 of the bank of 
peripheral slots inside of the Apple II Plus microcomputer. 
The function of the A/D card is to convert the input 
voltage (a continuous signal) into a digital number 
(discrete information). Discrete information is the only 

type compatible with the Apple II Plus (a "digital" 
computer).

The A/D card is a California Computer Systems model 
7470A A/D card equipped with the RAM (random access memory)
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for ROM (read-only memory) option. This allows the card to 

be programmed so that the digital data can be handled in a 
user-specific fashion.

The A/D card accepts an input voltage of either -4 V 
to +4 V (differential mode) or 0 V to +4 V (single-ended 
mode) . Because of problems caused by the effect of the 
differential mode on the DSC logic ground, the Thermal 
Analysis System utilizes the single-ended mode.

The voltage signal appearing at the DSC recorder 
output terminals is conditioned such that a 10 mV output 
signal corresponds to the full scale range selected with 
the DSC Range switch. The largest DSC Range setting is 20 
mcal/s. The smallest, most sensitive, setting is 0.1 
mcal/s. At a Range setting of 0.1 mcal/s, a +0.1 mcal/s 

pan heater power difference appears as a +10 mV signal at 
the DSC recorder output terminals. At this same Range 
setting, therefore, a 20 mcal/s power input difference 
shows up as

(20/0.1)(10 mV) = 2 V (32)

Consequently, by placing the DSC Range switch at this 
most sensitive setting it is possible to monitor a 40 

mcal/s range in pan heater power input difference with the 

A/D card in its single-ended mode (0 V to +4 V ) .
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Importantly, by tapping into the normal DSC output signal, 
it is unnecessary to amplify or condition the DSC signal 
before it goes to the A/D card.

In order to perform experiments in which a sample is 

cooled rather than heated, it is necessary to be able to 

monitor negative pan heater power input differences. Such 
power differences translate into negative voltages at the 
DSC recorder output terminals.

In the single-ended mode the A/D card will not read 
negative voltages. In order to perform cooling 
experiments, therefore, the DSC output voltage must be 
shifted positively so that it stays within the A/D range 
(0 V to +4 V ) . Fortunately, California Computer Systems 
designed such a "zero-shift" potentiometer into the 7470A 
card. In the present configuration of the Thermal Analysis 
System this shift is set at 2.035 V. An input voltage of 
+1.0 V is read, therefore, as 3.035 V by the A/D card. 
Likewise, an input voltage of -1.0 V is read as 1.035 V.

This poses no problem to the accuracy of the 

experiment results for two reasons. First of a l l , a 

differential scanning calorimeter is a "differential" 
device. That is, absolute measurement magnitudes are of 
lesser importance than relative measurement magnitudes. 
Secondly, if it is necessary, one can account for any such
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known voltage shift by adjusting the data acquisition or 
analysis software accordingly.

The CCS 7470A A/D card is capable of a 350 msec 

conversion time (approximately 3 conversions each second). 

It uses a 12 bit analog-to-digital conversion procedure. 

This means that the given input range of 0 V to +4 V can be 
divided into

2 12 = 4096 (3 3)

segments. Thus, the conversion card yields a digital 
value for voltage with 1 mV resolution.

In the ROM programming from the factory, the digital 
number corresponding to the input voltage is displayed in 
the upper right hand quadrant of the Apple II monitor.
This display is made up of four digits, one preceeding the 
decimal point, and a sign character. By replacing the ROM 
programming with the RAM for ROM option, it is possible to 
make the decimal voltage available as a BASIC program 
variable. This is done by reprogramming the area of memory 
available for the slot which contains the A/D card (slot 1) 

and by utilizing the APPLESOFT BASIC USR instruction (see 
documentation of EXPERIMENT computer program.)

In order to obtain accurate data from the DSC the 
information gathering equipment must not affect the DSC
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output signal. That is, the input impedance on the strip 

chart recorder and A/D card must be high enough so that 

they extract virtually no power from the DSC signal. While 

this is true of the strip chart recorder, the A/D card is 
designed with a relatively low input impedance. It is 
necessary, therefore, to place a 11 voltage-followern circuit 
between the DSC and the A/D card. This circuit, comprised 
of an operational amplifier (op-amp) and two batteries, is 
shown in Figure 10. The DSC signal is connected to the 
non-inverting input of the op-amp (+) and circuit ground 

(-). The A/D card receives its input from the op-amp 
output (+) and circuit ground (-). The voltage-follower 
circuit is created by shorting the op-amp output to the 
inverting input. The characteristics of such a circuit 
a r e ,

a) The output voltage is equal to the input voltage.
b) The input impedance of the circuit is virtually 

infinite. The circuit extracts almost no power from the 
driving signal. It uses the battery power to drive the 
A/D card. The circuit of Figure 10, therefore, isolates 
the DSC signal from the A/D card.
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Figure 10 
Voltage Follower Circuit

(+) #■
IN

OUT

9V 9V



T-2693 56

The Parallel Interface Card

The John Bell Engineering 6522 prallel interface card 

acts as an input port for the temperature information from 
the DSC. This information is present at the cannon plug 
connector on the side of the DSC (labeled AUX BCD TEMP 
READOUT). The BCD (binary coded digital) signal enters the 
Apple II via two of the four input ports available on the 
interface card. This signal consists of four BCD DIGITS, 
each requiring one "nibble" (4 bits) to be completely 
described. Each of the input ports on the parallel 
interface card is capable of receiving one full byte (8 
bits, 2 nibbles). Therefore two ports are required for the 
transfer of the entire temperature value to the Apple II.

The information available through the interface card 
can be accessed by programming that section of memory 
corresponding to peripheral slot number 2. Again, by means 
of the USR instruction the Apple II can receive the DSC pan 
temperature as a program variable.

The Apple II Plus Microcomputer

The strip chart recorder, A/D card, and parallel 
interface card are the eyes and ears of the Thermal 
Analysis System. The mind of the system is an Apple II
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Plus microcomputer.

This microcomputer is equipped with 48 Kbytes of RAM, 
autostart ROM, and a firmware version of the APPLESOFT 

BASIC programming language. It is connected to the 
following input/output devices,

a) An Apple Monitor III.

b) Two Apple floppy disk drives (5-1/4" floppy
diskettes).

c) An EPSON MX-80 dot-matrix printer with the 
Graftrax-Plus option.

The Apple Monitor III

The purpose of the monitor is to provide immediate, 
temporary output of information from the Apple II. The 
Apple II is capable of outputting 24 lines of 40 characters 
each to the monitor screen.

The Disk Drives

The two disk drives provide the Apple II with a means
of semi-permanent digital data storage. This allows d.s.c.
experiments and experiment data analysis to exist in 
completely separate time-frames. It is unnecessary to 
analyze the data as soon as it is obtained.
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All of the programs in the TAS software package, 

except o n e , either read information from or write 

information to the disk drives. Some of the programs 
perform both operations.

The Printer

The EPSON MX-80 printer provides permanent, readable 
output of results from the TAS software data analysis 
programs. It is equipped with the Graftrax-Plus option.
The printer is capable, with the aid of auxiliary 
machine-language programming, of printing an image which 
corresponds to the picture located in either "page" of the 
Apple II high resolution graphics memory area. This is of 
great aid in data analysis because there is a subjective 

side to d.s.c. thermogram analysis.

II. Cooling Curve Apparatus

Figure 11 shows the experimental apparatus used for 
the cooling curve experiments.

The bath consisted of a cylindrical Pyrex jar of 
dimensions 12" high by 12" in diameter. This jar was 

sheathed in 1-1/2", plastic-lined, water heater insulation.
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Figure 11 
Cooling Curve Experimental Set-Up

LAUDA
DORIC 
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The bath was filled to approximately 9 inches deep with a 

solution of ethylene glycol and water.
A Lauda IC-6 refrigeration unit cooled the bath fluid 

so that the bath temperature could be controlled by a 
heater. The cooling element of this unit was 
packaged in a single metal coil attached to a flexible 
rubber hose.

A VWR model 1120 immersion circulator stirred the 
fluid. This unit also controlled the bath temperature by 
means of thermostatically governed heating element.

The actual hydrate formation took place in a Pyrex 
test tube. The test tube stopper contained a small hole in 
its center which acted as a holder for the RTD sheath.

A four-wire platinum RTD ( a = 0.00085) monitored 

temperature inside the test tube. The experiments in 
unwashed sediments were monitored by an RTD with a 1/4 inch 
stainless steel sheath. The washed-sediment experiments 
utilized an RTD with a 1/8 inch sheath, also of stainless 
steel. This smaller sheath possessed a response time which 
was roughly four times faster than the large sheath.

Finally, the RTD was connected to a Doric 410A 
Trendicator digital temperature readout. Readout precision 

was 0.1 degree (C or F ) . This Doric unit supplied a 

current across two of the four RTD wires and monitored the
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voltage drop across the other two. Then it performed an 
A/D conversion and translated the voltage drop into the 
digital temperature readout.



T-2693 62

Experimental Procedure

I. Differential Scanning Calorimetry

Most of the details of the d.s.c. experimental 
procedure are outlined in the documentation of the 
EXPERIMENT computer program which is discussed in Appendix 
G.

Materials

The DSC hydrate solutions were prepared from 
conductivity water and reagent grade THF (0.025 percent 
butylated hydroxytoluene). These solutions were prepared 
in small glass jars and transferred to the sample pans by 
means of a tuberculin syringe.

All of the d.s.c. experiments utilized DuPont 
coated-aluminum DSC sample pans (Part # 9007 90 901 and 
#900796 901) rather than Perkin-Elmer pans. The DuPont 
pans are shaped like tiny bowls with flat bottoms. This 
provides a natural cup for the sample material. A l s o , the 
DuPont sample pan sealing device affords quick and complete 
sealing of the sample pans. This is essential when dealing 

with volatile substances (such as THF-water solutions). If 

the sealing procedure takes too long, the THF volatilizes 

and the sample composition changes. All sample pans were
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washed in acetone and allowed to dry before using.
For those samples that included sediment material, the 

sediment was placed into the pan and weighed before the 

sample solution was introduced. All samples that contained 
either water or hydrate solution were weighed after the 
experiment also to insure that there had been no loss of 
material.

Calibration Procedure

The DSC calibration procedure consisted of three 
steps. These a r e ,

1) Adjustment of the DSC front-panel controls to 
optimize the instrument baseline.

This involved scanning experiments wherein the 
sample pan holders were empty and the platinum lids were in 
place. The DSC controls were adjusted so that the 
resulting thermograms were linear and very nearly 
horizontal. This procedure is outlined in the DSC-2 
Operation Manual (54).

2) Temperature Calibration.

In order to obtain accurate heat capacity data it is 
necessary to perform the temperature calibration with two 
materials whose melting temperatures bracket the 
temperature interval of interest. For this sub-ambient
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work, I used mercury (Tm = 234.29 K) to calibrate the low 

end of the temperature interval and water (T = 273.16 K) 

to calibrate the high end. The general temperature 
calibration procedure is also outlined in the DSC-2 
Operation Manual (54).

3) Ordinate Calibration.
The DSC-2 ordinate signal must be calibrated by means 

of the W Balance control under the DSC-2 front panel. To 
calibrate the ordinate signal, I scanned the melting 
transition of pure water at 1.25 K/min and adjusted the Aw 
Balance control until the transition thermograms yielded 
values of 80 cal/g (+/- 1) cal/g for the heat of melting of 
water. The heat capacity "F factor" serves as a check of 
this ordinate calibration. A perfectly calibrated ordinate 
signal should yield an F value of 1.0.

DSC Experiment Sequence

A typical d.s.c. experiment series consisted of the 
following temperature scans.

1. Pure water melting at 1.25 K/min and 10 K/min
2. Mercury melting at 1.25 K/min

3. Heat Capacity Scans from 230 K to 270 K at 10 
K/min for the following materials,
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a) pure water
b) empty sample pan

c) sapphire samples (3 sizes)

4. DSC samples (e.g. hydrate, water-sediment, 
hydrate-sediment, sediment only)
a) phase transition (if any) at 1.25 K/min
b) heat capacity scan from 230 K to 270 K at 10 

K/min
5. Sapphire heat capacity scan (to check instrument 

drift)
This series of experiments allows one to adjust the 

calculated heat capacities for,

1) ordinate deviation from calibration
2) instrument temperature lag (which appears at 

higher scan rates)
3) deviation of the DSC temperature scale from 

calibration.

II. Cooling Curve Experiments

The cooling curve experiments involved two different 
test tube sizes and two different RTD sheath sizes (1/4"
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and 1/8").

I used the following procedure to perform the cooling 
curve experiments with the large test tube (both sheath 
sizes) .

1. Calibrate the Doric 410A unit using ultrapure 
water in an ice bath.

2. Prepare a solution of hydrate composition, from 
ultrapure water and reagent grade THF, in a small glass 
jar.

3. Fill the test tube with the solution (and 
sediment).

4. Insert the RTD sheath and squeeze any air pocket
from the test tube. Place the assembly in the bath.

5. Let the solution sub-cool, then tap the tube to 
initiate hydrate formation.

6. Monitor temperature and record maximum temperature 
observed during the hydrate formation process.

7. Remove the sample from the bath. Allow the
hydrates to dissociate.

8. Repeat steps 5 through 7.

I employed this procedure for experiments involving 

pure solution and also for those involving solution plus 

granular sediment (1.0,0.1,and 0.04 mm diameter glass beads 
and Ottawa sand). In the latter type of experiment the



T-2693 67

beadpack filled the tube to within about 1/2" of the tube 
stopper. Pure solution filled the space above the

beadpack. The RTD sheath extended to approximately 3/4 of
the length of the beadpack.

The experimental procedure involving the small test 
tube (small sheath only) differed only slightly from that 

for the large tube. The RTD sheath was placed in the tube 
at a slight angle and then the tube was sealed with stopper 

material. The sheath did not fit through a hole in the
stopper itself. This arrangement provided a liquid tight
seal on the test tube. The experiments were run 
immediately after sample preparation in order to minimize 
THF volatilization.
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Experimental Results

I. Differential Scanning Calorimetry

The d.s.c. experiments involved the following types of 
samples.

A) Pure sediments
B) Pure hydrate samples (with some associated ice)
C) Mixtures of sediment and ultrapure water
D) Mixtures of sediment and hydrate (w/ some ice)

A) Pure Sediments

Figures 1 2 , 13, 14, and 15 show the heat capacity of 
the large glass beads, small glass beads, micro glass 
beads, and Ottawa sand. These curves are obtained from a 
least squares fit of 26 data points at integer temperatures 
from 240 K to 265 K. Each of these figures includes a 
combined heat capacity curve also. This curve is a least 
squares fit which includes all of the data points from the 
other curves in the figure. Figure 16 shows a comparison 

of the combined heat capacity for each of the granular 
sediments. Tables 5 and 6 give the coefficients and 

coefficient confidence limits for the equation,
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Figure 12
Large Bead Heat Capacity
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Figure 13
Small Bead Heat Capacity
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Figure 14
Micro-Bead Heat Capacity
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Figure 15
Ottawa Sand Heat Capacity
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Figure 16
Granular Sediment Heat Capacity Comparison
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raoie o

Heat Capacity Coefficients of Pure Granular Sediments

Date
Sed.
Type

w (sed) 
(mg)

A B (103 ) R 2

12/9 LB 20.15 0.07625 0.27289 0.759
12/17 LB 20.15 0.05861 0.32319 0.794

12/9 SB 23.50 0.06197 0.34277 0.836
12/17 SB 23.50 0.09454 0.21453 0.663

12/9 MB 16.30 0.08282 0.37003 0.814
12/22 MB 16.30 0.10864 0.23783 0.671

12/9 OS 20.20 0.01427 0.57441 0.923
12/17 OS 20.20 0.07435 0.32686 0.773
12/22 OS 20.20 0.05061 0.42358 0.860

Note: The quadratic term in the heat capacity equation was
not significant at the one percent (1%) level of 
significance in any of these cases.
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Table 6
Heat Capacity Coefficients of Pure Granular Sediments

99% Confidence Limits

Date

12/9

12/17

Sed.
Type

LB

LB

w(sed) 
(mg)

20.15
20.15

AA

0.02216
0.02372

AB(10 )

0.08771
0.09391

12/9

12/17

SB

SB
23.50

23.50
0.02189
0.02204

0.08665
0.08725

12/9
12/22

MB
MB

16.30
16.30

0.02550
0.02404

0.10093
0.09517

12/9 OS 20.20 0.02388 0.09452
12/17 OS 20.20 0.02547 0.10084
12/22 OS 20.20 0.02467 0.09766
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Cp = A (+/-AA) + B (+/-AB) T + C (+/-AC) T2 (34)

The quadratic term was not significant at the one percent 

level for any of these sediments. The coefficients and 

coefficient confidence limits for the combined data are 
given in Tables 7 and 8.

The correct interpretation of the 99 percent 
coefficient confidence intervals is as follows. Suppose 

that an experiment is repeated 100 times. For each data 
set the coefficients and 99 percent coefficient confidence 
limits are calculated. Then 99 of these confidence 
intervals on the coefficients will bracket the "true" 
coefficients.

Heat capacity curves for the Blake-Bahama Ridge (BBR) 
sediments are shown in Figures 17 through 20. These are 
the heat capacities of the as-received sediments. The 
origin and preparation of the BBR sediments is described in 
Appendices D and E. Each figure represents a different 

sample interval within the original core sample. These 
figures also include pooled heat capacity curves. Figure 
21 shows a comparison of the
pooled heat capacities for sediments obtained from the 
different sample intervals. Tables 9 and 10 give the heat 
capacity coefficients and coefficient confidence limits for 
the Blake-Bahama Ridge sediments. The coefficients and
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Table 7
Combined Heat Capacity Coefficients 

Pure Granular Sediments

Sediment
Type A B ( 103 ) C Q O 5)

LB 0.06743 0.29804 ---

SB 0.07825 0.27865 ---

MB 0.09573 0.30392 ---

OS 0.04641 0.44162 ---
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Table 8
Combined Heat Capacity Coefficients 

Pure Granular Sediments 
99% Confidence Limits

Sediment
Type A A A B U O 3 ) A C U O 5)

LB 0.03517 0.13924 ---

SB 0.01589 0.06289-------- ---

MB 0.05146 0.20373 ---

OS 0.01852 0.07331 ---
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Figure 17
BBR 30-50 cm Sediment Heat Capacity
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Figure 18
BBR 50-70 cm Sediment Heat Capacity

^  Combined Data.
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Figure 19
BBR 110-130 cm Sediment Heat Capacity
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Figure 20
BBR 130-150 cm Sediment Heat Capacity
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Figure 21

BBR Heat Capacity Interval Comparison
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Table 9 

Heat Capacity Coefficients 
Pure Blake-Bahama Ridge Sediments

Date

12/21
12/23

Sed.
Type

1
1

-0.21213
-0.15089

B ( 10 )

1.61709
1.32447

C(10=) R

0.842

0.915

12/21
12/23

-0.11057
-0.08331

1.25414
1.02976

0.783

0.887

12/21 3 4.00530 -31.48351 6.49739 0.861

12/23 3 -2.54862 20.60818 -3.89072 0.929

12/21
12/23

-0.11861
-0.10313

1.26019

1.13896

0.802

0.881

Note: The sediment types were taken from the following
sample intervals,

Type 1 
Type 2 

Type 3 
Type 4

30-50 cm (7.58 mg)

50-70 cm (9.38 mg)

110-130 cm (9.01 mg)

130-150 cm (9.70 mg)
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Table 10
Heat Capacity Coefficients (Blake-Bahama Ridge Sediments)

99% Confidence Limits

Date
Sed.
Type AA A B U O  ) A C U O  )

12/21
12/23

0.10086

0.05792

0.33929

0.22930

12/21
12/23

0.09522
0.05305

0.37696
0.21000

12/21
12/23

3.13012
1.52370

24.80842
12.07637

4.91213
2.39115

12/21
12/23

0.09029
0.06029

0.35741
0.23868

Note: See Table 9 for sediment type explanation.
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Sediment
Interval

30-50

50-70

110-130

130-150

Table 11
Combined Heat Capacity Coefficients 

Blake-Bahama Ridge Sediments

B ( 10 3)

-0.18151 1.47078

-0.09694 1.14195

-0.10188 1.14419

-0.11087 1.19957

C U O 5 )
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Sediment
Interval

30-50

50-70

110-130

Table 12
Combined Heat Capacity Coefficients 

Blake-Bahama Ridge Sediments 
99% Confidence Limits

AA A B U O 3) A C U O 5 )

0.09857 0.39021 ---

0.19502 0.77200 ---

0.19811 0.78424 ---

130-150 0.10952 0.43353
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confidence limits for the combined data are given in Tables 

11 and 12.

B) Pure Hydrates (w/ associated ice)

Figure 21 shows the heat capacity of several hydrate 
samples. They are numbered according to the amount of ice 
in each sample (1 = most ice, 7 = least ice). The amount 
of ice in any sample was calculated using the procedure 
outlined in Appendix C. Tables 13 and 14 give the heat 
capacity coefficients and coefficient confidence limits for 
each of these samples.

The results of a mass fraction average heat capacity 
comparison appear in Table 15. The actual measured sample 
heat capacity was compared against the mass fraction 

averaged heat capacity of the pure materials (pure water 
and pure hydrate). These two values were compared on a 
point-by-point basis over the temperature interval from 
240 K to 265 K. The values listed in Table 15 are the 
average differences over this interval.

Table 16 lists the calculated heats of hydrate 
dissociation for each of the hydrate samples. These heats 

of dissociation were also calculated using the methods of 
Appendix C.
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Figure 22
Hydrate Heat Capacity
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Table 13
Hydrate Heat Capacity Coefficien

Mass Mass
N o . Water Hydrate A B U O 3 )

(mg) (mg)

1 . 0.854 7.946 3.21627 -24.44601
2. 0.420 7.560 4.71914 -36.42671
3. 0.270 8.150 -0.07639 2.02081
4. 0.108 5.682 2.04791 -15.49077
5. 0.074 9.386 2.33566 -17.39010
6. 0.006 8.244 -0.11797 2.05851
7. —  — — 6.760 2.53767 -18.95831

These coefficients are for the equation,

Cp = A + BT + c f

where,
Cp = cal/g-K 
T = K

cue? )

5.31761
7.71829

3.62233 

3 .89070

4.22286
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Table 14
Hydrate Heat Capacity Coefficients 

99% Confidence Limits

No. w(wat) w(hyd) a A A B(103 ) AC (if )

1. 0.0970 0.9030 2.41635 19.15122 3.79120

2. 0.0526 0.9474 2.10631 16.69396 3.30545
3. 0.0321 0.9679 0.04079 0.16148 ---

4. 0.0187 0.9813 2.24681 17.80751 3.52593
5. 0.0078 0.9922 1.72291 13.65523 2.70377
6. 0.0007 0.9993 0.05696 0.22548-------- ---
7.   1.0000 2.27493 18.03041 3.57006
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w(hyd)
(mg)

8.150

7.560

9.386

Table 15
Hydrate Sample Mass Fraction Average 

Heat Capacity Comparison

w ( ice) ACp (avg) (10 3) s (103) t
(mg) (cal/g-K) (cal/g-K)

0.270 -10.03 3.03 -16.88

0.420 2.60 5.64 2.35

0.074 -16.23 3.14 -26.36
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Mass
Water
(mg)

0.854
0.420

0.270
0.108

0.074
0.006

AH (avg)1 
AH (avg)2

Table 16
Heat of Dissociation for THF Hydrates

Mass Mass Frac Heat of Hydrate
Hydrate (water) Dissociation
(mg) (cal/g)

7.946 0.0970 62.39

7.560 0.0526 62.20
8.150 0.0321 61.36

5.682 0.0187 61.87
9.386 0.0078 62.57
8.244 0.0007 63.11
7.250   61.29
6.760   61.78

62.25
62.07

s ̂ = 0.600 
s2 = 0.620

n1 = 6 
n2 =  8

Note: AH(avg)1 , ŝ  , and n 1 do not include the last two data 
points from the table.
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Table 17
Pure Ice Melting Heat in Granular Sediments (Statistics)

Sediment AH(avg)
Type n (cal/g)

Lg. Beads 2 79.67 0.262 -1.781
Sm. Beads 2 80.13 0.806 0.228
Me. Beads 1 79.81 --- ---
Otw. Sand 2 79.98 0.021 -1.347

Note: The t-test is invalid for the micro-beads because 
there is only one data point and the variance is unknown.
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C) Water-Sediment Mixtures

Table 17 gives the heat of melting of water in the 
presence of different granular sediments. The DSC was 

calibrated so that the heat of melting of pure ice was 
calculated as 80 (+/- 1) cal/g. Table 18 lists the 
deviation in melting temperature from the melting 
temperature for a pure ice sample.

Table 19 gives the heat of melting for water in the 
presence of Blake-Bahama Ridge sediments (washed and 
unwashed).

Table 20 lists the results of a mass fraction average 
heat capacity comparison similar to that of Table 15.

D) Hydrate-Sediment Mixtures

The data for the hydrate-sediment mixtures are listed 
in Tables 21 through 28.

The heats of dissociation of hydrate in granular 
sediments are given in Table 21. These results are 
averaged and summarized in Table 22. Table 23 lists the 
hydrate melting temperature in granular sediments. Tables 
24 and 25 give the heat capacity coefficients (and 
coefficient confidence limits) for these mixtures. The 
values in Table 26 are the results of a mass fraction
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Table 18 
Water-Sediment Melting 

Temperature Deviation from Pure Ice

Sediment AT(avg) s
Type (K) (K)

LB -0.08 0.08

SB -0.17 0.18

MB 0.01 ----

OS 0.09 0.05
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Table 19
Heat Of Melting of Ice in Blake-Bahama Ridge

Date
Sediment
Interval Preparation

12/21/82 
12/21/82 
12/21/82 
12/21/82 
2/ 9/83 
2/11/83 
2/13/83

30-50
50-70

110-130
130-150
30-50
30-50
30-50

AR
AR
AR
AR
WW
AW
WW/C

Abbreviations :
AR = As-received sediment 
WW = Water washed sediment 
AW = Acid washed sediment
WW/C = Water washed / centrifuged sediment

Sediment

A H(melt) 
(cal/g)

69.04
72.57
70.61

71.95
77.86

79.83
76.63

AH(AR/avg) = 71.04 cal/g 
s = 1.57 cal/g
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Sed.
Type

LB

SB

MB

OS

Table 20
Water-Sediment Mass Fraction Average 

Heat Capacity Comparison

3 3w(sed) w(ice) ACp (avg) (10 ) s (10 ) t
(mg) (mg) (cal/g-K) (cal/g-K)

19.14 7.44 -4.56 1.54 -15.10

17.33 21.79 1.78 2.14 4.24

9.80 17.95 4.78 3.45 5.71

17.32 8.80 -1.90 1.49 -6.50
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Table 21
Heats of Dissociation in Granular sediment

Sediment Mass Mass
Type Sediment Water

(mg) (mg)

LB 20.99 0.517
LB 21.11------- ---
LB 17.71 0.070
LB 18.40 0.002

SB 17.91 0.233
SB 16.93 0.017

MB 6.49 0.078
MB 6.99 ---

OS 13.60 0.129
OS 12.61 0.174
OS 17.27 0.079

OS 12.04 0.099

Mass Heat-of-Hydrate
Hydrate Dissociation
(mg) (cal/g)

9.683 61.35
8.950 60.00
4.880 62.35
7.558 62.81

4.857 60.15
3.503 62.73

2.592 59.05
3.340 61.29

5.061 62.17
4.006 61.12
4.291 63.50

10.271 61.61
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Table 22
Hydrate in Granular Sediments (Statistics)

Sediment 
Type

LB 
SB 

MB 
OS

Notes :
1. Variances in A H are assumed to be unknown but equal.

*2. The value of t is obtained from a table of 

t-distribution values. It is chosen in order to test the 
two-sided hypothesis that is equal to 62.07 cal/g.
The level of significance is one percent (1%).

A H(avg) Beg. of *
n (cal/g) s Free. t t

4 61.63 1.244 10 0.839 3.169
2 61.44 1.824 8 0.919 3.355
2 60.17 1.584 8 2.982 3.355
4 62.10 1.027 10 0.064 3.169
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Table 23
Hydrate-Sediment Melting Temperature

Sediment T (avg) s
Type (K) (K)

None 277.34 0.18

LB 277.32 ----

SB 277.40--------- ----

MB 276.63 0.22

OS 277.52 0.48

101
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Table 24
Hydrate / Sediment Heat Capacity Coeffi

3ed. 
-ype

w
(wat)

w
(hyd)

w
(sed)

A

LB 0.017 0.310 0.673 0 .73515
LB 0.003 0.215 0.782 0 .07971
LB 0.000 0.291 0.709 0 .03749

SB 0.010 0.211 0.779 0 .91000
SB 0.001 0.176 0.823 0 .06874

MB --— 0.327 0.673 04245
MB 0.009 0.283 0.709 7 .18965

B (103 )

-4.97701
0.53303

0.78499

-6.15039
0.54236

1.18178

cients

c u c F  )

1.19248

1.34408

11.53129

OS 0.007 0.269 0.724 0.05346 0.75606
OS 0.004 0.198 0.798 0.04730 0.62469
OS 0.004 0.458 0.537 -.05653 1.29364
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Sed.
Type

LB
LB
LB

SB
SB

MB
MB

OS
OS

OS

Table 25
Hydrate / Sediment Heat Capacity Coefficients 

99% Confidence Limits

w
(wat)

w
(hyd)

w
(sed)

AA A B U O  3) A C U 0  5)

0.017 0.310 0.673 0.61095 4.84218 0.95876
0.003 0.215 0.782 0.03374 0.13360 ---

0.000 0.291 0.709 0.02155 0.08529 —*--

0.010 0.211 0.779 0.83823 6.64358 1.31544
0.001 0.176 0.823 0.02609 0.10328 ---

--- 0.327 0.673 0.05205 0.20605 --—

0.009 0.283 0.709 3.01891 23.92696 4.73760

0.007 0.269 0.724 0.01908 0.07522 ---

0.004 0.198 0.798 0.02819 0.11159 ---

0.004 0.458 0.537 0.02444 0.09674 — — —



T-2693 104

Table 26
Hydrate-Sediment Mass Fraction Average 

Heat Capacity Comparison

Sediment ACp(avg) (103 ) s(103 )
Type (cal/g-K) (cal/g-K)

LB (1) -1.92 1.70 -5.76
LB (2) 6.61 2.28 14.78
LB (3) 5.63 1.59 18.06

SB (1) -0.64 1.61 -2.03
SB (2) 3.91 1.58 12.62

MB (1) 9.63 3.75 13.09
MB (2) 10.05 2.68 14.03

OS (1) 6.69 1.56 21.87
OS (2) -1.13 1.99 -2.90
OS (3) 1.44 1.73 4.24

Note: See Table 27 for sample compositions.
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Table 27
Sample Compositions for Table 26

Sediment
Type

LB (1) 
LB (2) 
LB (3)

SB (1) 
SB (2)

MB (1) 
MB (2)

OS (1) 
OS (2) 
OS (3)

w(ice)
(mg)

0.517
0.070
0.002

0.233
0.017

0.078

0.129
0.079
0.099

w(hyd)
(mg)

9.683
4.880
7.558

4.857

3.503

3.390

2.592

5.061
4.291

10.271

w(sed)
(mg)

20.99
17.71
18.40

17.91
16.39

6.99

6.49

13.60
17.27
12.04
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Table 28
Heat of Dissociation of THF Hydrate 

in Blake-Bahama Ridge Sediment

Sediment m (ice) m(hyd) m(sed)
Interval (mg) (mg) (mg)

30-50 0.186 11.414 6.40
0.206* 11.394* 6.40

50-70 0.482 11.548 5.35
0.534* 11.496* 5.35

110-130 0.221 11.949 7.14
0.244* 11.926* 7.14

130-150 0.028 9.142 8.57
0.031* 9.139* 8.57

AH(avg) = 54.25 cal/g s = 1.37
A H(avg) = 54.41 cal/g s = 1.49

AH (diss) 
(cal/g)

53.57 
53 .69*

56.16
56.48*

54.27
54.41*

53.01
53.04*

Note: * values calculated using A H (ice melt) = 71.04 cal/g



T-2693 107

average comparison similar to that of Table 15.
Table 28 lists the heat of hydrate dissociation in the 

Blake-Bahama Ridge Sediments (as-received and acid washed).

II. Cooling Curve Experiments

Figure 23 shows a THF-H20 phase diagram in the 
concentration region near the hydrate ideal composition. 
Figure 24 shows the hydrate formation temperature for 
solutions of hydrate composition in the presence of washed 
sediments. The temperature of formation for pure THF 
hydrates at one atmosphere is approximately 4 0 . 0 °F.

Figure 23 agrees well qualitatively with the curve 
drawn by Dyadin et. al. (55).
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Figure 23 
THF-Water Phase Diagram

0 Large tube/ Large Sheath 
• Small tube/ Small Sheath
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Figure 24

Temperature of Hydrate Formation in Sediments

O  Small tube / Small Sheath 
•  Large tube / Large Sheath

S B



T-2693 110

Discussion

The primary goal of this study was to determine 
whether or not THF hydrate thermodynamic properties are 
affected by the presence of foreign media. Specifically, 
my aim was to investigate the effect of such media on:

1) hydrate formation temperature
2) heat of hydrate dissociation
3) hydrate heat capacity.
As a means of comparison and analogy, I also studied 

the effect of foreign media on these same properties of 
ice.

Sediment Heat Capacity

The actual heat capacity of the sediments used in 
these experiments is incidental to this study. Still, it 
must be noted that the heat capacity of the glass beads 

differ according to size. (See Figure 16.) This 
difference is not large between the 1.0 mm beads and the 
0.1 mm beads but it is quite pronounced between these beads 
and the micro-beads. This large deviation probably has two 
sources. The first is that the density of the micro-beads 

differs from the density of the other beads. The second 
source of this difference is that, unlike the large and
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small glass beads, it was not possible to load a sample pan 

with more than a few milligrams of micro-beads. Ths means 
that the ordinate signal was very small during heat 
capacity scans. The smaller the ordinate signal, the more 
subject a heat capacity calculation is to "discretization 
error". That is , the discrete resolution of the signal is 
a large percentage of a small signal. This means that the 

heat capacity calculation is sensitive to small excursions 
in the signal from the DSC. This specific source of error 
is also evidenced by the fact that the micro-beads have the 
largest "apparent" effect on mass fraction average heat 
capacity comparisons. (See Tables 20 and 26).

Both the micro-beads and the Blake-Bahama Ridge 
sediment showed wide differences in heat capacities 
calculated for different runs of the same sample. This is 
also due to the discretization error. It was impossible to 
load a sample pan with more than 7 or 8 milligrams of 
either of these types of sediment. This means that the DSC 
signal was very small a n d , consequently, the discretization 
error was very large.
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Temperature Effect

A. DSC Experiments

Gough and Davidson (45) report a pure hydrate melting 

temperature of 277.6 K . This agrees with the value of 
277.34 K to within the repeatability of the instrument and 
the ANALYSIS onset search routine.

It is apparent from Table 18 that the presence of 
granular sediments does not affect the melting temperature 
of ice. The maximum average deviation is -0.17 K (for the 
0.1 mm glass beads) . This value is within the 

repeatability of the instrument and the ANALYSIS program 
onset search routine.

Hydrate melting temperatures are given in Table 23. 
Neither the large beads, small beads, or Ottawa sand show 
significant deviation from the melting temperature for the 
pure hydrate (277.34 K) . The micro-beads show an average 
deviation of -0.71 K with a standard deviation of 0.22 K. 
These values are based on the results of two different 
experiments. One of these experiments showed no eutectic 
peak at all. The eutectic peak in the other experiment was 
small and drawn out over about 1.5 K at 1.25 K/min. (See 

Figure 25.) It is quite possible, therefore, that this 
effect in the hydrate melting temperature is due to a
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Figure 25
Micro-Bead/ Hydrate Melting Thermogram

Eutectic Peak

2 7 0  T  ( K ) 280
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thermal conductivity effect. That is, it is possible that 

the micro-beads present a thermal inertia that 
significantly slows down the rate at which the heat from 

the DSC sample pan heaters is transferred within the 
sample. If this is the case, then the effect is far more 
pronounced for the hydrate samples than it is for the ice.

Another explanation for this apparent temperature 
shift, and perhaps the most reasonable o n e , is that the 
THF-water solutions dissolved some oxidation products from 
the micro-glass beads. THF is an effective organic solvent 
and is widely used as such experiments such as those 
involving coal liquids. Although the micro-beads are 
formed from pure glass, their surfaces must certainly be 

oxidized shortly after their formation. This may be the 

reason that the beads carry a charge. I noticed, for 
instance, during the preparation of samples involving 
micro-beads, that it was impossible to place a droplet of 
solution (water or hydrate) directly onto the beads. No 
matter how closely the droplet was centered over the 
microbead sample it would always fall to the side of the 
sample cup, at the edge of the bead sample. The effect of 
dissolving such products in the sample would be to draw out 
the thermogram melting curve. This sort of effect appeared 

with samples formed in the Blake-Bahama Ridge "as-received"
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sediments also.

This explanation is supported by the fact that water, 
which is a poorer solvent, experienced no such formation 

temperature depression effect in the micro-beads.

B. Cooling Curve Experiments

The cooling curve experiments involved pure hydrate 
samples and hydrate samples in the presence of granular 

media. Experiments with pure hydrate samples resulted in 
the THF-water phase diagram of Figure 23.

It was necessary to perform the hydrate-sediment 
experiments using only solutions of hydrate composition. 
Experiments involving solutions of various compositions did 
not yield repeatable results.

The results of the cooling curve experiments are given 
in Figure 24. The formation temperature for pure hydrate 
is 40.0 °F (277.6 K ) .

Figure 24 seems to indicate slight downward shift of 
the hydrate formation temperature due to the presence of 
the granular media. This conclusion is not supported, 
however, by the results of the DSC experiments.

It is most likely that this shift is due to the 
thermal inertia of the media and the nature of the cooling 
curve experiments. In order to form hydrates in the test
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tube it was necessary to sub-cool the liquid solution to 

below the hydrate formation temperature. Once hydrate 

formation began, the maximum indicated temperature of the 
solution was taken to be the hydrate formation 

temperature. For experiments involving only hydrate 
solution, this procedure is valid because hydrate formation 
takes place throughout the entire volume of the test tube. 
However, this is not true for experiments with mixtures of 
hydrate solution and granular sediment. In this case the 
hydrate formation takes place only in that volume of the 
tube which is not occupied by the sediment. The heat that 
is released upon hydrate formation raises the temperature 
of the sediment as well as the temperature of the RTD 
sheath and the solution itself. It is possible that this 

effect dampens the temperature rise of the entire mixture 
so that hydrate formation seems to take place at a lower 
temperature in the presence of granular sediment. This 
effect should be more pronounced for the smaller sediments 
because the specific area available for heat transfer to 
the sediment is larger. The small tube/small sheath data 
of Figure 24 seem to support this.

Another factor in this apparent temperature shift is 

the lack of "sample mixing". For samples of pure hydrate 

solution, I was able to stir the sample with the RTD sheath
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during the hydrate formation process. This assured that 
the sample was well mixed and that there were no 

temperature gradients inside of the tube. It was not 
possible, however, to stir a sample which contained 
granular sediment. Even for samples which contained the 
smaller beads, stirring was impossible. If the beads were 
small enough that the beadpack was soft and malleable, then 
movement of the RTD sheath would have created a void in the 
pack around the sheath. The measured formation 
temperature, in that case, would be that of the pure 
solution which filled the void space around the sheath.

Finally, the temperature shift for hydrate/micro-bead 
samples must include both these effects and those listed in 
the last section.

I did not see this same slight temperature shift for 
experiments involving granular sediments and pure water. 
This is probably due to the fact that water does not need 
to be mixed and that its heat of fusion is approximately 33 
percent higher than that of hydrate (on a per mass basis).

Makogon (17) describes experiments performed at the 

Gubkin Institute in Moscow, on the effect of granular media 
on the formation temperature of gas hydrates. The sediment 
sizes used in that study are roughly the same as those used 
in this one. That study concluded that the presence of the
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granular media depress the hydrate formation temperature 

slightly. The d.s.c. and cooling curve experiments of this 
study neither confirm nor deny that conclusion. It must be 

noted, however, that the Russian experiments were subject 
to some of the same limitations that I have mentioned here. 
Since they reported the temperature at which hydrates began 
to form as the hydrate formation temperature, their results 
are also subject to hysteresis effects due to the 

clustering and memory effects inherent in pure water.
In summary, the cooling curve temperature depression 

of Figure 24 and the apparent depression of the 
micro-bead/hydrate d.s.c. melting temperature are not due 
to any granular sediment surface area effect. They are 
due, instead, to heat transfer limitations and to 
incidental contamination of the hydrate solutions.

Heats of Dissociation

A. Hydrates

Values for the heats of dissociation for hydrate 
samples are listed in Table 16. The average heat of 
hydrate dissociation is 62.07 cal/g with a standard 
deviation of 0.620 cal/g. Sloan and Callanan (49) give a 

value of 63.48 cal/g. Leaist and Davidson (48) report
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62.14 (+/- 1.2) cal/g as the heat of THF hydrate 
dissociation.

B. Water-Sediment

Table 17 lists the average heat of melting of pure ice 
in the granular sediments. The t-statistic listed in the 
rightmost column is calculated to test the two-sided 
hypotheses that |î H is equal to 80.0 cal/g. This statistic 
is invalid for the sample containing water and micro-beads 
because there is only one data point and the variance in AH 
is unknown. All of the t-values listed are well within the 
limits of the test even at the one percent level of 
significance (t = 63.657). It is possible to say 
statistically, then, that granular media have no effect on 
the heat of melting of ice.

Table 19 gives the measured melting heat for ice in 
Blake-Bahama Ridge (BBR) sediments. The average heat of 
melting in the as-received sediments (71.04 cal/g) is 9 
cal/g lower than the heat of melting of pure ice. The 
thermograms associated with these experiments show long, 
drawn out melting curves. (See Figure 26.)

Table 19 also lists the heat of melting for ice in 
water-washed, acid-washed, and water-washed/centrifuged BBR 
sediment. Both of the water washed samples yielded higher
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Figure 26
Water Melting in BBR Sediment (Thermogram)

Ice in Sediment

Pure Ice

T (K )
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heats of melting than the as-received sediment. The heat 

of melting in the acid-washed sediment is virtually the 
same as it is for pure water. Furthermore, the leading 
edges of the melting thermograms for these "prepared" 
sediment experiments are not nearly so drawn out as those 
for the as-received sediments.

The most probable reason for the effect of the 
as-received sediments on the water heat of melting is 
contamination. These sediments were retrieved from a 
saline, ocean-bottom environment. The drying of the 
sediments before the experiment would remove the water but 
leave the natural salts behind. When the sample was 
prepared in the sample p a n , the salts would go into 
solution again and contaminate the pure water sample, thus 
affecting the heat of melting. Figure 27 shows the melting 
thermogram for a solution of pure water and reagent grade 
NaCl (5 percent by weight). The peak at - 2 1 °C is due to 
melting of the NaCl"2B20 "normal hydrate" (not a clathrate 
hydrate) (56).

This theory is supported by the fact that the samples 
with water-washed sediments (which should be freer of 
salts) have heats of melting nearer to that of pure ice.
The acid-washing procedure apparently removes even those 

contaminants which cannot be rinsed from the sediment.
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Figure 27 
Water-NaCl Melting Thermogram
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Unfortunately, such preparation procedures yield sediment 
samples which are only roughly similar to the original 
samples.

The water-washing and acid-washing procedure may also 

have removed or destroyed some of the very fine particulate 
matter present in the original sediment. Such matter, 
however, should constitute only a small portion of the 
sediment. While this particulate matter may have been 
incidentally discarded in the normal water-washing 
procedure, it should have remained in the 

water-washed/centrifuged sediment. Since both of these 
types of sediment affected the ice melting transition in a 
similar manner, the very fine particulate matter in the 
sediment is probably not responsible for the BBR sediment 
contamination effect.

C. Hydrate-Sediment

The heats of hydrate dissociation in granular 
sediments are given in Table 21 and summarized in Table 22. 
Table 22 also gives the t-statistic for the two-sided 
hypothesis that y^H is equal to 62.07 cal/g. The rightmost 

values in the table are taken from a t-distribution at a 
one percent level of significance.

*
Since, for each sediment type, t is less than t ,
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there is not enough evidence to reject the hypothesis. I 

conclude, therefore, that the granular sediments have no 

effect on the heat of hydrate dissociation.
The values in Table 28 are similar to those in Table 

19. For each of these samples the composition of the 
THF-water solution was slightly rich in water. This 
insured the existence of a visible eutectic peak. It would 
have been impossible otherwise to tell how close the sample 
was to the hydrate composition. This is due to the drawn 
out leading edge of the thermogram melting peak.

The average heat of hydrate dissociation in the 
as-received BBR sediment is 54.25 cal/g with a standard 
deviation of 1.37 cal/g. This value is approximately 8 
cal/g lower than the heat of dissociation for pure hydrate. 
The heat of hydrate dissociation in the acid-washed 
sediment is about 5 cal/g lower than that for pure hydrate. 
This is probably d u e , again, to the solvent properties of 
THF and contamination of the sample solution. There was no 
effect of the acid-washed sediment on the heat of melting 
of ice because water is a poorer solvent than THF.

It is apparent, from this data, that the granular 
sediments have no effect on the heat of dissociation of 

hydrate or the melting heat of ice. The BBR sediments do 

affect these heats but only by virtue of the contaminating
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materials in the original sediments.
These conclusions, of course, bear only upon the 

thermodynamics of in-situ hydrate. They say nothing about 

the kinetics and morphology of hydrate growth. The 

Blake-Bahama Ridge sediment, for example, by virtue of its 
microscopically fragmented fabric, would provide a 
fantastic nucléation surface for hydrate formation.

In-situ hydrate samples recovered off the coast of 
Guatemala by the Glomar Challenger exploratory drillship 
indicate two types of in-situ hydrate morphology. One type 
is homogeneous. That is, the hydrates are dispersed evenly 
throughout the sediment. The other type is heterogeneous. 
In this type, the hydrates have collected into zones which 
occluded the sediment during hydrate formation. This 
latter situation may be caused by local anomalies in the 
diffusion processes that accompany hydrate formation. Such 
conclusions, however, are beyond the scope of this study.

Heat Capacity

Table 13 lists heat capacity coefficients for samples 

of pure hydrate (with some associated ice). The samples 
numbered 5 and 7 are the best "pure hydrate" heat capacity 
scans. Although sample 6 contained virtually no ice, its 
heat capacity scan was apparently affected by an erroneous
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isotherm value or a badly adjusted instrument. This is 

evidenced by the absence of a significant quadratic term in 

the heat capacity equation. Figure 22 clearly shows that 
sample 6 is an "outlier". The least squares fits of heat 
capacity for samples 5 and 7 are plotted in Figure 28.
Also plotted on this graph are the data of Leaist and 
Davidson (48) , and that of Sloan and Callanan (49).
Samples 5 and 7 bracket the data of Leaist and Davidson by 
approximately two percent high and low.

Table 20 shows the results of a mass fraction average 
heat capacity comparison for ice-sediment mistures. This 
table also lists the t-values to test the two-sided 
hypothesis that yACp is equal to zero. These values must 
be tested against the value 2.787 at the one percent level 

of significance. Since the absolute value of these 
t-values are all greater than 2.787, there is enough 
statistical evidence to reject the hypothesis and conclude 
that the sediments do affect the ice heat capacity. A 
closer look at the data, however, reveals that none of the 
values of ACp(avg) deviates from the heat capacity of the 
sample by more than about 2 percent. Furthermore, the 
deviations from ACp(avg) are approximately evenly 

distributed on either side of zero. Since the heat 

capacities of the pure materials a r e , themselves, only
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Figure 28
Hydrate Heat Capacity Result Comparison

This Work
  —— Sloan and

Callanan
Leaist et. al.
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accurate to about 2 percent, it seems reasonable to say 

that there is really no effect of granular sediment on the 
heat capacity of ice.

Table 26 gives the same type of information for 
samples of hydrate-sediment. With only one exception, 
these t-values are also outside the limits and it is not 
possible to say, statistically, that the sediments do not 
affect hydrate heat capacity. Just as for the 
water-sediment mixtures, however, the deviations of 
Acp(avg) from zero are within the accuracy of the 
instrument. Again, the effect of sediment on these hydrate 
heat capacities is certainly very small if it exists at 
all.

Because the deviations in the mass fraction average 

heat capacity are very small for hydrate and ice samples, 
it is reasonable to conclude that the sediments do not 
affect the heat capacity of either.

The standard deviation of the heat capacity 
differences for one run of each sample is, in fact, the 
wrong value to use in the calculation of the t statistics 
for this comparison. This value of standard deviation is 
only a measure of the scatter of the data and not a measure 
of the experiment accuracy. In order to obtain the 

accuracy standard deviation it would be necessary to
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replicate the experiment many times for each of the pure 
materials and for the sample mixture. Then one could use a 
weighted standard deviation of the pure material heat 

capacities or the overall standard deviation of the sample 
mixture heat capacity to calculate the t statistic. This 
would increase the value of the standard deviation and, 

therefore, decrease the t statistic.
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Conclusions

1. I have successfully interfaced an Apple II Plus 
microcomputer to a Perkin-Elmer model DSC-2 differential 
scanning calorimeter. This includes the data acquisition 
and analysis software as well as the physical interface.

2. The granular sediments used in this study did not 

affect the temperature of THF hydrate formation or the 
freezing temperature of ice.

3. The granular sediments do not affect the heat of 
melting of ice or the heat of THF hydrate dissociation.

4. The granular sediments do not affect the heat capacity 
of ice or of THF hydrate.

5. The Blake-Bahama Ridge sediments do affect the 
temperature of ice melting and THF hydrate dissociation as 
well as the specific heats associated with these phase 
transitions. This effect is due to the natural 
contaminants present in the sediments and not to any 

surface area effects.
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6 . The cooling curve experiment is not a good experiment 

for determining the hydrate formation temperature in 

granular media, because it is subject to certain "rate 

processes" which give misleading results.
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Recommendations

I recommend that,

1. The cooling curve experiments be abandoned as a means
of investigating hydrate formation in granular media.

2. The DSC-2 head or sample pans be modified to withstand
high pressures. This would allow the procurement of
thermodynamic information on actual gas hydrates 

(laboratory-prepared and in-situ).

3. The DSC-2 interface be further modified to allow the 
computer to control the DSC as well as receive information 
from it.

4. Future attempts at similar experiments include some 
means of directly detecting, and perhaps quantifying, the 
contamination effects of the Blake-Bahama Ridge Sediments. 
They should also include a sediment washing procedure which 
is specific to the water soluble particles in the sediment 
(such as the use of dialysis bags).
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Appendix A

Intermediate steps in the equations of Roberts,
Brownscombe, and Howe.

Step One: Derivation of Equation (34)

For multicomponent mixtures we can write,

dG = VdP - SdT + £yi dni (A-l)

A n d , for a phase change at constant temperature and 
pressure,

dG = Zy.dn. + En.dy. (A-2)i i  i i

Subtracting (A-2) from (A-l) we obtain,

VdP - SdT - Zni dy i = 0 (A-3)

On a molar basis, (A-3) becomes,

vdP = sdT + x 1dy1 + (l-x1)dy2 (A-4)

which is equally valid for any phase in a two component 
system.

Now, for hydrate dissociation to be univariant in a 
two component system we must have only one degree of 

freedom at dissociation. Therefore, from the Gibbs phase
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rule, the number of coexisting phases must be,

P = C + 2 - F = 2 + 2 - l = 3  (A-6)

For the purposes of this derivation the three phases 
which coexist at equilibrium are gas, hydrate, and a liquid
phase which is mostly water. From (A-5) we can write,

v1 dP = s 1dT + x^d 1 + (l-x^)du2 (A-7)

and vh dP = s hdT + x^d 1 + (l-x^)dp2 (A-8 )

for the liquid and hydrate phases respectively.
At equilibrium y and dy are the same for each 

component in each phase. Therefore we can eliminate dy^ 
from (A-7) and (A-8 ) . Let us drop the subscript "1" from 
the mole fractions and consider them to be mole fraction 
water. We obtain,

(xh v 1 - x 1vh )dP = (xhs1 - x1 s h)dT + (xh - x1 ) dy2 (A-9)

Similarly, if we write (A-5) for the gas phase and use 
(A-8) to eliminate dy1 we get,

(xh v 9 - x 9vh )dP = (xhs9 - x9 s h)dT + (xh - x9 )dy2 (A-10)

Solving these two equations to eliminate d y2 gives.
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( (xh - x 9) (x Nz1 - x 1^1 ) - (xh - x ^ C x ^ V 9 - x 9v^))dP

= ((xh - x 9) ( xh s 1 - x 1sh ) - (xh - x 1 )(xh s 9 - x  gsh ) ) dT
(A-11)

which can be rearranged to the form,

dP sh - s1 ((xh - x9 )/(x1 - x9 )) - s9 ( (x1 - xh )/(x1 - x9 ))
dT v*1 - V1 ((xh - x9 )/(x1 - x9)) - v9 ((x1 - xh )/(x1 - x9 ))

(A-12)
Equation (A-12) is identical to equation (12 ).

Step Two: Rationale for a s / av

Consider material forming hydrate from a gas and a 
liquid phase. We can write,

mh = m 1 + m 9 (A-13)

a n d ,

Vs = ma v a (A-14)

where a = any phase (hydrate, liquid, gas)
am = mass of phase a

V a = total volume of phase a 

v a = specific volume of phase a 

The total volume change upon hydrate formation is, 
therefore,
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A V  = V1 - V1 - V9 (A-15)

so that

A V = m hvh - m 1v1 -* m9 v 9 (A-16)

The specific volume change (per total hydrate mass) is,

Av = vh - (m1/ m h)v1 - (m9 /mh ) v 9 (A-17)

Now, since no reactions take place, the mass of each
molecular species is conserved during formation.
Therefore,

xh m h = x" m 1 + x9m9 (A-18)

awhere x = the mass fraction of phase a. 
From (A-13) we can get.

(9 m h = 2? m1 4- x9m9 (A-19)

Subtracting (A-19) from (A-18) and rearranging yields,

(m1 /mh ) = (xh - x9 )/(x1 - x9 ) (A-20)

Likewise,

so that.

1 h 1 1  I gx m = x m + x m (A-21)

(m9 /mh ) = (x1 - xh )/(x1 - x9 ) (A-22)
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Substituting (A-22) and (A-20) into (A-17) gives,

v = vh - v" ( (xh - xg )/(x1 - x9 ) ) - ̂  ( (x1 - xh ) / (x1 - x9 ) )

(A-23)
A n d , since equations (A-14) through (A-17) apply equally to 
entropy as well as volume,

s = sh - s1 ( (xh - x9 )/(x1 - x9)) - s9 ( (x1 - xh )/(x1 - x9 ) )
(A-24)

Finally, we can substitute (A-23) and (A-24) into 
(A-12) to obtain,

(dP/dT) = As/Av (A-25)
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Appendix B
Derivation of heat capacity calculation for differing pan 
weights.

Consider the thermogram shown in Figure B-l. The 

ordinate deflection from the baseline is a function of the 
scan rate and the weights and heat capacities of

1 ) the ballast pan
2 ) the sample pan
3) the sample material

This can be expressed mathematically in the following 
manner,

D s = R(vife C Ps + WspCPsp - W bCPiP (B-l)

where R = scan rate (temperature/time)
"s" = sample 

"sp" = sample pan 
"b" = ballast pan
We can write similar equations for the thermograms of 

a reference material ("r") and and empty pan C e " ) . Thus,

D = R ( w C p  + w Cp - w, Cp J  (B-2)r r ^ r  r p ^ r p  b ^ b

D = R(w Cp - w,Cp J  ( B-3 )e e b r b

where "rp" signifies the pan containing the reference
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Figure B-l 

Typical DSC Heat Capacity Thermogram

Deflection from Baseline

T
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material.

We subtract equation (B-3) from (B-l) to g e t ,

O s - D e = R(WSCH. + w spcpsp - Vfe cpe ) (B-4)

or, if both pans are of the same material.

D - D = R(w Cp + Aw Cp ) (B-5)s e s s se e

where

A w  = w - w (B-6 )se sp e

Similarly,

where

Dr - De = R ( Cpr + Awre Cpe ) ( B-7 )

A w re = wr - we (B-8 )

Rearranging equation (B-7) we obtain,

Cpr = (Dr - De )/Rwr - (A w re / ) Cpe (B-9)

Now, if we define F as a correction factor for the 
measured heat capacity.

F = (CP,act,/ C P (ind, ’ <B- 10)

where Cp (actj = actual sample heat capacity



T-2693 141

CP (ind) = measured sample heat capacity 
We find F from a knowledge of the reference material. Thus,

F = *CP r (lit)/CPr (ind) ) (B-ll)

Finally, we find the heat capacity of the sample 
material by combining (B-10) and the sample material analog 
of (B-9). Therefore,

CPs (act, = F C Ps,ind, <B- 12)

and finally.

Cp = F((D - D )/Rw - (Aw /w )Cp ) (B-13)s s e s se s e

Thus equation (B-13) allows us to adjust measured heat 

capacities to account for pan weight differences.
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Appendix C
Determining ice content and hydrate dissociation heat from 
area of a two-peak thermogram.

Consider the thermogram of Figure C-l This is typical 
of THF hydrate melting for a sample with excess water. The 
first (left) peak is due to the melting at the eutectic 
temperature.

Hydrate melting begins at Ta . That is, the leading 

edge of area B extends all the way to T . The melting of

the bulk of the hydrate from Ta to Tb manifests itself as a
shift of the "eutectic peak baseline" from point a to point
b . Area A, therefore, represents the heat required to melt
the ice in the sample and enough of the hydrate to form a 
liquid of the eutectic composition. Area B represents the 
heat input required to melt the bulk of the hydrate in the 
sample. (See Figure C-2).

We can express this mathematically as follows.

A B e = <C-1)

where a He = measured heat of the eutectic peak
m = mass of ice in the sample
Xj. = heat of melting of pure water (s - 1 )
m^ = mass of hydrate melted to form the eutectic
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Figure C-l

Thermogram for Hydrate Melting with Excess Water

I!s
Figure C-2

THF-water Phase Diagram

L-H
L - H

T

L

MASS
X s

FRACTION T H F
X e
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liquid.
Xh = heat of dissociation of hydrate (s - ^

m s = mass of eutectic-composition solution formed

A h  = heat of mixing of eutectic-composition mixtureme
((+) = endothermie mixing)

Now, let.

X e m  THFe ̂  ̂ ^We + ^THFe ^ (C-2)

where m THFe = mass THF eutectic mixture
n̂ Je = mass of water in eutectic mixture

Likewise,

X h m  THFh ̂  ̂ m wh + ^THFh ^ (C-3)

where the subscript "h" represents the hydrate 
Now,

and

m h mwh + mTHFh

mTHFh X hmh

(C-4)

(C-5)

A l s o ,

Xe = mT H a / ( m i + "‘h’ (C-6 )

so that,

mi = (mT H a / X e) - m h (C-7)
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and, from equation (C-5) we get,

m = m ( (x /x ) - 1 ) (C-8 )I h h e

Rearrangement of (C-8) yields,

m = m / ( ( x / x  ) - 1) (C-9)h I h e

Now,

m = in + in (C-10)s I h

so that,

m = m (1 + l/((x /x ) - 1)) (C-ll)s i  h e
This allows us to express (C-l) as,

m  = m ( A + A (1/ ( (x /x ) - D )e I I  H h e
+ A H (1 + 1 / ( (x, /x ) - 1))) (C-12)me h e

Finally, if we let,

3 = l/( (x /x ) - 1) (C-13)h e

then equation (C-12) can be rearranged into the form,

m = AH / ( A + 3A + (1 + 3)AH ) (C-14)I e l  H me

This equation allows us to calculate the mass of ice

in the sample if we know \ \ , 3, and A H ^  .
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Unfortunately, X is one of the parameters we would like to
obtain from the data. and 3 can be obtained from ame
knowledge of the phase diagram and heat of mixing data.

Since we have two unknowns, X and ny., we require two
equations. The first, equation (C-14), is derived from the
eutectic peak area (A). The second equation must be 
obtained from the total peak area (A + B ) .

For the total peak area we can write,

A H t = (015)

where A H T = total peak area heat input
m H = total mass of hydrate in the sample 
mT = total sample mass 

A H ms = heat of mixing of the total sample composition 
mixture ((+) = endothermie mixing)

Now, the composition of the entire sample is,

X t “ m THFt/̂ mWt + ^THFt * (C-l6)
where m THFt = mass of THF in the sample

mwt = mass of water in the sample
Since the ice is, essentially, pure water,

m THFt = X hm H (C- 17)

Therefore equation (C-16) becomes.
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x = m x /m (C-18)t H h T

a n d , since,

m = m - m (C-19)H T I

therefore,

x = x ((m - m )/m ) (C-20)t h T I T

Let us now represent a H by,ms

AH = Ax^ + Bx (C-21)ms t t

where A and B are constants. Equation (C-21) has no 
intercept term because there should be no heat of mixing at 
xfc = 0 (pure water).

By substituting equation (C-20) into (C-21) we obtain,

AH = Ax2 ( (m - m )/m )2 + Bx (m - m )/m (C-22)ms h T I T  h T I T

which gives us, from (C-15),

AHT = V i  + m HXH + Axh (mT _ m i)2/mT + BXh (mT ~ m i)
(C-23)

Finally, we substitute equation (C-14) into (C-23) to 
eliminate m . Then we rearrange to obtain,

a X 3 + a X 2 + a X + a  = 0 (C-24)3 h 2 h 1 h o
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where,

a3 = - m T e2 (C-25)

a o = 62AH - e2m (A^ + Bx ) - 2m À B - 26m AH (1 + B)2 T T h h  T I T m e
+ AH g (C-26)e

a = 2A 3 AH - À2 m - m (AH (1 + 3) )2 - 2 3X m (Ax2 + Bx )1 I T  I T  T me I T  h h
- 2 m  X AH ( 1 + 3 )  + 2 3AH (1 + 3 ) AHT I me me T
— 2m 3AH (1 + 3 ) (A^ + Bx ) — /̂H X 3 + AH XT me h h e l  e l
+ AH AH (1 + 3) + AH Bx 3 + 2AH A ^ 3  (C-27)e me e h  e h

a = X2 AH - X2 m (Ax2 + Bx ) + /H (AH (1 + 3 ) ) 20 I T  I T  h h T me
- m (Ax2 + Bx ) ( AH (1 + 3 ) )2 + 2 A /S (1 + 3) AHT h h me I me T
- 2 X AH (1 + 3 ) nu (Ax2 + Bxu ) - AH X2I me T h h e l
- AH X AH (1 + 3) + AH Bxu X + AH Bx, AH (1 +3 )e I me e h i  e h  me
+ 2AHeAx 2 XI + 2 AH A x 2 AH (1 + 3) - (Ax^ + Bx )/m

(C-28)

We can evaluate the constants a through a by0 3
equations (C-25) to (C-28) . Then, by solving (C-24) we 
obtain X̂ . Finally, we obtain m_ from equation (C-14).

A Note on the Calculation of the Heat of Mixing Constants

The mass fraction of THF in a perfectly filled hydrate 

is 0.19058. I have used the heat of mixing data of Glew
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and Watts over the interval from 0.03211 to 0.020785 mass 

fraction THF. A least-squares fit yields the following 
equation for the heat of mixing,

A H m = 102.122677 x2 - 60.2944378 x (C-29)

where x is the mass fraction THF and A h is in units ofm
cal/g.

Table C-l compares equation (C-29) to the data of 
Glew and Watts (57).
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Table C-l 

Comparison of Equation C-29 
To the Data of Glew and Watts (57)

Mass Fraction 
THF

0.03211

0.07719
0.11792
0.14485
0.17982
0.20785

AH (G&W) 
(cal/g)

-1.8046

-4.0427
-5.7144
-6.5892
-7.5268
-8.1242

AH (C-29) 
(cal/g)

-1.8308
-4.0457
-5.6899
-6.5910
-7.5400
-8.1203

Percent
Difference

1.45
0.07

-0.43
0.03
0.18

-0.05
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Appendix D 

Material Characterization

The experiments in this study involved five sediment

• These are,
1 ) Large glass beads (1.0 - 1.05 mm)
2 ) Small glass beads (0.1 - 0.11 mm)
3) Micro glass beads (35 - 45 micron)
4) Ottawa Sand
5) Blake-Bahama Ridge ocean bottom sediment

Sources

The large and small glass beads were procured from the 
B. Braun Melsungen Company. I purchased the "micro" glass 

beads from Particle Information Services, Bremerton, 
Washington. Dr. A.L. Bunge brought the Ottawa sand sample 
to this laboratory from a supply at the University of 
California at Berkeley. These four sediment types 
constitute the "granular" sediments.

The Blake-Bahama Ridge sediment was retrieved from the 

ocean floor off the Blake-Bahama Outer Ridge by Leg 76 of 
the Deep Sea Drilling Project. Specifically, these samples 

came from hole 533A, cores 11 and 16. At the time of their 
original recovery they contained in-situ natural gas
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hydrates. The natural hydrates dissociated, however, 
before they could be placed in sealed pressure bombs.

Characteristics

The surface areas of the granular sediments are too 
small to determine by BET analysis. It is possible, 

however, to estimate the characteristic surface area of 
the glass bead particles. To do this we must assume,

1 ) that the glass beads are spherical
2 ) that the density of the glass is the same for all 

types of beads.
The large glass beads (1.0 - 1.05 mm) are large enough 

to be counted with the naked eye. By doing so, and noting 
the total bead sample weight, I obtained an average weight 
of 1.680 mg/bead (see Table D-l). If we further assume 
that the average bead diameter is at the midpoint of the 
nominal range (d = 1.025 mm) then the bead glass density 
is,

— 3 ™ 10 3= m/v = 1.68(10 )g / 5.638(10 ) m
= 2.98(106 ) g/m3 (D-l)

The characteristic surface area for spherical 
particles is.
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Date

9/27/82 
10/ 5/82 
11/ 6/82 
11/23/82 

12/14/82 
12/16/82 
12/17/82

Table D-l 

Weights of the Large Glass Beads

No. of Weight Weight/Bead
Beads (mg) (mg)

13 22.64 1.742
15 23.74 1.583
11 19.74 1.795
11 18.28 1.662
12 19.30 1.608

12 21.11 1.759
11 17.71 1.61o

w = 1.680 mgavg 3
s = 0.085 mg

Table 0-2 

Glass Bead Specific Surface Areas

Bead d S
Type (mm) (m /g)

Large 1.025 0.00196

Small 0.105 0.01918

Micro 0.040 0.0503
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S = 6/Dp (D-2)

Table D-2 shows the resulting surface area for each of 
the three types of particles. Illustrations D-l to D-3 

show scanning electron microscope photographs of some of 
the granular sediments.

It is not possible to characterize the Blake-Bahama 
Ridge sediment in the same way as the glass beads. There 
is no fundamental particle size for this sediment. Its 
characteristic surface area depends, therefore, upon how 
finely one pulverizes a particular sample.

Illustration D-4 is a scanning electron microscope 
photograph of this sediment. It is interesting to note 
that this figure reveals the remnants of ocean 
microorganisms in the sediment. Specifically, the three 
organisms in Illustration D-4 have been identified as a 
coccolith (Illustration D-5 ) . an echinoderm (Illustration 
D-6 ) , and a diatom (Illustration D- 7 ) .

Table D-3 shows the natural carbon content (and 
percent organic carbon) of the Blake-Bahama Ridge 

sediments.
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Table D-3
Blake-Bahama Ridge Sediment Carbon Content

Sample Interval Percent Carbon Percent Carbon
(cm) (Carbonate) (Total)

30 — 50 2.02------------------- ---
30 — 50 2.17 ——
30 — 50   3.67
30 — 50   3.78

50 — 70 2.07------------------- ---
50 — 70 2.18------------------- ---
50 — 70   3.68
50 — 70   3.69

110 — 130 1.71 ---
110 — 130 1.83 ---
110 — 130   3.57
110 — 130   3.58

130 — 150 1.46 ---
130 - 150 1.51 ---

130 — 150   3.40

130 — 150   3.46



Illustration D-l 
Large Glass Beads (21
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Illustration D-2 

Small Glass Beads (188 X)
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Illustration D-3 
Ottawa Sand (50 X)
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Illustration D-4 

Blake-Bahama Ridge Sediment Sample (1880 X)



Illustration D-5 

Coccolith (9400 X)
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Illustration D -6 
Echinoderm (9400 X)



Illustration D-7 

Diatom Fragment (4700
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Appendix E 
Sediment Preparation 

Step by Step

I. Granular Sediments

A. Glass Beads (1.0 and 0.1 mm)

1. Placed samples into small glass jars.
2. Rinsed each sample with ultrapure water 3 times.
3. Filled each jar with concentrated sulfuric acid

and agitated each sample.
4. Allowed samples to settle for 10-15 minutes.
5. Decanted acid and filled jars with fresh acid.
6 . Repeated steps 3,4, and 5 three times (until acid 

above the settled beadpack appeared clear).
7. Rinsed with fresh, ultrapure water and let settle 

for 2 minutes.
8 . Repeated step 7 seven times.
9. Dried samples in a glass-drying oven.

B. Ottawa Sand

1. Placed sample in small glass jar.
2. Rinsed with ultrapure water.
3. Filled jar with 2/1 mixture of water and 12M
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hydrochloric acid.

4. Agitated sample and let stand overnight.

5. Decanted liquid and rinsed with acid-water 

solution similar to that of step 3 .
6 . Rinsed with ultrapure water eight times.
7. Dried sample in glass-drying oven.

C. Blake-Bahama Ridge Sediments

For most of the DSC scans which involved the 
Blake-Bahama Ridge sediments the sediments were used "as 
received" (unprepared). A few of the DSC experiments, 

however, utilized washed sediments. The washing procedure 
was as follows.

(I) "Water-washed" sediment
1. Placed sediment in small glass jar.
2. Rinsed twice with ultrapure water and allowed to 

settle for two days.

3. Rinsed twice more and dried in glass-drying oven.

(II) "Acid-washed" sediment
1. Placed sediment in small glass jar.
2. Filled jar with concentrated sulfuric acid and 

allowed to settle for two days. (Note: A black 
"emulsion" formed).
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3. Transferred sample to larger jar.
4. Rinsed twice with ultrapure water and dried in 

glass-drying oven.

(Ill) "Centrifuged, water-washed" sediment
1. Placed sample in glass centrifuge jar.

2. Filled jar half full of ultrapure water and shook 
vigorously.

3. Centrifuged sample for more than 30 minutes.
4. Decanted liquid above sediment pack.
5. Repeated steps 2,3, and 4 six times.
6 . Placed sample on filter paper and allowed to dry 

in glass-drying oven.
7. Removed a large chunk from the center of the 

filter paper.

When dry, all of the Blake-Bahama Ridge prepared 
sediments were pulverized with a hammer between two sheets 
of filter paper. Then the samples were place in clear 
plastic Ziploc bags.
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Appendix F 

Error Analysis

A. Calculation Procedure Error

The FORTRAN program RANDOM.FOR calculated the total 
heat capacity error due to measurement errors. It did so 
by allowing the following parameters to vary according to 
normal distributions (standard deviation in brackets),

1) sample material weight (0.00333 mg)
2) reference material weight (0.00333 mg)
3) pan weights (0.00333 mg)

4) isotherm reference voltages (0.00333 mcal/s)
5) heat capacity scan voltages (0.00333 mcal/s)

RANDOM.FOR calculated the heat capacity according to 
the methods of Appendix B for a typical sample of ice with 
a heat capacity of 0.46196 cal/g. By performing this 
procedure 5000 times, RANDOM.FOR calculated a heat capacity 
mean of 0.46202 and a standard deviation of 0.00326. For a 
normal distribution, the resulting 99/99 tolerance interval 
i s ,

T = (2.576) (0.00326) = 0.00840 cal/g (F-l)

which is 1.82 percent of the average value of 0.462 cal/g.
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For this typical example, then, it is possible to say with 

99 percent confidence that 99 percent of the population of 
calculated heat capacities are within 1.82 percent of the 
mean (0.462 cal/g).

B. Measured Error

During each experiment day, I measured the heat 
capacity of a sample of pure ice and compared it to the
data of Giauque and Stout (58). For each of these scans, I
calculated an average difference between these values over 
the temperature interval from 240 K to 265 K. Thirteen 
samples, taken over a period of three months, yield an 
average difference average of 0.00369 cal/g with a standard 
deviation of 0.00755. The t-value corresponding to 99 
percent confidence is 3.055. Therefore, a 99 percent 
confidence interval for these values is

T2 = (3.055)(0.00755//13) = 0.00640 cal/g (F-2)

This is 1.37 percent of the average heat capacity of ice 
over this temperature interval. Also,

t = (0.00369)/(0.00755//13) = 1.762 (F-3)

Therefore, since t < 3.055, it is not possible to reject 
the hypothesis that the average of the difference averages
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is actually zero.

In summary, the measurement error analysis indicates 

that calculated heat capacities should be accurate to 
+/- 1.82 percent. The actual experimental heat capacities 
of ice are accurate to +/- 1.37 percent.
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Appendix G 
EXPERIMENT Program Documentation

General Notes

For the operation manual section I have adopted the 
following notation for keyboard data entry:

P-(keyboard key) 
means that the indicated keyboard key should be pressed
alone. Do not press the RETURN key after pressing the
indicated key.

T-(series of keyboard keys)
means to press the indicated sequence of keys and then to
press the RETURN key.

For example, the instruction,
P-R

means to press the "R" key. The instruction,
T-EXPERIMENT

means to press the keystroke series E-X-P-E-R-I-M-E-N-T and 
then to press the RETURN key.

This notation should avoid ambiguity in the style of 
data entry required for any particular command.

Some of the COMMANDS listed in the operation manual 
section allow for more than one keyboard entry option. For
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example,

COMMAND 4. (a) P-H for a heating experiment.
4.(b) P-C for a cooling experiment.

means that pressing the nH n key or the "C" key will 
constitute execution of command 4. Which key to press is 
determined by the type of experiment to be run.

Introduction

EXPERIMENT is a user-interactive computer program 
written for the Apple II Plus microcomputer. Its purpose 
is to provide the primary link in the Thermal Analysis 
System (TAS) information gathering and analysis process.

EXPERIMENT is written in the APPLESOFT BASIC 
programming language. It retrieves information from the 
Perkin-Elmer model DSC-2 via two BASIC commands, USR(O) and 
USR(l). These commands access the binary program named DSC 
which is placed into memory by the first few lines of 
EXPERIMENT'S main program section. (Note: The binary file 
named DSC must exist on the disk in the last-referenced 
disk drive when EXPERIMENT is run for the first time. 

Thereafter, unless the Apple is turned off or reset, DSC 
will remain in its protected RAM location).
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This program was written and developed on an Apple II 
Plus microcomputer with 48 K RAM. It is a very large 

program, relatively speaking, and requires much of the RAM 
memory space usually allocated to "page one" of the high 
resolution graphics screen (hi-res/page 1). For this 
reason, EXPERIMENT displays all of its graphics on hi-res/ 
page 2. If the HGR command is executed while EXPERIMENT is 
in program memory, hi-res/page 1 , and therefore a large 
part of the program, will be erased from memory.

Operation Manual

It is impossible to document the EXPERIMENT program 
without also documenting some of the DSC-2 experimental 
procedure. The two are inseparable for the purposes of the 
TAS. This is especially true since EXPERIMENT imposes a 
few extra constraints on the way that a given DSC-2 
experiment is set up. For this reason I have documented 
the DSC-2 experimental procedure alongside this program 
documentation.

Procedure Summary

The following is a summary of how to run a DSC-2 

experiment in conjunction with the EXPERIMENT program.
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Step One 

Step Two 
Step Three:

Step Four :

Step Five 
Step Six

Step Seven 
Step Eight

Step Nine

Load and run the EXPERIMENT program.
Input the current date.

Input the experiment and graphic parameters 
but do not confirm parameter entry.
Set the DSC-2 front panel controls to 
correspond to parameters entered in 
program.
Confirm parameter entry.

Zero the DSC-2 output signal and select the 
initial isotherm reference value.
Start the experiment.
(After completion or interruption of the 
experiment) Select final isotherm 
reference.

Examine and/or store the experiment data.

Experiment Procedure (Step by Step)

Step One: Load and run the EXPERIMENT program.

This step can be accomplished in one of two ways.

A. From the HELLO program on the main program diskette
1. P-R
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2. T-EXPERIMENT

B. From the APPLESOFT BASIC command mode (indicated by 

backward bracket symbol and flashing cursor)
1. T-RUN EXPERIMENT
The program will load and run the binary program named

DSC (if it is not already in memory) and will then ask for
the experiment date.

Step Two: Input the current date.

The experiment date is automatically suffixed to any 
data files created by the EXPERIMENT program. The suffix 
is of the form "-M/D/Y" where M , D , and Y are each one or 
two digit numbers representing the current month, day, and 
year respectively. EXPERIMENT checks the input values to 
make certain that M is between 1 and 12, D is between 1 and
31, and that Y is between 0 and 99.

To accomplish this step,

COMMAND 1. T-month (one or two digits)

COMMAND 2. T-day (one or two digits)
COMMAND 3. T-year (one or two digits)
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Step Three: Input the experiment and graphic parameters.

This step is used to establish the type of experiment 

that will be run and certain parameters regarding the 
plotting of the data.

To execute this step,
COMMAND 4 . (a) P-H for a heating experiment.

4 . (b) P-C for a cooling experiment.
COMMAND 5. T-the desired setting for the DSC-2 range 

selector switch (mcal/s).

COMMAND 6 . T-the temperature at which data 
acquisition will begin (K).

COMMAND 7. T-the temperature beyond which data 
acquisition will cease (K).

COMMAND 8 .(a) P-D to double the scan rate currently
displayed on the Apple monitor screen.

8 .(b) P-H to halve the displayed scan rate.
8 . (c) P-F to fix the scan rate at the

displayed value.

COMMAND 9. T-the sample weight (mg).
COMMAND 10. T-the pan weight (mg).
COMMAND 11. T-the graphic range of the data plot 

background (mcal/s)
COMMAND 12.(a) P-Y for a full-scale plot (+/- graphic
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range).

12. (b) P-N for a half-scale plot (0 to 
+ graphic range).

COMMAND 13. T-graph offset (mcal/s). This data entry 
is for half-scale plots only. A negative 
entry will shift all plotted data points 
upward. A positive entry will shift them 
downward.

COMMAND 14. (a) P-Y to plot grid points at integral
values of temperature and power 
difference.

14. (b) P-N to defeat the point grid plot.

Step Four : Set the DSC-2 front panel controls.

There are four DSC-2 settings that must be checked or 
set to complete this step. They a r e ,

A. Pan Temperature
B. Scan Rate (heating or cooling)
C. DSC-2 Output Range
D . Final Temperature Limit (lower or upper limit).
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A. Pan Temperature

1. HEATING Experiment

Because of the structure of the EXPERIMENT program the 
initial pan temperature must be set to

TS - 0.3
where TS is the temperature at which the data acquisition 
is to begin. For example, for an experiment which is to 
begin at 270 K the initial pan temperature should be 269.7 
K. This is necessary so that data acquisition will begin 
as nearly as possible to TS. The buffer of 0.3 degrees 
gives the program time to erase the zero marks, initialize, 
and enter the DATA START subroutine before the pan 
temperature actually reaches TS. (Note: This buffer may not 
be large enough for very high scan rates 0 4 0  K/min) but 
the associated error is very small).

Because of the manner in which the DSC-2 keeps track 
of pan temperature (by counting) , it is a good idea to 
approach the initial pan temperature from the "direction of 

the experiment". For a heating experiment the pans should 
be subcooled and then heated to the initial pan 
temperature. This is not essential for high scan rates but 
for low scan rates (<1.25 K/min) it allows extra time for 

the "instrument lag" to disappear before data acquisition
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begins.

2. COOLING Experiment

The set up of a cooling experiment is governed by the 
same rules as a heating experiment except that the initial
pan temperature must be set at

TS + 0.3

where TS is the temperature at which data acquisition is to 
begin. Similarly, this pan temperature should be 
approached from above, rather than below, TS. That is, the
pans should be heated, then cooled to the initial pan
temperature.

B. Scan Rate

Check the cooling or heating scan rate, whichever is 
appropriate to the experiment, to be certain that it 
corresponds to the value indicated on the Apple monitor. 
Adjust it accordingly.

C. DSC-2 Output Range

Adjust the DSC-2 output range (silver knob just below 
the SLOPE and ZERO controls) to correspond to the DSC range 

value indicated on the Apple monitor screen.



T-2693 178

D . Final Temperature Limit

1. HEATING Experiment

Move the UPPER LIMIT thumbwheels until the upper limit 
is set at

TF +0.1
where TF is the temperature above which data acquisition 
will cease. For example, for a heating experiment from 
270 K to 280 K f set the UPPER LIMIT to 280.1.

EXPERIMENT will end data acquisition when the 
temperature rises above TF. By setting the upper limit to 
(TF + 0.1) this condition will be satisfied with a minimum 
of extra data taken at the end of the experiment.

The UPPER LIMIT setting must be set above TF but by as 
small an amount as is practicable. (Note: For higher scan 
rates 0 5  K/min) increase this setting by an extra 0.1 to
0.2 degrees. This will allow the program to spread the 
data points more accurately when it "massages" the data) .

2. COOLING Experiment

The same rules that apply to the heating experiment 

also apply to the cooling experiment except that,
a) The LOWER LIMIT must be set instead of the UPPER 

LIMIT.
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b) Set the LOWER LIMIT to
TF - 0.1

where TF is the temperature below which data 
acquisition will cease.

Step Five: Confirm parameter entry.

When the pan is at the correct initial pan temperature 
and the DSC-2 controls have been properly set,

COMMAND 15. (a) P-Y to confirm parameter entry.
15. (b) P-N to modify any or all of the 

EXPERIMENT parameters.

Step Six: Select initial isotherm reference.

The proper completion of this step is not crucial for 
experiments the thermograms of which will be analyzed for 
peak area. It is, however, quintessential that great care 
be taken during this step for experiments that are intended 
to yield accurate heat capacity data. For such experiments 
both the initial and final isotherm references must be 
carefully determined.

Once the program has received parameter confirmation 
(Step Five) it will erase the screen and draw the graphic
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background. Then it will draw two zero marks, one 

stationaryf the other moving. The purpose of the moving 
zero mark is to provide the user with a visual aid in 

choosing the initial isotherm reference. The stationary 
mark is fixed in the center of a scale that ranges from -1 
to +1 mcal/s. The moving mark is continually replotted 
according to the current DSC-2 output voltage present at 
the A/D card in Apple peripheral slot number one (1).

Because the DSC-2 measures voltage differentials it is 
not vital that the initial isotherm reference be selected 

when the moving mark is on the stationary mark. What is 
essential is that the moving mark be stable, wherever it 
is. The stationary mark provides a convenient point of 
reference for that determination.

(Note: The green "temperature control" lamp (located
just above the DSC-2 front panel temperature readout) must 
be fully lit in order to find a correct initial isotherm 
reference. Wait until it has been fully lit for a minute 
or so before executing this step.)

To select the initial isotherm zero,

COMMAND 1 6 . (a) P-Z to initiate the auto-zero

sequence. This will bring the moving 

mark to very near the stationary m a r k . 

The speaker will "beep" continually as
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long as the auto-zero sequence is in 
effect.

When the moving mark seems to have stabilized in the 
vicinity of the stationary m a r k ,

COMMAND 1 6 . (b) P-any key except "F" to turn off the
auto-zero sequence.

Then , line up the moving mark with the stationary 
mark using the ZERO control on the DSC-2 front panel. When 
the moving mark is stable and correctly lined up with the 
stationary mark (and the "temperature control" lamp is 
fully lit) then,

COMMAND 16. (c) P-F to fix the initial isotherm
reference.

The program is now ready for the experiment to begin.
(Note: It may sometimes be impossible, because of the

nature of the DSC-2 output signal, to adjust the ZERO 
control so that the moving mark is perfectly stable. In 

most cases an occasional deviation of one unit from the 
stationary mark will not cause any serious errors in heat 
capacity results.)
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Step Seven: Start the experiment.

(Note: Be sure that the moving zero mark has not moved 

significantly from the point at which the initial isotherm 
reference was selected.)

1. HEATING Experiment - Press the HEAT pushbutton on 
the DSC-2 front panel.

2. COOLING Experiment - Press the COOL pushbutton on 
the DSC-2 front panel.

During the Experiment

Do not adjust any of the DSC-2 front panel controls 
while an experiment is in progress. Disturbing the DSC-2 
itself causes "noise" in its output signal. An ill-timed 
adjustment of scan rate, zero, range, temperature limits, 
or scan mode (heating or cooling) will render experiment 
results utterly meaningless.

It is possible, however, to interrupt an experiment 
and still retain all of the collected data and the 
meaningfulness thereof. To interrupt the experiment,

COMMAND 17. P-S
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This will set a program flag to stop data acquisition 
as soon as the temperature of the next data point is 
different from the last. After pressint the nS" key, wait 

for EXPERIMENT to signal the end of data acquisition (three 
beeps of the speaker). Then, press the DSC-2 HOLD 
pushbutton immediately.

Step Eight : Select the final isotherm reference.

As soon as EXPERIMENT signals the end of data 

acquisition it will re-draw the zero marks using the same 
scale as before (-1 mcal/s to +1 mcal/s). Since the DSC-2 
will have stopped scanning, the pan heater power difference 
will diminish and the moving mark will move toward the 
stationary mark. (Note: It may take a minute or so for
the DSC-2 output voltage to be such that the moving zero 
mark is plottable on the +/- 1 mcal/s scale.)

Once data acquisition ceases and the marks are drawn, 
the program begins searching for a final isotherm 
reference. It does so by continually sampling the DSC-2 

output voltage and comparing each sample to the previous 
one. It is satisfied when 20 successive samples yield the 
same voltage value. Only then does it consider the signal 
to be stable enough to constitute a final isotherm
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reference.

This search can be interrupted by the command,

COMMAND 18. P-Q

This command will end the search and use the power 
difference corresponding to the last voltage sample as the 
final isotherm reference value.

The isotherm references are not important to the 
analysis of thermogram peak areas. It constitutes no 
particular danger to the results of that sort of 
experiment, therefore, to interrupt the final isotherm 
reference search. The initial isotherm reference is 
similarly unimportant to that sort of experiment.

For thermograms that will be used in the calculation 

of heat capacities, however, the final isotherm reference 
is of great importance (as is the initial isotherm 
reference). One should interrupt the final isotherm 
reference search on such an experiment only as a last 
resort. It happens, on occasion, that the final isotherm 
voltage is such that the A/D card cannot decide on the 
correct interpretation of its least significant digit. The 
A/D interpretation, in that case, will fluctuate even 
though the DSC-2 output is essentially stable.

If, after a few minutes, the program has not chosen a
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final isotherm reference by itself, interrupt the search 
with command 18.

DO NOT TRY TO ZERO THE FINAL ISOTHERM REFERENCE!1 !
There is no auto-zero sequence for the final isotherm 

reference search. This is because one of the most 
important parameters in the calculation of heat capacities 

is the difference between the initial and final isotherm 

references. An auto-zero sequence would render the 
experimental data useless to the calculation of heat 
capacities.

Step Nine : Examine and/or store the experiment data.

After the data acquisition is complete and the final 
isotherm reference has been selected, the program begins 
"massaging" the data, making it useful for analysis. This 
involves the following steps :

1. Erasing the raw data plot from the screen.
2. Spreading the data points evenly over the 

temperature interval of interest.
3. Truncating unnecessary digits so that the data

will fit into the 20 character field of the data files.

4. Re-plotting the massaged data.

Procedure 2 is necessary because the DSC-2 temperature



T-2693 186

readout contains only four digits (one digit to the right 

of the decimal point). The parallel interface card located 

in Apple peripheral slot number 2 reads these digits and 

passes them to the EXPERIMENT program via the APPLESOFT 
BASIC command, USR(l). Thus, the smallest temperature 
increment available to the data acquisition subroutine is
0.1 degree. Consequently, the points plotted during data 
acquisition cannot be resolved any finer than 0.1 degree on 
the abscissa even though the "true" pan temperature may be 
at some intermediate temperature. It is necessary, 
therefore, to spread the data points evenly across the 
interval once data acquisition has ceased. This is 
possible because,

1. The temperature scan rate is constant across the 
interval.

2. The program knows the temperature corresponding to 
the first and last data points and how many data points 
were taken in that interval. This is the basis of the 
"spreading" procedure.

When the program has replotted the data it signals its 
readiness to proceed to the OPTION MENU. To enter the 
option me n u ,

P-any key
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The OPTION MENU

(Note: If an error occurs while executing any of the
OPTION MENU options, execute the following command,

T-GO TO 2070

This will return the program to the OPTION MENU 

without destroying the current experiment data.)

The OPTION MENU is designed to allow the user to 
examine or store the experimental data. To execute any of 
the available options, press the key corresponding to one 
of the flashing letters on the screen. Th u s ,

COMMAND 1 9 . (a) P-V to view the data plot "as is".
19. (b) P-D to scan the actual numerical

values of the data points.
19. (c) P-N to set-up a new experiment.
19. (d) P-S to store the data on a disk.
19. (e) P-C to catalog the data disk.
1 9 . (f) P-G to change graphic parameters and 

re-plot the data.
19. (g) P-E to end the program.
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Option "V"

Option "V" allows the user to examine the current data 

plot. To return to the OPTION MEN U ,

COMMAND 20. P-any key 

Option "D"

It is possible to scan the numerical data values by
choosing option "D". It is also possible to choose the
speed at which the data is scanned by,

COMMAND 2 1 . (a) P-F to scan the data quickly.

21. (b) P-S to scan the data slowly.

(Note: The data scan may be interrupted at any time
by pressing CONTROL-S (the CTRL and "S" keys 
simultaneously). The data scan can be resumed by pressing 
any key.)

When the data scan is completed,

COMMAND 22. P-any key to return to OPTION MENU.

Option "N"

Option "N" automatically restarts the program. All



T-2693 189

variables are cleared from memory and data from the current 
experiment is completely erased. It is impossible to 

retrieve that data again unless it was stored in a data 
file on the disk.

Option nSn

Option "S" allows the user to save the information 
gathered during the experiment. Such information includes 
some of the experiment parameters as well as the actual 
experimental data.

To save the data on a disk,

COMMAND 23. P-number of the disk drive in which the 
data disk is located.

COMMAND 24. T-the filename of the data file (<19 
characters).

The program automatically appends the filename with a 
hyphen and with the experiment date (in M/D/Y format).
This requires between six and nine characters. Both of the 
data analysis programs produce data files with names that 
are based on this filename. These programs attach 

two-character prefixes to the filename. This means that
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eleven (11) of the thirty (30) characters that the 

APPLESOFT disk operating system (DOS) allows for filenames 

are unavailable to the TAS software package user. For this 

reason the filename typed under command 24 must not exceed 
19 characters in length.

The data is actually stored under a filename that 
includes the date suffix. As far as DOS is concerned, the 
date suffix is a part of the filename.

The TAS software package, however, is structured such 
that the date is always automatically appended to the 
filename. All TAS programs ask for date as well as 
filename. As far as the TAS programs are concerned, then, 
the filename does not include the date.

Once command 24 has been executed,

COMMAND 2 5 . (a) P-Y to proceed storing the data.
25. (b) P-N to to exit Option "5" and return 

to the OPTION MENU.

When the data storage is complete, the words "FILE 
SAVED" will flash at the top of the Apple monitor screen.

COMMAND 26. P-any key to return to the OPTION ME N U .

The data files created by Option "S" consist of
N + 8
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data records, where N is the number of data points saved. 
The other eight records are "control records". Table EX-2 
summarizes the information stored in the control records.

The data files created by the experiment program are 
"random access text files" of 20 character length. Both the 
ANALYSIS and CAPACITY programs are designed to be 
compatible with this general file structure.

Once created, the data files are "locked" so that it 
is impossible to accidentally "over-write" the data with 
another file of the same na m e .

Option "C"

To catalog the data disk,

COMMAND 27. T-the number of the disk drive which 
contains the data disk.

The Apple will then display a list of all files which 
currently exist on that disk.

Option "G"

Option "G" allows the user to re-plot the data using 
different graphic parameters.
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COMMAND 28.(a) P-Y to re-plot data using the original
graphic parameters.

2 8 . (b) P-N to change at least one of the 

graphic parameters.
COMMAND 29. T-new graphic range (mcal/s)
COMMAND 30. T-low temperature (K) on abscissa scale. 
COMMAND 31. T-high temperature (K) on abscissa scale.

COMMAND 3 2 . (a) P-Y for a full-scale plot.
32. (b) P-N for a half-scale plot.

COMMAND 33. T-graph offset (mcal/s) (half-scale plot 
only).

COMMAND 3 4 . (a) P-Y to plot point grid.
34. (b) P-N for a plain background.

COMMAND 35. (a) P-Y to draw lines between the data
points.

35. (b) P-N to plot data points only.
COMMAND 3 6 . (a) P-Y to confirm parameter entry and

proceed to re-plot graph.
3 6 . (b) P-N to restart graphic parameter input 

at command 29.

Option "E"

Option "E" automatically ends program execution and
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exits to the APPLESOFT BASIC command mod e .
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