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Abstract

REFERENCE: Werley, B. L., “ A Tutorial on Fire Safety Issues of ‘Adiabatic’ Processes in
Real and Ideal Oxidant Systems”, ©2007, ©2016, Public Domain 2016, 140 pages.

ABSTRACT: Rapid oxidant compression calculations are often predicated on ideal gas assump-
tions. Comparable real-gas calculations and estimates are offered based on data in National Institute
of Standards and Technology databases, in comparison to other efforts. The math is reviewed in de-
tail and simplified, and a simplified algorithm for making estimates is proposed. Real and ideal cal-
culations are performed for a series of common oxidant safety parameters and for the series of oxi-
dants: O,, F,, NF; and N,O, and selected diluents and oxygen mixtures with several diluent gases.
Context is proposed for use of these data by oxidant system designers and users.

KEY WORDS: adiabatic compression, isentropic compression, heat of compression, temperature
of compression, oxygen, fluorine, nitrogen trifluoride, nitrous oxide, argon, helium, carbon dioxide,
tetrafluoromethane.

Introduction

Rapid compression and rapid expansion of oxidants are important concerns of Oxi-
dant Safety Practitioners (OSPs). Both can lead to fires, injuries and system and mission
damage. Among them, rapid compression has received the most attention.

In common circumstances familiar to OSPs, when a gas (including an oxidant gas) is
rapidly compressed, it warms and can get hot. This is well known and has been successfully
demonstrated in many laboratory tests. Sometimes, the high temperature and the heat it can
transfer can cause ignition and fire of some materials. This too has been demonstrated in the
laboratory, and it is often cited as a cause of some accidents. The ignition and fire are more
likely if the transient gas temperature is high, protracted, and transfers a large heat. The ten-
dency to do this depends on the actual properties of the oxidant gas and system, and the com-
pression method.
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Attempting to understand, estimate and analyze this effect is not easy, and it is a non-
trivial challenge that has always confronted OSPs. Assumptions and simplifications (that to
some of us are not so simplifying and can even serve to obscure) are like the layers on an on-
ion. Those layers are described with words like adiabatic, isentropic, reversible, ideal. It can
be very confusing.

Progress has been made to be sure, but yet in many cases where fires are attributed to
rapid compression, lab simulations have been wanting. Often when one rapidly pressurizes a
system that is expected to ignite, to simulate one that may have in fact ignited thusly, it does-
n’t. Similarly, there are a number of test procedures, including two from ASTM G-4 [1-2]',
that seek to expose materials and components to rapid compression as a way to pursue
safety. These also are not yet definitive. Components that pass the test may not be totally im-
mune to these fires.

On the other hand, when a gas is rapidly expanded, it cools but often produces high
velocities that can propel particles into collisions that can also initiate fires. International
standards recommend limits on allowable oxygen velocities to control this risk [3].

The book on rapid compression and expansion is not closed. There is a macro under-
standing that is pretty good, but much still lies in the details. This tutorial is written from the
mid-level of the intellectual food chain and seeks to understand and simplify some of the
more complex analyses out there and to advance still others. The writer has tried to do this
before with this and other topics to better (or at least more simply or more thoroughly) re-
view the current analyses of several fluid mechanical processes [4,5]. Unencumbered again
by any commercial publication limits on size and content, this commentator will seek to find
and learn information that is not hidden but might as well be for some of us. This opinion
will belabor many rapid compression issues in perhaps extreme detail and ad nauseam in
hopes of providing another useful, and different, perspective in that same spirit. To some this
may seem too much, an overdose, of the subject.

The most commonly pursued need of OSPs, is the prediction of the peak temperature
that occurs during compression. To a large extent, this is in hopes of establishing whether the
maximum achievable will be below the minimum ignition temperatures of materials in use.
However, this is not to say that the peak temperature in well-designed systems always is or
always should be limited this way. In many oxygen systems, it is certain that the maximum
possible is well above the minimum ignition temperature by large margins and, at least most
of the time, ignition still does not seem to occur even with this extreme provocation.

This owes in part to the fact that minimum ignition temperatures are measured for a
specimen with a uniform (bulk) temperature throughout. Rapid compression exposes only
the surface of the material to a transient high temperature. And this should be less prone to
ignition in many, but perhaps not all, cases. So this is one factor auguring for a mismatch be-
tween the peak rapid compression temperature and the minimum autogenous ignition tem-
perature. There are other factors, as well.

"Ttalic numbers in brackets refer to the reference list at the end of the paper.
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The writer has also made rough attempts [6,7] at also estimating the amount of heat
that might transfer during rapid compression to also improve understanding of where the
worst-case rapid compression conditions might obtain. These attempted to estimate whether
the heat transfer might exceed the minimum ignition energy required before the peak tem-
perature produced decays below the in-situ ignition temperature, for where this constraint
may also be desirable to impose in some systems. Wilson, et al. [8] have attempted a much
more detailed but also much more complex analysis that, for the cases examined, exhibits
trends similar to the earlier qualitative and semi-quantitative approaches.

It is common practice to estimate the behavior of many gases, including oxygen, dur-
ing rapid compression using the ideal gas equations:

P,V = PfV/Y > (Pf/ P) = (V/ Vf)y = (V/‘/ V)7’ (1)
T/T; = (B/P)" " 2
T/Ti=(V/V)"™) = (V/V)'™ €)

Where P is the absolute pressure, V is the volume, T is the absolute temperature, the sub-
scripts i and f'indicate the initial and final states, and the parameter y (usually taken as 1.4 for
oxygen) is a constant ratio of the specific heats, C,/C, where C, is the specific heat at con-
stant pressure and C, is the specific heat at constant volume. Figure 1 exhibits these three
equations for oxygen at an initial atmospheric pressure and room temperature and a final
pressure of 5000 psia”. Beside each plot is a log-log analog to show how this perfectly lin-
earizes the curves for ideal gases of constant y. Note that the slope of the three curves, re-
spectively, is given by -y, (y—1)/y, and -(y—1). For a y of 1.4, these three slopes would be
about —1.4, 0.286, and —0.4, respectively.

These equations are ubiquitous, easy to misuse, and make assumptions, not all of
which are clearly specified in standard texts. Some of the assumptions are misleading and
the writer feels some of the most common assumptions (albeit few in number) are ill-advised
(including as to implications relating to whether the gas is ideal).

ASTM Committee G-4 on Compatibility and Sensitivity of Materials in Oxygen-
Enriched Atmospheres suggests this same approach in its numerous standards, and for a time
provided a balloted PC utility (G4Math12.exe)® for aiding the calculation, and it is similarly

*The author grew up, and is most familiar, with the now disdained fps system of units. He has often published
papers with dual units and embarrassed himself with errors in the conversion to SI. Therefore, in this paper the
fps system will predominate except where citing other work. Humble apologies for this concession to accuracy.

’G4Math is a PC utility (algorithm) that ASTM G4 adopted in the early 1990s and expanded several times
through 1998. It has been distributed freely globally. It had been provided and was taught in G4 oxygen train-
ing classes. At present the status of G4Math is “abandoned”. It was 16-bit software useable only on 32-bit Win-
dows PCs, G4 has no energies to maintain it, and ASTM has become concerned about liability issues. Nonethe-
less, it is used as support and background for many of the calculations herein. Furthermore, in 2016 its source
code was converted to 32-bit format so that it can be run on 64-bit Windows PCs in “Compatibility mode” and
the ASTM G4 logo and imprimatur was removed (with resulting loss of credibility and prestige).
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FIG. 1—Interrelationships of parameter pairs during adiabatic processes for ideal gas of constant y = 1.4.
(Initial pressure = atm, 14.7 psia, Final pressure =5000 psia, Initial temperature = 70°F, 530°R)
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somewhat misleading. Oxygen is not precisely an ideal gas nor does it precisely meet other
apparent underlying assumptions to equations (1-3), nor do a number of other things apply
precisely during rapid oxygen pressurization in a real system.

Occasionally, a question arises as to how much error may be present in these tem-
perature estimates. At least four papers [9-11, 8] have been presented in the ASTM col-
legium in 1989, 1999, 2000 and 2003 specifically examining what may be happening more
precisely during rapid compression heating, and one of them [10] also looked at expansion
and other related parameters. Three of these papers and their estimates will be elaborated
upon. In addition, this tutorial will also attempt to expand upon them and the writer’s prior
efforts, and extend them all to other gases and other properties such as maximum gas veloci-
ties, TNT equivalency, and others.

Leslie (STP 1111)

In 1989, Leslie [9] published what is apparently the first thermodynamic and fluid
mechanic analyses in the ASTM body of work. In the first part of his analysis, he compared
adiabatic compression predictions three ways:

o Estimating peak temperature from adiabatic compression of room tempera-
ture, atmospheric pressure oxygen (“isentropic ideal gas model”) using Equa-
tion (2) except that he used a value for y of 1.395 instead of 1.4.

e Repetition of the above calculation but using “a curve allowing for variations
in specific heat” obtained from page 688 in van Wylen [12] but assuming
ideal-gas behavior implied in the equation:

P =P, exp [(1/R) | {C,(T)/T}dT ] 4)

e Calculations using van der Waals equation of state “with the two constants
calculated using the critical point method.” in combination with the equation:

(8T/8P)s = (8v/8T),T/C, (5)

Leslie offered two conclusions. First, the influence of variations in the specific heat
at constant pressure, C,(T), on the final temperature is large. Second, the consequence of
compressibility effects is not significant. He calculated that oxygen compressed isentropi-
cally from ambient conditions to 34.5 MPa (5000 psi) by the three methods would achieve
final temperatures of 1568K, 1339K, or 1365K, respectively. At this pressure ratio of 340
over ambient, the calculated final absolute temperature of the real gas estimates (the second
and third calculations) were 14.6% and 12.9% less, respectively.

If Leslie had chosen to apply ay of 1.4 with equation (2), he would have calculated a



A Tutorial on: Fire Safety Issues of “Adiabatic” Processes in Real and Ideal Oxidant Systems - Barry L. Werley

final temperature of 1593K instead of 1568K. In this case a 0.36% change in y results in a
1.6% change in the result. Clearly choosing the optimum v is significant.

When he plotted all three equations on log-log paper, he found they are all fairly
straight lines. He then calculated least-squares-fit slopes for the three methods for those who
might wish to perform simplified “real-gas” calculations based on an empirical equation
similar to equation (2). His values for “n” (which will be referred to as myzy in later text), the
real exponent which would analogous to [(y-1)/y] in Equation (2), were 0.2829, 0.2632, and
0.2599. However, Leslie did stress that: “The values on n for the last two cases strictly apply
to T;=300K and P; = 100kPa; (about 80°F, ambient pressure), small deviations from these
values should cause little error”. Clearly using his empirical “n” over smaller temperature
ranges or in segments with adjustments to “n” for each would yield greater accuracy.

The writer obtained a copy of the source [12] Leslie used for C,(T) data and on page
688 in its Table A.9E (English units) and A.9SI (SI units), “Constant Pressure Specific Heats
of Various Ideal Gases” are the following equations for oxygen:

Cpo = 8.9465 + (4.8044 x107°0'°) - (42.6790™") + (56.6150™) ©)
For use over the range 540-6300 R, with C,, in Btu/lb-mole-R, and 6 in T(Rankine)/180.
Cpo =37.432+(0.0201026'°) - (178.576"") + (236.886™) 7)

For use over the range 300-3500 K, with C,, (specific heat at zero pressure) in kJ/kmol-K,
and 6 in T(Kelvin)/100. Both of the equations are further attributed to T. C. Scott and R. E.
Sonntag, Univ. of Michigan, 1971.

Barragan et al. (STP 1395)

Barragan et al. [11] is the most recent of the three papers in the ASTM collegium.
The goal of these writers was to examine real-fluid effects and identify an optimal equation
of state for real-gas calculations. They also compared their choice with other alternatives.

They compared the Peng-Robinson and Soave-Redlich-Kwong equations of state and
found Peng-Robinson preferable. Using it and some heavy-duty mathematics, they calcu-
lated isentropic compression temperatures for single-phase, single component pressure ratios
up to 1000 (in tabular form) and plotted results up to a pressure ratio of 100.

They compared the results to isentropic compression using the virial equation, and
ideal-gas constant-specific-heat calculations of equation (2) and finally similar calculation
for an ideal gas with a temperature-dependent heat capacity, using a variation of Eq. (4):

| {C,(T)/T}T - Rln (P/P)=0 (8)

The temperature dependence used for C,(T) in these cases (in J/mol K) was apparently speci-

10
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fied in their Table 4 as:
C, (vapor) = 25.46 +1.519 x 10°T - 0.7151 x 10°T* + 1.311 x 10°T° 9)

This yields results as J/mol K, and the source of the equation is a cited text [13].

They concluded that the three alternatives to Equation (2) provide similarly different
results to it at pressure ratios of 1000 for initial room temperature, atmospheric pressure
starting conditions, and therefore, commended the use of the Peng-Robinson (PR) approach
to OSPs as a “real gas” alternative that is now available.

In comparison to the Leslie approximations, this PR equation presumably also has
merit for starting conditions, P, other than atmospheric pressure and/or T, other than
room temperature (however, this is not explicitly stated and there are no such calculations
presented in the paper). They argue use of this equation would therefore be a more general
tool than Equations (1-3), for those comfortable with its solution.

However, linearly interpolating their results in their table 5, for a pressure ratio of
340 over ambient in order to compare them with the 340 pressure ratio of Leslie [9], their
calculations by Equation (2) [their equation (10)] do not compare well with his. Their differ-
ence between the results from Equation (2) and “real oxygen” are about twice Leslie’s. This
appears to be due to an error in their use of Equation 2, in which they appear to have em-
ployed a y of about 1.44 (perhaps an inadvertent double-key-tap on the “4” or key bounce in
entering the value of y?). At a pressure ratio of 500 this yields 2022 K for them versus 1730
K for Leslie (17% higher). In comparison, the values they calculate for real-oxygen final ab-
solute temperature are closer to predictions by Leslie’s empirical equation, and they are
about 5% lower at a pressure ratio of 500 (1444.2 K for Barragan vs. 1530 K for Leslie). Ta-
ble 1 presents a recalculation of their Table 5, adding data using a y of 1.4, that is close in
agreement to Leslie’s results and data in Table 2 in a later paper from several of these same
authors [8] for the same calculations® that are also in better agreement. Coincidentally, this
again illustrates the dramatic difference that a mere 3% difference in y (from 1.395 to 1.44)
can yield, increasing the result by about 12-14% (from 1730K to 2022K). Using the opti-
mum exponent is clearly important to precise results.

*Table 2 in [8] reports isentropic compression temperatures for oxygen and Nitrox (O,/N, mixtures) at various
“Compression Ratios”, however, the writer believes “compression ratios” to have been a confusing and ill-
advised word choice for the parameter that is more commonly called “pressure ratios” which the data reflect.
The parameter “compression ratio” is widely applied in the automotive industry to reflect the geometric ratio
of the max and min contained volume in a piston engine’s cylinders, and interpreted in that way would yield
much higher temperatures than are reported.

11
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TABLE 1—Recalculation of Isentropic Compression Temperature Values for Equation 10 in Table 5 of Reference
[11] Compared to Reference [8] (Equation numbers refer to the original reference)

P/P/

T, Method
Using: 2 5 10 20 50 100 200 500 1000
“Equation 10” 369 489 606 750 995 1232 1525 2022 2503
“Equation 10” 363 472 576 701 912 1111 1354 1760 2145
(Recalculated)
Data from [8] 363 572 696 1097 1335

Table 2°
“Equation 11”7 362 464 557 666 837 990 1166 1441 1686

“Equation 6” 362.2 464.8 558.3 667.3 838.8 992.3 1169.2 14442 16874

“T,=298.15, P,= 101.3 kPa
bT,=298, P,=101.3 kPa

Koeller (March 1999 ASTM G4 Seminar)

In 1999, the writer suggested then-associate Koeller [10] perform “real-gas” calcula-
tions using a presumably reasonable numerical estimating technique in combination with
“real y” data from a proprietary software resource: Computer-Aided Physicochemical Prop-
erties (CAPP)’ at Air Products and Chemicals, Inc., and then use of them to assess the ef-
fects of this estimated real gas on a number of common oxygen compatibility analyses. An-
other goal was to find a way to produce a simple PC algorithm for Oxygen Safety Practitio-
ner use. However, she later compared the suggested method to direct isentropic temperature
predictions also available from the same software facility and identified discrepancies. The
attempted strategy of employing a “real y” in this way seems common-sensible and im-
proved results in some cases but appeared to introduce large errors especially when used for
expansions, and the problems with “real y” will be reviewed in some detail later. This effort
predated Barragan et al. [11], but is reviewed here last because it is to be the basis for, and
lead into, the analogous efforts in this tutorial.

The attempted estimate treated real oxygen as an ideal gas obeying equations (1) to
(3) over a sequence of variable pressure intervals. Each was treated as beginning where the

*Not to be confused with the thermo program CAP (Coefficients and Properties) that is available from NASA —
Cleveland, now NASA-Glenn.

12
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last left off and employed a value of “real y” obtained by dividing the C, for the mid-point of
the segment by the C, for the midpoint employing popular spreadsheet software linked to the
CAPP thermo software. This incremental integration yielded many useful results, despite the
cited discrepancy.

She applied the method to six traditional oxygen compatibility calculations: adiabatic
compression, adiabatic expansion, design of distance/volume pieces, total pressure estimation,
TNT equivalency estimates, and maximum achievable gas velocities, and she discovered impor-
tant results that every OSP should become at least qualitatively familiar with, including that the
common impression that final temperature predictions made with equations (1-3) are always
greater than would be experienced in real oxygen is not always correct. She offered a prelimi-
nary remote paper [10] at the Spring 1999 ASTM G-4 Seminar (Seattle).

Reasonably good correlation was obtained between the calculations and direct end-point
isentropic data from the same CAPP software for some of the calculations. Unfortunately the
problem of reconciling the results for some of the calculations in particular (adiabatic expan-
sion) sidetracked the effort, and the hard-copy paper was never finalized nor distributed pub-
licly. However, the results of this paper are so worthwhile that the writer will replicate (mimic)
them here so that they are not lost. He has been shown the last (1999) drafts and communicated
with Koeller prior to preparing this tutorial.

The earlier Leslie [9] and later Barragan et al. [11] papers suggest different approaches
than Koeller as to how such calculations should be performed and reconciliation of the various
methods is warranted. Therefore, the Koeller draft paper and its specific data will be referred to
often in detail and expanded upon in this effort and then compared to the other approaches.

This effort.
The specific goals of this tutorial in order are as follows.

« Cite primary data resources for this tutorial in detail.

e Provide another round of analysis as to the potential error inherent in use of
Equations (1-3) relative to real oxygen.

e Provide detailed, “simplified” derivations on performing adiabatic com-
pression/expansion calculations.

e Critique the presentation of Equations (1-3) in standard texts and ASTM
standards and propose alternatives.

o Explore the role of real heat transfer to these calculations.

e Replicate, document, and expand upon the several analyses in the Koeller
[10] paper for numerous types of calculations.

o Consider methods to provide a simplified PC algorithm for OSP use in
making these more precise calculations.

o Consider similar issues for several other oxidants and gases of interest
namely: Fluorine, Nitrogen Trifluoride, Nitrous Oxide, Nitrogen, Argon,

13
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Helium, Carbon Dioxide, Carbon Tetrafluoride, and selected mixtures of
oxygen with some of the latter gases.

Data Resources for This Tutorial

The principal resources for data in this tutorial® in 2005-2007 were software packages
available from the U.S. National Institute for Standards and Technology (NIST) available from
their NIST Standard Reference Databases web site ( http://www.nist.gov ). The previously cited
Air Products software CAPP and doubtless similar software at perhaps every air separation
company is likely similar, and the availability of the NIST software makes this capability avail-
able widely for nominal costs.

One is NIST Standard Reference Database 12 Thermodynamic and Transport Proper-
ties of Pure Fluids Reference Database, Version 5.0 (copyrighted 2000) [16]. This database is
Windows PC software that enables extraction of a spectrum of properties for a range of fluids
including oxygen and other fluids that will be examined later. The database is claimed to be
“based on the most accurate pure fluid equations currently available”. “For each fluid the rec-
ommended thermodynamic surface is represented by an empirical multiparameter classical
equation of state based either on a modified Benedict-Webb-Rubin equation of state or a more
general type of Helmholtz energy equation of state”. Its price was then currently $200.

NIST12 covers the following pure fluids of interest to OSPs (and many others of less
interest to OSPs), several of which are addressed by this tutorial using data therefrom: oxygen,
fluorine, nitrogen trifluoride, nitrogen, argon, helium, neon, and carbon dioxide. In 2016 the
writer could no longer find this database for sale on the NIST web site.

The second database used in preparing this tutorial was NIST Standard Reference Data-
base 23 NIST Reference Fluid Thermodynamic and Transport Properties Database
(REFPROP): Version 7.0 [17]. This DB appears to use the same math as DB 12 for those fluids
of interest to OSPs, but is more flexible if also more quirky. However it did not contain all of
the fluids of DB12, but it contained oxygen, argon, nitrogen, carbon dioxide, carbon tetra-
fluoride and water, and it allowed for calculation of properties for mixtures of up to twenty
components using a “new Helmholtz energy model”. The price was then currently $200.

It appears many if not all of the fluids available in NIST 12 have been rolled into NIST
23 which in 2016 was at the Version 9 level, appears to have been significantly expanded and
was priced at $250.

NIST also has what it calls a WebBook database available on line, but it is not promised
to be a continued free service. NIST referred to this on-line DB as the NIST Standard Reference
Database Number 69, June 2005, Eds. P.J. Linstrom and W.G. Mallard [18]. In 2007 it ap-

SThe writer considered numerous resources including Selover [14], Wagner and de Reuck [15] which is limited
to 300K, an Internet web site which as of this writing did not vary C, and C, as a function of pressure, NASA
Coefficients and Properties (CAP) software (which apparently compensates C,s a function of T only), and Ou-
tokumpu HSC Software (which apparently also compensates C, as a function of T only).
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FIG. 2—Adiabatic compression of ideal oxygen of constant y = 1.4 (upper) and real oxygen per NIST DB 12
(lower). Above 1500K, NIST extrapolates their equations of state. (Initial pressure = 0.1013 MPa, Initial tem-
perature = 298.15K). Ideal curves are blue and real curves are green in digital versions.

peared to contain all of the fluids of DBs 12 and 23 and more. Specifically, it also contained di-
nitrogen monoxide (N,O) and sulfur hexafluoride (SFs) that both would be of interest to OSPs.
This on-line DB is much less easy to use than the discrete products. It appears all of the fluids
that are examined in this tutorial are now included in the current Database 23.

The NIST software appears to have many of the same capabilities as the Air Products’
package CAPP. Doubtless there are other systems out there to which comparisons could be
made. However the writer does not have access to CAPP or any of the others, but perhaps other
OSPs will be willing to publish comparisons and extensions to the results in this tutorial.

Caution! NIST DBs report data in two ways. one is rooted in their equations of state and the
other is as extrapolations from it. For oxygen their “best” data are limited to 1500 K and are
extracted from their equation of state. This tutorial reports results to the extent of their extrapo-
lations and does not discriminate between them.

Yet Another Analysis of Rapid Compression of Real Oxygen

The procedures for estimating adiabatic compression with the NIST software are
straightforward. An insulated system (including any system transitioned so rapidly as to pre-
clude heat transfer, but not so rapidly as to lose equilibria) experiences no change in entropy
and so one can specify a constant entropy condition and place ranges on either the temperature
or pressure, and the software will produce tables or graphs of the intervening conditions.

Figure 2 Exhibits the output from the program for oxygen for the approximate starting-
condition variables in Leslie [9] and Barragan et al. [717] in comparison to predictions for Equa-
tions (1-3). These are fairly consistent with those results and also Koeller’s [10] estimates.

As has been reported by those previously reviewed references, the real-gas final tem-
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TABLE 2—Comparison of NIST12 and NIST23 DBs with Wilson et al. [8), Leslie 9], and Barragan et. al [11].

P,/P;

Ty Method
Using: 2 5 10 20 50 100 200 340 500 1000
Eq10in [11]° 363 472 576 701 912 1111 1354 1760 2145
(Recalculated)
Data from [8] 363 572 696 1097 1335

Table 2°
Leslie [9]” 1365
Eq 11in [11]* 362 464 557 666 837 990 1166 1441 1686
Eq6in [11]" 3622 4648 5583 6673 838.8 9923 1169.2 14442 1687.4

NIST12 DB 362.4 4664 561.2 6714 844.1 9985 1177.2 13329 1457.6 —
[16]°

NIST23 DB 3624 4664 561.2 671.4 844.0 998.5 11772 13329 1457.6 —
[17°

“T,=298.15 K, P;=101.3 kPa
’T,=300K, P,= 100 kPa"

peratures for these starting conditions are lower than the ideal-gas estimates. Table 2 indicates
good correlations at those pressures that are addressed. In the case of the NIST DBs, tempera-
tures below 1500K are extracted from their equation of state models, and temperatures above
1500K are their extrapolations of their model.

Primary Implications for OSPs

Clearly anyone with a copy of either NIST DB can extract very precise (and hopefully
accurate) estimates of the desired data for a modest cost. While it is available, they can also re-
sort to the complimentary NIST Internet version, also. Although these DBs are not difficult to
use, they are not obvious to use nor always convenient either and involve some learning curve.
In addition, they do not calculate every parameter of interest nor always converge to an answer.

Barragan [11] (as modified here), and Leslie [9] found that their real-gas estimates were
lower than their ideal gas estimates for the same starting conditions. Barragan found them lower
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FIG. 3—Adiabatic compression of ideal oxygen of constant y = 1.4 and real oxygen per NIST DB 12 .. Above
1000K, the NIST values are NIST extrapolations. (Initial temperature = 76°F). Ideal curves are blue and Real
curves are green in digital versions.

by 8% at P/P; = 10 (revised here to 3% lower if the suspected error cited here is correct) and
32% lower at P/P; = 1000 (revised here to 21% lower with a more traditional value fory ), re-
spectively in absolute temperature. Is this significant? Koeller [10] performed the calculations
(two ways) with similar results (similar to the corrected values) at the same starting conditions.
However, at higher-pressure starting conditions, Koeller reported that the accuracy of ideal gas
predictions with real vy is initially much better and then actually inverts at some point and be-
comes worse in the opposite direction. This is an important result. The starting conditions ex-
amined by Barragan et al. [11] and Leslie [9] are not always the real-world starting conditions
in some very important systems.

Figure 3, using the NIST23 DB data replicates Koeller’s plot and also affirms her result
that the ideal-gas estimates are quite close to the DB predictions at higher initial pressures and
also invert (though the precise inversion pressure from the NIST12 DB is quite a bit different
from her’s). Later figures will present data at lower (as well as higher) starting pressures and at
a spectrum of starting temperatures, as well. The largest inverse differences are at the lower
conditions (at and also below room temperature). Further, the significance of the differentials in
these estimates and of the adiabatic compression itself can be viewed in different light than is
presented in the earlier treatments.

Are the differences significant to the OSP when using real gas predictions at room tem-
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TABLE 3—Real Versus Ideal Differential Temperature Predictions

AP=653psi AP=69.4psi AP=2898psi AP=3483psi AP =2985 psi
P,=80.0 psia P,=84.1psia P,=304.5psia P,=363.0 psia P,=3000 psia

Ideal gas rise ~330F° ~342F° ~730F° ~795F° ~1892F°

(y=14)

Real gas rise ~318F° ~330F° ~675F° ~730F° ~1576F°
. (NIST23)

perature and atmospheric pressure yield absolute temperatures perhaps only 3-21% lower?
Maybe this is a reasonable built-in safety factor.

Consider that most of the concern that is addressed to adiabatic compression applies to
the ignition of polymers. It would also apply equally to high surface-area-to-volume materials
(fines such as dusts, and powder and perhaps some sharp or pointed edges) and to volatile lig-
uids, but the latter are scrupulously avoided in oxygen systems. Different polymers ignite at dif-
ferent temperatures (partly due to differing tendencies to vaporize or off-gas). Among the least
compatible materials, autogenous ignition typically occurs at roughly 400°F or higher (there are
exceptions), and yet many of even the most compatible polymers ignite at roughly 800°F or be-
low (there are also exceptions such as PTFE which is reported to ignite above 800°F at elevated
pressure and at roughly 900°F+ at atmospheric pressure). If these polymers are in use at room
temperature (70-80°F), then the minimum temperature rise (AT) above ambient that might be
required to promote ignition would range from a minimum of about 330 F° to a maximum of
about 730 F°, a mere difference of approximately 400 F°, about a 2:1 ratio in the differential.
Although the more sensitive materials ignite at about a 32% lower absolute temperature, they
require a larger 45% lower rise in temperature (that is, stimulus or jump start). So it is more re-
alistic to make comparisons on the basis of temperature differentials than on absolute tempera-
tures. To this end, the differences between ideal gas and real gas estimates can be more valid on
the basis of rise rather than absolute temperature.

Table 3 shows how the most and least compatible polymer autogenous ignition tempera-
tures (AITs) compare to the temperature rises possible from the compression of room tempera-
ture atmospheric-pressure oxygen to pressures up to typical full commercial oxygen cylinder
pressure (~3000 psig).

This table suggests that when room-temperature, atmospheric-pressure oxygen is com-
pressed to about 80 psia (65 psi rise), the ideal gas model would predict temperatures at the
threshold of the autogenous ignition temperatures (400°F, 330F° rise) of easily ignited poly-
mers, while real gas prediction would be about 12F° lower. The real gas model would predict
about 84 psia (70 psi rise) to achieve this same condition (at which point the ideal gas model
would predict 12F° over the threshold).

Similarly, the table suggests that when room-temperature, atmospheric-pressure oxygen
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is compressed to about 304.5 psia (289.8 psi rise), the ideal gas model would predict tempera-
tures at the threshold of the autogenous ignition temperatures (800°F, 730F° rise) of difficultly
ignited polymers, while real gas prediction would be about 55F° lower. The real gas model
would predict about 363.0 psia (348.3 psi rise) to achieve this same condition (at which the
ideal gas model would predict 65F° over the threshold).

When the pressurization has achieved full commercial cylinder-oxygen pressures (as
high as 3000 psia, about 2985 psid), the real-gas and ideal gas differential temperatures far ex-
ceed the minimum AT to ignite even the least easily ignited polymers.

Although high surface-to-volume materials would be more sensitive to ignition, clearly
in the real world, both high and low igniters can be exposed to potential transient temperatures
well above the minimum to enable ignition. Use of a high AIT material is a desirable and
worthwhile goal, but there must be other key factors operating. A later section will focus on one
of these, the role of heat transfer as an additional major player.

Also clearly real oxygen is only slightly more forgiving than would be ideal oxygen, at
least for this parameter and these starting conditions. However, when significantly different
starting conditions present (as will be examined later), error in ideal calculations can be much
different and must be given more consideration.

Nonetheless, for decades, the conservative ideal-gas approximation for at least the most
common adiabatic compression has been used to assess material performance. This could mean
there is a statistical validation for its continued use. This additional margin of safety may be a
factor in the level of system safety that has been achieved to date. The taking of greater latitude
on the basis of the more precise estimates may not be prudent but its context needs to be
known. Context will be elaborated upon in the following sections.

Adiabatic Compression Math

Appendix A works in painful detail through what the writer hopes are simplified but
very detailed derivations of adiabatic processes for three models: (1) ideal gas with a constant
specific heat capacity in two ways, (2) ideal gas with a variable specific heat in two ways, and
(3) areal gas based on NIST data. These cover the range of methods in the reviewed literature.
Many texts employ the advanced, and in the writer’s view highly non-simple, concept of en-
tropy in performing these calculations and/or else are cryptic in developing the equations. And
so the entropy parameter is not used herein, and the equations are developed in more detail than
is used in most texts.

The first ideal-gas derivation, Appendix A, yields equations (A23-A25) very similar to
equations (1-3), but it deliberately stops short of incorporating the traditional constant, y. This
first set is directly analogous to equations (1-3), respectively, and were derived for the case
where compression results from vessel volume reduction (as in piston compression).

Pi /Vi(Cv+R)/CV — vaf(CWrR)/CV (10)
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T,/T;= (P;/P)N (11)

TA/Ti= (V/V)RE (12)

The second set (A50-AS52) are also directly analogous to equations (1-3) respectively,
and were derived for the case where compression results from gas addition:

P; /Vl_Cp/(C[?-R) — vaf(Cp/(Cp_R) (13)
Ty/T;= (PP~ (14)
Tf/Ti = (Vf/Vi)R/(CP‘R) (15)

These two sets of equations represent two different and valid ways to do the calculation. Conse-
quently the two sets should yield the same results, since the predicted behavior of the gas does
not depend on the way its behavior is calculated. The respective equations can only yield the
same results if the respective exponents are equal., which is to say if :

(Cv+R)/Cv = (Cp/(Cp-R) which implies Cp - Cv =R (from Eqgs. 10 and 13)
R/(Cv+R) = R/Cp which implies Cp - Cv =R (from Egs. 11 and 14)
R/Cv = R/(Cp-R) which implies Cp - Cv =R (from Egs. 12 and 15)

Hence these equations can predict the behavior of ideal gases having constant Cp and Cv (in
which case C,/C, is consequently constant and is defined variously as y), but the two methods
of calculation will also yield the same results whenever Cp and Cv are variable functions of
pressure and temperature provided the variable heat capacities obey:

Cp(P,T) - Cv(P,T) = R.

And this allows formulation of a “real” variable y(P,T) which is effectively one of Koeller’s ap-
proaches.

Hence, Equations (10-15) could be compacted into Equations (1-3) symbolically by tak-
ing the relation this applies precisely to for ideal gases of constant heat capacity that:

C,=C,+R (16)

and defining y = C,/C, and manipulating the equations (10-15) to yield the equations (1-3).

Many (the writer believes most) textbooks do this and the result has found wide adop-
tion and use including in the writer’s consciousness and in ASTM Committee G4 documents.
Derivative equations, including several used by OSPs that will be dealt with in this tutorial,
contain the y parameter. This practice now seems both less useful and can even be circumstan-
tially misleading as will soon be elaborated.
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FIG. 4—Real-Oxygen Adiabatic Temperature Versus Pressure From NIST12 DB. Digital versions have black
gas curves, a red saturation curve, blue liquid curves and supercritical fluid curves near saturation are green.
Reproduced from Figure A-11 in Appendix A.

With the availability of NIST databases 12 and 23, the real and presumably most accu-
rate behavioral properties of gases can be extracted. Figures 4 and 5 (reproduced from Figures
A-11 and A-12 in Appendix A) exhibit how temperature depends on pressure during the adia-
batic pressurization of systems. This is the relationship Leslie [9], Barragan et al. [11] and
Koeller [10] explored that may be the most important to OSPs. Figure 4 exhibits the ideal-gas
constant heat capacity compression from room temperature and atmospheric pressure example
used by Leslie as a beaded curve. Beneath it is the comparable real gas compression.

Figure 4 also exhibits curves for twenty-one different values of constant real-oxygen en-
tropy. If these were ideal-gas curves with constant heat capacities, Equation (2) would define
their slopes as (y—1)/y, but for cases where C,= C, + R, the local slopes where heat capacities
are constant could also be given as R/(C,+R) and also R/C,, and for where heat capacities var-
ied and yet still where C, (P,T) = C,(P,T) + R would (at least over local regions) be R/[C,(P,T)
+R] and equally also R/C,(P,T). Labels at the ends of each gas curve indicate what the local
slope of the curve is at each end. The ideal gas curve is labeled with a slope of 0.2829 that is
equal to (y—1)/y [by Eq. (2)], for a y of ~1.4 (apparently Leslie actually used a y of 1.3945).

Figure 5 exhibits seven curves (five from Figure 4) that form the “supercritical trian-
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FIG. 5—Real-Oxygen Adiabatic Temperature Versus Pressure from NIST12 DB. (In Region of Supercritical”
Triangle). Digital versions have black gas curves, a red saturation curve, blue liquid curves and supercritical
Sfluid curves near saturation are green. Reproduced from Figure A-12 in Appendix A.

gle.” Labels at the ends of each line again indicate the local slope of each curve at its end
points. These show how the slope decreases substantially as one approaches and produces the
liquid condition. However, these Figures 4 and 5 allow us to confirm Leslie’s conclusion that
the variation in the slope of his example is sufficiently straight to approximate with an empiri-
cal polytropic equation, and the same thinking can be extended to cover every curve and
every region shown on both figures.

Hence we can now estimate real adiabatic compression temperatures as a function of
pressure with the empirical equation patterned after Equation (2):

T/T, = (B/P)" (17)
Where myp is the slope of any straight section of any curve on Figures 4 or 5.
Analogs to Figure 4

The state of a gas is specified by three parameters (P,V,T) that yield three two dimen-
sional interrelationships (T vs P, T vs V, and P vs V). The preceding analyses have been ad-
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FIG. 6—Real-Oxygen T vs.V During Adiabatic Processes From NIST12 DB. Digital versions have black
gas curves, a red saturation curve, blue liquid curves and supercritical fluid curves near saturation are
green. Reproduced from Figure A-14 in Appendix A.

dressed to the relationship between temperature and pressure, akin to Eq. (2), during adiabatic
compression because the abrupt pressurization of a system is considered to be a common and
major hazard. But these analyses could have been effected on the basis of temperature and
volume, akin to Eq. (3), because compression machinery abruptly reduces the volume of a
gas’s container), or also on the basis of pressure and volume, akin to Eq. (1). Figures 6 and 7
reproduced from Appendix A (Figures A-14 and A-15), portray the exact same “gas state”
conditions of Figure 4 in these other formats using extracts from NIST12 DB. The data points
used to produce each analogous segment correspond exactly to those for Figure 4. Similarly
to facilitate correlation among the points, the same color-coding of the curves is used on digi-
tal copies. Each of these families of curves has its own particular merit in oxidant system
analysis and design.

Figure 6 exhibits the temperature versus volume relationship and again, as for Figure
4, the segments are rather straight, supporting the use of an empirical equation to approximate
them. Again, twenty-one real-gas curves and one ideal gas curve are shown. If these were
ideal-gas curves with constant heat capacities, Equation (3) would define their slopes (mzy) as
(1-y), but for cases where C,= C, + R, the local slopes where heat capacities are constant
could also be given as R/(C,+R) and also R/C,, and for where heat capacities varied and yet
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FIG. 7—Real-Oxygen V vs.P During Adiabatic Processes From NIST12 DB. Digital versions have black
gas curves, a red saturation curve, blue liquid curves and supercritical fluid curves near saturation are
green. Reproduced from Figure A-15 in Appendix A.

still where C, (P,T) = C,(P,T) + R would (at least over local regions) would be R/C,(P,T) and
equally also R/[C,(P,T)-R]. Labels at the ends of each gas curve indicate what the local slope
of the curve is at each end. The ideal-gas curve is labeled with a slope of -0.3945 that is equal
to (1—y), [similar to Eq. (3) for Leslie’s example], for a y of ~1.4 (apparently Leslie actually
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used a y of 1.3945).
Hence we can now estimate real adiabatic compression temperatures as a function of
volume with the empirical equation patterned after Equation (3):

T/T;=(V/V i (18)

Where myp is the slope of any straight section of any curve on Figures 6.

Figure 7 exhibits the pressure versus volume relationship and again, as for Figures 4
and 6, many of the segments (at least the segments for gaseous oxygen) are rather straight,
supporting again the use of an empirical equation to approximate them. Again twenty-one
real-gas curves and one ideal gas curve are shown. If these were ideal-gas curves with con-
stant heat capacities, Equation (1) would define their slopes (mpy) as (—y), but for cases where
C,=C, + R, the local slopes where heat capacities are constant could also be given as -
(Cv+R)/Cv and also -(Cp/(Cp-R), and for where heat capacities varied and yet still where C,
(P,T)=C,(P,T) + R would (at least over local regions) would be -(C,(P,T)+R)/C,(P,T) and
equally also -(Cp(P,T)/[Cp(P,T)-R]. Labels at the ends of each gas curve indicate what the
local slope of the curve is at each end. The single ideal gas curve is labeled with a slope of —
1.3945 that is equal to (—y), [similar to Eq. (1) for Leslie’s example], for a y of ~1.4
(apparently Leslie actually used a y of 1.3945).

Hence we can now estimate real adiabatic compression pressures as a function of vol-
ume with the empirical equation patterned after Equation (1):

PJ/PI' = (Vf/V,')mPV (19)

Where myy is the slope of any straight section of any curve on Figures 7.

Table 4, exhibits the local values of the slope (mpy) at the beginning and end of every
segment as shown in Figure 7. They are shown for the segments from upper left (high P, low
V) to lower right (low P, high V) and on digital copies the color coding is preserved. There
are columns of data for the real (actual, best) local mpy, the slope based on Cp/(Cp-R) (per Eq
13), the slope based on (C,+R)/C, (per Eq. 10), and the slope based on real y (that is, Cp/Cy)
with all data extracted from the NIST12 DB.

Notice that at higher values of pressure (top entries) all four ways of calculating the
slope give similar values differing only in the third or four decimal places. Appendix A ex-
plores how this is where the relationships: C, = C, + R, and C,(P,T)=C,(P,T) + R are most
closely obeyed. As one examines entries moving down the table, discord appears and when
one hits the saturation level and below all of the calculated values exhibit substantial discord
with the “best” value. For conditions at the top of the Table (higher pressures and tempera-
tures) gases are reasonably ideal (PV ~nRT), specific heats are constant and C, = C,+R).
However, as pressures and temperatures decrease, all three of these parameters break down
differently.
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TABLE 4—Comparison of -mgp,(Cv+R)/Cv, Cp/ACp-R), Cp / Cv for Figure 7.

Beginning of “Straight” Segment End of “Straight” Segment
-mp  (Cv+R)/Cv Cp/(Cp-R)  Cp/Cr -mzp  (Cv+R)/Cv Cp/(Cp-R) Cp/Cv
Gas 1.318 1.319 1.319 1.319 1.298 1.297 1.297 1.297 Gas
Gas 1.337 1.340 1.340 1.340 1.298 1.297 1.297 1.297 Gas
Gas 1.361 1.363 1.363 1.363 1.300 1.296 1.296 1.296 Gas
Gas 1.382 1.384 1.384 1.384 1.305 1.297 1.297 1.298 Gas
Gas 1.395 1.395 1.395 1.396 1.318 1.297 1.297 1.300 Gas
Gas 1.399* 1.399 1.399 1.400 1.348* 1.298 1.296 1.304 Gas
Gas 1.400 1.400 1.399 1.401 1.383 1.303 1.299 1.315 Gas
Gas 1.400 1.399 1.399 1.402 1.414 1.313 1.307 1.334 Gas
Gas 1.400 1.400 1.398 1.405 1.454 1.326 1.315 1.362 Gas
Gas 1.389 1.371 1.363 1.392 1.507 1.342 1.322 1.404 Gas
Gas 1.157 1.262 1.183 1.689 1.609 1.362 1.319 1.500 Gas
Gas 1.147 1.262 1.183 1.689 1.793 1.371 1.283 1.685 Gas
Gas 1.131 1.262 1.183 1.689 2.422 1.360 1.205 2.116 Gas
SC Fluid  1.120 1.262 1.183 1.689 3.264 1.349 1.176 2.337 SC Fluid
Saturation  1.106 1.262 1.183 1.690 5.278 1.339 1.164 2.406 Saturation
SC fluid  1.093 1.262 1.183 1.689 8.136 1.332 1.167 2.324 SC fluid
Liquid 1.076 1.262 1.183 1.689 12.300 1.325 1.173 2.199 Liquid
Liquid  0.985 1.265 1.183 1.689 32.500 1.296 1.189 1.858 Liquid
Liquid 0.753 1.262 1.183 1.689 53.631 1.270 1.192 1.679 Liquid
Liquid 42.479 1.265 1.183 1.689 68.642 1.254 1.190 1.596 Liquid
Liquid  high 1.231 1.184 1.486 88.260 1.236 1.190 1.479 Liquid

*Segment passes through room temperature and atmospheric pressure.
*Cp/Cv=“Real”y
On digital copies: Black—gas
Red—saturation, Green —supercritical
Blue—Iliquid
All data derived from NIST12 Database [ 16 ]

Indeed, at low temperature the use of all three calculations are flawed. But remarkably,
real gas still wants to compress in a nearly linear log/log P/V, T/V and T/P relationships. Even
when the initial temperature of the gas is very near the boiling point of the oxygen, the curves
are still remarkably linear. In other words, one is better off relying on use of the NIST databases
(or Figures 4, 5, 6, and 7 based on them) to assess real-gas behavior than to do the math.

For gaseous oxygen at the boiling point and 2 psia, a rapid compression to 3600 psia
yields an estimated final temperature of about 668°F per the NIST12 DB. However, if there is
liquid present, then equilibrium is an issue and things are more complicated.

Figure 4 exhibits adiabatic compression of 2 psia gas at the boiling point (the black
curve next to the label for mzp = 0.2794), and for 2 psia liquid at the boiling point (the blue
curve immediately below point “e”, and also for numerous intermediate equilibrium mixtures
(that initially begin on the red curve and then split off from it as black or blue lines such as at
points “a” and “b”) on Figure 4. When there are two phases (both gas and liquid) present, equi-
librium compression (stress on the word equilibrium meaning at uniform pressure and tempera-
ture throughout) results in an initial slow warming and slow pressure rise along the red satura-
tion (boiling point) curve. If the mixture is predominately gaseous then more appreciable adia-
batic heating of the gas fraction will ultimately convert the liquid into gas and then the resulting
gas will warm with a greater slope.
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Appendix A elaborates on this process in some detail and tabulates examples in the Ta-
ble with Figure A-13. For example, a mixture of 89.3% gas with liquid by mass is predomi-
nately gas and will vaporize fully at point “a” and further heating during compression will be
along a black line to a final temperature of 370°F at point “c”. Conversely, an initial mixture of
9.6% gas with liquid by mass is predominately liquid and equilibrium pressurization will result
in the liquefaction of the gas which will condense fully at point “a” and heating will then ex-
hibit a very slow pressure and temperature rise slope thereafter along a blue (liquid) line to a
final temperature of about minus 292°F (-292°F) at point “d”. Further, a mixture of 78.1% gas
with liquid by mass is predominately gas and will track the red saturation curve to point “b”
where in equilibrium it will be fully gaseous and will then heat during compression to a final
temperature of 151°F at point “€”. And again similarly, a mixture of 23.5% liquid at the begin-
ning will during equilibrium compression track the red saturation curve to point “b” where it
will be fully condensed and will then track the blue (liquid) curve to a final temperature of
about minus 242°F (-242°F) at point “f”. The appendix gives other examples, as well.

However these are not the only adiabatic processes OSPs should be concerned about!
These are for equilibrium (uniform temperature and pressure throughout) adiabatic compres-
sion. However, rapid pressurization of segregated liquid/gas mixtures would seldom be in or
near equilibrium. OSPs should also analyze these cases from a second perspective.

Figure 8§ exhibits a vessel on the left containing quiescent liquid and gas. In normal
gravity the liquid usually collects into a pool at the bottom and is not nearly in good heat ex-
change with the entire gas. As an extreme example, now think of the same vessel baffled as de-
picted to the right of Figure 8. In this case, rapid pressurization is more nearly like rapid pres-
surization of the gas alone and the liquid alone much as if they were isolated by a valve be-
tween the vessels. In this case, for a vessel containing 2 psia oxygen in any ratio of gas to liquid
at the boiling point (about —325°F at 2 psia), this writer would suggest the gas fraction will
achieve a local equilibrium within itself at the same final temperature 668°F that a fully gas
system would, and the liquid will compress to achieve a local equilibrium within itself at the
transient final temperature (about -319F, an increase of only 6F°) that a fully liquid system
would achieve. Later, after transferring heat between them, they may come into equilibrium
with each other and achieve the equilibrium values predicted by NIST DB 12.

As a result a conservative analysis of an oxygen system’s dynamics might assume any
gas fraction will compress independently from the liquid unless there is compelling reason why
an equilibrium would prevail between the two phases.

Some mixtures lying on the saturation curve (red on digital copies) of Figure 4 (those
passing through point “b”) will compress when under complete equilibrium to the point where
the oxygen achieves the critical point conditions (the point at which only one phase is present at
731.43 psia, -181.4°F per NIST12 DB). This region was presented in greater detail in Figure 5.
Equilibrium adiabatic compression of liquid/gas mixtures that pass through the critical point
produce curves that fan out to the right from the critical point.

If the oxygen is entirely gaseous at the critical point, then adiabatic compression will
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FIG. 8—Vessels With Little Equilibrium Between Phases During Compression.

heat and pressurize it along the top curve (black on digital copies) of Figure 5. Actually this
“curve” is a rather straight line that is remarkably parallel with the gaseous compression curves
above it. Its slope (which is the applicable exponent that one would use in Equation 17 ranges
from 0.2387 to 0.2566 which is remarkably close to the 0.2829 for compression of ideal room
temperature oxygen gas.

If the oxygen is entirely liquid as it passes through the critical point, then adiabatic com-
pression will heat it to a much smaller extent and pressurize it along the nearly flat bottom
curve of Figure 5 (blue on digital copies). Actually this “curve” is another rather straight line
that is remarkably parallel with the liquid compression curves below it. Its initial slope is re-
markably close to that of the liquid sub-cooled oxygen curve below it.

For conditions of two-phase “mixtures” between these two curves (where the two
phases will typically be separate), slower equilibrium compression will produce a supercritical
fluid of various slope as shown on Figures 4 and 5 (as the green curves on digital copies). How-
ever, even in these cases, one should recognize the possibility for lesser degrees of equilibrium
(for example a “mixture” segregated in a vessel to the extreme degree as shown in Figure 7B).
In this case, the gas phase which is becoming supercritical and gaining density will still tend to
form a lower density supercritical fluid than will the liquid which is becoming supercritical and
losing density. This is again a conservative perspective.

Textbooks that were consulted for terminology to use in describing supercritical oxygen
like this were of little help and even create an impression that the significance and curious be-
havior of supercritical fluids extends to all pressures and temperatures greater than those of the
critical point. However, we have seen that at least with regard to adiabatic compression, that the
fluid along the black curve just above the triangular region behaves very much like gaseous
oxygen at any conditions further above it. Similarly, supercritical oxygen along the liquid curve
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(blue on digital copies) that is just below the triangular region behaves in adiabatic compression
much like liquid oxygen that is further below the critical point. This writer will call the
“supercritical triangle” between these two curves (between the lowest black and highest blue
curves), the hybrid transition state of supercritical oxygen. This word choice is predicated on
the following for the fluid depicted therein.

When a liquid/gas oxygen mixture (of roughly 45% gas) passes through the critical
point, it behaves differently than the gaseous oxygen at conditions above or the liquid oxygen
below. Indeed, it goes through a range of properties. Those mixtures a little higher in liquid ex-
hibit a lower slope. Those mixtures a little higher in gas exhibit a greater slope. But the heating
properties exhibit a transient range and the slopes are like a mathematical combination of the
gas and liquid slopes. Hence hybrid transition.

However, notice that the adiabatic curves for fluid in the hybrid transition state are also
remarkably straight. More importantly, the slopes can therefore be used to predict the heating
using an equation like that for the thermodynamic properties of the fluids (Table 4 shows how
the functions are close to the real mzp values). Table 4 also shows how estimates based on heat
capacities in this way would fare, and shows that use of real y in this hybrid transition region
would produce extreme error.

As noted in Appendix A, the highest temperature produced by compression of super-
critical oxygen in this hybrid transition region up to the 3600 psia case would yield only a
maximum of roughly —60°F, a level that would not concern most OSPs. This is not a great risk
to oxygen safety, but this same effect may be more important with other fluids and oxidants.

Limitations of Standards and Texts

The Appendix A derives the equations for ideal adiabatic compression in two ways, one
based on use of the specific heat at constant pressure and one based on the specific heat at con-
stant volume. As already noted, neither incorporates, nor does either need to incorporate, the
ratio, vy, of specific heat capacities. However, virtually every standard thermodynamics text the
writer checked with and recalls expresses adiabatic compression in terms of y (sometimes the
alternative symbols, k or n, are used by engineering texts for this same ratio). This appears to be
an unfortunate effort at simplification that ill-serves the OSP, because y appears to be one of the
less useful ways used to approximate real oxygen.

When an ideal gas with either constant specific heats or variable specific heat is as-
sumed, the assumption of ideality compels the two ideal specific heats to differ by the amount
R. However this condition does not always apply for real oxygen. And unlike ideal gas which is
used to approximate real gas, the use of a real y does not always produce the best, or even a
good, approximation of the desired and necessary polytropic equation exponent. The specific
heats of real gas vary in independent ways and in some instances their difference is much dif-
ferent than R.
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The empirical variables called: mzp, mzy, and mpy here appear to generally provide a
better exponent and allows similar equation structures to be used yet still can be flawed in some
regions.

Consequently, one can choose to approximate real oxygen as ideal gas of constant spe-
cific heats using Equations (1-3), or even more carefully can choose to approximate real oxygen
as ideal gas of variable specific heat using data for the variable specific heat of real oxygen, but
if any then seek to approximate real oxygen using “real” y (as the writer had hitherto considered
reasonable), an error mechanism is introduced where Cp # C + R and the domain of calcula-
tion is degraded, and quite significantly in some (albeit lesser used) cases.

The applicable equations in Appendix A for final temperatures (A23-A25, A50-A52)
are dependent on either C, or C, but do not require both. The attempt at simplification in stan-
dard texts artificially substitutes C, or C, for R in these equations (perhaps much as an enter-
prising individual might find a way to include the speed of light). This approximation is indeed
an approximation and lends reasonably good answers over some regions, such as at room tem-
perature and atmospheric pressure, but a more applicable and more rigorous approach is to sim-
ply avoid the artificial introduction of y in this way.

Since, there is no serious simplicity lost in a more rigorous formulation, this writer rec-
ommends that future revision of G4 standards (such as G 63, G 94, and G 88), and textbooks as
well, avoid use of the PV' formulation and instead use a similarly compact but more empirical
approach based on the formulas: T,/T; = (P/P))™”, T/T;= (V/V;)™", and P/P; = (V/V;)™" as are
developed herein. And as will be proposed in later sections these standards would also benefit
from the introduction and elaboration of the concept of minimum ignition energy and to relate it
to the heat transfer properties of adiabatic compression.

The Figures 4, 5, 6, and 7 provide both qualitative and quantitative perspective on real
oxygen. And finally, this approach can be supplemented with high definition graphics or a
simple PC algorithm that can allow the accuracy and precision needed in such calculations.

Caution! Although improvement derives from substituting empirical variables for y in
the polytropic equations used here, the parameter y is used extensively in many other calcula-
tions (including five types to be examined in a later section of this tutorial), and one must be
sure that when seeking better “real-fluid” calculations that the substitution of the empirical
variables for y is still valid for those as well.

Choosing Optimum Exponents

Numerous textbooks that employ y in their formulae for adiabatic compression approxi-
mate it as 1.4. In many, this is described in theory’ which deduces that y will take on the follow-
ing values for ideal gases:

1.67 For monatomic molecules (Ar, He, Ne, etc.)

"The classical equipartition theory deduces that KT/2 energy will be absorbed by each degree of freedom in a
molecule. See John [79] and Kennard [20].
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1.40 For diatomic molecules (O,, N,, Hy, F,. etc)
~1.2-1.3 For triatomic molecules (CO, , N,O, etc.)

Note that for gas that approximates ideal gas (like oxygen does in many of the calcula-
tions here) the calculation of the isothermal work to compress the gas will be similar to those
calculated in Appendix A (the area under the region abcde of Figure A-2), but that as the mole-
cule size increases, its heat capacity increases also. Therefore reintroducing the heat into the gas
incrementally will produce progressively different temperature rises. This is why the value of v,
and similarly for the magnitude (since the slope is negative) of the related empirical slope, will
decrease as the molecule gets larger, and increase as the molecule gets smaller. Indeed, this is
reflected in the case of an extremely large molecule for which the heat capacity would be very
large and the temperature rise very low. In this case, the values of y and magnitude of -mpy
should fall toward a lower bound of 1.0 (below a value of 1.0, adiabatic compression would
cool the gas), and the adiabatic compression Equation (19):

PV =PV

would become the ideal gas equation (P;V,; = P;V,). Therefore the entire range of values that y
and -m,, can assume for an ideal or near-ideal gas is from only 1.0 to a maximum of about 1.67.
In real gas, however, as it becomes very non-ideal (approaches condensation) we have seen
(Table 4) the values of approximations to y and -m,, for oxygen being at least as high as 5-26.
The real values of -m,, have gone only slightly above 1.40 in its extremes for oxygen.

In the case of oxygen in the ASTM G4 standards, however, the original thinking in
adopting a value of y of 1.4 was not so elegant. It was merely rounding off the actual value of y
at room temperature and atmospheric pressure from about 1.396 to 1.4. This was adopted by
ASTM G4 in its earliest consensus on adiabatic compression. And other texts also seem to
make adjustments. For example Wilson et. al. [8] publish a table (their page 322) of final tem-
peratures for compression of ideal oxygen and ideal Nitrox (50-50 oxygen and nitrogen mixture
which is a mixture of diatomic gases to yield a diatomic mixture). They cite the procedure of
ASTM G 88 as their basis, but their calculation for oxygen appears to be based on a “real” y of
1.395 while their Nitrox calculations appear to be based on a “real” y of 1.397.

Rounding v to 1.4 for oxygen appears to yield reasonable and conservative results for
the most common STP starting-condition case. Fine-tuning of y can yield improvements in the
results for these same starting conditions. Figure 4 and Table 4 indicate the possibilities.

If one wished an optimum exponent, one could extract it from a database or select it
from the Figures 4, 5, 6, and 7, and Table 4, though reading logarithmic data accurately is not
easy. And so it would be desirable to have a simple method to obtain approximate values of a
suitable adiabatic exponent for other starting conditions or even for other gases, and so later
sections will explore the significance of these variables in more detail, and the next section will
propose methods to extract logarithmic data.
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Quest for a Simple Compression/Expansion Resource

So far, the implications of real versus ideal oxygen have been considered. Estimating
the behavior of real oxygen, can be done, to a conservative extent, using the equations reviewed
here and in the cited papers. Some larger companies have in-house software and there are sev-
eral software packages available commercially. All of these have issues and may present avail-
ability challenges for many OSPs, especially for knowledgeable technical personnel who are
not steeped in mathematics. The OSP and the safety of the oxygen-exposed community would
be well served by a robust resource such as a simple algorithm along the lines of the ASTM
Committee G4’s former utility G4Math or way to read Log/Log plots.

ASTM G-4 provided the highly simplified complimentary algorithm in G4Math that
served to do ideal-gas/constant-specific-heat calculations, among other calculations between
roughly 1992 and the mid-2000s. A simplified companion algorithm would also be worthwhile.
The development of standards is intended to avoid oxygen fires and explosions and thereby
avoid injury and fatalities that damage not only the direct victims but the industry and G4 as a
whole. Anything that improves G4’s standards or expands their use, or facilitates their correct
application is of benefit. The writer encourages the adoption of such tools from within ASTM
G-4 and offers the examples presented here for consideration and modification, but is aware
that some such endeavors are not currently allowed ®. Nonetheless the proposal is made for
whatever benefit it may provide.

Leslie (as reviewed earlier and in Appendix A) has suggested using an approximate val-
ues for m,, fro compression of atmospheric pressure, room-temperature oxygen (and this tuto-
rial argues the same approach can be applied at all common pressures and temperatures) ob-
tained from linear regression fitting of the data. This would be very easy to program in the same
language ° used for G4Math (as reviewed in Appendix C). However, as we have seen, Leslie’s
paper dealt with only one set of starting conditions. Furthermore, for a curve of constant slight
concavity, using a least squares fit, results in estimates that are too low at the lower pressures
and too high at the upper pressures. Figure 4 showed how the real gas behaves at all common
starting conditions. This one graph presents a rather good capsule overview of real adiabatic

¥ The writer has proposed ASTM G4 consider adoption of a real-gas algorithm even though he is aware that not

only is ASTM G4 reticent about pursuing new PC utilities but that the Committee, has backed away from the
utilities it has already provided and no longer distributes the existing algorithms. ASTM has withheld permission
to ballot further algorithms apparently based on liability concerns (although its Committee E-27 sells the com-
puter facility CHETAH related to fire and explosion behaviors). The writer continues to encourage the existing
utilities, including G4Math, and feels that further adjuncts are not only desirable, but necessary to fully serve the
missions of G4 and ASTM, often with as much import as do its standards, themselves.

G4Math.exe Version 1.0 through 1.2 were written in Microsoft Visual Basic Versions 1.0 to 3.0. This software

offers a number of advantages that are particularly useful for this tool, as discussed in Appendix C. With the ad-
vent of 64-bit computing, importation of the code into 32 bit software has been done to allow its continued use.
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compression but logarithmic scales are difficult to read with sufficient precision. One could
also choose to accept larger percentage errors early in the compression process in exchange for
more accurate predictions later in the process where the accuracy of the estimate is more criti-
cal. And it would also be straight forward and precise, if more involved, to approximate the
slight curvatures present in the curves of Figure 4 with a series of short straight line segments.

At lower temperatures, at and below the saturation curve, the situation is more complex.
A more easy alternative would be preferred.

Traditionally, select engineering textbooks have had a thick wad of graphs included be-
tween the pages and back cover. Indeed, for Rankine (steam) engine performance determina-
tions, one could open a graph for the adiabatic thermodynamic behavior of steam that was a
couple feet long on each side and peppered with grids to improve precise reading of the data.
ASTM Standards could do the same. However, today huge graphs in the form of Figures 4, 5,
6, or 7, could be distributed as a high-definition computer graphic, a computer file with enough
pixels to allow adequate precision that can be zoomed in on with many software packages
(perhaps Photoshop and GIMP being the ultimate).

Figure 4-7, can then be vetted, based on NIST and various corporate facilities, opti-
mized and published in G4’s standards in low resolution form with the high-def graphic avail-
able separately.

However, the writer, would additionally propose a method to read the graphic similar to
that which he employed in his FLLAME (Fire Limits for Linearly Afflicted Minds Everywhere)
algorithm (a program that, like G4MATH.exe was originally written in 16-bit Visual Basic 3.0
and has been upgraded to 32-bit Version 4.0). In that case, the previously developed graphical
element is present that depicts the fire-limit map of a material (whether empirical or theoreti-
cal). The PC mouse is used to place a cross-hair pointer on a region of the fire map that is either
inside or outside the fire limit (or passes through or around the limit in accordance with various
fluid flow circumstances) and it is then clicked, and a report box lists the spectrum of mixture
parameters for the chosen location. To incorporate an approach like this with real-gas adiabatic
compression (and the same is true for adiabatic expansion also), one could employ a figure
somewhat like that of Figure 4 or Figure 4, itself. This would be the “map” or graphical ele-
ment. One would first place the cross hair on the starting condition (a continuous readout of the
pointer position would assist) and click to establish “starting” conditions, then move it to the
final condition on the same isentropic (adiabatic) line (to the right of the starting point for a
compression, to the left for an expansion) and click a second time. Bold users could do interpo-
lations of both the starting and finishing conditions as well. The report box would cite both the
initial and the final conditions, including values of m,, m,, and m,, , and changes that took
place. OSPs would seldom need more or better data.

This would also allow for simple what-if experimentation. Placing the pointer crosshair
location on other potential lines would provide the calculations for those speculative points as
well. Placing the crosshair on any point or intermediate would also allow the drawing of a line
of any desired slope for comparison purposes, and of estimating empirical values for y to use in
equations for calculating real gas velocities, TNT equivalencies, etc.
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The writer has prepared one possible example (proof of concept), currently called adia-
bat32.exe, of such a utility for a number of different gases. This “draft” has not been thoroughly
vetted nor validated and so is provided for evaluation only, and must be taken as an “as is” and
“use at your own risk only” effort. It was made available separately on the writer’s home site
from 2007 to about 2011 as 16-bit software. However, it must be repeated that ASTM Commit-
tee G4 has been reluctant of late to pursue additional PC utilities like this for a series of reasons.
The prospect that such an effort would find a warm reception and adoption are scant and with-
out the ASTM G4 imprimatur any such effort would be much less valuable, credible and pres-
tigious. Hopefully a way can be found to exploit its potential benefit.

Real-Gas Heat Transfer

In many paradoxical instances, the more one compresses a gas, the higher will be its fi-
nal temperature, but the less will be the amount of heat transferred from the final gas slug and
vice versa. This paradox occurs when one is pressurizing gas in a fixed volume (such as a com-
ponent) from various starting pressures to a constant final pressure, such as that in a commer-
cial cylinder.

In 1992 the writer made his first attempt to relate the risk of exceeding an in-situ igni-
tion temperature with the risk of exceeding an in-sifu minimum ignition energy [6]. It was re-
prised in 2002 [7]. This effect derives from the interplay of temperature and heat transfer during
adiabatic compression. The lower the initial pressure in a fixed-volume system, the greater will
be the final temperature predicted, albeit often with a smaller amount (mass) of hot oxygen.
However, the greater the initial pressure, the larger (more massive) will be the final slug of hot
gas that is produced (albeit often at a lower final temperature). But as physics would have it,
over a significant range that applies to most oxidant systems, the higher will be the temperature
achievable, the smaller will be the amount of heat that can be transferred.

Even incredibly high temperature (for example plasma discharge temperature) with neg-
ligible heat transfer may not be an effective ignition source. Small sparks and arcs have often
failed to ignite even the most vulnerable of polymers. Similarly, high heat transfer at a tempera-
ture far below the ignition condition may not be an effective ignition source either. There may
be a circumstantial optimal condition somewhere in between these extremes.

Please allow an example to allegorize this aspect. It is not merely the temperature of the
oxidant that causes ignition. The temperature the material contacting the fluid achieves is also
crucial. One can wave their hand through some oxygen-fuel flames at a speed that will produce
negligible injury despite the several thousand degree flame temperature. However, a similar
wave through a steam jet might produce a terrible burn, owing to the high heat transfer that
condensing steam can produce even at a mere couple hundred degrees temperature. One’s hand
may actually be heated and injured more in the low temperature stream than in the high tem-
perature stream.

So where does the greatest amount of heat transfer above the ignition temperature occur
(without meaning to suggest that this is the exact most vulnerable point)? And in fact, if real
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FIG 9—Maximum Relative Heat Transfer Before Compressed Gas Cools to Room Temperature.
Starting 70°F and 15 psia, Final pressure 3600 psia.
On digital copies: Black—Ideal gas. Green—Real gas per NIST 12.

oxygen does not produce a higher temperature, does it perhaps transfer an offsetting increase in
the amount of heat transfer possible or does it work oppositely? With the NIST12 DB data, a
good, albeit still coarse, perspective can be had.

As a first approximation, Figure 9 repeats the earlier ideal-gas approximation. It indi-
cates a maximum heat transfer when the starting pressure is about 30.8% of the final absolute
pressure. What this is saying is that if a starting gas at the optimal pressure is rapidly pressur-
ized to 3600 psia, and then the gas is allowed to cool uniformly (which is not the case) then
when the gas has returned to room temperature it will have transferred a maximal heat com-
pared to any other starting pressure. However, when that maximal heat has been transferred, the
final gas temperature would be only room temperature and no longer a serious risk.

Figure 9 also presents a curve that is the change in gas enthalpy compared to the maxi-
mum enthalpy change of the gas during compression multiplied by the final density as extracted
from the NIST12 DB. This is a real-gas version of the previous calculation. For the room tem-
perature starting condition the curves are very similar. The maximum in the real-gas case is at
about 35.4% of the final pressure and the maximum transfer (not shown) is about 14% greater
than the ideal gas case would predict.

As aresult, this analysis suggests that oxygen at room temperature and atmospheric
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FIG 10—Maximum Relative Heat Transfer Before Compressed Gas Cools to 400 °F or 800°F.
Starting 70°F and 15 psia, Final pressure 3600 psia.

pressure would compress to 3600 psia to more than 1700°F which is much higher than the auto-
genous ignition temperature of most polymers and then in cooling back to room temperature
would transfer from the gas a heat of about 36 BTU/ft’ of vessel volume. An initial gas slug
compressed from an initial room temperature and extreme-case 1275 psia would compress to
3600 psia to form a slug with about thirty times the mass of the 1700°F slug but at a peak tem-
perature of only 257°F which is less than the autogenous ignition temperature of most poly-
mers but upon cooling back to room temperature would transfer a much larger heat (by a factor
of more than ten) of about 397 BTU/ft’ of vessel volume. Therefore, one might ask what is the
maximum heat transfer at the time when the gas has cooled to the transient in-situ ignition tem-
perature or even the autogenous ignition temperature (the latter likely to be the lesser).

Little is published about the transient in-situ ignition temperatures of materials but a
small further refinement of this analysis is nonetheless still possible based on known autoge-
nous ignition temperatures. Recall that some polymers ignite at temperatures as low as 400°F
and most ignite at temperatures below 800°F. A refinement of the analysis is possible by calcu-
lating the amount of heat transfer that the gas might provide if cooled from the final peak tem-
perature to either of these benchmarks.

Figure 10 shows both of these for real oxygen. In this case, a final pressure of about
3600 psia is assumed. One curve shows the maximum heat transfer possible before the gas
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cools to 800°F and one curve shows the maximum heat transfer relative to cooling to 400°F.

This result is important! Whereas one might argue that there is not so much difference
between materials that ignite at 400°F and 800°F when you are exposing them both to the peak
1700°F, but there can in fact be a huge difference. The material that ignites at 400°F will absorb
much more heat before the gas cools to its ignition temperature during the transient cool-down
and its surface will therefore warm much closer to or above its ignition temperature. This bot-
tom line is even more dramatic than this simplistic analysis suggests. In many cases the com-
patible polymers (most notably PTFE) will be much more dense than the low igniters (PTFE
has a specific gravity of about 2.3 while polyethylene is less than 1.0). This means that even for
comparable heat transfers, the temperature rise in the compatible materials will be less. So, yes,
the high igniters do indeed deserve the good reputations they have earned.

In the analysis of Figure 10, the first curve (maximum heat transfer at or above 800°F)
is maximum for a starting pressure of about 50 psia (P/Pmax = 0.0139), and the maximum heat
transfer is about 7-8% of Emax. When pressurized to 3600 psia then allowed to cool to 800°F,
side-by-side PTFE and PE would be exposed to this maximum heat transfer, but then the gas
temperature would drop below 800°F as it cooled further. By the time it cooled to 400°F, the
additional heat transfer possible to the still vulnerable PE component would be twice this
amount. This might be the worst case exposure for PTFE, and it should be much worse for PE.
However, the likely worst case for PE would be if the starting pressure were to be at the maxi-
mum in the blue curve (maximum heat transfer at or above 400°F) at about 225 psia (P/Pmax =
6.25%). At a starting pressure of 225 psia, the final temperature does not achieve 800°F (it only
hits 682°F, so PTFE could not heat above the 800°F level. However, the heat transfer to PE
might be about 23% E,,.x, Which is about twice the heat transfer at or above 400°F that would
occur at an initial pressure of 50 psia. Clearly, the more vulnerable materials are more vulner-
able across the board and might be especially vulnerable to higher starting pressures.

These latter 400°F and 800°F curves will change a lot depending upon starting tempera-
ture. Figure 11 exhibits these same curves for two additional starting conditions. The black
curves are for an initial room temperature (70°F). The red curves are for a starting gas tempera-
ture of 100°F, and the blue curves are for starting gas temperatures of —30°F. These suggest that
warm initial gas temperatures produce higher heat transfers relative to fixed threshold tempera-
tures. The three lower curves are heat transfer upon cooling to 800°F, and the upper three
curves are for heat transfer upon cooling to 400°F.

Again, there are few data available for in-situ ignition temperature and in-situ ignition
energy during such transient events. Some materials will begin to melt (which can shield
against high temperatures), some will begin to vaporize and other effects are important also.
But today, only autogenous temperature is routinely reported.

However, the concept of ignition energy is well established. Papers on the minimum ig-
nition energy (MIE) are few in most relevant contexts. However, to borrow words from an ear-
lier paper [7], “The LOX mechanical impact test is, indeed, a minimum ignition energy test but
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FIG. 11—Maximum Relative Heat Transfer Before Compressed Gas Cools to 400 °F or 800°F.
Starting 70°F , -30°F and 100°F , (black, blue and red on digital copies). Final pressure 3600 psia.

is difficult to relate to gas impact. However, the MIE concept is reviewed in many texts of com-
mon study by oxygen compatibility practitioners, such as Lewis and von Elbe [2]], and the auto
industry has extensively explored the MIE of air/fuel mixtures in internal combustion engines,
for example: Steiner and Mirsky [22]. Indeed, Steiner and Mirsky address the particular impor-
tance of MIE dependence upon the rate of energy input, a factor which is also crucially impor-
tant in heat of compression exposure in oxygen.”

To experimentally assess transient ignition one might mount a gas cylinder-operated
arm on an ignition “bomb” (like that in G 72) with a ram that could push a cool instrumented
specimen into, or through, a heated oxygen and then retract it or push it all the way through into
a cool region. This would give insight into how quickly materials ignite and how much higher
are their in-situ ignition temperatures. Such work is not likely any time soon. However a couple
of pertinent examples can be gleaned from the literature and follow.

A Bizarre Scenario?

Janoff et al. [23] reported that in early rapid-compression tests at NASA, PTFE ignited
only at 3000 psia final pressures in an original configuration, but as low as 1000 psia final pres-
sures in a second configuration (these tests were conducted in New Mexico where atmospheric
pressure is several psi lower than 14.7. The second system had twice the internal diameter and
five times the initial length of oxygen slug (ten times the initial volume). PTFE is reported to
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FIG. 12—Heat Transfer in Compression of Real Oxygen to Various Final Pressures.

have an autogenous ignition temperature of 950-980°F when soaked in hot oxygen at atmos-
pheric pressure and this figure should decrease in elevated pressures but increase when a tran-
sient exposure to hot oxygen obtains.

In increasing the volume of the system, these workers were increasing the size and mass
of the final hot oxygen slug, exposing the polymer to a larger heat transfer from the hot com-
pressed oxygen. The result was ignition at lower final pressures, which equates to lower final
temperatures, despite the potentially greater heat transfer. This indirectly demonstrates the an-
ticipated result of varying the starting pressure as a means to provide a similar larger mass of
hot oxygen albeit at a slightly lower final temperature. It also indicates that larger systems with
larger volumes and inherently larger masses of hot final compressed oxygen which also implies
a lower surface-area-to-volume (meaning slower cool-down rates) represents a worse (but not
necessarily worst) case scenario to have in practical systems.

Figure 12 exhibits curves from NIST databases in the manner of Figure 9-11, but for
which various final pressures are presumed for a constant starting pressure. The previously ob-
served trend persists with the maximum in each curve about 30-35% of the final value. The
maximum transfer appears roughly linear with final pressure, but heat transfers at 400°F and
800°F might be more complex and warrant further study.

More Sophisticated Analysis

The previous analyses indicate that in some cases a higher starting pressure during adia-
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FIG. 13—Final Slugs in Two NASA Apparatuses [19)].

batic compression might yield a more severe ignition climate than would a lower starting pres-
sure. These analyses considered the heat transfer that would occur from a final compressed gas
slug representing the oxygen that was initially present in a system.

This analysis is not intended to assert that the lower pressure starting condition is never
the more severe. In some cases lower starting pressure is more severe. Figure 13 exhibits real-
gas estimates for two pertinent examples that are to approximate scale and should print on pa-
per to approximate actual size.

In the upper case, the example is roughly that of the early NASA adiabatic compression
testing that is the basis for the original example system in ASTM G 74-82 Standard Test
Method for Ignition Sensitivity of Materials to Gaseous Oxygen Impact. That original system
employed an internal volume of about 20 ml from a roughly 10 inch (254 mm) length of tubing
of inside diameter of 5/16 inch (7.9 mm). This volume and these dimensions are not too untyp-
ical of much oxygen hardware. Often regulators and the like are located several inches from
their pressure source and have similar piping dimension and internal volumes.

In the lower case, the system is as revised in later work reported by Janoff et al. [23].
This is a doubling of inside diameter and an increase in the length of the initial piping by about
2.5. These dimensions may be somewhat flawed because Janoff et al talk of doubling the inside
diameter from 6 mm but the ASTM standard indicated the inside diameter should be 7.9 mm.
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Small systems are the kind that are the most likely to be less sensitive to lower starting
pressures. When abruptly compressed, the initial oxygen in these volumes will result in small
final volumes. In the case of the NASA configuration used in G 74, the final volume would
only be a slug that is about 0.18-inch long and 0.3 1-inch in diameter. The revised system would
have produced a slug about one-inch long of about 0.62-inch diameter. Clearly the lateral sur-
face-to-volume ratio of the slug from G 74 would be larger than that of the revised system and
in combination with the much shorter length would lead to more rapid cool-down. This is sim-
ply a pretty small slug of gas.

The revised system has both the lower lateral surface-area-to-volume ratio and a much
greater length likely to greatly reduce end-effect heat losses such as radiation, percolation and
buoyancy. For systems that are still larger, the heat loss becomes even smaller as surface-area-
to-volume continues to shrink and so if one were to be pressurizing a 12-inch diameter pipeline,
then the more severe case might well be the one starting at the lower pressures (within reason).
This would clearly be more severe for a long run of piping.

In Figure 13, the real-heat transfer from the final slugs is indicated for cool-down to
various temperatures. It may be a leap too far to suggest that the heat transferred from the slug
is linearly or uniformly related to the heat transferred to the PTFE target, but it is very impres-
sive that as the slug cools, the heat transferred from the slugs differs greatly but the heat trans-
fers per unit area of the target approach each other as the approximate autogenous ignition tem-
perature of PTFE is approached. The transfers per area are equal in this case at a level of ap-
proximately 0.0890 BTU/in’. At this point, the heat transfer has reduced the oxygen slug tem-
perature in both cases to about 885°F. This is written with great ginger, because the in-situ igni-
tion temperature is not known but is assumed to be somewhat greater than the autogenous igni-
tion temperature (known to be about 950-980°F at atmospheric pressure but perhaps signifi-
cantly lower by a hundred F° or more at the elevated pressures and perhaps even different for
the two cases shown). Despite the potential errors that may be present for these two threshold-
ignition conditions in these two test apparatuses, clearly this correlation is much closer and
more meaningful at understanding the ignition thresholds in the two NASA tests, than is any
correlation between peak adiabatic temperature and autogenous ignition temperatures. Further
study would be worthwhile both in theory and in the lab.

Figure 14 plots the real-gas cooldown curves listed in Figure 13 for these two systems.
The two red curves intersect at about 885°F and at about 0.0890 BTU/in’. These cool-down
curves are for a 12 psia starting condition consistent with the atmospheric pressure in New
Mexico. It also shows four curves which compare how these might compare if the starting pres-
sures were higher (relative to a more common 14.7 psia starting atmospheric pressure condi-
tion) for the same of final pressures (1000 psia for the larger system, 3000 psia for the smaller
system). The two curves which start at 14.7 psia and finish at either 1000 or 3000 psia are
shifted from the earlier curves, and their intersection is now at a cooldown temperature of about
850°F, a significant difference. In case the 885°F temperature is significant (and much more
study might be needed to validate this surmise), a third set of curves exhibits a starting pressure
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FIG. 14—Final-Slug Cool-Down Curves in Figure 14 with Variants.

of 14.7 psia, but shows differing final pressures that will produce an intersect again at 885°F.
Perhaps counter-intuitively, the small system might be more sensitive to higher starting pres-
sures and the ignition threshold might shift down to 2700 psia. The larger system might be
“over the hump” of sensitivity and might require a higher starting pressure to maintain sensitiv-
ity at higher starting pressure. This is reasonable. However, remember the WSTF data are
coarse and were not collected for this purpose, and so until someone actually tests and confirms
this pattern, it is merely a plausible theoretical surmise.

A Final Fickle Scenario?

Heat transfer discussions such as these have appeared in both of the writer's previous
papers [6,7] on adiabatic compression assume an incident has occurred. A system, say a regula-
tor, that had been operated without problem for many years suddenly experiences a fire. Was
this merely a random, low-probability event that could have happened at any time, or was it
predictable? A typical tack is to search for changes to explain the event. The period just before
the incident is usually a primary focus. What changed just before the event? Did something
break? Was the oxygen different? Purer? Was pressurization faster? Did someone add a con-
taminant? Did they lubricate the inlet fitting? Indeed, this last question would always be ex-
plored very carefully. In this and the earlier prospects, the regulator may have been experienc-
ing conditions it had never seen before that might explain its fire.

The analysis of this section explains a fickle scenario that is easy to overlook. Assume
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there is some contamination present that has been present for a long time, maybe years. Maybe
it was not added in the sense of someone adding grease or oil (or maybe it was) and maybe it
migrated in gradually. Assume that standard practice was always to bleed down pressure in the
regulator fully after each use, but that the “change” that occurred just before the fire was that a
residual pressure was inadvertently left in.

Maybe the pressure in the regulator was a few psi above atmospheric. Or a few tens of
psi. Or even more than a hundred psi above atmospheric pressure. A previous analysis of this
case [ 7] discussed how easily this could happen and yet not be obvious to any operator.

In this case, when pressurized to a high level, a lower final temperature than normal
would result, surely to be less likely to exceed any component or contaminant ignition tempera-
ture than in previous pressurizations. But a higher available heat transfer might result that might
be much more likely to exceed minimum ignition energy thresholds than had ever happened
previously.

Figures 10 and 11 haves shown how much energy might have transferred before the gas
cooled below an 800°F temperature. They also show how much heat might transfer before the
gas cooled below a 400°F temperature. If the normal initial pressure during pressurization had
been low on these curves, ignition may not have resulted previously because, even though the
final temperatures were high, the heat transfers may have been too low, below the level re-
quired to transfer the minimum ignition energy of the materials of construction and possibly
even below that of any contaminant.

A single cycle in which the initial pressure was higher would lessen the final tempera-
ture while increasing the heat transfer to any materials/contaminants present. This might possi-
bly exceed the minimum ignition energy for the polymer or contaminant for the very first time
in the device’s service life, ergo might serve as the reason (as the erratic changeableness, the
fickleness) to cause the incident at that particular moment.

Wilson et al. [8] perform a rather complex modeling of this issue to assess the tempera-
tures that oil films and damaged polymers might achieve when oxygen is compressed non-
adiabatically (non-isentropically) with heat transfer from the oxygen to the oil film or polymer
damage and the substrate below during compression. The model qualitatively fits and confirms
the anticipated behavior but again, lacking data for in-situ ignition temperatures, in-situ mini-
mum ignition energies, it allows for better understanding but OSPs must still apply much judg-
ment in engineering oxidant systems.

The Koeller Calculations (and Beyond)

Koeller’s preliminary effort [10] performed a series of six different calculations for both
ideal, real, and quasi-real oxygen, the latter predicated on “real y” values: (1) adiabatic com-
pression, (2) adiabatic expansion, (3) distance/volume piece design, (4) TNT equivalencies, (5)
total pressure, and (6) maximum achievable velocities. However in previous sections and Ap-
pendix A we have seen that approximating real oxygen using real y can be flawed. Each incre-
ment in the calculation employed the term v in its formulation and so each may suffer from the
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same potential error mechanism. These six topics will be reviewed or replicated using both
ideal gas and alternative calculations with NIST12 or NIST23 data plus a wider range of
starting conditions, as previously reviewed. Appendix B provides more detailed analysis of the
methods and derivations involved in making these remaining calculations.

Adiabatic Compression/Expansion

As reviewed in Appendices A and B, real adiabatic expansion uses the same math as for
real adiabatic compression except that the initial stage is taken at a higher pressure. Figures 4,
5, 6 and 7 still apply. Figure 15 compares several ideal-fluid calculations for compression and
expansion based on Equation (2) drawn upon the real-oxygen data in Figure 4 .

In Part A the ideal-gas adiabatic-compression data begin at the left (lower pressure)
ends (~ 2psia) of the Figure 4 isentropic curves and in every case the ideal gas curves appear
comparable to those cited by Leslie and suggest all of the real gas curves can be approximated
by polytropic equations with empirically assigned adiabatic exponents. In most (but not all)
cases the ideal gas curve diverges and is above the real-gas curve.

In Part B of Figure 15, ideal-gas adiabatic-expansion is shown as straight curves that be-
gin at the higher pressures (right ends of the real gas curves). Here the case is more compli-
cated. In many cases the ideal gas curve (straight line) does not depart greatly from the real-gas
curves, but in several cases the ideal-gas curves pass through the saturation curve and data be-
low the saturation curve are sure to be in great error. While empirical approximation as cited by
Leslie above the saturation curve would be adequate, predicting where the saturation curve will
be intersected requires the use of the data like those on Figure 4.

In expansion, the assumption that the gas and any liquid that forms are separated and
will not share equilibrium is much less valid. As a gas expands to achieve the boiling point tem-
perature, fine droplets of liquid of high surface area to volume would form and they would be
distributed throughout the fluid. The heat exchange properties between them should be excel-
lent, and so during expansion, near-equilibrium might obtain. Hence when an expansion curve
intercepts the saturation curve, it should “bend” and follow the saturation curve.

Distance/Volume Piece Sizes

As reviewed in Appendix B, ideal-gas distance/volume piece design equations were
proposed in Santay et al. [24] and incorporated into Version 1.2 of ASTM G4Math12.exe for
use with an ideal-gas y = 1.4. The derivations manipulated Equations (1-3), and so the substitu-
tion of (1-mpy) or -mpy for y is circumstantially valid. The appendix also considers when a seg-
mented (pipeline) calculation is valid. Santay et al. discourage use of FSC designs and focus on
temperature controlling (TC) designs. These equations merely calculate a specific compressed
gas slug size at various conditions and add a safety factor. Figure 16, page 46, compares several
variants of the equations and similar calculations using assorted maximal and minimal values of
the controlling exponent and NIST12 DB data for both single-ended and double ended cases.
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FIG. 16—Real and Ideal Distance/Volume Piece Designs

These results all incorporate a twenty percent safety factor (k = 1.2). Each is shown in terms of
DVP volume compared to the volume of the flexible hose it is protecting (for single ended

DVPs, any significant upstream volume is treated as hose volume).

The four curves (blue, red, black and green on digital copies) are DVP calculations
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based on ideal gas of adiabatic exponent, v, of 1.425, 1.4, 1.37 and 1.3, respectively equivalent
to ideal gas myy values of (1-y) or -0.425, -0.4, -0.37, and -0.3. These span many of the real
mpy values labeled on the ends of isentropes on Figure 6 for real oxygen gas. Finally, both sets
of curves exhibit symbols plotted for DVPs calculated from real-oxygen gas data for three adia-
batic compression conditions (three isentropic curves) that are represented by selected curves
on Figure 4. The symbols exhibit real adiabatic compression for the Figures 4 and 6 curves that
pass though the room temperature (~70°F), atmospheric pressure point (triangle symbols) la-
beled “d” at the low temperature end on Figures 4 and 6, the third curve below that curve which
is the curve that just touches the saturation curve at its lowest point (square symbols) labeled
“e” at the low temperature ends on Figures 4 and 6, and the second curve above the room-
temperature point (circle symbols) labeled “f” at its low temperature end on Figures 4 and 6.

These real curves span most of the practical cases OSPs will encounter. For most condi-
tions below these, the final temperatures do not achieve the 572°F condition that calls for a
DVP. Above these curves, most conditions are already above the 572°F temperature and can
not be protected with DVPs.

Most of the symbols lie on or between the curves representing the ideal-gas y exponents
between 1.37 and 1.4.

The difference in design sizes are fairly small and so using the more conservative tradi-
tional exponent of 1.4 (as is used in G4Math12.exe) in designing these devices is practical, and
should be acceptable in most cases.

Indeed, the difference in sizes between the single and double ended designs is often not
large, and especially when dealing with small hoses, when one is in doubt as to the future of a
system, one might wish to specify a double-ended design DVP dimension even for a single-
ended DVP system. If in the future, the need should then come to pressure the system in re-
verse, the one existing DVP could be supplemented with a second instead of replacing them
both. However, for some cases, a single-ended DVP can be installed when it would not be pos-
sible to install a double-ended design.

TNT Equivalency Calculations

So far in this tutorial, real-oxygen calculations have often predicted behavior only mar-
ginally different from ideal oxygen in most instances of interest to OSPs. But the situation is
much different when it comes to mechanical TNT equivalencies, and this will require much
more extensive discussion. And if these calculations prove correct and if they reflect reality,
then OSPs will need to become familiar with them in some detail.

As reviewed in Appendix B, traditional equations were presented by the writer and as-
sociates [25] previously (numbers 14, 16, 17 in that paper) to estimate the mechanical (PV) en-
ergy in an expanding adiabatic ideal fluid. The derivations begin with Equation (1) and inte-
grate the work differential PdV. As a result, these equations, respectively, would presumably be
more appropriate with the empirical adiabatic exponent, -mpy, substituted for y as follows:
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E =[-1/(mpy +1) T[(P;V)) - (P V)] (20)
E = [-1/(mpy +1)] [(P,V;) - (P I 1)y p 1)) (21)

E = {[-1/(mpy +1)] [(P;V;) - (Pf'([m”'ﬂ]/m”’") Vp; e )]} - {PaVi[(Pi/Pf)_UmPV 113 (22)

The first two equations address an expansion to a final pressure and volume in vacuum.
The third addresses expansion in an ambient atmosphere (because a vessel that bursts in an am-
bient atmosphere that is at the same pressure yields no explosive consequence).

The appendix also describes using a spread sheet for performing mechanical TNT
equivalency estimates with quasi-real oxygen in which the specific heat capacities are adjusted
for variations due to temperature or for which the adiabatic exponent is extracted from the
NIST databases or Figure 7. Finally it describes estimating the mechanical TNT equivalency as
the change in internal energy reported by NIST databases in a real gas during an adiabatic ex-
pansion, and it compensates that expansion for work done on an ambient atmosphere.

Notice that Equations (22) is for an initial volume of ideal gas, such as a filled cylinder
at an initial pressure and in an ambient atmospheric pressure, and it does not specify an initial
temperature. This equations may be used in assorted ways. Among them, the equation might be
used for estimating the explosive energy in a cylinder of gas at a fixed temperature for a series
of pressures. It might be used for estimating the energy in a cylinder of gas at a fixed pressure
but at various temperatures. It might also be used for estimating the energy in a series of cylin-
ders of differing volume at the same initial pressure and temperature. And it might be used for
estimating the energy remaining in a cylinder of gas that is venting or in a slug of gas that is ex-
panding, such that the remaining mass of gas is at a different pressure, volume and temperature
at each step.

When used for the first purpose, (single size of vessel at fixed initial temperature vary-
ing initial pressure) each calculation produced with Equation (22) is for a complete expansion
to atmospheric pressure). Figure 17 shows TNT equivalency curves generated with Equation
(22) in this way for the same four levels of y or real -mpy, that were examined in the previous
section on distance/volume pieces (namely, 1.425, 1.4 and 1.37 and 1.3). These values span a
large portion of the range of values that are displayed for oxygen gas in Figure 7. Notice that
the lower values of the exponent yield the higher TNT equivalencies. Also, it is interesting that
these curves appear so nearly linear. Note that the upper point of each curve represents a com-
plete expansion that begins on a horizontal line that might be drawn on Figure 18, and each
point represents an expansion downward and to the left till it intersects a vertical line that is
drawn at the atmospheric-pressure point. Figure 18, duplicates Figure 15 (Part B) and exhibits
horizontal dotted lines at 1739°F, 70°F and —10°F (there is an optical illusion that makes these
dotted lines appear to be sloped). For use of Equation (22) in this way, each point of the line
represents the expansion of the fluid from that point on the line down along a different adiabat
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FIG. 18—I/deal-Oxygen Adiabatic Expansions at two Initial Temperatures.
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FIG. 19—Real-Oxygen Adiabatic Temperature Versus Pressure From NIST12 DB.

(along the portion of the line representing ideal gas) to the atmospheric pressure point shown as
a vertical line. Six expansions (six points) are shown as with arrows (red on digital copies),
three at 1739°F and three at an initial —10°F. Notice that these six arrows have no fluid states in
common. Also notice that for the lowest arrow, the ideal expansion continues below the known
saturation curve for real oxygen. Since the ideal gas curve portions of Figure 18 were drawn for
an exponent of 1.4, all six of the TNT equivalencies for these six expansions lie on the same
curve (red on digital copies) for the exponent 1.4 on Figure 17.

When Equation (22) is used for the second purpose (single size of vessel at fixed initial
pressure and varying initial temperature), then the points represent a series of complete expan-
sion to atmospheric pressure that begin on a vertical line on Figure 19. Figure 19 exhibits six
ideal expansions like this, three at 3600 psia and three at about 70-80 psia. Here again, these six
arrows have no fluid states in common. Again notice that for the lowest arrow, the ideal expan-
sion continues in error below the known saturation curve for real oxygen. Since the ideal gas
curve portions of Figure 19 were drawn for an exponent of 1.4, all six of the TNT equivalencies
for these six expansions also lie on the curve (red on digital copies) for the exponent 1.4 on Fig-
ure 17.
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FIG. 20—Real-Oxygen Adiabatic Temperature Versus Pressure From NIST12 DB.
(Constant initial volumes of varying initial pressure and temperature)

When Equation (22) is used the third way (single size vessel at the variable pressure and
temperature that would remain in it after venting any portion), then the stages represent a series
of expansions, each laying on top of each other but each being of shorter length. Figure 20 ex-
hibits six expansions like this. The upper red arrow represents three expansions, one beginning
at 3600 psia and expanding to 14.7 psia. A second beginning on the curve at the 800 psia point
and expanding to 14.7 psia. And a third beginning on the curve at about 125 psia and expanding
to 14.7 psia. The lower arrow (red on digital copies) represents three similar overlaying expan-
sions beginning at lower temperatures. In this case all of the fluid states are in common with
portions of the expansion states for the initial conditions. Again notice that for the lower arrow,
the ideal expansion continues in error below the known saturation curve for real oxygen. Since
the ideal gas curve portions of Figure 20 were drawn for an exponent of 1.4, all six of the TNT
equivalencies for these six expansions also lie on the curve (red on digital copies) for the expo-
nent 1.4 on Figure 17.

Indeed, one could select any complex interrelationship between pressure and tempera-
ture and draw a straight line or even a curve on Figure 20, and use Equation (22) to estimate the
TNT equivalency of each point in similar fashion. And all the points would lie on the same
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FIG. 21—Ideal-Oxygen TNT Equivalency Versus Pressure for y =1.4.

curve for the exponent 1.4 of Figure 17.

It is perhaps a stunning result for ideal gases in that the computed TNT equivalencies for
all four of these types of calculations lie on the same curve, the same nearly straight line, of
Figure 17.

Yet another TNT equivalency calculation is of interest. That is the TNT equivalency re-
maining within a single released slug of fluid as the fluid pressure drops. In this case the initial
volume, pressure and temperature at each stage are different. Figure 21 exhibits the curve for an
exponent of 1.4 generated with Equation (22) and adds to it dashed curves for the energy re-
maining in single slugs of adiabatically expanding ideal gas for initial conditions beginning at
various points along the curve. Note this is equivalent to applying Equation (22) to a series of
points for which the volume, pressure and temperature are all simultaneously changing but the
total mass of oxygen for each is constant. This exhibits how TNT equivalency is added to a
blast as a single slug of gas expands. This is the only analysis so far that tracks the expansion.

A very interesting result of this last ideal analysis, is that although slugs of ideal oxygen
of the same volume have nearly linear TNT equivalencies, any individual ideal slug of oxygen
releases its energy to a variable extent as it expands. More of the work energy it releases is re-
leased at the lower pressures. In other words, when a gas slug at the initial 3600 psia point of
Figure 21 expands to 14.7 psia it releases energy equivalent to a little more than one pound of
TNT. However, during the progression of the expansion of that slug (the top black curve of Fig-
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ure 21), the energy is released variably, and when the slug has expanded to half of its starting
pressure (1800 psia), it still has about 80 percent of its initial one pound TNT equivalency yet
to be released (still in the form of potential energy). At 25% of its initial pressure (900 psia)
there is still more than 50 percent of its ultimate release remaining. The lower pressure portions
of the expansion have more “bang for the buck”, albeit at a lower pressure. This discussion pre-
sumes equilibrium throughout the slug of gas, but in reality, during an explosion, pressure is not
nearly constant throughout the slug, and will often form a shock wave of maximum pressure.

When the preceding four types of calculations are performed for real oxygen fluid, the
results are dramatically different. As described in Appendix B in this tutorial, the TNT equiva-
lency will be taken as the change in the real-fluid internal energy which incorporates the work
done on atmospheric pressure. This again requires a series of analogous curves to illustrate.

The top graph, “A”, of Figure 22, “A”, is analogous to Figure 18 showing horizontal
dotted lines at 1739°F and —10°F. Arrows indicate expansion to atmospheric pressure from
three pressures along each line to stress the TNT equivalencies of interest are for complete ex-
pansion at each point along the horizontal lines. By analogy, the arrows on this figure are
shown laying on the real gas expansions (the upper curves near the top, and on the lowest ar-
row, the real expansion is shown in two segments where the first arrow terminates at the satura-
tion curve and then its second portion is shown dotted and laying along the saturation curve. In
addition, dotted lines are shown at 949°F, 70°F, -106°F, -165°F, and —241°F for scale.

The lower graph, “B”, of Figure 22 is analogous to Figure 17 and shows a solid curve
(red on digital copies) for an ideal-gas with y of 1.40 as on Figure 17. Dashed real-fluid curves
extracted from NIST12 DB based on internal energy that factors in work against the atmos-
phere are shown for the seven starting temperature conditions indicated on the upper graph,
“A”, of Figure 22.

If all seven of the real expansion curves were for ideal gas with a y of 1.4, their points
would all lie on the solid curve indicated for y = 1.4, but they are relatively spread out when
they are treated as real gas. Those at the higher temperature are more like the ideal gas equiva-
lents, but as temperature decreases, the curves become very different. Notice that the curves
at —165°F and —241°F are near or below the saturation curve, yielding the most curious results
that will be reviewed in more detail later.

The top graph, “A”, of Figure 23, page 55, is analogous to Figure 19 showing vertical
dotted lines at 14.7, ~80, 100, 500, 1000, 2000, 3000, and 3600 psia. Arrows (red on digital
copies) indicate expansion to atmospheric pressure at three temperatures along each of the 80
and 3600 psia dotted lines to stress the TNT equivalencies of interest are for complete expan-
sion at each point along the dotted vertical lines. By analogy, the arrows on this figure are
shown laying on the real gas expansions (the upper curves near the top, and on the lowest ar-
row, the real expansions at 3600 psia, —10°F is shown in two segments where the first arrow
terminates at the saturation curve and then its second portion is shown dotted and laying along
the saturation curve.

The lower graph of Figure 23 is curiously analogous to Figure 17, even though it is plot-
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FIG. 22—Real-Oxygen TNT Equivalency Versus Pressure From NIST12 DB.

54




Log ( T in Rankine )

3.5

2.5

1.5

A Tutorial on: Fire Safety Issues of “Adiabatic” Processes in Real and Ideal Oxidant Systems - Barry L. Werley

= 1739°F
L 949°F

L -10°F

= 3 : 1 3600 psia
14.7 psia ~80 psia : . 500 psia §30(§)05psia
N 100 psia 1000 psia 2000 psia

T T T
0 1 2 3

Log (P in psia)

1.5

psia
R 3600

13600

R 3000
13000

R 2000

12000

0.5

TNT Equiv. - pounds

R 1000
11000

I K R 500

I\_ I 500

0 1

T T N
-500 0 500 1000 \1}11%% 1500

Temperature - degrees Fahrenheit

FIG. 23—Real-Oxygen TNT Equivalency Versus Temperature From NIST12 DB.

55



A Tutorial on: Fire Safety Issues of “Adiabatic” Processes in Real and Ideal Oxidant Systems - Barry L. Werley

ted with temperature as the abscissa. The horizontal lines (marked “I”, red on digital copies)
actually represent ideal gas behavior. For example, every point on the top 3600 psia (red)
line plots on Figure 17 at the tip of the red curve for the line of exponent 1.4. This is because
for an ideal gas, Equation (26) is dependent only on pressure and initial volume and so every
point on this curve has the same internal energy.

For the dotted lines marked “R” that reflect real fluid behavior extracted from the
NIST12 DB, the curves vary greatly in some regions. In some cases, real fluid has signifi-
cantly more TNT equivalency (based on internal energy estimates) than does ideal fluid. In
some cases it has significantly less TNT equivalency.

Very significantly, here again, the TNT equivalency is especially interesting when
the fluid is near or at the saturation (boiling point curve) condition. For some of these
curves, the TNT equivalency spikes upward sharply to a maximum that is much greater than
the ideal gas prediction. In the case of a constant volume vessel containing real oxygen at
various conditions, these curves suggest a vessel containing 500 psia oxygen at high tem-
perature contains far less TNT equivalency (by a factor of about four) than does a vessel
near the saturation condition (which admittedly contains a greater mass of fluid).

The top graph, “A”, of Figure 24, is analogous to Figure 20 showing a series of ar-
rows (red on digital copies) to illustrate expansions to atmospheric pressure at seven initial
temperatures each starting at 3600 psia. In this case the expansions all begin at the 3600 psia
side and proceed towards 14.7 psia. This is equivalent to considering what the TNT equiva-
lency is for full expansion of the fluid in a vessel. Each starting point is at a different tem-
perature but starting pressure for each is the same 3600 psia. As in the previous real fluid ex-
amples, a lower arrow intersects the saturation curve and bends to follow it (as indicated by
the dotted section). The lowest arrow is for liquid.

The lower graph, “B”, of Figure 24 is another that is curiously analogous to Figure
17 and shows the same curve (red on digital copies) that applies to ideal gas of y=1.4.
Seven real-gas curves are also shown extracted from NIST12 DB based on internal energy
minus work against the atmosphere for six starting conditions at 3600 psia and the various
initial temperatures. At higher temperatures, real gas behaves like ideal gas, but at low tem-
peratures is much different and can exhibit higher TNT equivalencies than at high tempera-
tures (due to the greater mass present).

If all seven of the real expansion curves were for ideal gas with a y of 1.4, their
points would all lie on the curve marked y = 1.4 (red on digital copies), but they are rela-
tively spread out when they are treated as real gas calculations and are reminiscent of the
real-fluid curves in Figure 22. Notice that the curves at —165 and —241°F are chosen to inter-
sect and follow the saturation curve, yielding interesting results that will be reviewed later.

Finally, the upper and lower graphs of Figure 25, page 58, are analogous to Figure 21
and are based on the expansion arrows shown the top portion of Figure 24. Here again, the
dotted curves reflect the TNT equivalency of the portion of the real fluid remaining in a
venting vessel. The solid curves track the TNT equivalency remaining in the vessel’s whole
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FIG. 24—Real-Oxygen TNT Equivalency Versus Pressure From NISTI12 DB.
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initial charge of adiabatically expanding fluid. Therefore each point reflects a different decreas-
ing pressure, decreasing temperature and increasing volume of a constant mass.

The upper graph, “A”, of Figure 25 depicts four of the real oxygen curves from Figure
24 for the energy in the fluid remaining in a vessel and presents the energy remaining in the ini-
tial 3600 psia slug of gas as in Figure 21. As in Figure 21, we see that at the higher tempera-
tures and pressures, the TNT equivalency yet to be released at each pressure is highly variable
and again this calculation suggests the greatest fraction of energy is released at the later stages
of expansion and at the lower pressures. The lower graph, “B”, of Figure 25 depicts the remain-
ing three lowest temperature curves at or below saturation from Figure 24 along with the calcu-
lation for the fluid remaining in the initial high pressure slug for each. The —106°F starting con-
dition is in the supercritical hybrid transition triangle and ultimately passes through the critical
temperature at a little under a thousand psia. The two lower curves start as liquids and intersect
the saturation curve from below and then follow it. Here again, a major portion of the internal
energy change, which is treated conservatively as being part of the TNT equivalency results
from expansion of the flashing liquid.

Is Saturated Fluid Wimpy?

Some may be tempted to terminate a TNT equivalency calculation when the gas has ex-
panded to the point where it intersects the saturation curve on the basis that the gas and its pres-
sure is collapsing into liquid (assuming a collapsing PdV). These calculations would oppose
that method.

We have seen that when the initial temperature is high, the real gas curves are not too
dissimilar to the ideal gas curves. However when the initial temperature is near or below room
temperature and the pressure is high, there is a bend that occurs in the equivalency when the
pressure is high enough to produce condensation of the fluid during its expansion. Very signifi-
cantly, notice that even when the initial temperature is low, (Lo! Even to the point of beginning
to expand, to “flash”, as a saturated fluid), there is still an appreciable amount, in some cases
relatively large amount, of expansion and expansion-energy and heat release remaining.

Indeed, throughout industry, there is a common safety practice, the hydrostatic pressure
testing of vessels, in which a vessel is filled with water which is then pressurized. This is con-
sidered much safer than pressurizing with a gas because the water is presumed incompressible
and therefore contains very little PV energy (little TNT equivalency). If the vessel bursts, the
water expands only slightly, there is no great explosion nor fast flying fragments that follow.

Saturated liquid (liquid near the boiling point), however, is much more different than
room temperature water. It is less energetic, and perhaps less “angry” than gas in some ways,
but if these calculations are correct, it is by no means wimpy in terms of its energy content. In-
deed, in industry, vessels that have failed while containing saturated fluids have exhibited sig-
nificant energy releases.

The writer has always noticed an extreme respect for the explosions produced by steam
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boilers. Perhaps so much so that there is a separate vessel code just for them. Indeed, several
decades ago, when there was a flurry of interest in steam powered automobiles (to cope with
many of the same global issues still being debated today), the danger of an angry boiler ex-
plosion was often cited as a major fear.

The writer has heard of several incidents where vessels containing pressurized lig-
uids or (near or fully) saturated fluids produced surprising energy releases. Two involved
cryogenic fluids at relatively low pressures that failed. One involved a large vessel under hy-
dro test. In each case, it was surprising how the fragments and systems that failed were was
sent flying. Details are too scant to attempt elaboration.

However there is a class of saturated-fluid vessel rupture that is sufficiently common
to have produced research and to have been assigned an acronym—BLEVE. It bears consid-
eration even in this withering section. The BLEVE (Boiling Liquid Expanding Vapor Explo-
sion) has been a common event, thanks to the wide use of liquid-filled saturated propane
vessels. But BLEVESs are possible with many other fluids also, whether the fluids are flam-
mable or not.

In the most spectacular, even awesome, cases propane-filled railway cars have been
damaged and leaked and fires have heated them, elevating the saturated fluid even possibly
to the critical point and beyond, to where the vessels burst, yielding a blast wave and a stun-
ning mushroom-cloud fireball.'® Perhaps the best known case of this mechanism is the fa-
mous video taken during the Waco, Texas massacre of 1993, in which the burning building
apparently contained a tank of propane for home heating and it burst producing a blast and
massive mushroom fireball.

The writer is inadequately knowledgeable at present to surmise and describe how the
PV energy in a vessel (whether it is a gas or liquid or saturated fluid) is converted into a
shock wave (a potential subject of value to OSPs). Does all of the energy in the style of
Becker [26, 27] run up to the shock front. If so, would the energy from flashing and expand-
ing saturated fluid do the same? This is a primary concern in abrupt adiabatic fluid expan-
sion. Nor can the writer analyze here how PV energy launches fragments, a secondary but

' The root of the acronym BLEVE is unknown to the writer. Prior to the vessel’s rupture the liquid within it
may be marginally boiling, but the vapor is not expanding, (it is more likely compressing and forming ele-
vated pressure) nor is such a-priori boiling necessary to produce the final result which could just as easily
come from simple mechanical vessel failure During the rupture, the vapor is expanding, but the liquid is no
longer being heated and boiled in the most common sense (boiling taken here as a slow heat transfer proc-
ess), and it is in fact cooling (absent combustion). The later mushroom cloud may contain liquid and any
combustion may be boiling it, but the explosion aspect is then greatly diminished. However the writer would
suggest that during the actual burst, when the blast wave is formed, the liquid is experiencing adiabatic cool-
ing and what industry refers to as “Flash”—the liquid is converting suddenly and violently into gas and va-
por as a result of adiabatic expansion and cooling and pressure decay, and as analyzed here, is adding the
heat lost in cooling to sustain and protract pressure and enhance blast intensity and disperse the remaining
fluid as a result. Therefore the writer would be inclined to adopt the acronym FLEVE (Flashing Liquid, Ex-
panding Vapor Explosion) as a perhaps more precisely descriptive term for these events.
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FIG. 26—Real-Oxygen Adiabatic Temperature Versus Pressure From NIST12 DB.

still very important safety concern, but is aware from experience that even pressurized water
can provide an impressive launch. However, in the spirit of caution, he would tend to assign all
of the energy considered in this section to the TNT equivalency. He would not terminate TNT
equivalency calculations, including ideal gas calculations, at the saturation curve on the basis of
collapsing pressure at that point. Indeed, the calculations here indicate that the PV energy re-
lease and release rate does not collapse at that point, — perhaps counter-intuitively, they may
often increase.

This point can be illustrated with a convenient observation. Recall from the earlier re-
view that the PV energy in an expanding fluid is inverse to it adiabatic exponent (see page 49,
Figure 17). Pressure-for-pressure, argon (y~1.6) has less TNT equivalency than oxygen (y~1.4),
which has less TNT equivalency than nitrogen trifluoride (y~1.16). If one examines the two
ideal-gas expansion arrows for the upper graph, “A”, of Figure 24 (initial 151°F and —10°F),
one can see where ideal gas would intersect and pass into the saturation (boiling point) curve.
Notice that at this point a bend occurs in the arrow to follow the saturation curve and represents
a decrease in myp slope, corresponding to a increase in the mpy and -y, slopes for Figure 7
(becoming less negative). This indicates the rate of [PdV energy release is increasing. Since the
ideal gas extension passes through and projects below the saturation curve as in Figure 24, the
PV area under it will be less than is under the corresponding portion of the real saturation
curve. This point may be so significant that the region of lower pressure for ideal gas (lowest
dashed curve) for the initial —10°F gas are illustrated on a PV diagram in Figure 26 and at
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FIG. 27—Maximum Velocities from Ideal Oxygen and Real Oxygen from NIST12 DB.
(Upstream stagnant at 70°F.)

higher expansions (larger volumes) lie under the saturation curve which implies that [PdV for
the ideal gas is less than for the saturated fluid..

Figure 26 is selected curves from Figure 7. One can see how after liquid starts forming
the real-fluid curves ultimately intersect the ideal gas curves after which the PV integral contri-
bution for further expansion will be larger than for those ideal gas expansions.

Other astute analysis may fine-tune this analysis or find outright flaws in it, but it was
presented here in this painful detail because the writer is not aware of its review in any other
oxidant, or other, safety reference.

Maximum Achievable Velocities

Maximum achievable velocity calculations take the static potential energy as pressure in
a fluid and convert it into kinetic energy in a fluid stream. Appendix B presents the details of
making such estimates.

Figure 27 exhibits the maximum velocities possible from several starting pressures of
oxygen as both ideal gas (dashed lines based upon Equations B8 and B9 in Appendix B) and
real gas (solid lines) based upon data from NIST databases. In most systems velocities greater
than sonic will not actually occur, but they are possible when all the conditions are correct.
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FIG. 28—Total (Stagnation) Pressures from ldeal and Real Oxygen from 2007 NIST12 DB.

In most cases, oxygen systems operate with allowed velocities up to 200 ft/sec. When
very specific fire-resistant materials are used, velocities at and even above sonic may obtain.
For all of these curves up to the 200 ft/sec velocity, the difference between real and ideal gas is
negligible. Even in those cases where sonic or greater velocities might obtain and where highly
fire-resistant material would normally be used, the difference indicated between real and ideal
gases is fairly small.

Total Pressure Calculations

Total pressure calculations consider a moving gas stream and convert the kinetic energy
into static potential energy as pressure. Maximum achievable velocity calculations are the in-
verse of total pressure calculations which take the static potential energy present as pressure in
a stagnant gas and convert it into equivalent gas velocity. Appendix B presents the details of
such estimates.

Figure 28 exhibits the total or stagnation pressures possible from several starting inci-
dent velocities up to several thousand feet per second of oxygen as both ideal gas (dashed lines)
and real gas (shown as “X”” and “+”” symbols) per the NIST12 DB. Ideal-gas curves are shown
for four initial, incident gas stream temperatures (400°F, 70°F, -140°F, and —250°F). The ordi-
nate portrays the ratio of total (stagnation) pressure to the initial incident pressure. All four of
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these curves cover incident velocities at levels up to and beyond the initial speed of sound.

Remember! The real speed of sound at atmospheric pressure for these four temperatures
per the NIST12 DB is 1352.624 ft/s (at 400°F), 1071.534 ft/s (at 70°F), 832.0652 ft/s (at -140°
F) and only 669.7030 ft/s (at —250°F).

In these cases, we see that the real-oxygen data at 100 and 1000 psia fit the ideal curves
nicely for the ideal gas model at 400°F and 70°F . The real-oxygen data at 100 psia fit the ideal
gas model curve nicely at —140°F but at 1000 psia, the data are close to what this tutorial has
called the supercritical hybrid transition region (“supercritical triangle”) and show some diver-
gence. The real-oxygen data at 100 psia are starting to diverge from the ideal gas model curve
at —250°F which at 1000 psia is very close to the saturation (boiling point) condition, and yet
the error even here is not large. There are no data points shown for 1000 psia incident pressure
at —250°F, because the fluid is a liquid at this condition.

By and large these estimates indicate the ideal gas model is adequate for approximating
oxygen at the traditional piping conditions (near room temperature and at pressure to about
1000 psia) and in fact would be adequate for temperature ranges much larger than are usually
used.

Oxidants Other than Oxygen

Oxygen is not the only oxidant nor even fluid that is of interest. ASTM Committee G-4
has frequently'' expressed a desire, nay a earnest intent, to address other similarly oxidizing
chemicals such as fluorine, nitrogen trifluoride, nitrous oxide, ozone, and others. A small sam-
pling of papers addressing these other oxidants in various degrees has infiltrated the G-4 sym-
posia [28-31], but to the writer’s knowledge, none has addressed adiabatic processes.

Three of these oxidants (fluorine, nitrogen trifluoride and nitrous oxide) are also covered
in the NIST12 DB, NIST23 DB and/or NIST Internet “WebBook” DB. These are all heavier
and larger molecules than oxygen and that makes them interesting in an academic fashion as
well as a practical regard, because their specific heats and, therefore y and Myzp values, should
be much different from those of oxygen. However, there are far fewer data available with re-
gard to minimum ignition temperature and, even more so, ignition energy for these other mate-
rials. Therefore, only a quick overview of them, as an intended beginning, is also included here,
and it focuses specifically on compression/expansion and related heat transfer behavior rather
than TNT equivalencies, total pressures, distance/volume pieces, and gas velocities. All of these
may prove good material for future review. These compression/expansion data are also present
in the related PC algorithm.

"' The writer is a charter member of ASTM G4. In its thirty-plus year history he recalls perhaps a half dozen
efforts to branch out into other oxidants. Each effort was usually transient. A few papers resulted or some
language was made more generic in some standards. A re-commitment in the mid-2000s to this noble goal
was accompanied by some industry-sponsored experimental work on NF;, but has again proven to be slow-

going..
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FIG. 29—Real-Fluorine Adiabatic Temperature Versus Pressure From 2007 NIST12 DB.
Fluorine

Fluorine (F;) is a more oxidizing oxidant than is oxygen itself. F; is known for reacting
with some materials even at room temperature and the heat release is greater [29] than for oxy-
gen. Little is published about heat of compression of fluorine and this may in part be due to
fluorine being commercially shipped at pressures only to 400 psig in the U.S. Although 400
psig in a large-molecule gas like fluorine having high specific heat will produce much lower fi-
nal temperatures than were seen with oxygen, the much lower ignition energies validate contin-
ued concern for adiabatic compression ignition.

A log/log plot of temperature and pressure is shown in Figure 29 as predicted by
NIST12 DB. A copy of this graphic is included in the Adiabat.exe and adiabat32.exe algo-
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FIG. 30—Real-Nitrogen Trifluoride Adiabatic Temperature Versus Pressure From 2007 NIST12 DB.

rithms. It exhibits the straight-segment character and other features of Figure 4 and can there-
fore be treated similarly.

Nitrogen Trifluoride

Nitrogen trifluoride (NF3) is more difficult to describe than fluorine [29]. It is very oxi-
dizing in terms of reaction heat release, but has for a long time enjoyed a reputation for being
more easy to work with (less angry) than fluorine, a perspective that is becoming less persua-
sive in more recent years.

Although NFj is less much aggressive than fluorine on first contact, it is more interest-
ing in an adiabatic compression regard because it is available in higher pressure cylinders at
pressures up to at least 1450 psia. It is also a still larger molecule than fluorine (triatomic versus
diatomic) with a larger heat capacity. Again there is not a large body of ignition temperature
data and especially ignition energy data to consult. NF; is depicted for isentropic compression
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FIG. 31—Real-Dinitrogen Oxide (N,O) Adiabatic Temperature Versus Pressure From 2007 NIST WebBook.

as predicted by NIST12 DB in Figure 30. Again, as for fluorine, it exhibits the straight-segment
character and other features of Figure 4 and can therefore be treated similarly.

Nitrous Oxide:

Nitrous oxide data were not included in the NIST12 DB nor NIST23 DB (in 2007), but
data were available for a narrow range of conditions (as dinitrogen oxide) on the NIST Web-
book ( http://webbook.nist.gov/chemistry/fluid/ ). The webbook was not as full featured as
NIST12 and NIST 23 DBs and approximate isentropic values were manually extracted to pre-
pare Figure 31. It appears that in 2016 the current NIST 23 DB does include nitrous oxide.

Like nitrogen trifluoride, nitrous oxide is triatomic and its room temperature atmos-
pheric pressure values of y and myp are smaller than for oxygen. Being triatomic, its heat ca-
pacity is larger than for oxygen and so it does not achieve as high a temperature for any corre-
sponding compression. However, because of its potential exothermic decomposition, adiabatic
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compression can ignite and even detonate N,O (even in the absence of polymers and contami-
nates) at relatively low temperatures (below 1000°F) [32]. And when ignited its heat of decom-
position is large (TNT equivalency of about 0.4 [25]). This produces a second hazard mecha-
nism that the designer must cope with.

Again, as for F, and NFj, it exhibits the straight-segment character and other features of
Figure 4 and can therefore be treated similarly.

Diluents

Diluent gases are not well defined. The writer has struggled recently to produce an over-
view of diluents (including proposing a definition) for a future paper/tutorial. However, in the
writer’s view diluents are not synonymous with inerts (though they include inerts). Nor are they
necessarily synonymous with situationally nonreactive chemicals (though they include situa-
tionally nonreactive chemicals, too). In comparison to oxygen and the oxidants cited here, ar-
gon, helium, nitrogen, carbon dioxide, and carbon tetrafluoride would all be considered diluents
in at least most circumstances, even though they are not all inert nor nonreactive.

Argon

Although argon (Figure 32) is commonly thought of as a rather innocuous (inert) diluent
in a fire regard (it, like many diluents, has an insidious asphyxiation hazard), it is in fact a seri-
ously important gas with some of the most subtle of fire hazards. Indeed, this writer used the
fire-aggravating nature of argon as the punch line for a presentation on fire limits in the early
2000s". As a result of that subtlety, the fire hazard of argon, like its asphyxiation hazard, is
similarly insidious. Argon can cause fires when and where one might least expect them.

Argon is not significantly oxidizing, it can be considered nonreactive under most cir-
cumstances (but not every last one). Argon is as well studied as oxygen and its data (Fig. 32)
are in both the 2007 NIST 12 and NIST 23 DBs. It is available at extremely high commercial
pressures.

Argon is a monatomic molecule with a low specific heat, hence its values of y and mzp
are larger than for oxygen, and this makes it atypical (along with helium and a few others
gases). Argon is a large atom and that lends a low thermal conductivity to it that distinguishes it
from the other monatomic molecule, helium, that is reviewed here.

Adiabatic compression/expansion of argon is depicted in Figure 32 for isentropic proc-
esses as predicted by the NIST12 DB. A copy of this graphic is included in the Adiabat.exe and
adiabat32.exe algorithms. Once again,, as before, it exhibits the straight-segment character and
other features of Figure 4 and can therefore be treated similarly.

Most of the importance of argon, as with most of the diluents here, is in mixture with

"2 In the early 2000s the writer proposed his FLLAME (Fire Limits for Linearly Afflicted Minds, Everywhere)
approach to analyzing fire limits, in which he argues that argon exhibits “fire limit” behavior (both lower and
upper limits) in some situations even though it is inert.
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FIG. 32—Real-Argon Adiabatic Temperature Versus Pressure From 2007 NIST12 DB.

oxidants. In the writer’s world view, the serious OSP does not appreciate the adiabatic compres-
sion hazard sufficiently until that OSP appreciates the adiabatic subtleties of argon.

Helium

Helium (Fig. 33) is similar to argon in important ways and differs in important ways.
Like argon, helium is also often thought of as innocuous but can circumstantially exacerbate
some fires. It is also a monatomic molecule but is a small molecule of low heat capacity and
high thermal conductivity. The high thermal conductivity apparently causes the rate of combus-
tion after ignition to accelerate in many polymers. It has low heat capacity and consequently
higher values of mzp and y than for oxygen but very similar to those for argon and lead to simi-
lar large adiabatic heating and cooling.

Figure 33 exhibits adiabatic process data for helium. These data proved somewhat chal-
lenging for the writer to tease from the NIST databases, frequently failing to converge to values
over portions of several curves and leaving gaps (that are easy to extrapolate) in them. A copy
of this graphic is present in the associated PC algorithm. Once again,, as before, it exhibits the
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FIG. 33—Real-Helium Adiabatic Temperature Versus Pressure From 2007 NIST12 DB.

straight-segment character and other features of Figure 4 and can therefore be treated similarly.

Nitrogen

Nitrogen (Fig. 34) can be a reactive factor in the combustion of some metals, and rou-
tinely reacts in the combustion of gases (to produce often toxic products like NO, And NO,) but
to a large extent is not very reactive in many instances, especially where combustion with poly-
mers is concerned.

Figure 34 exhibits adiabatic process data for nitrogen. Nitrogen properties are very simi-
lar to oxygen (both are diatomic and have similar mass and heat capacity) and so its adiabatic
processes are very similar. Its saturation curve is close to that of oxygen over the range de-
picted. But its high temperature adiabatic exponent is slightly larger. Therefore compression of
atmospheric-pressure room-temperature fluid to 3600 psia yields 1738.5°F for oxygen but
1885.5°F for nitrogen. Curiously the NIST 12 DB projects compression processes for nitrogen
to higher temperatures than for oxygen, and so the nitrogen data that are shown here are ex-
tended to higher temperatures. A copy of this graphic is included in the adiabat.exe and adia-
bat32.exe algorithms. Once again, as before, it exhibits the straight-segment character and other
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FIG. 34—Real-Nitrogen Adiabatic Temperature Versus Pressure From 2007 NIST12 DB.

features of Figure 4 and can therefore be treated similarly.

Carbon dioxide

Carbon Dioxide (CO,), Fig.35, is a triatomic molecule, meaning higher mass and larger
heat capacity, therefore smaller -mpy and y. It is saturated with oxygen and so is non reactive in
combination with many materials (excluding some metals). This means smaller slope to the
adiabatic curves. It also means that carbon dioxide in mixture with oxygen would tend to reduce
flammability and to be less likely to produce temperatures likely to lead to ignition.

Adiabatic processes for carbon dioxide are shown in Figure 35. The curves have the low
expected slope and low peak temperatures. The mapped region from the NIST 12 DB is small,
because carbon dioxide has a fairly high boiling point (-109°F) at atmospheric pressure and in-
deed a portion of its triple point curve appears on the plot and is indicated. A copy of this
graphic is included in the adiabat.exe and adiabat32.exe algorithms. Once again, as before, it
exhibits the straight-segment character and other features of Figure 4 and can therefore be
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FIG. 35—Real-Carbon Dioxide (CO;) Adiabatic Temperature Versus Pressure From NISTI2
treated similarly.

CF,

Carbon tetrafluoride (tetrafluoromethane, CF,), Fig. 36, is the largest diluent molecule
shown here. It has five atoms in its molecule that yield a high heat capacity and mass and there-
fore less adiabatic heating and smaller slopes to it mzp curves. As for all the fluids shown here,
its adiabatic curves are rather straight, allowing for the use of local mzp or y parameters.

Adiabatic process curves for CF, are exhibited from 2007 NIST 23 DB as Figure 36. It
has a normal boiling point mid-way between carbon dioxide and oxygen (-198.5°F). A copy of
this graphic is included in the adiabat.exe and adiabat32.exe algorithms. Once again,, as before,
it exhibits the straight-segment character and other features of Figure 4 and can therefore be
treated similarly.
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FIG. 36—Real-Tetrafluoromethane (CF,) Adiabatic Temperature Versus Pressure
(From 2007 NIST23 DB).

Mixtures of Gases

Oxidants are frequently used in mixtures, and often the reason for the mixtures is to
moderate their reactivity. Sufficient diluent may shift the mixture across a fire limit (the oxidant
index) into nonflammability, But it may also shift it the other way into flammability. It may
slow (but may also accelerate) combustion rates when fire is possible, and it may reduce (but
may also sometimes increase) the ability to ignite and/or burn. This section will focus exclu-
sively on adiabatic processes related to mixtures.

Systems employing air or oxygen-enriched air are in widespread use. Oxygen in mixture
with helium is widely used for breathing gas systems. Some bulk fluorine is delivered in mix-
ture with diluents. And in general, whenever an inert gas or nitrogen is mixed with an oxidant,
it is usually taken as reducing the demands on the system for compatible materials. But this is
not necessarily always the case. NASA treats high pressure air in some cases as equivalent to
oxygen in fire risk, and one could reasonably argue (and some have) that air at some high pres-
sure situations might be a greater hazard than are some lower pressure oxygen systems.

The writer has made a campaign (unsuccessfully to date) out of promoting the analysis
of fire limits as a project within ASTM G-4, (and to lesser extent, a few other places, too), and
as noted earlier in this tutorial, the punch line for that earlier campaign is the way that argon can
increase the hazard and fire potential of certain gas mixtures. There are scenarios in which the
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FIG. 37—Real Adiabatic Temperature Versus Pressure for Several Fluids Starting
at Room Temperature, Atm. Pressure (From NISTI12 DB, NIST 23 DB and NIST WebBook).

addition of argon to a constituent gas stream in some processes can shift the mixtures from be-
ing safely outside a fire limit to being dangerously inside a fire limit.

It is also this same way with adiabatic processes as well, and it is for related reasons.
The NIST23 Database allows for replicating several of the adiabatic-process calculations per-
formed so far for mixtures of oxygen (and only oxygen) with several nonoxidant gases. Several
gas mixture combinations will be examined starting with perhaps the most interesting case:
oxygen/argon. However, NIST 23 allows for the analysis of only a few combinations, and
some of the possible combinations can be queried to only limited final pressures in some cases.

Figure 37 recapitulates a capsule of how the pure diluent gases behave in adiabatic proc-
esses compared to oxidants using data from both NIST 23 and NIST 12. Note that monatomic
gases such as argon and helium in particular heat much more quickly and to higher levels than
any of the oxidants shown, but the data do not extend to similarly high final pressures. How-
ever, if one assumes that a law similar to Dalton’s Law of Partial Pressures applies, one then
could form linear combinations of the behaviors of real fractions independently and combine
them. Would such an approach be valid as an approximation? One could also extrapolate the
fairly straight lines, and because the noble gases are the most nearly ideal in behavior, the ex-
trapolations would probably be fairly valid for them in particular. A copy of this graphic is in-
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FIG. 38—Real-Oxygen/Argon Mixtures Adiabatic Temperature Versus Composition From NIST23 DB.
(Initial Atmospheric pressure, 70°F, to 316 psia Final Pressure).
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FIG. 39—Real-Oxygen/Argon Mixtures Adiabatic Temperature Versus Composition From NIST23 DB.
(Initial Atmospheric pressure, -290°F, to 3600 psia Final Pressure).

cluded in the adiabat.exe and adiabat32.exe algorithms.

Oxvygen/Argon Mixtures

Figure 38 exhibits data from the NIST 23 database for peak temperatures that result
from compression of mixtures of oxygen with argon. This figure portrays oxygen/argon mix-
tures compressed from room-temperature atmospheric-pressure conditions to 316 psia, be-
cause 316 psia is approximately the highest pressure for which the database calculates a final

75



A Tutorial on: Fire Safety Issues of “Adiabatic” Processes in Real and Ideal Oxidant Systems - Barry L. Werley

argon temperature relative to these starting conditions. Figure 39 depicts a corresponding
compression from —290°F, 14.7 psia to a final pressure of 3600 psia, because NIST 23 esti-
mates final temperatures for both pure oxygen and argon to 3600 psia for this starting condi-
tion and as is seen on Figures 4 and 32, both of the pure-gas compression properties are
fairly ideal for this compression (that is, both “adiabats” are rather straight). Also shown on
the curves are “ideal” analogs for which an adiabatic exponent was estimated as a linear
combination of the argon and oxygen average adiabatic exponents, -mpy, in proportion to the
mole fraction present.

To the right of the curves are the approximate average adiabatic, -mpy, exponents that
apply. These curves exhibit a curvature similar to that in the temperature curves and to each
other.

Using either the NIST real-oxygen/real-argon data or the “ideal gas” estimates, both
show that adding argon to oxygen increases the final temperatures produced during compres-
sion. The more diluent argon added, the higher the temperature, and in some cases, the
greater the risk of ignition. If the argon fraction is sufficiently high, it may thwart propaga-
tion, or it may slow resulting combustion. However, for those cases where the final com-
pressed mixture is above the in-situ oxidant index for an exposed material, an incident might
result (might be caused) by the presence of argon.

Figure 40 shows how the full adiabats would look in comparison to the 25, 50 and 75
percent mixtures. One can surmise how much error would result in these two cases by as-
suming linearity in the estimates. Such rough estimates are fairly easy to accomplish with the
related PC utility algorithm, for those comfortable enough with this material to infer the po-
tential error in any such estimates.

Oxvygen/Nitrogen Mixtures

Figure 41, page 78, exhibits data from the NIST 23 database for peak temperatures
that result from mixtures of oxygen with nitrogen. This figure portrays oxygen/nitrogen mix-
tures compressed from room-temperature atmospheric-pressure conditions to 3600 psia, be-
cause 3600 psia can be calculated for a final nitrogen temperature relative to these starting
conditions. Also shown on the curve are “ideal” analogs for which an adiabatic exponent
was estimated as a linear combination of the nitrogen and oxygen average adiabatic expo-
nents in proportion to the mole fraction present. Notice that the endpoint adiabatic exponents
differ by much less than in the oxygen/argon example and the curvature present is less.

To the right of the temperature curve are the approximate average adiabatic expo-
nents that apply. These curves again exhibit a curvature similar to that in the temperature
curve.

Using either the NIST real-oxygen/real-nitrogen data or the “ideal gas” estimate, both
again show that adding diluent nitrogen to oxygen increases the final temperatures produced
during compression (albeit much less than for argon). The more diluent nitrogen added, the
higher the temperature, and in some cases, the greater the risk of ignition. If the nitrogen
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FIG. 40—Real-Oxygen/Argon Mixtures Adiabatic Temperature Versus Composition From 2007 NIST23 DB.
(Initial Atmospheric pressure, -290°F or 70°F , to Max. Reported Final Pressure).

fraction is sufficiently high, it may thwart propagation, or it may slow resulting combustion.

However, if the mixture is above the in-sifu oxidant index for an exposed material, an incident
might result (might be caused) from the presence of nitrogen .

Oxyegen/Carbon Dioxide Mixtures

Figure 42 exhibits data from the 2007 NIST 23 database for peak temperatures that re-
sult from mixtures of oxygen with carbon dioxide. This figure portrays oxygen/CO, mixtures
compressed from room-temperature atmospheric-pressure conditions to 3600 psia, because
3600 psia can be calculated for a final nitrogen temperature relative to these starting conditions.
Also shown on the curve are “ideal” analogs for which an adiabatic exponent was estimated as
a linear combination of the carbon dioxide and oxygen average adiabatic exponents in propor-
tion to the mole fraction present. Notice that the endpoint adiabatic exponents differ by much
less than in the oxygen/argon example, the curvature present is less, and the slope of the line is
positive in the direction of diluent addition rather than negative.
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FIG. 41—Real-Oxygen/Nitrogen Mixtures Adiabatic Temperature Versus Composition From NIST23 DB.
(Initial Atmospheric pressure to 3600 psia Final Pressure).
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FIG. 42—Real-Oxygen/CO, Mixtures Adiabatic Temperature Versus Composition From NIST23 DB.
(Initial Atmospheric pressure to 3600 psia Final Pressure).

To the right of the temperature curve are the approximate average adiabatic exponents
that apply. These curves again exhibit a curvature similar to that in the temperature curve.

Using either the NIST real-oxygen/real-CO, data or the “ideal gas” estimate, both again
show that adding diluent carbon dioxide to oxygen decreases the final temperatures produced
during compression. The more diluent CO, added, the lower the final temperature, and in some
cases, the lesser the risk of ignition. If the CO, fraction is sufficiently high, it may thwart propa-
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gation even in the presence of ignition, or it may slow resulting combustion. However, if the
presence of CO; in the mixture shifts the fire-limit outside the in-sifu oxidant index of any ex-
posed material, then an ignition and incident might be prevented by the presence of CO,.

Heat Transfer Revisited

The immediately prior section explored adiabatic compression of a range of gases and
focused on final temperature. A critical part of the overall story however, is heat transfer. We
have seen that other oxidants and diluents compress differently than does oxygen. This leads to
differing final predicted temperatures during adiabatic compression, and in some cases mixtures
with oxygen lead to higher final predicted temperatures than would obtain for pure oxygen. By
this time, the reader should be champing to know what happens to heat transfer with these other
gases and even more importantly what happens when they are in mixture with oxygen.

When a gas slug is compressed into a dead end, it may fill the dead end to overflow such
that heat losses to the compressing gas upstream can be ignored. In this case, it is possible that
the lowest initial pressure, which usually (but maybe not always) yields the highest final tem-
perature can be the worst case scenario. However, when the slug is on the order of the dead end
volume, loses to the compressing gas and upstream can affect the cooldown rate. In this case a
higher initial pressure with its greater mass in the final slug can be a more severe case despite a
lower final temperature, because it can transfer more heat to a target material.

In the earlier case when the hotter slug cools, its will ultimately pass through the same
pressure and temperature as is present in the cooler more massive slug.

When one is varying the gas composition, it is not only the final temperature and pres-
sure but the thermodynamic properties (heat capacity, thermal conductivity) of the fluid itself
that are important. One’s interest is in the heat transfer that will occur for the same initial and
final pressures as concentration is varied but also in how the initial pressure affects the result.

Figure 43, exhibits, the maximum heat transfer that will be possible from several real
fluids adiabatically compressed to 2300 psia from varying initial pressure. The data are from the
2007 NIST 12 database. The gases shown are oxygen, helium, carbon dioxide and nitrogen
trifluoride. The heat transfers are in the same order for maximum heat transfer at or above 400°
F and at or above 800°F. Helium provides the greatest, followed by the larger oxygen molecule,
then the still larger carbon dioxide molecule and finally the largest nitrogen trifluoride mole-
cule. For compression from atmospheric pressure, helium transfers about 20% more heat at
400°F as at 800°F (about 42 versus about 35 BTU/cu ft). Oxygen transfers a little less than
twice as much heat (about 25 versus 15 BTU/cu ft). Carbon dioxide transfers about three times
as much heat (about 18 versus about 5 BTU/cu ft). And nitrogen trifluoride transfers no heat at
or above 800°F but transfers about 10 BTU/cu ft at or above 400°F

Helium exhibits its greatest heat transfer at or above 400°F at about a 200 psia initial
pressure (about 95 BTU/cu ft) and at or above 800°F at about a 75 psia initial pressure (about
55 BTU/cu ft). Oxygen is less effective at heat transfer and exhibits its greatest heat transfer at
or above 400°F at about a 125 psia initial pressure (about 50 btu/cu ft) and at or above 800°F at
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FIG. 43—Real Transfer Revisited for Four Fluids: O, He, CO,, and NF.

about a 30 psia initial pressure (about 17 BTU/cu ft). Carbon dioxide is still less effective at
heat transfer and exhibits its greatest heat transfer at or above 400°F at about a 110 psia initial
pressure (about 35 BTU/cu ft) and at or above 800°F at about a 10 psia initial pressure (about 5
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BTU/cu ft). Notice that this last maximum is below normal atmospheric pressure, and in this
case a lower initial pressure produces a curious higher heat transfer. The maximum for nitro-
gen trifluoride at or above 400°F at about a 30 psia initial pressure (about 10 BTU/cu ft).

Previously we saw that mixtures of oxygen with diluents produced peak temperatures
intermediate to the temperature rises for the individual pure gases. Therefore not only do mix-
tures affect the final temperatures possible but they affect the heat transfer possible, and as
noted before, this influence begs for further study.

Additional and Exotic Issues
Shock waves

This tutorial, as for two earlier incarnations [6,7], ducks the issue of shock waves and to
a lesser extent supersonic flow. Among the fastest pressurizations possible are those that occur
upon exposure to a shock wave (which may literally happen in microseconds and micro-
inches). Their speed should certainly serve to minimize heat loss, but there are other things hap-
pening that may also be important. Unfortunately, shock waves are not a routine topic in past
ASTM Committee G4 publications, but there are valid reasons for that.

Among the few mentions of shock waves is that of Janoff et al. [33]. In it, adiabatic
compression tests of PTFE-lined hoses are reported. The interior of the hoses was videoed dur-
ing the compression and a flash was observed that is attributed to shock ionization, but the au-
thors report that the hose lengths were too short to have experienced fully developed shock
waves. They always noticed the flash dissipated before any evidence of flame was seen.

In another report, Ducrocq et al [34] examine how shock waves and shock-tube effects
may affect ASTM adiabatic compression tests.

Shock waves are possible but rare occurrences in most oxygen systems. They are scru-
pulously avoided and tend to occur only during upsets, failures, or incidents. Nor does there ap-
pear to be a simplified reference that addresses key shock wave properties from the perspective
of the OSP. Alas, the writer has found none to date that simplify the issues sufficiently for his
own intellect.

If the writer has time, an attempt to produce a simplified tutorial on shock wave and su-
personic pressurization would be a favorite goal of some priority. Perhaps an older reference
can be found (before the theory became heavily mathematical) that would provide better in-
sight. Perhaps examining them from a kinetic theory perspective would help. At present he is
skeptical that their significance is as great as one would be inclined to fear, but he has little be-
yond macro-opinion to base that upon. However, he is greatly troubled that laboratory test sys-
tems go to extremes to produce the fastest pressurization possible (understandably to produce
the most adiabatic, therefore worst case, temperature conditions), when in the real world most
oxidant system fires result from simple and even fairly slow manual opening of valves.

Two examples to support the cited macro opinion will be cited. The previously men-
tioned tests of PTFE hose [33] reported at NASA’s White Sands Test Facility produced igni-
tions and video records exhibited a significant delay (difficult to estimate with high speed pho-
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tography) to the writer’s recollection. The pressurization produced some system trauma but then
the system settled down and after the delay, numerous spots of illumination (fires) followed.
This (if conveyed correctly) might be more consistent with a soaking ignition at temperature
than a flash ignition in a shock wave. In this case one would long to see how the system might
behave under a slightly slower pressurization that was still fast enough to approach adiabatic
conditions. Indeed, in this old series of work, the tendency to ignite increased when the down-
stream tube diameter was increased which would lead to a greater “classical” likelihood of igni-
tion and perhaps a less likely stress by shock waves.

A horrible complication would exist if some materials were more shock sensitive and
other were more “slow” sensitive, but the writer can not rule this prospect out.

Scanning a short series of references [19, 35-37], it appears that shock waves exhibit a
number of interesting behaviors:

- Shock waves are possibly the most extreme form of nonequilibrium system that
could be experienced. Local temperature and pressure can vary widely, indeed
“local” may mean over the previously cited microinches and microseconds.

- Shockwaves “sharpen”. When a large fluid pressure wave propagates, the leading
portion will tend to become an “edge” and will tend to exhibit an extremely abrupt
increase in differential pressure. The “sharpness” of the edge, its abruptness in dif-
ferential pressure, initially increases with time and travel.

- They can impact surfaces (and perhaps other shock waves) and reflect and deflect
producing primary shock waves and secondary reversion waves, the latter of much
reduced pressure and seriously different behavior.

- During impact they can sweep away the present fluids in something called expan-
sion waves. A previous effort [5] likens them to tidal waves.

- They can be focused to interact with each other (apparently leading to increased
pressure due to multiplied density but perhaps not nearly as greatly increased tem-
perature).

The G 4 collegium would benefit from a series of simplified analyses of shock wave and
supersonic flow to simplify and debunk any errors in this summary. However there is a bottom-
line of sorts that can be proposed for consideration. If shockwaves (as is the case for supersonic
flows) are important, then the OSP community approach should perhaps not be to test and se-
lect materials to resist it, but rather should be to thwart it. Shock waves (like supersonic flows)
are unique and special. They form only under the most favorable conditions or when truly brute
force is applied. Instead of designing to endure them, perhaps a series of design thwarts should
be formulated and should seek to figuratively and literally “cut” shock waves down to size.
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Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) Software has been applied to several analyses
published in the ASTM G4 collegium [9,34,38]. More are sure to follow. It has been used in in-
dustry for perhaps a couple decades and is coming into wider use as software competition and
more economic pricing evolves. However, as of today it is still expensive and specialized and
not easy to do. Many OSPs will not be in a position to employ CFD software for some time.
The writer is nearly perfectly unfamiliar with this software, but will attempt to comment and
pose questions anyhow.

CFD software offers great promise and challenge. In actual adiabatic compression heat
transfer can play a significant role. Formation and reflections of shock waves and supersonic
flows are another key variable not addressed by the analyses in this tutorial, and factoring them
into CFD analysis would be a boon if indeed that is not the case today.

But, just as the treatment of adiabatic compression through the years has employed gen-
eralizations that were not precise (and which this tutorial has sought to put some of them into a
better perspective), the limits and capabilities of CFD software also needs a perspective.

So many textbooks on fluid mechanics consider the ideal gas, constant heat capacity
model that the writer would first ask if CFD software does the same. This tutorial argues there
is a great benefit to using the same equation form as for ideal gas, constant specific heat
(IGCSH) analysis but of employing the variables mzp, mzy, and mpy. If CFD software employs
the IGCSH model, can different values of gamma be specified? There can be important differ-
ences between ideal and real gas. Do CFD software packages address real gas in any of their
analyses?

This tutorial focuses on whether a low starting pressure is more severe than the higher
starting pressure depending on system dimensions. Can CFD software address this issue?

Fines (particles) should be very sensitive to shockwaves and may be produced by them.
Can CFD software predict when contamination will be mechanically removed from a surface
and dispersed in the hot final oxygen slug (something that would make them very sensitive to
ignition and may have been present in one series of rapid pressurization tests of contaminated
systems [39]).

So What? — Proposed Wisdom and Judgment

As noted in the introduction: “The book on rapid compression and expansion is not
closed.” Much analysis has been presented here and the way has been pointed for much more.
Today, the prudent design of an oxidant system is more in the realm of wisdom and judgment
than in precise engineering calculations. If one were to read this tutorial, what key items might
be worth retaining for future use (should these analyses survive scrutiny)? In this same spirit,
the writer will propose a number of “insights” that one might wish to keep in back of mind
when considering oxidant hazards.
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Ideal gas calculations with an assumed adiabatic exponent, y, of 1.4, have been
and remain sufficiently accurate for the many common oxygen system evaluation
including:
e Predictions of final temperature from the adiabatic compression of room-
temperature, atmospheric-pressure oxygen.
e Predictions of required temperature controlling DVP volumes for any prac-
tical conditions
« Predictions of gas velocities at low differential pressures.
 Predictions of stagnation pressures from normal gas velocities.
The use algorithms such as the withdrawn G4Math Version 1.2 still appears valid
and slightly conservative for each of its common uses with oxygen gas.
When the above calculations are needed for oxygen at uncommon or extreme
pressures and temperatures, or when the behavior of other fluids at common or un-
common conditions is of interest, calculations based on software such as the
NIST12 and NIST23 databases may provide the necessary real-fluid predictions
but at the price of some degree of complexity.
For uncommon or extreme conditions, a coarse perspective on the behavior of real
fluids (oxidants and diluents) and mixtures can be had with high-definition log-log
plots extracted from databases, and a simple algorithm (such as adiabat.exe and
adiabat32.exe) can help with the reading of such plots. Such diagrams give a em-
pirical perspective on the behavior of the fluid that would be difficult to achieve
with the use of ideal gas models, with or without compensating corrections, and
can be learned and employed without an advanced theoretical underpinning.
At common, uncommon or extreme conditions for a wide range of oxidants and
diluents, empirical variables, m,,, m,, and m,,, may be most preferred for real fluid
calculations, short of using actual database queries. Plots and databases are
sources for the use of m,,, m,, and m,, . In general, however, they are preferable to
v, and their use can maintains much of the simple equation structure that is pre-
sent in ideal gas, with less manipulation than compensating of specific heats, or
solution of complex equations of state (which even in the case of the NIST
databases may sometimes fail to converge to a numerical answer).
Inert gases (inherently inert or situationally inert) as well as similar diluents are
not always innocuous as is often assumed. Especially in the case of argon, diluting
oxidants can lead to a rare but important increased risk. In some cases a lot of ar-
gon may be good while a little argon may be bad.
e As for most low y fluids, Argon diluent increases the final compression
temperature and may also increase the heat transfer to a target material.
e For most large y fluids, dilution of oxygen decreases the final compression
temperature and may also decrease or increase the heat transfer to a target
material
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Low initial pressures lead to relatively higher final compressed temperatures.
Higher final pressures lead to relatively higher final compressed temperatures.
Final compression temperatures are rather well behaved (following an approxi-
mately exponential equation) even for low initial pressures and even at low initial
temperatures as low as the boiling point (saturation) condition.

High final temperature may lead to material ignition if in excess of the in-situ ig-
nition temperature and if sufficient heat transfer (above the in-situ min energy for
ignition) also occurs for the oxidant concentration present.

Higher initial pressures can lead to higher heat transfers up to an optimum pres-
sure above which higher pressure leads to lower heat transfers.

High heat transfers can lead to material ignition if in excess of the in-sifu mini-
mum ignition energy, and if sufficient temperature is also present for the oxidant
concentration present

Ideal fluid approximations of heat transfer during adiabatic compression are good
estimates of real gas behavior at most common conditions, and would lend them-
selves to a simple algorithm. At extreme conditions further study is indicated.
Heat transfer subtleties may account for “fickleness” in some kinds of oxidant in-
cidents and should always be evaluated.

When TNT equivalency is equated to the fluid internal energy change, ideal gas
estimates are practical for only a few mechanical TNT equivalency calculations,
notably those for very elevated temperatures. Real gas calculations are probably
preferable in many cases where final temepratures occur at or below room tem-
perature, especially where any degree of approach to the fluid’s saturation condi-
tion or actual condensation of the fluid may occur.

Fluids at the boiling point or saturated condition can contain significant amounts

of internal energy that may be released in a depressurization, through the process
of “flash.”

Future Effort

Fine tuning and correcting errors (if necessary) of this tutorial are an obvious future

need. Hopefully a dialog on this material will develop and any flaws will be identified (and they
could prove to be many and important). Clearly, additional algorithms devoted to heat transfer
issues, TNT equivalencies might be desirable as would expansion of adiabat.exe and/or adia-
bat32.exe to address not only the T vs. P event, but the T vs. V and P vs.V events as well as

TNT equivalencies and others.

Summary

OSPs can often benefit from a range of calculations. Among them are adiabatic com-

pression, expansion, velocity and total pressure estimates, and energy-release estimates. But
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some OSPs are not comfortable with both the thermodynamic and mathematics functions. As a
result questions arise as to how much error might the ordinary range of material evaluations suf-
fer.

In some cases the error can be significant and even those who do not do such calcula-
tions, relying instead on judgment, need to know where extra care is needed and an attempt to
flag these cases has been made.

Some of this math has been reviewed in painful detail and hopefully simplified. Much
more detail than usual has been presented to allow these methods to be understood and used
more widely and to be channeled into the most appropriate form for OSP use. Further, overview
calculations have been performed to give a qualitative perspective. That perspective has been
extended to compare a series of oxidants, diluents and mixtures not yet extensively debated in
the ASTM forum.

A simply PC utility algorithm has been proposed and prototyped that can provide much
help with appreciating adiabatic processes and getting to approximate answers.

And the continuing need for work in this area has been examined. Only time will tell if
this particular material and approach is fatally flawed, or even if not, whether it will gain any
degree of credibility and acceptance.
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Appendix A

Entropy-Parameter-Free Compression for Nonthermodynamists

There are three models of oxygen of interest here for thermodynamic rapid compres-
sion/expansion analysis. Real oxygen, and two forms of ideal oxygen (oxygen of constant heat
capacity or variable heat capacity). The ideal gases will be examined first

Real and ideal oxygen are often drawn as thermodynamic surfaces in three space. In
conditions of current interest to OSPs, either ideal-gas surface is very reminiscent of a portion
of a cone, upper portion of Figure A-1. The surface of a real gas can be much more complex,
lower portion of Figure A-1. These surfaces are often shown in two-space as a series of slices
through the surface. As is also the case for other gases, oxygen is taken as a collection of
“equilibrium” states. Each “state” is taken as fully characterized by its pressure, temperature
and volume. Any two of these parameters may be taken as independent variables in defining the
third. In addition, any two are independent in also defining a fourth property each state has—an
internal energy, which allows the definition of still other dependent thermodynamic properties
such as enthalpy and entropy. Not every property is directly measurable.

The entire surface is taken as being in equilibrium at every point. Among the importance
of the equilibrium is that without equilibrium, there is technically no uniform pressure or tem-
perature parameter defined. Therefore, during an actual rapid compression, pressure, tempera-
ture and even volume (even over certain sub-regions) may not be definable, the process may not
be (probably is not) in equilibrium, but nonetheless may settle (usually very quickly) to an equi-
librium state adequately predicted by that which an equilibrium process would experience, and
therefore equilibrium results may still be meaningful to the design of an oxygen system.

There are numerous methods to establish these states mathematically. Equations of state
(EoS) seek to predict any parameter from the other two. In papers in the ASTM G4 collegium
to date, the Virial EoS, Peng-Robinson EoS, Soave-Redlich-Kwong EoS, and van der Waals
EoS have all been used. One can measure specific states or interpolate between experimental
points either linearly or with more sophisticated formulas. Software is also available and in this
effort, software based on a modified Benedict-Webb-Rubin equation of state or a more general
type of Helmholtz energy equation of state is used.

To estimate how oxygen behaves during rapid pressurization, one must tease from these
various data the series of states it will move through when pressurized with no external addition
or loss of heat. In some software, one can track this as the constant entropy condition and obtain
predictions that way. However, although the entropy parameter is elegant and its constant value
is typically, maybe always, used in textbooks to derive the equations for adiabatic processes, it
is subtle and is not mandatory. This section will forego use of the entropy parameter in deriving
the several ideal-gas equations, in hopes of giving a simpler more mechanical perspective, more
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constant pressure:

temperature: M constant volume:
p=KT

pV =k

critical
point

FIG. A-1—Example ideal-gas (upper) and real-gas (lower) thermodynamic surfaces.
( Patterned after Sears and Zemansky [40), page 377, with enhancements.)
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meaningful to some like the writer.

Ideal Oxygen/Constant Specific Heat Case

Ideal oxygen of constant specific heat is the simplest to analyze and will be addressed
first. Ideal gas obeys the mathematical equation:

PV =nRT
also
PV/n = Pv =RT

Where:
P = absolute pressure
V = volume
n = number of moles
v = V/n =molar volume
R = universal gas constant
T = absolute temperature

Also for an ideal gas the internal energy is only a function of temperature. As a result
the internal energies along each hyperbola (each slice) represented by constant PV product in
the upper part of Figure A-1 have a constant internal energy at every point.

Compression by Vessel Volume Reduction

Perhaps the most easily analyzed compression is like that in a piston and cylinder where
the vessel volume is forcibly reduced. This scenario is shown in Figure A-2. The lowest curve
(green) in the figure exhibits ideal gas behavior of isotemperature and isoenergy. Consider point
a in Figure A-2 at an initial pressure P; = 15 psia and initial volume V; =300 ft’ and at initial
temperature T; = 70°F = 530°R. This gas can be compressed in many ways, but we are inter-
ested in adiabatic compression in which no net heat is transferred in or out of the system.

First, let’s approximate the compression of the gas in two stages. The first stage is re-
duction of the volume in one step (N=1) from point a through b through c through d to the
value still at constant temperature at point e of Figure A-2, Part A. This corresponds to the com-
pression process A to B to C to D to E of Figure A-2, Part B. Since the internal energy of this
ideal gas is constant along the curve, as we do work to compress the gas we have to transfer out
an amount of heat Q,... To compress this gas, work must be performed upon it in the amount:

Work = [ P(-dV) =] (-nRT/V)dV =nRT Ln (V/V.) = Q. (A1)

This is the area under the lower curve, abcde (green on digital copies) from point a to point e.
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Now holding the volume constant at point e, we transfer Q... back into the gas at the
constant specific heat rate to yield an overall net zero heat loss and provide a first estimate of
the final temperature, T(1), Figure A-2, Part B.

Q7 =InCdT =nC,[T(1) - Tg] =nRT, Ln (V,/V,) (A2)

And since T, -Tg,
T(1) - T4=(RT4/C,) Ln (V./V,) (A3)

At constant volume, the final first-estimate pressure, P(1) is given by
PA1) = [T(1)/ T4l P, = [T(1) / T P, (A4)

For the actual starting conditions of Figure A-2, this would estimate the final temperature as
763°R (up from 530°R at point E) and the pressure as 64.78 psia (up from 45 psia at point e).

As a second approximation (N=2) this same exercise will be repeated by dividing the
work calculation into two parts as are also shown in Figure A-2 (black curve on digital copies)
and re-addition of the incremental work-produced heat after each step. The first segment uses
the same equation as for the previous example but only to half the final volume (the piston is
half way to its destination). The corresponding equations are:

[ P(-dV) =] (nRT/V)dV =nRT Ln (V//V,) = Quc (A5)
Que =InCidT = nCy(Te - Te) = nRT, Ln (Vo/ V) (A6)

Transferring this heat back into the gas at ¢ yields the temperature at a new point ¢’
Tc-Ty=RTH/C,) Ln (V/V,») (A7)

The temperature at this point C’’ is 615.96°R. At constant volume the pressure at point C’’,
26.14 psia, is given by

P =[Tc/ Tl Po= [Te/ T4] P, (A8)

The point ¢”’ becomes the starting point for another compression starting on a different
isotemperature/isoenergy curve through ¢ ’. This leads through point d’ and finally to e’ at
which a pressure greater than at point e exists. As a result of the transfer of heat back into the
gas at point ¢, the pressure is greater throughout the second step of this second estimate, than
during the second half of the first estimate, and so the work performed on this second portion is
greater than for the corresponding portion of the first path. The set of equations that correspond
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to (AS) through (AS) are:
[P(-dV) =] (-nRT/V)dV =nRT Ln (Vo/V,) = Q.- (A9)
Q.- =InC,dT =nCy(Tg - Te) =nRTz Ln (V. /V.) (A10)

Transferring this heat back into the gas at e yields the final temperature at a new point T(2):
TA(2) - Te = RTg/C,) Ln (V./V,) (A11)

In this case, at constant volume, the final pressure is

P(2) =[TA2)/ T¢] P, = [T(2) / Tc-] P (A12)

In summary:
Tf(Z):Ti+ZAT:TA+ [TJI(Z) 'TE’] + [TC”—TA] (A13)
T(2)=T,+ (RTz/C,) Ln (V./V,) + (RT4/C,) Ln (V/V,") (Al14)

If the volume were compressed only slightly, so that the temperature increase were very
small, then Tz~ T, and then

T(2) =T, + (RT4/C,) [Ln V,-LnV,] (A15)

The previous two exercises can be repeated by dividing the volume interval a-e (300 —
100 ft’) into three segments, and obtaining an estimate for a final pressure, P(3), and tempera-
ture T/(3) but that will be skipped here to avoid a confusing drawing. Instead, the sequence of
equations that obtain for dividing the compression into four segment in pursuit of the estimate
for final pressure, P(4), and final temperature T(4) will be considered.

Without repeating all four sets of equation, the work under the original curve for a to b
is calculated as heat equivalent Q,_, and added back to define point 5°. A new isotemperature/
isoenergy curve through b’ is defined and the work under it from b’ to ¢’ is determined as heat
equivalent Q.- which is added back to define ¢’’’ (only slightly greater than ¢’’ in pressure). A
new isotemperature/isoenergy curve through ¢’’’ is defined and the work under it from ¢’’’ to
d’’ is determined as heat equivalent Q. ;- which is added back to define d’’’. A new isotem-
perature/isoenergy curve through d’’” is defined and the work under it from d’’’" to e’ is deter-

T(4) =T+ (RTz/C,) Ln (Vy/Ver) + (RTp+/Cy) Ln (Verd Vyr) +
+ (RT¢/Cy) Ln (V./Vy) + (RT4/C,) Ln (Vo/V)) (A16)
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As with Equation (A14), if the total compression is small so that the temperature at each
step changes little, then a simplified expression similar to equation (A15) can be derived.

T(4)=T,+ (RT4/C,) [Ln V,-Ln V,-] (A17)
In early calculus courses, one learns that integrals are in general, established by increas-
ing the number of segments in an estimate like this indefinitely. Regardless of the number of
segments the compression is resolved into, the temperature rise for k™ segment is of the form;
AT(k+1)_k = T(k+1) - Tk = (RTk/CV) Ln (V(k+1)/Vk) (Alg)
And, AT s 1)k 'Te = (Tersy - T/ Tie= (R/C,) L (Ve )/ Vi) (A19)
So that, if we let k — oo

Lim ZAT(k+1)_k /Tk =Lim Z(T(kJr]) - Tk)/Tk = Lim ZA(R/CV) [Ln V(k+1) -Ln Vk] (AZO)

As the interval approaches zero length, the summations approach integrals and the arguments
approach differentials:

JLim AT 14 /T4 = Jd(To/Ti = (R/C,)f d(Ln Vi) (A21)
So that, Ln(T;/T) = (R/C,)Ln (V/V)) (A22)
And, T/Ti= (V/V)VE (A23)

This equation produces the upper (blue) curve of Figure A-2. And the final temperature for this
calculation is 822°R, which is greater than each of the previous estimates.

Substituting V =nRT/P and T =PV/nR into Equation (A23) yields the follow-
ing two equations respectively:

T//Ti= (Pp/P)~ ™ (A24)
P[ Vi(Cv+R)/CV _ vaf(Cv+R)/CV (A25)

All three of these equations are valid for calculating ideal gas conditions during adiabatic proc-
esses.

The physical meaning of this analysis is that as the number of segments increases the
saw tooth nature of the estimates smoothes and converges to a final equation and to the final
curve which was produced with that same equation. With each increase in the number of seg-
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ments, additional area is nibbled from the space between the final curve and the saw teeth.
Therefore, the final temperature can be calculated by integrating the work/area under the final
curve and adding that amount of heat energy to the gas at point e.

One can now calculate final temperatures based on the specific heat capacity at constant
volume by running an approximating sum of individual steps (for example in a spread sheet)
along the lines of Equation A16 using as many segments as needed for accuracy. Or with more
convenience, one can use the equivalent Equations A23, A24 and A25 and plug into them three
of the four variables (initial temperature and either initial and final pressure or initial and final
volume). Because integrals are limiting sums, one can also use a spreadsheet and “pipeline”
Equations A23, A24 or A25. To do this one can segment any of the variables: pressure, volume
or temperature and insert any two of the initial parameters into any suitable equation and use it
along with a first step parameter to calculate the remaining first-step parameter. Then one uses
the first step parameters as the initial conditions for a second application of the formula and so
forth. This is a trivial benefit when the heat capacity is constant, but we will soon see that the
heat capacity is not always constant.

Compression by Gas Addition

A second, perhaps more important, mechanism of compression is when a gas is admitted
to a fixed-volume system. This happens whenever a valve to a high pressure system is opened
and is a major source of risk in many oxygen systems. The released incoming gas compresses
any gas already present downstream and in some cases with little or no mixing of the incoming
and existing gases. As a result the resident gas may experience heating much the same as if be-
ing compressed by a piston except that there is no piston position by which to sense its current
volume. Instead, the pressure of the system, rather than the geometric volume, is the sensible
(observable) variable. This scenario is shown in Figure A-3. The lowest curve (green again on
digital copies) in the figure again exhibits the same ideal gas behavior of isotemperature and
isoenergy as for Figure A-2. Consider point a in Figure A-3 again at an initial pressure P; = 15
psia and initial volume V; =300 ft’ and at initial temperature T; = 70°F = 530°R. This gas will
again be compressed adiabatically in which no net heat is transferred in or out of the system.

In this example, for correspondence with the analysis of Figure A-2, it will again be
compressed in up to four pressure increments. Pressure addition will first bring it to the final
pressure achieved in Figure A-2 (69.83 psia), then pressure will be increased in two equal steps,
and finally the pressure will be raised in four equal steps. This requires that the ideal gas curve
be extended further than in Figure A-2 up to the final pressure point. The work of compression
in each step will again be the area under the pressure curve, which is now represented as the
area subtended between the ideal gas curve and the ordinate (or volume) axis, and the incre-
ments in the volume over which the work increments are calculated are now of different
lengths.

These same data of Figure A-3 Part A are again exhibited with the axes exchanged so
that pressure is the ordinate and volume is the abscissa in Figure A-4. In this case the work per-
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FIG. A-3—Adiabatic compression estimates using gas addition.
( Some lines are shifted slightly to avoid overlap.)
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FIG. A-4—Adiabatic compression estimates using gas addition.

formed during compression is again the area below the curve and the lower limit of the volume
is now 64.4 cubic feet.

First let’s approximate the compression of the gas in two stages. The first is reduction of
the volume in one step (N = 1) from a to b to ¢ to d to the final value at constant temperature at
point e. Since the internal energy of this ideal gas is constant along the curve, as we do work to
compress the gas we have to transfer out an amount of heat Q,... To compress this gas, work
must be performed upon it in the amount:

Work =] PdV =] (nRT/V)dV =nRT;Ln (V/V,) = Q.. (A26)

This is the area under the green curve of figure A-4 from point a to point e. However, since the
measurable variable is pressure, recall that PV = nRT and therefore

dV = (-nRT/P?) dP (A27)
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Therefore, the integral of (A26), which is the area to the left of the curve, can be replaced with
Work = PdV =[ P (-nRT/P?) dP = (-nRT/P)dP - nRT Ln (P,/P,) = Q..  (A28)

Now holding the pressure constant at point e, we transfer Q,._. back into the gas at con-
stant pressure by making the calculation with the constant-pressure specific heat rate to yield an
overall net zero heat loss and provide a first estimate of the final temperature, T(1), Figure A-3,
Part B. However, in this case as the heat is returned, the volume increases as the temperature
rises. The gas must do mechanical work which is also at the expense of the heat, Q..

Q 7(1 = nC,dT =nC,[T(1) - Tz] =nRT, Ln (P,/P,) (A29)

And since T, -Tg,
T/(1)- T4 = (RT/C,) Ln (P./P,) (A30)

At constant pressure, the final first-estimate volume, V(1) is given by
VA1) =[TA1)/ Te] Vo= [TA1) / T4] V. (A31)

For the actual starting conditions of Figures A-3 and A-4, this would estimate the final tempera-
ture as 763°R (up from 530°R at point E) and the volume as 92.76 cubic feet (up from 64.44 cu-
bic feet at point e).

As a second approximation (N=2) this same exercise will be repeated by dividing the
work calculation into two parts as are also shown in Figure A-3 and A-4 (black curve on digital
copies) and re-addition of the incremental work-produced heat after each step. The first seg-
ment uses the same equation as for the previous example but only to half the final pressure
(Fgure A-3), however, Figure A-4 shows that this is at more than the half way point in the vol-
ume reduction (the volume is at less than 200 cu ft). The corresponding equations are:

[PAV =] P (-nRT/P?) dP =[ (-nRT/P)dP - nRT Ln (P,/P,) = Q.. (A32)
Qu.c=/nC,dT =nC,[T¢ - T¢] =nRT, Ln (P,/P.) (A33)
Transferring this heat back into the gas at constant pressure at ¢ yields the temperature at a new

point ¢’ which is at a greater volume than that at point c. Figure A-3, Part B exhibits this higher
temperature at corresponding point C’.

Tew - Ty = (RT4/C,) Ln (Po/P,) (A34)
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The temperature at this point C’”is 785°R. At constant pressure the volume at point C ", 95.48
cubic feet, is given by

Voo =[Ten/ Te] Vo= [Ter [Tl Ve (A35)

The point ¢’ becomes the starting point for another compression starting on a different
isotemperature/isoenergy curve through ¢’’. This leads through point &’ and finally to e’ at
which a pressure greater than at point e exists. As a result of the transfer of heat back into the
gas at point ¢, the pressure is greater throughout the second step of this second estimate, than
during the second part of the first estimate, and so the work performed on this second portion is
greater than for the corresponding portion of the first path. The set of equations that correspond
to (AS5) through (AS8) are:

[PdV =] P (-nRT/P?) dP =] (-nRT/P)dP - nRT Ln (P, /P,) = Q.- (A36)
Qcer = nC,dT =nCy(Tz - T¢+) =nRTg Ln (P./P,) (A37)

Transferring this heat back into the gas at e yields the final temperature at a new point T(2):
T(2) - Te = (RT#/C,) Ln (P./P,) (A38)

In this case, at constant pressure, the final second-estimate volume, V(2) is given by

VA2) = [T(2)/ Te] Ve = [TA2) / Te] Ve (A39)

In summary:
Tf(Z) = Ti +2X AT = TA + [T/(Z) - TE] + [TC - TA] (A40)
T(2)=T4+ (RTg/C,) Ln (P./P.) + (RT4/C,) Ln (P,/P.") (A41)

If the volume were compressed only slightly, so that the temperature increase were very
small, then Tz~ T, and then

T(2)=T4+ (RT4/C,) [LnP,-Ln P,] (A42)

The previous two exercises can be repeated by dividing the pressure interval a-e (69.83—
15 psia) into three segments, and obtaining an estimate for a final pressure, P(3), and tempera-
ture T/(3) but that will again be skipped here to avoid a confusing drawing. Instead, the se-
quence of equations that obtain for dividing the pressure interval into four segments in pursuit
of the estimate for final pressure, P(4), and final temperature T(4) will be considered.

Without repeating all four sets of equation, the work under the original curve for a to b
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is calculated as heat equivalent Q,, and added back to define point »°. A new isotemperature/
isoenergy curve through 5’ is defined and the work under it from b’ to ¢’ is determined as heat
equivalent Q,-.-which is added back to define ¢’’’ (only slightly greater than ¢’’ in volume). A
new isotemperature/isoenergy curve through ¢’’’ is defined and the work under it from ¢’’’ to
d”’ is determined as heat equivalent Q. -, which is added back to define d’’’. A new isotem-
perature/isoenergy curve through d’’” is defined and the work under it from d’’" to e’ is deter-

T(4)= T4+ (RTz-/C,) Ln (Py-/Pe) + (RTp+/C,) L (Pe/Pyr) +
+ (RT¢/C,) Ln (P./P,) + (RT,4/C,) Ln (P,/Py) (A43)

As with equation (A14), if the total compression is small so that the temperature at each
step change little, then a simplified expression similar to equation (A15) can be derived.

T(4)=T,4,+ (RT,4/C,) [Ln P,-Ln P, ] (A44)
Again appealing to early calculus training, one learns that integrals are in general, estab-
lished by increasing the number of segments in an estimate indefinitely. Regardless of the num-
ber of segments the compression is resolved into, the temperature rise for k™ segment is of the
form;
AT(k+1)_k = T(k+1) - Tk = (RTk/Cp) Ln (P(k+])/Pk) (A45)
And, AT )k ITe = (Tarp) - T/ Te= (R/Cp) L (Pyer )/Py) (A40)
So that, if we let k — o«

Lim ZAT(k+1)_k /Tk =Lim Z(T(k+1) - Tk)/Tk = Lim ZA(R/CP) [Ll’l P(k+]) -Ln Pk] (A47)

As the interval approaches zero length, the summations approach integrals and the arguments
approach differentials:

JLim AT s 1y /T = Jd(To)/Te = (R/C,)f d(Ln Py (A48)
So that, Ln(T,/T) = (R/C,)Ln (P/P,) (A49)
And, T/Ti= (P/P)NP (A50)

This equation produces the upper (blue) curve of Figure A-3. And the final temperature for this
calculation is 822°R, which is greater than each of the previous estimates and duplicates the fi-
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nal temperature derived in the case for volume reduction compression.
Substituting P =nRT/V and T = PV/nR into Equation (A50) yields the follow-
ing two equations respectively:

T/T,= (V/V)R PR ( AS1)
P, ViCp/(Cp-R) — PfoCp/(Cp-R) (A52)

All three of these equations are valid for calculating ideal gas conditions during adiabatic proc-
esses. All share similar but not identical structure to equations A24, A23 and A25, respectively.

The physical meaning of this analysis is again that as the number of segments increases
the saw tooth nature of the estimates smoothes and converges to a final equation and to the final
curve which was produced with that same equation. With each increase in the number of seg-
ments, additional area is nibbled from the space between the final curve and the saw teeth.
Therefore, the final temperature can be calculated by integrating the work/area under the final
curve and adding that amount of heat energy to the gas at point e.

As in the analogous earlier derivation of this appendix, one can now calculate final tem-
peratures based on the specific heat capacity at constant pressure by running an approximating
sum of individual steps (for example in a spread sheet) along the lines of equation A44 using as
many segments as needed for accuracy. Or with more convenience, one can use the equivalent
equations A50, A51 and A52 and plug into them three of the four variables (initial temperature
and either initial and final pressure or initial and final volume). Because integrals are limiting
sums, one can also use a spreadsheet and “pipeline” equations A50, A51 or A52. To do this one
can segment any of the variables pressure, volume or temperature and insert any two of the ini-
tial parameters into any suitable equation and use it along with a first step parameter to calcu-
late the remaining first-step parameter. Then one uses the first step parameters as the initial con-
ditions for a second application of the formula and so forth. This is again a trivial benefit when
the heat capacity is constant, but we will see that real-gas heat capacity is not always constant.

Coordinating the Two Sets of Equations

There is an analogous structure between the two sets of equations, A23-A25 and A50-
AS52. These two sets of equations represent two different, yet both valid, ways to do the calcula-
tion. Consequently the two sets should yield the same results, since the predicted behavior of
the gas does not depend on the way its behavior is calculated. The respective equations can
only yield the same results if the respective exponents are equal., or if :

For Egs 25, 52: (Cv+R)/Cv = (Cp/(Cp-R) which implies Cp - Cv =R
For Egs. 24, 50: R/(Cv+R) = R/Cp which implies Cp - Cv =R
For Egs. 23, 51: R/Cv = R/(Cp-R) which again implies Cp - Cv =R
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Using this requirement on Egs. 25 and 52,
Pi Vi(CV+R)/Cv — Pjvf(Cv+R)/Cv — Pj Vicp/(cp—R) — vapr/(Cp—R) — Pch/CV — PVy

Where
y= Cp/Cv= (Cv+R)/Cv =Cp/(Cp-R) A53)

When Cp and Cv are constant, then y is also constant and can be used to reframe Equations 23-
25 and 50-52 in the form of Equations 1-3:.

T/T; = (P/P)* V" (A54)
T/T; = (V/V)*D (A55)
PVI=PN/,  (PfP)=(Vi/Vy'=(V/V)" (A56)

This set of equations is currently used to estimate adiabatic temperatures, but heat capacities are
not constant, gases are often compressible, and other factors can introduce significant errors in
the estimates.

The Relationship of C, to C,

The analysis of the previous section declares that for an ideal gas of constant heat ca-
pacities:

Cp= Cv+R (AS7)

There is a physical significance to this relationship that is worth examining.

Figure A-5 again exhibits the same isothermal/isoenergy curve (bottom/green on digital
copies) and adiabatic compression curve (top/blue on digital copies) as presented in Figures A-2
and extended in A-3 and A-4.

In the limit, the work/heat energy (W) represented by the area under the adiabatic curve
a-d divided by the constant heat capacity C, was introduced at constant volume into the system
at point b. This produced a temperature rise and in turn a pressure rise to point d.

In related fashion, the work/heat energy (W,) represented by the area of the curve under
the curve a-d-c divided by the heat capacity C,, was introduced at constant pressure into the gas
at point c¢. This is the same work/energy (W) as in the case just reviewed (from a-d) plus the
work at constant pressure from point d to point c. It both produced a temperature rise and resul-
tant volume increase from point ¢ to point d. The temperature rise and final pressure were both
the same as those in the earlier case.

These work energies can be related
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FIG. A-5—Adiabatic compression estimates using gas addition.
(Duplicate data to Fig, A-4)

AT =Ty~ T;= W /Cv=Wy/C, = {W; + [Py (VsV) 1}/ C, ) (58)

Also P; = P, =P;and P,V,=RT,, and P;V.=RT.=RT;, so that, from the third and fifth
terms above,

AT = Wi/Cv = {W, + [Pu(VrVo) 1}/ G, (59)
And,

prl = CVW1+ Cv[Pd (Vd'VC)]}Or: (60)

C,W, =C,W,+CyRT;- RT,) (61)

Re-arranging by dividing by W, and substituting
Cp = Cv+ (Cv/WI)R(Td - Tc) (62)
Substituting C,/W, for 1/(T, - Tj) which also equals 1/(T, - T.), and again

C, = C+ R(T4- T)/(To-T) =C,+R (63)
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This important relationship (C, = C,+ R) is often used to convert and “simplify” the
form of Equations A23-A25 and A50-A52 into the form employing the ratio C,/C, =y which
yields the equations (1-3).

Adiabatic Compression and Compound Interest

Figure A-5 also illustrates the relationship of the various work energies involved in adia-
batic compression. Again consider the same curves from Figures A-2, A-3 and A-4 are impor-
tant. In addition a middle (dashed )curve (red on digital copies) on Figure A-5 shows the pres-
sure that would be produced at any point if the work/heat component under the ideal curve up to
that point were reintroduced at that point. The work under the lower ideal curve is labeled as the
“Ideal work”. The region between the bottom and middle curves (green and red on digital cop-
ies) is additional pressure that results due to the ideal work. The work represented by the area
between these curves (green and red) is labeled the “Compound work due to the ideal work™. If
the work represented by the area between the bottom and middle curves up to any point was re-
introduced at that point, there would be another curve between the middle and top (red and blue
on digital copies) curves representing increased pressure due to the compound work due to the
ideal work, and it would define yet another work and area. The region between the middle and
top (red and blue) curves is labeled “compound work due to compound work™.

The compound work is directly analogous to compound interest earned on investments.
In this analogy the ideal work is related to the principal. Simple interest is the amount of extra
work (money) due to the principal. And compound interest is the interest earned on the interest
resulting from the principal. Similarly the compound work is the work done against additional
pressure that results from the pressure that results from the ideal pressure. The final curve repre-
sents infinite compounding.

Greater interest (work and temperature) result if the principal is larger (if the starting
pressure is higher) and if the investment is allowed to earn for a longer period of time (if the
volume reduction is greater) and if the interest is calculated over shorter periods (if the com-
pression is broken into smaller volume increments).

This graphically illustrates that most of the pressure rise (and therefore temperature rise)
of oxygen at lower amounts of compression results from the ideal isothermal pressure. How-
ever, as the total volume change increases, the compound work and pressure can ultimately
come to dominate the final values.

Ideal Gas / Variable Heat Capacity Case

Heat capacities are typically not the same for all gases nor are they even close to con-
stant for real gases. Leslie [9] and, for comparison, Barragan et al. [11], treat this prospect in a
mathematically straightforward (if not simple) way for some adiabatic cases with ideal gases
using variable heat capacity and find it results in a much better estimate (for at least one com-
mon set of initial pressure and temperature) of compression temperatures (compared to equation

105



A Tutorial on: Fire Safety Issues of “Adiabatic” Processes in Real and Ideal Oxidant Systems - Barry L. Werley

of state predictions) than does the ideal gas model. Remember that in Figure A-5, the work/heat
equivalent of W (the area under the curve from “a” to “d”), acts on the gas continuously to in-
crease its temperature and pressure from point “b” to point “d”. Similarly the work/heat equiva-
lent of W, (the area under the curve from “a” to “d” to “c”) acts on the gas at point “c” and in-
creases its volume and temperature to the same point “d”. If the heat capacities had a different
value or a variable value, the resulting final temperature and pressure would simply shift. They
would shift down if the heat capacity were greater (because W; would be smaller and it would
be divided by a larger specific heat number so W,/C, would also be smaller. Similarly, W,
would be smaller and it would be divided by a larger specific heat number so W,/C, would be
smaller). If the heat capacity were less, then W,/C, and W,/C,, would be larger and the tempera-
ture increase would be greater.

The ideal work (the isothermal work) would be identical to that in the previous deriva-
tion. However, the net work values W, and W, would be smaller, because as the ideal work in-
crements were being added to the gas they would each produce less pressure rise and therefore
less “work due to the ideal work™ as well as less compound work, also. Therefore a larger heat
capacity acts to reduce the numerator and increase the denominator of the W/C ratios.

Figure A-6 exhibits an ideal gas isotherm and a series of adiabatic compression curves
that approximate the behavior of several gases using ideal models of constant but differing heat
capacity. The ideal work (the area under the lowest [green on digital copies] curve) in each of
these is identical. This region between the lowest (the isotherm) and highest curves represents
the principal range of compression heating that occurs with ideal gases.

The solid (final pressure) and dashed (ideal work) curves labeled nitrogen trifluoride are
for a large molecule with a large heat capacity and therefore small value of y, about 1.16. The
solid (final pressure) and dotted (ideal work) curves labeled argon and helium, are for small
molecules with small heat capacities and therefore large value of y, about 1.67. The intermedi-
ate solid (final pressure) and dashed (ideal work) curves labeled oxygen, are for a mid-sized
molecule with a middling heat capacity and middling value of vy, about 1.40.

Similarly, notice the relative sizes of the compound work. Compound-pressure could
shift and change the final pressure as indicated in Figure A-6 (by the dotted lines below each
adiabat). As heat capacity decreases, y increases, and the relative amount of compound pressure
and compound work increases. As heat capacity increases, the relative amount of compound
pressure and compound work decreases.

A similar result applies when one considers heat capacities that may be variable for any
individual gas. Here again, if the heat capacity increases variably with temperature, then the
marginal effect of compression is to produce lesser temperature rise. If it were to decrease
variably with temperature (something many real gases apparently do not typically do at com-
mon temperatures of interest), then higher temperature rises would result.

Real gases have significant variations in heat capacity. And so to better estimate the be-
havior of real oxygen, the ideal gas model is often assumed to have a variable heat capacity. In
the papers presented in the ASTM collegium [9,11] the variations that have been assumed are
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FIG. A-6—Ideal gas adiabatic compression and first compound pressure estimates
(dashed) for gases of differing constant specific heat.

those of real oxygen as a function of temperature at atmospheric pressure. No comments are of-
fered as to whether heat capacity should, or should not, vary with pressure, but Barrow [42] in-
dicates it does, and the NIST databases indicate they can vary a lot. Referring again to Figure
A-5, a variable heat capacity simply means that differing amounts of temperature rise result
from each successive element of work/heat that are cumulatively introduced at points “b” and
“c”. However, we have seen that for both these heats to produce the same temperature at point
“d”, for ideal gases with constant heat capacities, C, = C, + R.

Apparently theoretical efforts to predict specific heat as a function of temperature are
very complex. It appears therefore that real data for the variation are established and then the
data are fit to empirical equations of simpler form for use in actual calculations.

There are numerous equations (for example those chosen by Leslie [9], Barragan et al
[11], Van Wylen [12], and Abbot [41]) used to represent specific heat capacity. The upper
group of curves of Figure A-7 show these and others for C,(T) for oxygen, and although all are
of much different algebraic structure, all generate similar data. Indeed, these data are also com-
pared to those for real oxygen at atmospheric pressure as is also shown as symbols extracted
from the NIST 12 DB (up to its 1500 K limit).

The writer’s efforts located only equations for C,(T) in these references. There appears
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FIG. A-7T—Variations in specific heat of oxygen with temperature.

(but is not stated) an assumption that because ideal gas of constant heat capacity obeys the rela-
tionship C, = C, + R, that therefore:

CUT)=C(T)-R (A64)

Examining the lower curves of Figure A-7, one can see how that C,(T) compares to C,
(T), the upper curves, at comparable conditions. The dashed upper curve is based on C,(T)
from Van Wylen [12] is shown again with R subtracted from it for C,(T) and the set of symbols
overlaid on it are extracted for C,(T) for real oxygen at atmospheric pressure from NIST DB12.
The writer does not know how NIST 12 makes its calculation. Nonetheless the symbols and the
Van Wylen curve are in excellent accord. This suggests Equation A64 is correct and is why the
approximate calculations can improve the estimate of real gas behavior, provided the effect of
pressure on heat capacity is small.

One can see that at atmospheric pressure, C,(T) for temperatures of interest is bracketed
by a max and min value for all temperatures of interest to OSPs (That is, up to a few thousand
K). In the units most of the equations used (J/lbmolK), the lowest C,(T) was 29.4 (at T =
300K) and the highest was 40.9 at T = 3500K. Similarly the lowest C,(T) was 21.1 (at
T=300K) and the highest was 32.6 at T = 3500K. Therefore the higher the starting temperature,
the lower will be the adjusted relative final adiabatic rise.
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The lower specific heat capacity values on Fig A-7 result in y ratios per equation A53
that are both approximately 1.4. This is the same value at these conditions as the exponent y
used to estimate adiabatic temperature for ideal oxygen in most text books and in ASTM Com-
mittee G4 standards. The upper specific heat values result in y ratios per Equation A53 of ap-
proximately 1.25 indicating the magnitude of temperature predictions using a variable heat ca-
pacity should be less at higher temperatures, as has been observed.

As a result, when predicting temperatures for this quasi-real oxygen, one would proceed
as in the examples for ideal oxygen of constant specific heats (Appendix sections titled Com-
pression by Vessel Volume Reduction and Compression by Vessel Volume Reduction) in calcu-
lating the work energy on the gas as the amount of heat that must be reintroduced into the oxy-
gen. In this case the two equations below apply as they did in Equations A2 and elsewhere (for
compression through volume reduction) and Equation A-29 and elsewhere (for compression
through gas addition).

[nC,dT and |nC,dT (A65)

However, in this case where the specific heats are not constants, they are functions of tempera-
ture. So these become:

[nC(T)dT and [nC,(T)dT (A66)
Therefore at each step, one would have to insert a suitable formula for C,(T) or C,(T)
and then solve the integral. The several formulas considered for oxygen so far and exhibited in
Figure A-7 are:
From Leslie [9] (sourced to Van Wylen and Sonntag [12]:

Cpo = 8.9465 + (4.8044 x1070'°) - (42.6790") + (56.6150°7) (A67)
For use over the range 540-6300 R, with C,, in Btu/lb-mole-R, and 6 in T(Rankine)/180.
Cpo = 37.432 + (0.0201020') - (178.5767') + (236.8807%) (A68)

For use over the range 300-3500 K, with C,, in kJ/kmol-K, and 6 in T(Kelvin)/100.
From Barragon [11]:

C, (vapor) = 25.46 +1.519x 10°T - 0.7151 x 10°T*+ 1.311 x 10°T° (A69)
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Yielding results as J/mol K, and the source of the equation is a cited text [13].
From Abbott and Van Ness [41]:

C,* = 3.639+0.506x 10°x T -0.227x 10°x T* (A70)
where “ig” indicates ideal gas and the results apply to 2000 K, with presumably the
same units as above.

These formulae are not challenging to integrate, however once the integral is found, one
may find it challenging, or at least onerous, to solve for Trexplicitly. In one case the integral is
a fourth power equation. In fact there may not be an explicit solution for T, for some of them.

One can numerically manually integrate the Equations A65-66 and produce a table.
Then use it to look up the starting condition and subtract that starting value from the higher
temperature values until a solution is found at each step.

Also, one could approximate the specific heat curve with a simpler (less precise) curve
for which it is easier to obtain a simpler explicit integral. And the mathematically astute may
have other approaches also.

However, this is not as daunting as it is onerous to the OSP. For oxidant system design
usage, sufficient precision is possible with a numerical integration approach using popular
spreadsheet software. Divide the pressure or volume interval into segments and treat the gas as
ideal over each segment and of locally constant specific heat, where the local specific heat is
predicted by the empirical equations of choice. The precision can then be improved to any
needed degree by shrinking the segment lengths.

This latter approach was used to estimate the comparable quasi-real gas calculation of
Leslie [9] and Barragon et al. [11] as linear and Log/Log versions both shown in Figure A-8 for
v; = 1.393, y,=1.26 (blue on digital copies), along with ideal gas curves for y values of 1.4,
1.393 and 1.26 (the latter are bracketing values of y for the range of specific heats in Fig, A-7),
and points are added for the corresponding real gas curve calculated by NIST DB 12. For this
“quasi-real” ideal oxygen gas, since the exponent starts out at room temperature at a y value
near 1.393 the initial heating during compression will initially follow the ideal and real gas
curves (of slope m = 0.282 on the Log/Log plot ). Then as the gas temperature and the specific
heats increase, the exponent will decrease as y decreases and the adiabatic curve will shift to-
wards the bracketing curve of y= 1.26 and slope on the Log/Log plot of m = 0.206. The real
gas data points fit nicely on the quasi-real approximation for compression at these specific con-
ditions.

This spread sheet approach was also used by Koeller [70] in which one assumes the gas
behaves as an ideal gas of constant specific heat capacity over small increments of compression
and similarly “pipelines” the calculation. Each increment employs a different polytropic expo-
nent suited to its specific interval. In Koeller’s case the polytropic equation employed the ratio
of specific heats, y, in assigning the real exponent. This worked well for these conditions and
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others for which Cp = C,+ R, but proved a problem for some other conditions. However, in the
analysis here the polytropic equation can also use the equivalent derived exponents R/C, or R/
(C,+R) or (y-1)/y. per (Equation A50, A24 and A54, respectively)
The spread sheet that would perform this calculation based on addition employs the
equation
T//Ty= (P/PYNT = (P /P)M O = (P /)T D (AT1)

The pressure interval (P, - P,) is divided into k parts each (P - P;)/k long. The k applications of
the equation are used each employing the Equation (A66) above with the starting point of each
being the end point of the one before it and the value of C, used to calculate the exponent being
the value of C,(T) at the start of the segment.

As a result the final term of Ty, 1s a product (IT) of the form:

Tr=Tm = I1 [P()/P(-1)] RG] (A72)

Where I1 signifies the product and P; is the pressure of the j™ interval and T 1s the tempera-
ture of the j"™ interval

This form of product is very easy to convert into a spreadsheet with each cell multiply-
ing against the previous cell result.

The use of a variable specific heat produced a good approximation of real oxygen for
starting conditions near atmospheric pressure and room temperature. This is perhaps the most
frequent set of starting conditions confronted. However, it is by no means the only starting con-
ditions of interest.

Figure A-9 exhibits a wider range of the C,(T) and C,(T) data exhibited in Figure A-7
(which started out at room temperature (300K) from the NIST 12 DB software for the atmos-
pheric pressure starting condition. It also exhibits C,(T) and C,(T) data for several other starting
pressures and at lower temperatures, and the differences are quite significant. These suggest that
C,(T) is reasonably close at higher temperatures regardless of pressure. Therefore the use of at-
mospheric pressure C,(T) is a good approximation of the specific heat that is experienced dur-
ing common adiabatic compression. The types of estimates reviewed so far should indeed be
close to real gas estimates.

However, a “quasi-real” calculation would need to be much more sophisticated if start-
ing conditions at high pressure or low temperature approaching the liquid or supercritical
threshold are desired. In this region clearly, Cp # C,+ R, and the errors of assuming equality
can be large. At low temperatures, the C, rapidly increases towards the condensation point.
Would this introduce widely different or spurious estimates? The calculation that would be
needed to approximate real gas in these other cases is becoming more complex than has been
reviewed so far and would also need to include additional complicating factors related to the
properties of real gas (like internal energy) to be reviewed it the next section.
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FIG. A-9—Real C,(T) Versus Pressure From NIST DB 12.

Real Oxygen / Everything Variable Case

Real gas apparently breaks the rules for all of the estimates reviewed so far. Specific
heat capacities are not constant and they vary not only with temperature, but with pressure, also,
especially at low temperatures. The gas is not ideal and does not precisely obey the PV =nRT
equation, especially at low temperatures (although in cases at higher temperature is only a little
different). Specific heats are not precisely tied to each other therefore, C,(T) # C,(T) - R] al-
though their relation is close in some cases, and as Fig A-9 indicates specific heat varies greatly
at lower temperatures and higher pressures. Internal energy is not a function of temperature
alone.

In the case of simple compression of atmospheric-pressure room-temperature oxygen,
the upper graph of Figure A-10 shows how pressure and volume for isothermal ideal gas differ
from the real case based on NIST software. This figure is of the higher pressure, lower volume
properties for compression from 14.7 psia and 70°F. The starting point is far off the left edge of
the figure. The lower group of three curves include one for isothermal ideal gas (green in digital
copies) of constant specific heat (y = 1.4), which also exhibits constant internal energy.

The curve (red in digital copies) on the upper graph of Figure A-10, which lies just
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slightly below the ideal gas curve is for similar isothermal real oxygen per the NIST23 DB.
However, this curve does not exhibit constant internal energy. If one were to integrate the work
energy below this curve continuously to generate the adiabatic compression as was done in the
earlier examples, one would have to also determine the change in internal energy and compen-
sate the result at each increment.

The curve (blue in digital copies) which lies just slightly above the ideal gas curve is for
similar real gas of constant internal energy and is from NIST23 DB. This means its temperature
is changing as volume decreases, in this case increasing until at 3600 psia it has increased from
70°F to about 1700°F. In this case, integrating the work under the curve would yield a slightly
different work energy than for the green ideal gas curve below it and since it starts at a slightly
greater temperature, when the work is divided by the local specific heat, it would yield a differ-
ent resulting adiabatic compression temperature and pressure estimate than would result using
ideal gas as a starting point.

The dashed curve (green on digital copies) at the top is the adiabatically compressed
ideal oxygen related to the solid ideal-gas curve. This is equivalent under the previous analyses
to incrementally integrating the work under the ideal gas curve and re-introducing it continu-
ously into the gas at a constant specific heat (related to y =1.4). A solid (black on digital copies)
curve under it is the real compressed oxygen from NIST23 db. The dashed curve (green on digi-
tal copies) with triangle symbols is based upon numerical integration (about 30 increments) of
the work under the solid real oxygen curve of constant internal energy with re-introduction of
the heat into the oxygen using a variable specific heat for real oxygen from NIST23 DB. This
yields a result a little lower than the real result. Finally, the dotted curve (blue on digital copies)
with circle symbols is the pseudo-real oxygen approximation obtained by numerically integrat-
ing the work under the real oxygen curve of constant internal energy but reintroducing it into
the oxygen at a variable specific heat consistent with that of real oxygen, and its pressure is a
little closer to the “correct” result, probably within the expected error for this type of calcula-
tion.

The lower graph of Figure A-10 exhibits the corresponding final temperatures in the
neighborhood of 3600 psia for the four calculations with similar color and symbol coding. In
this case the ideal gas approximation and constant internal energy (dotted blue on digital cop-
ies) approximations are almost identical.

NIST 23 was chosen to facilitate these calculations rather than NIST12 because it allows
more flexible extraction of data at constant internal energy.

In this case, we see confirmation for Leslie’s [9] conclusion that the variations in spe-
cific heat are more important to estimating final temperature than is compressibility...at least at
his starting conditions. At a 3600 psia final pressure, ideal gas yielded 2092°F, real gas yielded
1739°F, ideal gas with variable specific heat yielded 1693°F, a numerical estimate for real gas
yielded 1683°F, and Leslie’s empirical formula yields 1752°F.
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Real Oxidants and Realism

The body of work examined herein is intended to support guidance and wisdom to Oxi-
dant Safety Practitioners through voluntary consensus safety standards which for forty years,
have focused on the ideal gas model. Leslie [ 9], Barragan, et al. [ /1] and Koeller [10] sought to
explore whether the risk of adiabatic compression of real oxygen differed from the ideal gas
model enough to warrant any guidance at all. Clearly their results prove the Ideal Gas Model, as
good as it is generally, is not a/lways an adequate approximation.

Historically, even the polytropic equation (as applied to ideal-gas, constant heat capaci-
ties, adiabatic compression) has been problematic for many to use and led to frequent subtle
misuse™' . When ASTM Committee G4 published its first standards suggesting the use of the
polytropic equation to predict peak heat of compression temperatures, caution led to the inclu-
sion of a table of typical results with it for the most commonly experienced compression (from
70°F, 14.7 psia), and that was later augmented with a PC Utility and example graphs. Leslie’s
complex calculations were not trivial but did allow for approximating compression for one set
of starting condition, and was simplified with a modified polytropic equation.

To make valid quasi-real estimates like Leslie’s one needs the heat capacities to differ
by the constant, R, yet we have seen that this is not the case for higher pressures and tempera-
tures below ambient. So should OSPs calculate temperatures with the equation of state that
Barragan et al suggest, and should they consider more than just peak compression temperatures,
branching out as Koeller did?

The calculations reviewed herein are sufficiently onerous that one might do well to, in-
stead, become practiced in the use of the NIST databases, but even the NIST databases include
their own set of challenges. However, the pursuit of realism involves the rejection of that which
is impractical and begs the question: How best can guidance and wisdom be delivered to the
“qualified technical personnel” within the OSP community for use with the diverse skill sets
they provide?

This tutorial proposes that three kinds of graphs (similar to, if not in fact, Moliere dia-
grams) can best serve this purpose. They can be vetted and validated and provided to the com-
munity in an existing or new standard, learned readily by the community, and used by the com-
munity with minimal risk of subtle misinterpretation. These figures characterize real oxygen by
the relationships between temperature and pressure, temperature and volume, and pressure and
volume during isentropic (adiabatic) compression. And being based on data for real oxygen
from the NIST databases, to the extent that the NIST data are accurate, would prevent some of
the flawed estimating that can be so misleading.

. Figure A-11 exhibits a series (a family) of isentropic (adiabatic) curves as log-log plots
of data from the NIST12 DB that span the range of temperature as a function of pressure of

AlIn 1897 Peukert applied an empirical polytropic-like equation to the estimation of lead-acid battery capacity re-

lating capacity to draw rate, draw time and starting capacity. Today there are still web sites that seek to tutor on the
use on this equation owing to its continued and frequent misuse.
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FIG. A-11—Real-Oxygen Adiabatic Temperature Versus Pressure From NIST12 DB.

greatest interest today (from approximately 2 psia to 5000 psia, and —360°F to 2200°F). Exhib-
ited are curves for gaseous, liquid, saturated, and supercritical oxygen. Recall that for poly-
tropic-equation data, a straight line relationship results from log-log plots and with real oxygen
at high temperatures the slope decreases as the gas heat-capacity increases.

Figure A-11 also flags (1) the starting conditions for 70°F and 14.7 psia, (2) where su-
percritical oxygen begins, as well as (3) where the ideal-gas oxygen compression example in
Leslie [9] ends at 5000 psia and 1568 K, forming a straight-line slope (ALog T/ALogP) of
0.2829.

One can now apply the same approach as Leslie [9]. He found that a log-log plot of real
pressure and temperature for compression of room-temperature atmospheric-pressure oxygen
yielded only slight curvature (the value of the governing exponent and curve slope changed
only slightly), and so could be approximated as a straight line with a new weighted empirical
exponent. His approximate curve would begin at the room temperature (300K) point and slope
upward to the right lying below the ideal gas curve shown om Figure A-11. This same reason-
ing now suggests that his approach would also work to approximate this entire family of real
semi-straight “curves”. Indeed, despite the complex way in which the work energy and specific
heat capacity and internal energy are varying (even at high pressure and low temperature), the
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resulting curves are all remarkably straight segments, even those in the regions where the oxy-
gen is liquid (blue on digital copies) or supercritical (green on digital copies). This means that
on average, and to an even greater degree locally, virtually all of these “curves” (line segments)
can be approximated as polytropic equations. And therefore, whether or not there is an analysis
that relates the exponent involved to y or other simple or complex parameters, the same mathe-
matical approach can be used.

Figure A-11 also shows labels indicating what the value of the empirical polytropic ex-
ponent (that is, the slope, myp, of this log-log temperature-versus-pressure, TP, curve) is locally
at the beginning and end of each gas curve. These are the limiting slopes for each curve that is
used in the equation:

T/T;= (P/P)"™ (A73)

which is analogous to Equation A54.

Indeed the same empirical approach can be used with Figure A-11 to estimate the adia-
batic heating of liquid fluid and saturated gas/liquid. Furthermore, when evaluating gas expan-
sion, Figure A-11 visually shows where the process changes as condensation begins at the satu-
ration boundary. These will be covered in detail in a later section. Indeed, one can even avoid
the math by simply reading the data and interpolating the curves where great accuracy and pre-
cision are not required. The main drawback with this figure is the difficulty of reading log-log
plots with sufficient precision and accuracy (and is addressed in the main text).

Notice that for the upper gas curves (black on digital copies, above the saturation curve)
at higher pressures and temperatures, where the oxygen is a gas or supercritical fluid:

~0.2289 < mzp < ~0.2982 A74)

These values are all close to the ideal-gas value Leslie reported of 0.2829, but the nature of
exponential functions is that these variations can still be crucially important.

The lower liquid curves (blue on digital copies) at lower temperatures and pressures
where oxygen is a liquid or supercritical fluid have the slope being nearly flat mzp ~0, but with
a small positive slope and the slope is progressively smaller the lower the temperature.

For the regions where oxygen is a transitional supercritical fluid (the triangular region of
the curves, green on digital copies, that fans out from the critical point on Figure A-11) ,the
curves shown have slopes of much greater variability:

~0.03 < mzp < ~0.29 (A75)

This “supercritical triangle” is shown in greater detail in Fig A-12. Just as oxygen passing
through the boiling point curve goes through a transition from high density to low density, and
from high heat capacity to low heat capacity, the “supercritical triangle” exhibits a region in
which constant-pressure oxygen goes through its largest, if more diffuse, changes in these same
parameters. It is in this region that supercritical fluids most seriously exhibit the unique proper-
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FIG. A-12—Real-Oxygen Adiabatic Temperature Versus Pressure From NIST12 DB.
(In Region of Supercritical Triangle)

ties that make them most interesting for extraction and cleaning and the like.

The exponents and slopes of the gas (black curves on digital copies) are larger than for
the liquid (blue in digital copies) curves because the gas compresses more and is therefore af-
fected by more compression-work energy. Above the critical pressure the gas and liquid curves
which are then above the supercritical fluid pressure follow the same general trend and have
similar properties such as density and specific heat as for the gases and liquids at respective
lower pressures. Those among them that also exceed the critical temperature are then consid-
ered supercritical fluids having a single phase.

The saturation curve (red in digital copies) represents the boiling point condition up to
the NIST12 DB critical pressure of 731.43 psia and critical temperature of -181.424° F. Along
this curve there can be both liquid and gas fractions present in any relative degree. The NIST 12
DB does not predict adiabatic compression for starting points along this line because it depends
on the relative fraction (the “Quality”) of gas to liquid present.

For example, take a gas at the boiling point “a” on Figure A-11. Adiabatic compression
would produce a pressure rise along the gas (black) curve at an initial slope (adiabatic expo-
nent) of 0.2901 (it is heating at a rate slightly greater than does room temperature, atmospheric

(P2

pressure oxygen, albeit from a lower temperature starting point). If the oxygen at point “a” were

119



A Tutorial on: Fire Safety Issues of “Adiabatic” Processes in Real and Ideal Oxidant Systems - Barry L. Werley

liquid, it would produce a much smaller pressure rise along the liquid (blue) curve of initial
adiabatic exponent ~0. If there were both liquid and gas present at the correct proportion the
pressure would initially increase along the intermediate (red) saturation curve.

If the liquid fraction were large and dominant, the compression of the liquid would heat
less than the gas but its large specific heat would swamp the work energy on the gas. As the
compression progressed, gas would condense until at some point it would become entirely lig-
uid (for example at point “b”), then the liquid would compress thereafter along a liquid (blue)
curve. If that point were indeed to be at “b”, then fully liquid oxygen would compress along a
curve of initial slope (adiabatic exponent) of ~0 until it achieved its final pressure.

If the gas fraction at “a” were large and dominant, the compression heating of the gas
would swamp the liquid specific heat. As the compression progressed, liquid would evaporate
until at some point it would become entirely gas (for example at point “b”), then the gas would
compress thereafter along a gas (black) curve. If that point were indeed to be at “b”, then the
fully gaseous oxygen would compress along a curve of initial adiabatic exponent of 0.2982 un-
til it achieved its final pressure.

If the ratio of gas-to-liquid were in just the right range, then the adiabatic compression
would track the saturation (red) curve to the point of supercriticality. In this case, as the two
components passed through the supercritical threshold, the ratio of gas-to-liquid would dictate
whether the resulting supercritical fluid would track along a higher supercritical fluid (green)
curve (lower density and specific heat and higher slope) or lower supercritical fluid (also green)
curve (higher density and specific heat capacity and lower slope),or even (if just right) track
along the satruation (red) curve which follows the condition near the peak specific heat (as is
the case for the red curve below the critical point).

Figure A-13 exhibits fluid-quality data from the NIST12 DB to show how this proceeds.
Nine curves are shown from Figure A-11 and quality data are exhibited for five pressures on
each. The quality data are the fractional amount of oxygen in the gas state. At 2 psia, all nine
curves have the same pressure and temperature. Curve 1 (C1) is completely gaseous (Quality
equals unity), and Curve 9 (C9) is completely liquid (Quality equals zero). The seven interme-
diate curves (C2-C8) represent mixtures having both gas and liquid present.

As curve 1 is compressed it remains gaseous up to the 501 psia point and finally
achieves a temperature of about 668°F at the final pressure shown, a temperature that might
prove hazardous in some oxygen systems. This final point is technically a supercritical state.

As curve 9 is compressed it remains liquid up to the final pressure point and finally
achieves a temperature of about —319°F, a temperature that is only about 6F° greater than it was
initially. Although above the critical pressure, it is not above the critical temperature to qualify
as supercritical in the NIST DB.

At approximately 12.6 psia, Curve 2 has gone from 89.3% gas to 100% gas and then
compresses further as a gas to a final temperature of about 370°F. Curve 8 has gone from about
9.6% gas to 0% gas (completely liquid) and then compresses as a liquid to a final temperature
of about —292°F.
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Fluid Quality (Fraction of Mass as Gas or Single-Phase Supercritical [SC])
cl 1.0 1.0 1.0 1.0 SC Lo Density
C2 0.893 1.0 1.0 1.0 SC Lo Density
Cc3 0781 0.861 0.992 1.0 SC Lo Density
C4 0.647 0.693 0.756 1.0 SC Lo Density
3.5 —c5 0511 0.522 0.516 0.446 SC Med Density
C6  0.402 0.385 0.324 0.0 Prob. Liquid
C7 0235 0.175 0.0283 0.0 Liquid
—_ C8  0.0955 0.0 0.0 0.0 Liquid
(<] o 0.0 0.0 0.0 0.0 Liquid
c . . .
~ 3 - £ Cl 668°F
c o
© 370°F
o 151°F
£ -10°F
- -106°F
~ 25 — -165°F
(o))
o -242°F
-] : -292°F
325F % S19°%F
2 psia 12.6 psia 79.4 psia 501 psia 3597 psia
+ | | | *

Log (P in psia)
FIG. A-13—Real-Oxygen Quality During Adiabatic Processes From NIST12 DB.

At approximately 79.4 psia, Curve 3 has gone from 78.1% gas to 86.1% gas at 12.6 psia,
and then to 99.2% gas. It soon becomes complete gas and compresses further as a gas to a final
temperature of about 151°F. Curve 7 has gone from about 23.5% gas to 17.5% gas at 12.6 psia
and then to 2.8% gas (nearly completely liquid). It soon becomes completely liquid and com-
presses as a liquid to a final temperature of about —242°F.

At approximately 501 psia, Curve 4 has gone from 64.7% gas at 2 psia to 69.3% gas at
12.6 psia, to 75.6% gas at 79.4 psia, and then to 100% gas. It compresses after that as a gas to a
final temperature of about —10°F. Curve 6 has gone from about 40.2% gas at 2 psia to 38.5%
gas at 12.6 psia to 32.4% gas at 79.4 psia and then to 0% (completely liquid) at 501 psia. After
that it compresses as a dense single phase and supercritical fluid to a final temperature of
about —165°F.

Curve 5 follows the saturation (boiling point) curve beginning as 51.1% gas at 2 psia, to
52.2% gas at 12.6 psia, to 51.6% gas at 79.4 psia, and to 44.6% at 501 psia. After that it be-
comes a supercritical fluid and follows an extrapolated curve close to the conditions of maxi-
mum heat capacity ending at a final temperature of —106°F.

Although most of the conditions depicted would not be of major fire concern to an
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FIG. A-14—Real-Oxygen T vs.V During Adiabatic Processes From NIST12 DB.

OSP, because oxygen has a low-temperature boiling point and critical point, other oxidants and
diluents may be of more concern.

The Analogs

The previous section concentrated on the real relationship between temperature and
pressure during adiabatic compression, ultimately justifying the empirical Equation A73 while
surmising that where the curve is relatively straight or over short portions that are reasonably
straight, the exponent is defined by its slope: m,,. This relation allows one to estimate peak
temperature when pressurizing a system by adding gas. However, The compressed gas volume
is also changing and one might be interested in the relation between volume and temperature
and finally between the pressure and volume

Figures A-14 and A-15 are the exact same data points as for Figure A-11 in combination
with volume data from the NIST 12 database that were used to produce Figure A-11. Also indi-
cated on each are calibrations points for 70°F, 14.7 psia, the critical pressure and temperature of
oxygen, and the adiabatic ideal gas compression point used by Leslie [9] of 5000 psia, 1568 K
(2822°R).

Notice both figures have fairly straight lines for the temperature/volume and pressure/
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FIG. A-15—Real-Oxygen V vs.P During Adiabatic Processes From NIST12 DB.

volume curves where gas is present, respectively, that correspond to the fairly straight tempera-
ture/pressure gas curves of Figure A-11.

On Figure A-14, the slope of the ideal gas curve is given by the exponent of Equation

(3) (calculated as 1—v, and in Leslies’ example would be -0.395 ) and the empirical approxima-
tion variable related to any two points between (V;, T;) and (T;,V,) is mzy which in some re-
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gions may is very close to -0.395. Local values of myzy are shown at the ends of the gas curves
on Figure A-14 (black on digital copies).

Similarly, on Figure A-15, the slope of the ideal gas curve is given by the exponent of
Equation (1) (calculated as — v, and in Leslie’s example would be —1.395 ) and the empirical ap-
proximation variable related to any two points between (P;,V;) and (P;,V,) is mpy which in
some regions may is very close to —1.395. Local values of mp) are shown at the ends of the gas
curves on Figure A-15 (black on digital copies).

For ideal gas of constant heat capacity (and y ~1.4) and the real oxygen data herein, the
following are analogous:

Ideal Gas, Const C,, C, Real Fluid, Empirical
T//Ti= (P/P)"D7 T//Ti~ (Py/P)"
T /T = (V/V)' Ty/Ti~ (Vi/V)™
P//P; = (Vi/V)" P/Pi ~ (V/NV)™

Although ideal oxygen with constant heat capacity allows all three adiabatic exponents
to be expressed in terms of the single constant y, no similar number can construct the three ap-
proximation adiabatic exponents. But there is a relation among them.

Figures A-11, A-14 and A-15 are constructed from the exact same data point sets. For
example, the end points of each respective curve relate to the same sets of P, V, and T. Hence
for any two points: ( P;,V,,T;,) and (P;sV,T,,) and given the relationships for the Real Fluid,
Empirical entries above:

T//Ti~ (P/P)™" (Eq. A73)
T/ Ti~ (V/V)™ (76)
Py/P, ~ (VV)™ (77)
Taking the logarithms:
Log T//T; ~ m; Log (P//P;) (78)
Log T//T; ~ m; Log (V,/V)) (79)
Log P;/P; ~ m, Log (V,/V)) (80)

And eliminating Log T,/T; from the first two yields:

m;, Log (P//P;) ~ m, Log (V,/V)) (81)
Log (P//P;)) ~ m,/m; Log (V,/V,) (82)
Therefore,
m,/m; Log (V,/V;) ~ m,Log (V,/V,) (83)
And
Mmpy ~ mTV/l'IlTp (84)

124



A Tutorial on: Fire Safety Issues of “Adiabatic” Processes in Real and Ideal Oxidant Systems - Barry L. Werley

Log Volume —»

RVf IVf Vi
/ T
Log T
Temperature P; L
o
Ti / 9
P
r
! e
- s
L P \\ s
o u
9 N r
. P; e
P
r
e
S //
S Tf/
u
r Log
e Pi Temperature
Ti
RV; IV Vi

Log Volume —»

FIG. A-16—Relationships among mpy, myzy, and mzp .

Figure A-16 exhibits the relationships between the three slopes three-dimensionally.
Any two can predict the third but the three can not be based on a single parameter, except for
those cases where C, = C, + R, for which the ratio C,/C, -y ties all three together as cited in
Equations (1), (2), and (3).

Correction: Mea Culpa

In the 2007 versions of this tutorial, This commentator naively drew an analogy to the
effect that for real oxygen (and elsewhere in this tutorial for other real materials), the tutorial
should refer to the controlling empirical parameter as the “adiabatic exponent” (AE) and struc-
tured it in analogy with that for ideal gas. It also used the diphthong, £ (pronouned as a long A
with an E flavor as in “maelstrom”), to represent it in equations. As a result, y, was a parameter
that was used to approximate &A. Hence locally and to a lesser extent generally, by analogy to
equations A56, A54, and AS5 and others:

PV =PV/* (A85)
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T//T;= (P;/P) ™" (A86)
T/T, = (Vi/V) ™ (A87)

Figure A-11 listed approximate starting and ending & for each straight curve segment
and & was cited in analyzing numerous scenarios. It now appears analogy was an incorrect
tactic to apply. This section now (2016) seeks to correct this and other potential lesser errors.

The Bottom Line

The mathematics applicable to estimating maximum gas temperature produced during
adiabatic compression vary in complexity and subtlety. Often the most common estimates are
adequate (and conservative) to design safe oxygen systems. However there are cases where the
errors are important. The writer concludes that when considering the range of skill sets among
oxygen safety practitioners, the most practical approach is to vet, validate and provide capsule
views of real oxygen behaviors akin to those presented in Figure A-11, A-14, and A-15. These
allow qualitative understanding and along with a suitable methods to read the temperature with
adequate accuracy and precision, such as large fold-open graphs, high-definition graphic files,
or computer algorithms, can provide a robust quantitative understanding.
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Appendix B
Additional Math

This appendix addresses related calculations that are based on or incorporate those tech-
niques in Appendix A. These following calculations mimic the series performed by Koeller [10]
and specifically examines the use of the parameter real y. Since adiabatic compression and ex-
pansion can also be extracted directly from software such as the NIST DBs (by specifying isen-
tropic conditions and choosing the entropy at the initial conditions to specify for the starting pa-
rameters). Hence the use of spreadsheet analysis is not crucial. However, for some of the fol-
lowing calculations the results are not thermodynamic properties or do not solve in closed form
and hence spreadsheet calculations are quite useful. To this end, some equations are assessed
for their abilities to be pipelined in a spreadsheet analysis.

Adiabatic Expansion

Adiabatic expansion is the reverse of compression. All of the math is analogous and
therefore the use of real y is acceptable for these cases where C, = C, + R.. There are issues re-
lated to the handling of supercritical, two-phase and condensing fluids but these are addressed
in detail in the earlier parts of the text and appendices.

In analyzing real-versus-ideal expansion, the starting points coincide at the higher pres-
sure point and then may diverge as the pressure decreases.

Spreadsheets based upon real y can often break the expansion into smaller expansions
and pipeline the calculation in which the starting point for each increment is the ending point
for the previous increment and each increment applies the real y that is appropriate to the spe-
cific interval. Each approach includes the effect of variations in specific heat.

Adiabatic expansion can also be estimated with an empirical polytropic equation using
Figures A11 and A12 (to estimate the correct myp) for the case of greatest interest (T vs. P) by
taking the initial condition to be to the right of the final condition. It can also be estimated for
the cases of Figures A14 (T vs. V) and A15 ( P vs.V) by taking the initial condition to be at the
higher pressure point and reading the respective slopes Mz, and Mpy.

NIST12 DB has a built-in procedure for generating tables and plots of temperature and
pressure for any value of entropy. The entropy can be determined from any point in the expan-
sion.

Distance/Volume Piece Design

Distance/volume piece design is a case of adiabatic gas compression [24]. In final slug
containment (FSC) designs, one starts with an initial gas slug that fills a system (typically a
polymer-lined hose and upstream fittings) to which a fire-resistant end-piece is attached that
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also contains the gas, and then one compresses both the gas in the hose and end piece into the
end piece. The end-piece volume is chosen so that the entire hot gas slug at the final pressure
will fit into the end-piece with a safety factor to spare. Absent buoyancy and percolation, the
end piece then absorbs the heat of compression and protects the hose. As the gas slug cools, its
shrinks and recedes even further into the end-piece.

Sometimes there are end-pieces required on both ends of the hose and so the volume of
gas in the hose and in both end pieces must all be compressed into one of the end pieces at the
final pressure. The derivations of these cases are from the polytropic pressure/volume equation
(1). Therefore (since -y is analogous to m,,) substitution of empirical -mp, for ideal y is appro-
priate in both as follows:

Single Ended Case:
Replace: Vppp=k(V,+V)/[(P/P)"-k)] with Vppe=k(V,+V)/[(P/P)"™ -k)] (BI)
Double Ended Case:
Replace:  Vpyp = kV/[(P/P)"" = 2k) with Ve =KkV,/[(P/P) "™ —2k) (B2)
Where in both

Vprp = Volume of distance/volume piece
k = safety factor as a fractional final volume
V,+V;, = volume of hose and upstream hardware (not including DVP)

A major problem with FSC-designed DVPs is that the required DVP volume increases
with decreasing final pressure. If a DVP is designed to contain the final slug of a gas com-
pressed to a pressure, P, it will be too small to contain the final slug if the pressurization is
stopped at any lower level. And for even a minor incremental pressure change, where the risk is
negligible, the DVP volume specified is the maximum, and may even be larger than the hose.

In Temperature Controlling (TC) designs, one starts with an initial gas slug that fills a
system (typically a polymer-lined hose and upstream fittings) to which a fire-resistant end-piece
is attached that also contains the gas, and then one compresses both the gas in the hose and end
piece(s) into the endpiece. The end-piece volume is chosen so that when the entire initial gas
slug is compressed to a specified temperature, it will fit into the end-piece with a safety factor
to spare. Absent buoyancy, and percolation, only the end piece is then exposed to temperatures
at-and-above the threshold elevated temperature, and it absorbs the heat of compression and
protects the hose. As in the previous case, sometimes there are end pieces required on both ends
of the hose and so the volume of gas in the hose and in both end pieces are all compressed into
one of the end pieces. The derivations of these are from the polytropic temperature/volume
equation (3). Therefore (since 1-y is analogous to myy) substitution of empirical (1- my,) for
ideal y is again appropriate in both as follows:
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Single Ended Case: Vpyp= [V, +V, ] X/[(1/k) - X)] (B3)
Double Ended Case:  Vpyp =V, X)/[(1/k) — 2X)] (B4)
Where in both,

Vprp = Volume of distance/volume piece

k = safety factor as a fractional final volume

X = [T/T "D =[T/T, )™ for polytropic analysis where:
empirical (1-mzy) has been substituted for vy, or alternatively,

X =V;/V; where,
from a suitable database, V; and V; are the specific volumes of oxygen
at T, and T;, respectively during isentropic compression .

T; = Initial absolute temperature

T, = Limiting absolute temperature

If the final temperature does not exceed the threshold temperature, no DVP is needed.
This approach solves the major problem with FSC designs, in that it provides dimensions that
are correct for every contingency. However, these TC designed DVPs do suffer in that the size
of DVP required increases dramatically with increasing initial temperature. There actually
comes a point where for an initial temperature below the threshold limit but approaching the
threshold limit, it is not physically possible to install a large enough DVP to contain the pressur-
ized gas, because the DVP adds initial volume faster than it contains the compressed volume.
Therefore there are clear initial temperatures for which one cannot protect against compression
hazards, among these are the degenerate cases where the starting temperature is above the limit
temperature.

The four Equations, B1 to B4, do not pipeline in spread sheet analysis, as such. If one
divides the pressure interval or temperature interval into segments and applies the equations to
the first segment, the result is a DVP value. To calculate the second segment requires input val-
ues to be the final condition of the first segment. For Equations B-1 and B-2, the necessary data
are the volume of the combined gas slug at the end of the first segment. In the case of the Equa-
tions B3 and B4, it requires the temperature of the combined gas slug at the end of the first seg-
ment. None of these are provided.

Since both types of designs involve straight forward compression, pipelined spread
sheet estimates are possible based on empirical data or y as appropriate. In the case of the pre-
ferred TC designs, in which the ratio of the specific volume at the limit temperature to the spe-
cific volume at any initial temperature (V,/V; = X) is calculated and then length or volume of
the required DVP including safety factor as a function of hose volume is calculated using Equa-
tion B3 or B4 as needed.

Similarly, data from NIST12 or NIST 23 DB can be used for the calculation, and one
needs the starting molar volume at the initial temperature and can then extract an isentropic fi-
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nal molar value at the limit temperature and then apply similar calculation using Equations B3
or B4 to obtain the final DVP length or volume as a fractional multiple of the hose volume in-
cluding a safety factor.

For both design types, figures based on these methods are presented and discussed in the
main text (and a PC algorithm similar to that already proposed could be developed to help ex-
tract the actual data).

TNT Equivalency

Mechanical TNT equivalency is often taken by OSPs as the maximum adiabatic work
that an expanding fluid can accomplish [25]. When there is combustion in an expansion, there
can be cases where hot materials such as particles can be in good heat transfer and can produce
heating and a greater amount of work from the fluid, but in the cases of interest here, the adia-
batic work absent combustion is a practical limit. Following the release of a fluid at pressure,
adiabatic expansion is assumed. The gas can do work on itself, and it can do work on its envi-
ronment. If the ambient is a vacuum, all of the work will be accomplished on the gas itself. The
typical calculation is integration of the pressure with volume. When an incident has resulted
that is consistent with a certain energy release, then precise calculations may be needed to en-
sure that the candidate hypothesis would produce the required damage as a minimum.

A previous analysis the writer participated in was based on the polytropic equation (1)
and produced several appearances of the parameter y in the TNT equivalency equations. This
yields the equations:

E=]PdV = [(1/-DI [(PV) - (BV))] (BS)

And when released into a background pressure (typically atmospheric pressure, P,:
E=[PdV -[PdV = {[(1/;-D] [(PV) - (BV)]} - {PaV.[(P/P)"" - 1]} (B6)
Or, E={[1/(y-D] [(PV;) - (B, IV VP I]} - {P V(PR - 11} (B7)

Substitution of real y (where Cp = Cy+R ) for y would be appropriate. However substitution of
the negative of the real empirical slope, —mpy, from Figure 7 for vy is always preferable and
yields the Equations (20-22) in the main text..

These equations are valid wherever real y or y are constant or where a reasonably aver-
age or weighted value is inserted. Values to insert can be chosen using Figure 7 or data directly
from a thermo database. When 7 is variable (but still conforms to Cp = Cy +R), or when —mpy is
being used the calculation can be pipelined by breaking the pressure range into segments and
using the output of each segment as the input for the next segment, however, the end point must
be calculated separately.

In the case of TNT equivalencies, very often to the point of being common, the
initial temperature of a vessel will be near room temperature. In this case, if the vessel pressure
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is sufficient, then adiabatic cooling in the fluid during expansion can at some point produce
fractional liquefaction of the fluid. And as the fluid converts to liquid, any liquid produced
yields a reduction in the pressure and is often taken to reduce expansion thereafter. However
this does not terminate the energy release and in some cases liquid can have greater release.
than ideal gas predictions.

Therefore, when one does TNT equivalencies along adiabats shown on Fig 7, if the ini-
tial temperature is high (for expansions beginning to the upper left region) then the average ex-
ponent (real- or ideal-y ,or —mpy) may be inserted into the equation to obtain reasonable results.
When an adiabat is used that intersects the vapor/liquid saturation curve (red on digital copies),
then the calculation should be broken into two portions at that point, one a first stage in which
the fluid is expanded along the respective (black on digital copies) gas curve with an exponent
given for the upper portion of the curve) and a second expansion in which the exponent reflects
the slope of the vapor/liquid saturation curve (red on digital copies). Furthermore for expanding
fluid in the hybrid supercritical transition, the appropriate y would apply until the critical point
was reached, then the y for the saturation curve would apply. Note that in some cases, when the
fluid passes through the critical point, the value of y may actually change to increase the energy
release per unit volume. Since there is a small curvature to the saturation curve, more precise
calculation may factor in several y values along the saturation curve or a pipelined calculation.

However, Equations (B5-B7) do not allow for pipelined calculations directly. To pipe-
line, one must use the output conditions from the segment as the input conditions for the next
segment. Equations (B5-7) do not provide end-point pressures. However, one can estimate end-
points using Figures 4-7 and the related algorithm can help establish both the “bendpoint” pres-
sure and values of y.

Perhaps, the best way to estimate TNT equivalency may be to perform real-fluid calcu-
lations using the NIST databases, during an adiabatic process, any work done on or by the fluid
is reflected in a change in internal energy. One enters the initial conditions of pressure and tem-
perature and obtains the range of initial properties including the initial and therefore constant
entropy. Then one enters the initial entropy and final pressure and obtains the range of final
properties. Since heat transfer is taken as zero, the energy released, the real PdV integral is
given as the change in internal energy. Data reported in the main discussion take this approach
and consider its applicability at various pressures, including where condensation and/or flash
may occur.

Maximum Achievable Velocities

In calculating maximum achievable velocity, the potential energy of pressure is con-
verted into the kinetic energy of a gas stream. In calculating the total pressure of a moving gas
stream, the kinetic energy of the stream is converted into the potential energy of pressure. The
same equation and analysis applies for both with the independent and dependant variables re-
versed.
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Previously derived equations [4, 5] for these calculations were based on three terms.
Work done by the upstream pressure, work done by the gas on itself and work done by the gas
on the downstream system. The work done on itself was predicted using the previously derived
equation for the TNT equivalency of a gas in vacuum. That equation incorporated a constant y
for ideal oxygen gas and therefore, since real y (when C, = C, + R) is a suitable replacement for
it, the y present in the equations that were derived may also be replaced with y for real gas.
Those equations would then take the following forms.

In Reference [5], Max. Achievable Velocity is given in its Equation (14) as:

Va = {[Q/m)(P,V,- PV )[y/(y-1)]}*? (B8)

In this case one is interested in how velocity varies in a system with a fixed and constant up-
stream pressure at a constant upstream temperature and a variable lower downstream pressure.
Therefore, this equation can be simplified. One can use the relationships P,V,/ =P,V and
P,V,;=nRT,; and some units conversion to reduce this to:

va={10.73x2x 144 x T, [y/(y-D][ 1 - (P4/P,)["D"]}03 (B9)

Where v, is in f/s, and T, is in °R. These equations are both acceptable for use with real- or
ideal-y values over intervals where they are constant or over intervals where a reasonably con-
stant average value is taken. Caution: they are not acceptable for use in doing pipelined spread
sheet calculations with variable real- or ideal-y fo approximate real gas where C, # C, + R).
Since the velocity is related to the [PdV work being done, y may be replaced by —mpy values
taken from Figure 7 or a suitable database for improved real gas estimates.

When using the Equations (B-8 and (B-9), there is an assumption that the interval over
which they are applied begins with a zero gas velocity. Therefore in dividing up any range of
input values, one cannot use the output of the first interval (which will be nonzero) as the input
for the second interval which is taken as zero.

In the case of a real-gas analysis using a thermo database, one would follow the math
steps as worked through in the earlier papers [4, §]. In that analysis, there are three nonzero
contributors (algebraic terms cited as Stage 2, Stage 3 and Stage 5) to the maximum velocity
that a pressure differential can produce.

The Stage 2 term is the work done on an arbitrary gas slug by the upstream pressure,
P,V.. The Stage 3 term is the work the slug does on itself during an expansion. This Stage 3
work is the same as the energy that would be calculated to estimate a TNT equivalency for an
explosion in vacuo. And the Stage 5 work is the work the gas slug must do on the downstream
gas pressure, P,V,. The sum of Stage 4 and Stage 5 are the same energy term that would be
used to estimate the TNT equivalency of the expanding slug in an ambient pressure equal to the
downstream pressure. In the previous section on TNT equivalency, the last term was taken as
atmospheric pressure.
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The maximum final kinetic energy of the slug is the sum of the three terms. Therefore a
real-oxygen analysis would insert the real oxygen adiabatic expansion (the internal energy
change) between the two pressures from a NIST or other DB to the Stage 2 and Stage 5 terms
and equate it to the kinetic energy term, mV,”/2, from which the velocity can be solved.

Total Pressure

In calculating the total pressure of a moving gas stream, the kinetic energy of the stream
is converted into the potential energy of pressure. Equations (B8-9) are again applicable and
uses the same analysis. In this case the pressure corresponding to P, is the total pressure Pz, and
the pressure corresponding to the pressure, Py is the incident pressure P;

Rearranging Equation B-8 yields:

Pr/ P;= [(vi[p/2g.Ly/(y-1)P] +1}7D (B10)

In this case, one is perhaps most interested in how the total pressure (the stagnation pressure)
varies in a system with a fixed and constant incident pressure at a constant incident temperature
and a variable incident velocity. Therefore this equation can be simplified. One can use the rela-
tionships P7Vy =P,V and P,V;=nRT, and some units conversion to reduce Equation B9 to:

P/ P;= {[vix(y-1)/(10.73x2x 144xTxy)]+1} 70D (B11)

Where v; is in /s, and T; is in °R. These equations are both acceptable for use with real- and
ideal y over intervals where C, = C, + R and where they are constant or over intervals where a
reasonably constant average value is taken. Caution: they are not acceptable for use in doing
pipelined spread sheet calculations with variable y to approximate real gas.

When using the Equations (B10-11), there is an assumption that the interval over which
they are applied ends with a zero gas velocity. Therefore in dividing up any range of input val-
ues, one cannot use the output of the first interval (which will be zero velocity) as the input for
the second interval which is taken as nonzero.

In the case of a real-gas analysis using a thermo database, one would follow the math
steps as worked through in the earlier papers [4, 5]. In that analysis, there are three nonzero
contributors (algebraic terms cited as Stage 2, Stage 3 and Stage 5 in the earlier papers) to the
maximum velocity that a pressure differential can produce. In the previous section on maximum
achievable velocity, these three terms were calculated then equated to the kinetic energy term to
extract a velocity. In this case one takes the velocity and converts it into a kinetic energy, then
apportions it over the three potential energy terms

The Stage 2 term is the work done by an arbitrary gas slug by the upstream pressure,
P,V.. The Stage 3 term is the work the slug does on itself during an expansion. This Stage 3
work is the same as the energy that would be calculated to estimate a TNT equivalency for an
explosion in vacuo. And the Stage 5 work is the work the gas slug must do on the downstream
gas pressure, P,V,. The sum of Stage 4 and Stage 5 are the same energy term that would be
used to estimate the TNT equivalency of the expanding slug in an ambient pressure equal to the
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downstream pressure. In the previous section on TNT equivalency, the last term was taken as
atmospheric pressure.

In determining the maximum real total pressure for this tutorial, the kinetic energy was
combined with the work done on the gas slug by the incident pressure behind the slug (P;V)),
and a spread sheet table was prepared of sums of the other two terms P,V, + TNT Equivalency
(based on internal energy change using NIST data) was created and the solution was taken as
the term in which the former equaled the latter.
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Appendix C
Adiabat.exe: Structure and Standards

This tutorial was initially posted publicly in early 2007 and as described in the main text
the writer had coded and posted with it an associated non-validated (i.e. “As is” and “Use at
your own risk’) draft software algorithm as both a teaching aid and for estimating peak “real”
adiabatic compression temperatures: adiabat.exe. The writer had hoped that ASTM Committee
G4 would validate and adopt it as a PC utility based on this concept or even this very code. This
appendix is to describe the software details and potential user options.

Adiabat.exe was first written in Microsoft Visual Basic 3.0 (VB3.0). As of this writing,
there is a review of the history of Visual Basic and it successor on Wikipedia at:

http://en.wikipedia.org/wiki/Visual basic .

VB3.0 is an older (1993) 16-bit version of the Visual Basic language (the software achieved 32
bit status in VB 4.0 in 1995 and ultimately a final version 6.0 (in 1998) issued before being
phased out and replaced by something called VB.NET. There are several reasons for preserving
this older software approach. This is the same language used for the withdrawn ASTM G4 soft-
ware including G4Math.exe Versions 1.0-1.2 first issued in 1991. As a result ASTM G4 pur-
chased a copy of the software and was therefore licensed to distribute a balloted version of this
software and its support files, if it should desire. ASTM may not own a later version but the
writer owns VB3.0, VB4.0 and VB6.0 versions.

With the widespread adoption of 64-bit PCs, the oldest 16-bit VB3.0 software (useable
on 32-bit PCs) became unusable to many, although there may be some 32-bit PCs still in use
with the working G4Math software on them. It was easy to upgrade the code to 32-bit software
that will run equally well on 32-bit PCS (apparently even with the latest Windows10 Operating
systems), and on 64-bit PCs in 32-bit “Compatibility Mode”. Adiabat.exe has been similarly
upgraded to 32 bit operation and renamed adiabat32.exe.

Software such as adiabat.exe and adiabat32.exe (namely software without ongoing sup-
port) needs to be robust if not bulletproof. And that is easier to achieve if the source language is
not in the debug stage. Furthermore, although later versions of Visual Basic have much more
power and many more Internet bells and whistles, they come with a much greater degree of
complexity. Visual Basic 3.0-6.0 is a known quantity. Finally, these versions allow for the
avoidance of formal installation and modification of a user’s registry file which entails many
risks. One can insert a CDRom or USB key or copy a folder of files to a hard drive and run the
program from it without installation. To remove the file from the system, one can just remove
the CDRom or USB key or delete any folder that the files were copied to.

This software basically reads and analyzes a Log/Log graph. One loads a graphics file
produced by a spreadsheet into it and it allows for the reading of various points on the surface
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and reports various related calculations in assorted units with sufficient resolution that one can
read graphical data like those on Figure 4 and estimate the “real” behavior of fluids without
having to do actual math with polytropic equation, or equations of state, or even databases like
NIST 12 and 23. Thus making “real” fluid property data readily available to “Qualified Techni-
cal Personnel” at all levels of training. However, where greater resolution is needed these other
alternatives can still be used.

The adiabat32.exe (and adiabat.exe) file is the heart of the program along with assorted
support files and data files. The user is cautioned below about the support files and is advised
how to produce a limited number of data files of his own.

Support Files

Adiabat.exe and adiabat32.exe both come with several support files (DLLs, .OCX,
etc.). For example for adiabat.exe they are: Ddeml.dll, Ver.dll, and Vbrun300.dll. These files
are placed in the same, hopefully dedicated, folder/directory (for example (\adiabat or \adia-
bat32 ) that contains. adiabat.exe (or adiabat32.exe for 64 bit PCS systems). There are several
reasons for doing this.

This renders the operations of the program complete within the folder/directory. One in-
stalls the program simply by copying the files into the dedicated folder/directory and “uninstalls
it simply by deleting the entire folder/directory. There are no risky changes made to the Win-
dows registry. Whenever the program is operated it uses the exact support files for which it was
developed and debugged,.. and thereby avoids incompatibility issues the commentary on the
Internet refers to as “dll-hell”.

Some advanced PC users like to place the support files into the Windows System direc-
tory. This has several advantages in theory, but their benefits can be elusive in practice. The
writer recommends against his approach for all but the most advanced and skillful PC users. An
example will illustrate.

The concentration of the support files in the Windows System Directory allows the com-
puter to avoid multiple copies of the same file on the system. In the old days when disk space
was scarce, this was an important consideration, but is irrelevant today for small programs like
these. It allows all software to use the latest and presumably best versions of the support files.
However, this is a mixed virtue.

In theory, the latest version of a support file is the best and is all anyone should need.
But with Visual Basic in the past the promise has not been realized. When the writer wrote his
first software in Visual Basic 4.0 and installed it on an intranet and in various PC’s system di-
rectories and registries, it broke (read that as “crashed”) all of the Visual Basic 3.0 applications
present. The upgrades did not upgrade (this is one of the very valid sources of much of the le-
gitimate and deserved animosity towards Microsoft software in the world). This does not appear
to happen when each application is used with the exact support files it was developed with (and
debugged with, as happens in many standards groups). When software might be used for safety
purposes, software complexity should be avoided, even for “as is” and “use at your own risk”
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software.

In the past, departures from this cautious approach in search of the latest glitz have
caused problems for persons attempting to use ASTM ’s G4Math.exe software. The writer is
not aware of any PC issues with those whose installed G4Math in the recommended way.

User-Produced Data Files

Both adiabat.exe and adiabat32.exe come with 12 graphic datafiles in windows metafile
(.wmf for adiabat.exe) or Windows enhanced metafile (.emf for adiabat32.exe) format:

Oxidants Diluents Miscellaneous
02.(wmf or emf) argon.(wmf or emf) capsule.(wmf or emf)
f2.(wmf or emf) he.(wmf or emf) blank.(wmf or emf)
nf3.(wmf or emf) n2.(wmf or emf) o2argon.(wmf or emf)
n2o.(wmf or emf) co2.(wmf or emf) cf4.(wmf or emf)

Each of these is menu selectable in the software. The menu also lists several user file options:
userl, user2, user3, userd, user5, user6. All in either .wmf or .emf format. These files are all
the same in that they do not contain data and only carry a message that they may be replaced by
files the user creates to exploit the software.

Creating Data Graphic Files

The data files for both adiabat.exe and adiabat32.exe were created in a Lotus 123 spreadsheet
by extracting data from various NIST software as described in the tutorial. Logarithms of each
point were extracted. Each matrix of log/log adiabatic curves (isentropic curves) were joined
with six other data points:

. .301 (~2 psia), 1.6 (~40°R, -420°F) Lower left calibration point

. .301 (~2 psia), 3.657 (~4540°R, 4080°F) Upper left calibration point

. 3.55 (~3550 psia), 1.6 (~40°R, -420°F) Lower right calibration point

. 3.55 (~3550 psia), 3.657 (~4540°R, 4080°F) Upper right calibration point
1.1673 (~14.7 psia), 2.7243 (~530°R, ~70°F) Ambient calibration point

. The critical point pressure and temperature for the subject fluid

AU AW —

These calibration points were formed with “+” (crosses) made of short line segments
and did not use the “+” symbols in the Lotus 123 symbol sets, because that symbol was not
large enough to be readily seen after conversion to a .wmf or .emf graphic.
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A plot of the data was prepared in Lotus 123 Release 9 with the limits on the abscissa
(log pressure in log psia) of 0 to 4 (1-10,000 psia), and on the ordinate (log [T in Rankine]) of
1.5t0 4.0 (31.6 to 10,000°R). Grids and the like inside the frame are optional, but ticks are not
allowed on the outside of the axis.

The plot was Selected, Copied and Pasted into a Corel PrintOffice Version 5 (5.00.203)
software. The pasted file was Ungrouped twice (“Arrange, Ungroup”) and the background mats
were deleted. The scales on both axis were selected and deleted. An identifier was typed into
the upper left corner. The figure was then Selected and grouped (“Arrange, Group”). Then it
was saved in Windows metafile format, and during the “Save As” step, one must select the
“Save as Type: Windows Metafile (WMF) [or Window Enhanced metafile (EMF)] option” and
also check the “Selected only” checkbox and then save the file to the \adiabat folder/directory.
Users must assign the names: userl, user2, user3, etc. Files created this way should open when
selected from the dropdown menu in adiabat.exe or adiabat32.exe and clicking on the calibra-
tion points should yield reports approximating the points cited above to within the pixel error of
the PC.

An example copy of the Lotus 123 spread sheet that was used for pure oxygen is in-
cluded in the adiabat folder as 02.123
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