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ABSTRACT 

Toxic fumes cause fatal and nonfatal incidents in underground mining, where the 
working environment tends to trap the fumes, hindering the restoration of nonharmful 
conditions. Workers can underestimate the residual fume toxicity and return to the work 
site too quickly. The toxic fumes from charge explosions depend upon a number things: 
formulation ingredients, mixture uniformity, water resistance, hole contaminates, rock 
hardness, and dust interactions . Hole -to-hole shock waves and rift compressions can 
partially desensitize charges, ruin the reaction kinetics, and worsen the fume toxicity. 
Traditionally the fume hazards for candidate explosives are resolved for a restricted se t 
or tally of theoretical or measured fume components, transformed to standard reference 
conditions. The relative fume toxicity RFT is th~ resultant influence reckoned from a 
formulated sum of concentrations within the tally that are unweighted or weighted with 
chosen multiplying constants. The RFT result is compared to a rule criterion that 
represents the worst case tolerable fume toxicity stipulated by regulations or otherwise 
The ranking and compa rison of different hazard potentials that would otherwise remain 
unwieldy is rendered tracta ble by the common format of the RFT notation . 

The RFT rules utilized within the industry yield disparate rankings , ra ther than focusing 
on a reliable unique result, raising questions about their worthiness as hazard potentials. 
This irregularity remains a foremost issue within this report, illustra ted with fume 
results from instrumented shots and thermodynamic reaction chemistry code TDRC. The 
work principle from thermodyna mics restricted by a chosen constraint is utilized for 
theoretical fume resolution rather than the more traditional hydrodynamic detonation 
theory. This circumvents a recognized difficulty related to the nonideal detonation 
reaction characteristics of typical mining explosives. Tabulated discrepancies from the 
different RFT rules typically outweigh the uncertainty in fume component 
concentrations, regardless of the type of resolving method used. The untrained or unwary 
worker can misinterpret and rely upon the formulated nature of the RFT rankings , 
without questioning their limita tions, a nd thereby gravely underestimate the real fume 
toxicity. In underground mines, where fume dilution is naturally restricted, such 
misjudgments in respiratory hazards can invite unwarranted risks . Workers who reflect 
upon this report's observations will hopefully remain wary of weaknesses in the 
formulated RFT hazard potentia ls , gain a wider perspective, raise work site questions, 
and make resolutions to work under safer conditions. 

INTRODUCTION 

Warnings related to the hazards of toxic fumes are found in reference books of the 
explosive industry 1,2,3,4 . The undiluted fumes just after an explosive blast are relatively 
concentrated, rather toxic and therefore quite harmful. For underground shots, the semi­
trapped working space restricL3 the ra te a t which natural dilution a nd forced ventilation 
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reduce the toxic fume concentration. Nonhazardous conditions have not always prevailed 
when work was resumed, resulting in serious or fatal incidents in underground 
operations 5 . Workers have returned to the blast scene without waiting the time required 
to reestablish nonharmful working conditions, indicating that some miners have an 
improper understanding of the nature and quantity of toxic fumes resulting from the 
detonation of commonly used commercial explosives 3 . Threshold toxicity restrictions for a 
nomin~'i workday and other noted information are utilized in conjunction with a 
rudimentary ventilation model to resolve typical waiting times needed to restore 
nonharmful working conditions . 

Recently a novel constraint theory was formulated for resolving the work principle of 
traditional thermodynamics, yielding the remnant (close to last) equilibrium state for 
numeric code TDRC to predict the fume spectrum for mining explosives undergoing 
nonideal detonation G_ No rationale for utilizing the nontrajectory work principle of 
thermodynamics rather than the traditional hydrodynamic theory of Zeldovich von 
Neumann Doering ZND is offered, except to note that the latter remains questionable for 
nonidcal detonation without some readjustment. Rough comparisons from the unfinished 
(unrefined) non trajectory work principle with a number of reported mine shots is 
reiegated to the noted reference , though the tentative fit is respectable 6 . The haza rd 
potentials t;:iken as RFT results are predominately determined by the stable fum e 
co mpon ent s . which is fortuitous. s ince th e unstable fume components require shots ,,·1th 
rime dynamic 111 st rumentation or the resolution of nonequilibriurn rate kinerics in 
conjun ct ion ,vith the work principle technique t; _ 

\Vi thin this report. the hazard potentials ,ue reformulated as results from RFT-X rules 
with uniform noration a nd units rathe r than the traditional formats that otherwise are 
found in diffe rent regulations , guidelines nncl handbooks. The RFT rules work only wir.h 
the n's trict.ecl se t or tally of component concentrations in their respective formula. The 
rag X re late s to the formula 's origin or rol e and distinguishes the different rules. Rule 
results for a chosen fume spectrum are compared to their respective RFT criterion , the 
worst case tolerable toxicity, without restriction or regard for the type of charge 
formulation that origina.lly yielded the fumes. Recognition is taken that none of the 
current RFT rules incorporate hydrogen cyanide HCN, indicating that the tally normally 
remains incomplete when compared to recognized possibly occurring toxic components. 

Though the RFT rules are utilized to yield toxic hazard indications and understand risks. 
the RFT comparisons do not remove or replace the requirements or conditions set forth by 
relevant regulations or guidelines. For regulation testing, candidate explosives fail when 
the RFT results exceed their criterion, thereby denying their usage under the relevant 
mining con.ditions. Unfortunately, some of the traditional guidelines represented by the 
RFT rules that remain within the mining industry cast a tremendous shadow. 
Regulations or guidelines invoke RFT ranking tests to reduce or limit the range of toxic 
problems, which ought not to be interpreted as rendering either complete or useful 
measure of the toxicity hazards. Reversion to the older indicators as sole ranking criteria 
clouds the risk issue because the unweighted relationships are restricted in form and can 
noticeably underestimate the risk of hazards. Workers need to remain wary of such 
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circumstances for there are numerous and unexpected influences that govern the 
formation of dangerous fumes. 

TOXICITY MECHANISMS UNDERLYING FuME HAZARDS 

Traditionally the terminology fumes and smokc"refer to the poisonous and nontoxic 
portion of the reaction gases respectively. Within this report, the terminology fume 
spectrum refers to the tabulated concentrations of reaction gases regardless of their 
nature, transformed to standard reference conditions of 25 °C and one atmosphere. When 
referring to the RFT restricted tally of components, the notion fume spectrum still 
remains useful whether or not the disregarded portions have negligible or noteworthy 
toxicity. The RIT formulas incorporate only concentrations of molecular species except 
for the unweighted mixture of nitrogen oxides NOX = NO + N02, where nitric oxide NO is 
colorless and nitrogen dioxide N02 is rusty brown. When the traditional ranking 
technique does not resolve the two NOX components, the RFT rules utilize NOX; 
otherwise, the two resolved components are taken. 

The two fume spectrum components that tend to dominate the relative fume toxicity RFT 
results are CO and NOX. Historically CO received the major focus due to a relatively high 
rate of incidents, but more recently the concern has risen over NOX. This shift in 
wariness has resulted from the deployment of different types of charge formulations 
within the mining industry and from a reevaluation of the techniques used for ranking 
the hazardous nature of toxic fumes . NOX is extremely dangerous because of its insidious 
nature, granting the worker little warning, when inhalation fails to set up defensive 
respiratory reflexes 7 . Typical of circumstances was a workman who inhaled dynamite 
fumes for some time, felt well during the working day, noticing no ill effects that night, 
only to die the next day of pulmonary edema 8 . Nonfatal exposure to NOX is just as 
treacherous, rendering tissue damage with reduced recovery for stronger concentrations . 
NOX was often taken as N02, since NO is relatively unstable in the presence of moisture 
and oxygen. The transforming reactions are however somewhat sluggish and with 
dynamic instrumentation notable proportions of both are detected in mine fumes 9 -10 . 

Nonsmoky transparent atmospheres are not necessarily safe , for CO is nonirritating, 
without color, taste, or odor. Regarded as an asphyxiant, it was originally thought to 
work by replacing or displacing the oxygen transported by the hemoglobin 7-8 . In a recent 
interpretation, the hemoglobin is noted to work by cycling between two states or 
conformations, denoted Rand T 11 . Carbon monoxide poisoning works by locking the 
hemoglobin molecules into the R-state, shunning the T-state, and thereby impairing the 
ability of the hemoglobin to release oxygen in the tissues. The references discuss the 
other toxic components in the RFT formulas, though their role usually tends to be minor 
for RFT tabulations because of their relatively smaller concentrations 7-8 . 

TRADITIONAL AND RECENT UNDERGROUND RFT RULES 

The reference name for role or origin, the RFT tag, the formula rules and their criterion 
are noted in the columns of Table 1 respectively. The formula concentrations designated 
by cracket terms are fume component volumes per unit explosive mass, taken at 
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standard reference conditions . The last column information represents unit conversions, 
except for the fume class criteria, which would not transform as wanted without 
stipulating the cartridge mass. For cartridges of the requisite dimensions, the mass is 
roughly 200 grams. yielding the rounded off tabulated results. The relative fume toxicity 
rule for recent US permissibility regulations governing underground coal mining, RFT-P. 
utilizes constant n1·ultipliers to yield the CO concentration that renders equivalent 
toxicity . The historic Russian formula RFT-R is the widely recognized forerunner of such 
weighted rules, with a constant nonunity multiplier in recognition that harmful 
influences vary with the toxic fume composition 9. Technically the NOX multiplier could 
not be represented as a constant and also render equivalent toxicity which would make it 
r1 function of the ratio of nitrogen oxides in the NOX mixture. For candidate testing, the 
Russ1,rn criterion 50-cc/g in relation to results from the RFT formula would normally be 
more stringent than its co unterpart comparisons with the US 156-cc/g criterion 1:u:i _ 

Though the Russian rule was not rigorously co nstructed to render equivalent toxicity. it 
1:--: more tractable to imple ment, requires fewer and less difficult types of measurement::; 

.j 'tume'Ciass': f1\ :ruj·-ct or'.¢\; 1;t·~J{.';::~It~,s;,,' 
.:. Furne Class IH·---R.FT,::GoriC'·- /-.,~tw.T;¢}t~\~ 7 _ 

Tlw !'ormul:-i rul e:=-: for rnnh:rng Fume Clnss RFT-C or RFT-C and rhe older US rule !'or 
11 l' l'l111 ss ibilir_v rcgu l,Hiorh RFT-U are jus t re s ultant sums of unwei ghted concentralion :::: . 
\\ '1thoul utilizing multipl:,;ing constants, th c_v a re unable to reflect the differential t.oxi cir,· 
" ·i t l1rn their tc1ll:,-.- llf components , and they underestimate the CO concentration that 
would re nder equ1,·alc·nL Loxic':ity ii _ The references reveal some confusion regarding th e' 
requisite tall_v of toxi c co mpone nts for Furn e Class. The tally of one re ference has 
hydrogen sulfide H2S. CO <1nd NOX '.I; the tally in the second re fer e nce skips NO\. 1"; a nd 
rh o third reference re m am s noncommittal, without a tally 2 . The range of tractable 
poss ibilities is represe nt ed by the two formulas RFT-C and RFT-C' . where RFT-C 
includes CO and H2S without the NOX, while RFT-C ' includes the NOX. Notice that 
RFT-U would equal Lhose for RFT-C' for tabulated numerical result s with zero or 
negligible H2S in the fum e spectrum. 

WE!GHTfNG OR MULTIPLICATION CONSTANTS 

The RFT-P rule ,vas formulated to render equivalent CO toxicity using the multiplying 
constants noted m rh e last column of Table 2. The other columns respectively show the 
n<1m e, molecular formul <1. a nd threshold level value TLV time weighted average TWA 11;. 

Eighth High-Tech Seminar o Nashville, Tennessee, USA• July 20-24. 1998 



The reciprocal ratio of the relevant component TLV-TWA to that for carbon monoxide CO 
yields the relevant multiplication constants . Recently the TLV-TWA of carbon monoxide 
was reduced from 50 ppm to 25 ppm (with*), which would double the CO multiplier 17 . 

Technically the tabulated multiplication constants would be renormalized so the CO 
constant remains unity, halving the other constants and justifying an identical reduction 
in the rule criterion. These readjustments are not incorporated into the regulations or 
guidelines or their corresponding RFT, and therefore are not pu~~ed here, except to later 
note a worthwhile readjustment in the waiting time required for restoring nonhazardous 
work conditions . 

Working with the older renormalization (without*), the fume component concentra tion 
times its multiplier yields the CO concentration that renders equivalent toxicity for just 
that component, with the resultant influence found by summing over the tally. This 
numerica l technique provides a .working (operational) definition of ca rbon monoxide 
equivalent toxicity resolved for threshold concentrations, with rule usa ge regarded as 
worthwhile at othe r conditions. Though using this toxicity rule for hazardous 
circumsta nces far removed from threshold conditions could be questioned, it is the 
ma rginal circumstances nea r threshold tha t norm a lly warrant interest. None of the other 
RFT rules render the CO concentration for equiva lent toxicity when the relevant 
nonhazardous threshold concentrations are installed in their formulas . For non­
regulation purposes, the RFT formula could be revised to incorporate other toxic 
components, with the multiplication constants formed with reciprocal TLV-TWA ratios . 

MINING USAGE INFLUENCES AND FurvIE TESTS 

The quantity and nature of toxic fumes are governed by numerous conditions: type or 
grade of charge formulation, mixture uniformity, hole contaminates, water resistance, 
marginal initiation, stratum confinement, rock hardness, dust inte ractions, a nd other 
conditions of usage 1·2-9-18 . The rock or stratum surrounding the cha rge regul a tes the work 
output, reducing the rate of fume expansion, partially trapping the reaction products, and 
permitting slower reactions to transpire that would otherwise remain incomplete . Hole­
to-hole wave interaction can partially desensitize the charge formulation, resulting in 
shifted reaction kinetics a nd weaker detonation rates 19-20 . Under the rift compression 
(heave forces), some reaction gases are forcefully driven into the cracks and pores of the 
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roof, walls and floor. Fumes trapped within the stratum and dust can be released back 
into the working environment 18. 

Fume Class rankings depend upon the quantity of poisonous gases released, traditionally 
called fumes, when an explosive cartridge is detonated under test conditions in the Bichel 
Gauge 2-3 . For permissibility testing, the Crawshaw Jones Fixture was also used 21 . The 
output rate and work done on the'·rigid cannon wall differs somewhat from that of a more 
compressible stratum. It noteworthy that carbon oxides tend to rise with rigid hard rock 
confinements while conversely the nitrogen oxides tend to rise in cracked or friable rock 
conditions. 22 Revision of the regulations transpired as a result of substantial research , 
involving comparison with mine shots 23 . Thereupon the Large Gallery Chamber Test 
replaced the former two fixtures for ranking toxic fumes of permissible candidates 10 . 

Traditional testing techniques for the determination of toxic fumes from cap-sensitive 
type explosives would not work for blasting agents, which require larger charge 
di;-imeters and total masses to shoot properly and render typical (in situ) fumes. Recently 
an underground facility for detonating confined charges within a controlled volume was 
cieveloped 21 . The NIOSH underground fumes facility for toxic fume measurements has a 
274-m 3 chamber, 324-kg air within the walls 24 . The mining explosive under test has a 
typical mass of 4.54 kg and is confined by a 10.2-cm diameter cylindrical steel pipe for 
prope r de tonation . Except for the rupture and fragmentation of the cylinder, the 
explosive works upon and transfers heat to the air reservoir within the chamber, while 
interacting only weakly with the walls or the other chamber structures. 

TROLJBLES WITH TRADITIONAL ZND AND NONEQUILIBRIUrv! 

The reaction of mining explosives is quite nonideal , and not reconcilable with the 
trad1tional requirements of the Zeldovich von Neumann Doering ZND theory of 
detonation ~5.iG For the traditional ZND theory, the reaction thermicity in the referenced 
relation must vanish for the Chapman Jouguet CJ sonic condition. Nonideal explosives 
undergo re action through the narrow transonic region, so the zero thermicity 
requirem ent is a recognized conflict. This difficulty can be rendered moot by 
incorporating a representative loss term in the theoretical formulation, so the relevant 
relationships remain numerically bounded 27_ The resolution raises questions regarding 
the reaction process undertaken , yielding philosophical room for using the work principle 
from thermodynamics ~8 29 

For rock mining or fume testing, the restoring influences that try to uphold mechanical 
and thermal equilibrium rapidly widen the fume zone within the reservoir, via Le 
Chaterlier's principle :30_ Under the transitory circumstances with declining zone 
temperatures, the restorative influences that try to maintain chemical equilibrium falter. 
so that total equilibrium remains plausible only while the fume zone stays thermally hot. 
keeping chemical relaxation times ultra small. With cooler temperatures, the relaxation 
times grow drastically, precipitating out-of-equilibrium circumstances within the working 
fluid. Wall or dust interactions and some residual nonequilibrium reactions persist 
noticeably at the cooler temperatures within the underground chamber at the hour of 
measurement, ruining the presumption of terminated reactions. Thermodynamic reaction 
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chemistry codes TDRC yield results that requir·e total equilibrium conditions for the 
working fluid and they would be quite inappropriate for resolving the nonequilibrium 
(Q*-point) measurement state. Questions arise regarding a former state that was the last 
respectable remnant of total equilibrium, and therefore worthy of fume spectrum 
resolution with TDRC. 

Numerical resolution of the reactive fluid dynamic equations can resolve the rlk~ction 
zone with time graphics and probe the workings of nonideal and unstable mechanisms 31 . 

Nonequilibrium conditions tend to remain rather intractable for the hydrodynamic 
(trajectory) techniques, so the reaction components are usually reckoned as frozen for 
chosen temperatures on the late stage (post CJ) trajectory. Historically TDRC 
represented the relationships for reacting matter in dense states with fugacity type terms 
32 , though recent codes use the numerical minimization of thermodynamic potentials. 
Notable disagreement remains between theoretical codes renowned for their questionable 
constants and representations of matter, test fixtures renown for their rigged conditions, 
and field measurements renown for their poor reproducibility 1,4, 10, 19,31 . Numerical fum e 
spectrum results tracked downward on some trajectory from the high density region 
could be wrol"?-g or unreliable, if the equation-of-state (EOS) formula constants are 
reckoned badly, yielding results that are undesirable for ranking fume toxicity. The work 
principle can not be tampered with or remedied in this fashion, which could be rega rded 
as a disadvantage or a useful circumstance. 

WORK PRINCIPLE FOR PREDICTING TOXIC FUMES 

The work principle method was developed for theoretically resolving toxic fumes from the 
nonideal detonation of charge formulations. The whole description of wanted process 
refers to macroscopic changes resulting from removing and imposing thermodynamic 
constraints that work chronologically to render 'trajectory' terminal (key) states. The 
work principle resolution utilizes a quasi-potential or negative work function , with 
numeric results requiring some appropriate thermodynamic reaction chemistry code 
TDRC. The underlying method is unable to restrict reactions, tailor the work output or 
otherwise resolve states within the trajectory transitions, so that the trajectory 
terminology is worthwhile only in a figurative or rough sense. The work principle 
incorporates a working fluid that interacts irreversibly with a tremendous reservoir or 
reversibly upon a mechanical agent. When modeling underground fume tests rather than 
rock blasting or other circumstances, the working fluid represents the reaction 
ingredients undergoing transformation to resulting products, the reservoir represe nts the 
underground chamber walls and reservoir of air, and the mechanical agent remains an 
uncorre_lated item G_ 

Within the underground test chamber, the declining temperature within the widening 
fume zone reduces the reaction rates, resulting in out-of-equilibrium circumstances for 
the Q*-state, representing the measurement conditions. Rather than coping with the 
hard issues of nonequilibrium, the toxic fumes were resolved numerically for the Z-point, 
rendered by a zero-net-interaction energy constraint. Though hydrodynamic ZND type 
techniques require complex equation-of-state EOS for the whole trajectory, the work 
principle formulation requires an EOS that works just for resolving the terminal state. 
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With the zero-net-interaction trapping constraint, the resulting Z-state is a thermally hot 
and rarefied state, reconcilable with the ideal gas domain. Under the circumstances, the 
TDRC chosen for resolving the fumes was the NASA Lewis Complex Chemical 
Equilibrium Code, which works for ideal condensed phases and gas mixtures 33 . 

The work principle makes it hard to remedy or to tamper with the resulting Z-point 
fumes: trajectory readjustment or instituting f~ozen reactions is forsaken and trajectory 
terminal states are results rather than stipulations. Resetting the EOS formula or 
constants would also be rendered ineffectual. Though the nonequilibrium transition still 
remains unresolved, it is noteworthy that the work principle rigidly fixes the relevant 
jump Z-Q*, reducing the uncertainty for modeling the transitory reaction rate kinetics. 
Though further refinements are under development, Z-point fume results remain useful 
for illustrating the minimum resolving capacity of the work principle formulation and for 
rendering tolerable fume spectra utilized for the RFT comparisons. 

THERMODYNAMIC THEORY UNDERLYING WORKPRINCIPLE 

The work principle formulation remains tractable regardless of the process undertaken 
with the relationship retaining the ubiquitous inequality that formally characterizes 
traditional thermodynamics or its more recent interpretation referred to as statistical 
physics :30;;_ The work principle model utilizes a composite system of three interacting 
components that otherwise remain isolated from the rest of the universe and therefore 
governed by the laws of thermodynamics . The working fluid can have reactive 
composition, transfer heat to or work upon the reservoir or work upon the mechanical 
agent in a reversible nonexpansion way. The reservoir must retain constant thermal 
mechanical characteristics and therefore have tremendous (mass) proportions compared 
to those of the other two components, and it is unable to interact directly with the 
mechanical agent. None of the components interchange particles so the working fluid 
mass remains constant. The resolution technique utilizes constraints that work 
chronologically, though they are not required to formulate the work principle itself. 

The work principle requirement incorporates a quasi-potential YQ or negative work 
function [-Wr], written per unit working fluid mass since the TDRC render their numeric 
results that way . The work function and quasi-potential terminology tends to be 
redundant though useful. They are defined by the relationship: 

The quasi-potential YQ (or Wr) depends upon the working fluid's energy per unit mass U. 
entropy per unit mass S and density p (or Rho). Neither the quasi-potential nor the work 
function qualifies as a working fluid state function since they depend upon reservoir 
characteristics, temperature TR and pressure PR, despite their requisite constancy .36 The 
resulting construction of the quasi-potential, represented as a superposition of working 
fluid state functions with constant reservoir multipliers, is trajectory pathway 
independent, regardless of process irreversibility or nonequilibrium, and therefore has 
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formidable theoretical capacity. The work principle inequality relation taken from the 
noted references 34,35 is then 

The Work term represents the work done by the working fluid upon the mechanical 
agent, for the type of process rendered: reversible takes the equality and irreversible 
takes the inequality. The work done upon the mechanical agent would equal the work 
function rise t-.Wr, or 6[-YQ] for a reversible path. Restoration work refers to the work 
rendered by .(not upon) the mechanical agent to return the working fluid to the original 
state in a reversible way. Noting the restoration work required is a way to recognize the 
system's propensity for chemical reaction work 37 . To render a macroscopic (finite) 
reversible transition requires an infinite number of quasi-static (infinitesimal) steps and 
would normally take forever. 

When a closed cycle integration regardless of trajectory is taken over the former 
relationship, the Wr, or Y Q terms yield zero net results since the work function or quasi­
potential registers transitions like state functions, yielding zero differences upon 
returning to their original values. The resulting work done upon the mechanical agent 
over the whole cycle would be zero or negative, Work ~ 0, regardless of the 
thermodynamic process undertaken. Therefore, the mechanical agent would have to 
render the restoration work without eve r taking reco urse to the reverse possibility, 
forever forbidding the prospect of a perpetual motion machine. 

It is worthwhile to invoke the terminology that natura l processes refer to macroscopic 
(finite) transitions with some irreve rsibility, however slight. Reversible infinitesimal 
fluctuations would take finite time and are therefore not excluded, though they can no t 
wholly account for natural process. For work with toxic fumes, only natural processes 
with zero net Work are considered, as though the mechanical agent was dysfunctional. 
Technically the mechanical agent is not removed from the work principle model , just 
rendered moot, so no device in the reaction process or underground fumes chamber needs 
be identified with it. With the zero net Work restriction, the work principle relation 
reduces to 

Without the mechanical agent to render restoration work , returning to the starting state 
upon undergoing a natural process is impossible . Restoration work remains an illusion 
that requires a reversible process taken in reverse time travel (or reverse chronology). 
With normal chronology, the reduction in the quasi-potential 6[-YQ] or the rise in the 
work function 6 Wr, registers the restoration work that would be necessary to undo the 
deterioration. 

RENDERING OF IMPOSED CONSTRAINTS 

The rendering of imposed constraints refers to the utilization of relative minimum 
trapping conditions to stall the thermodynamic trajectory motion. The Y Q partial 

Eighth High-Tech Seminar• Nashville, Tennessee, USA• July 20-24, 1998 373 



374 

derivatives with respect to the unrestrained X, while holding K constant, are utilized to 
form the constraint representation with the thermal or mechanical state variables. The 
unrestrained infinitesimal change 8x taken while holding K constant would remain 
otherwise unrestricted were it not for the requisite reduction of the quasi -potential. The 
change of the quasi-potential Y Q 01: negative work function WF is resolved according to a 
Taylor's expansion in unrestrained X, while K remains constanFwith normal (not reverse) 
chronology understood 38_ 

Technically the subscripts should bear witness to the restriction of chemical equilibrium , 
though that requirement is universally presumed for the terminal state resolution, so the 
reduced notation of just displaying K the thermal mechanical constraint is tractable. 
Retent10n of only the lower order J terms is required for resolving and interpreting 
infinitesimal transformations, as noted by the grave accent on the summation. For 
resolving the minimum trapping state, the first derivative aYQlax I K would reduce to zero 
for the terminal state, while the second order derivative a2YQ1ax2 1 K would be positive for 
the t.r;:i_jectory trapping minim um . The multiplication of the nonzero unrestrained 8x-8x 
with c1 positive 82YQ1ax2 1 K yields the wrong sign for the inequality re la t.i on. The only 
workable solution would require that the unrestrained 8x vanish, which rep resents 
stalled trajectory motion, until the constraint is replaced with a different restriction or 
thereupon is left unrestrained to travel towards the reservoir state. 

NON TRAJECTORY AND THERMODYNAMIC UNCERTAINTY 

Irreve rsible a nd reversible fluctuations render the chronological occurrences that force 
the reduction of the quasi-potential, though there are other ration a le for the retention of 
pathway uncertainty, including the quantum mechanics uncertainty principle and the 
relatively unknown thermody namic statistical uncertainty principle ~19 Uncertainty 
principles render trajectory notions obsolete and force worst case minim um tolerances on 
cano nica lly co njugate variables. When multiplying the uncertainty tolerances for the 
ca noni ca l coordinates, the multiplication result in quantum mecha nics has units of 
Planck 's constant (or action) , while the multiplication result in thermodynamics has units 
of Boltzmann's co nstant (or entropy). Though our restrained and unrestra 111ed variable 
functions do not necessarily form a canonically conjugate pair, there remains an 
underlying uncertainty in the working fluid state functions from which they were formed. 
Trajectory intractability remains the relevant issue not the obvious fact that TRDC 
results are fraught with much greater numerical errors than those imposed by the 
uncertainty restrictions. It is worth noting perhaps that the nontrajectory work principle 
tends to operate functionally like quantum mechanics, with terminal sta tes rendered as 
the result of recognized or tractable operations, while the nonequilibrium states within 
the transitions remain unresolved. 
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ZERO-NET-INTERACTION ENERGY CONSTRAINT 

For zero-net-interaction energy, the terminal trajectory state is resolved by requiring that 
the working fluid retain or recover the working fluid energy U1 of the original and 
unreacted thermodynamic state . During transitions nontrivial influence is possible since 
the work done upon or heat transfer with the reservoir is unrestricted except for 
registering the zero net energy change for the overall macroscopic process . With reservoir 
interaction, no overt restriction regulates the working fluid's entropy change . Instead 
transformations that yield a reduction in the quasi-potential can occur, while the reverse 
inequality conditions that violate the reduction of the quasi-potential Y Qare forbidden. 
The restriction on the terminal trajectory is written U = K for theoretical resolution, with 
K = U1 for the numerical resolution using the relevant TDRC. Utilizing hindsight, the 
forthcoming results were reduced in form by defining the K-function as K = PIR*T where 
R* is the Universal Gas Constant. Upon reaching the reservoir state, the K-function 
would equal the constant KR= PRIR*TR = 40.874 µmoVcc (or moVm 3) . The reciprocal of KR 
would equal 24,470 cc/mole for reservoir conditions taken at th·e standard reference 
conditions. For the unrestrained variation x =Sor x = y respectively, 

The working fluid and reservoir are regarded as thermal mechanical s table substances so 
their state functions like W=P/p , T, or TR are restricted to the positive range. Zero 
temperature is unattainable according to the third law of thermodynamics. The bracket 
terms arise regardless of the way the unrestrained x was chosen, rendering a nonzero 
result for nonequilibrium circumstances and reducing to zero for cons trained equilibrium . 
For explosion (implosion) type processes, the K-function is greater (less) than the 
reservoir constant, Kn, and the brackets are positive (negative), so the entropy must rise 
(fall) and the density must fall (rise), ultimately yielding K = Kn for the trapping 
minimum. With the work principle, the restrictions imposed by the bracket terms from 
the trapping minimum requirement hold for any working fluid regardless of its equation 
of state EOS. The tenability of the restrictions remains unaffected when studied 
numerically, though such results are worthwhile only if the chosen TDRC and related 
EOS characterize the working fluid in the thermodynamic domain under investigation. 

When the zero net interaction Z-point constraint is removed, unresolved nonequilibrium 
circumstances prevail, though the restorative influences must ultimately recover the 
requisite K = KR circumstances at the reservoir conditions . Real gas formulations 
evaluated at the Z-point condition reduce to the unique ideal form, which is wholly 
compatible with the rarifi.ed and thermally hot state . Under such circumstances, the work 
principle renders the Z-point molar density of the reaction fumes equal to KR, regardless 
of the charge formulation, and forecasts that it would ultimately reach that result for the 
reservoir conditions. When the nonequilibrium working fluid transitions to the reservoir 
conditions, notable quantities of condensed phases (i.e. water) are normally incurred, 
thereby ruining the ideal gas presumption and the recovery of the mol a r density KR at 
the reservoir Q*-state. 
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NUMERICAL ILLUSTRATIONS AND COMPARISONS 

Furne concentrations were transformed to standard reference conditions so that reported 
fume information would not re flect the irregular working conditions and follow the 
normal criterion rankings techniques Large Gallery fume results for pulverized ANFO 
mixtures in the density range 0.74 or 0 .75 glee were formerly reported and noted in Table 
J with converted units ,w The columns respectively show the shot number, fuetoil 
fraction. mixture de nsity , concentrations [cc/g] of CO2, CO, NO. N02. NOX and men s ured 
dl't<rnat ion rate. The NH:1. H2S , and S02 we re not reported and were regarded as 
1wgl1giblc in any RFT rule requiring those concentrations. 

Tlw Z-,;tate rt'sult.s 111 Table 4 repre:--;e nl ;i trnn:-::1ent equilibrium :--;tat.l' under consLn11111 
\\h! l(• ct· re prc':'.;(' nf,; ,1 1r;111,;l(:!1t nom·q uil1hr1u111 '.',late at tlw t.Ill1 l ' of nwa;:.;uremcnt . Trll' 
u11n·h1wcl work 1n111c-1plc~ tlwon· will 1w1 y1L·ld th e nonequilibrium Q* n',;ults , so 0111_, th<' 

r:11 her suihlv Z-,;t;ttl' funw componl'nts C'Oc. CO and NOX werP r<.' cordcd in Table 0 I a:-: 

t,· nt;1t 1vc l!· rcprcsvnung Q* res ults within th t' hour of measure nwnl. \\-ithout and \\·1th 
1(-\\ (air inges tion) rC'sult s 1•,,· c n ! roundC'd to the closest [cc/g] and the>· can reso lvl' all l>ui 

1111< · of tht' RFT rul<',; For tho rulP C'Xccptinn RFT-P. it is rccog rnzPd th a t the Z-slatc ~()\ 
t r;tnsforrn~ rapid!>· ~o roug h! >.- half i,; NO ;1nd half is NO~ . >' ie lding the re maining 
( "nu• nt mt.ions for work111g out tht: q*-sLll L· Lally . 

. :;:.,_ /;~:::t .0 : · •Ta·b_Uf4.-:-_Ntu:neric,iF.u ··- ' .... ,,,,.-•.:: - ,._. ---~••:-c···,., ,,.,.,- :-' , . ,,_ " .. ;,~t ,.-- ' 

_-:iii,·/:'. 1i ::~,;_; :.::'.\:,_:r!,, :if-W1thou"f1(fr'. 
· ::s:hof.:: .\Fu.er: ,. - ,: -• -- - •- \ · · ·, ··_ · 
':ijtk. ,J:/'~¼ 

_ -#6 -' _ ·'s :-: ·. , ··: ;s4·', _, ' 21 _ -·· . 1:·. _-,,- 3-~./.:i; SiltSajfl }2\i~lt 
- #1 ,_ • .- 1-.·: ,- s3 -~ ·40 _; -,_:-· r:·::i: 1,a1::<:ilt(rt/-J§iit 

Tlw rC'portod f()rmulm1on s ,v e re ohv1<1u~h- nut s toichiomet ric . hut that 1s not a 
n·qu1rcmcnt of utilized or candidate charge formulations . The re lative fume toxic ity 
,·,iluc~ deduced from the different fnrmulat ions and RFT rules wprc rounded off as s hown 
111 thr. middle fo ur columns of Table :-i . Th o uncertainty in the last. column was taken as 
r,v1cc the relative dev iation [for(+/-)] . which wa s defined as the sLa nd i-nd deviation 
divided by the mean. Notice t he wide range of hazardous potentials represented by tho 
different RFT rules . 
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When compared with their respective criterion, the tabulated RFT results determine 
whether the (illustration) candidate charge formulation remains tolerable or the toxicity 
is too hazardous. The rows with RFT-C results over 23 cc/g, RFT-R results over 50 cc/g, or 
RFT-U or RFT-P results over 156 cc/g would fail the corresponding test. For the 
instrumented shots only charge formulation #27 passed all the tests, while for the 
theoretical computations only the formulation #7 failed some test. The RFT-C' formula is 
unorthodox within the US and was not included. The recent rule for permissibility is 
more restrictive than the older rule as was reported theoretically and recognized by 
comparisons in Table 5; notice the RFT-P results are higher than RFT-U results though 
the criterion remains unchanged. The Russian rule criterion relationship tends to be 
rather stringent with respect to noxious fumes from candidate explosives, as noted by the 
greater number of unacceptable circumstances. The tradeoff noted later for the more 
res trictive Russian criterion is the reduction of the total refresh work required to restore 
nonharmful working conditions, which for the miners can translate into shorter waiting 
times until safely resuming work. 

'!j:•_,,,.,~, ,.. ,.. ,.,_.: '" ·~, • ·~ t... .... - "t•-;.~ ·.~ ..... .,.?.•··~• ,>:_1,• ~ ~4-~.J.tJ~: 
~-"'-":'1--'· 

RESTORATION OF NONHAZARDOUS WORK CONDITIONS 

Regulations for underground coal mines stipulate requirements for quality and quantity 
of the refresh air sufficient to dilute, render harmless, and remove reactive, noxious and 
harmful gases, dust, smoke and fumes ·11 . For bituminous and lignite mines the minim urn 
Oow rate reaching the working face is 1.42 m3/s, while for anthracite coal mines, the 
requirement is 0.71 m3/s, written in metric units. The regulations for underground coal 
mining require that workers not return until the blast area is clear of smoke and dust 
and properly inspected for misfires, methane, and other hazardous conditions '12 . The 
roles of the RFT rules and criterion warrants discussion in regards to the tim e miners 
should wait for dilution and removal processes do their work and render harmless the 
hazardous conditions of toxic fumes. Without irregular charge performance, the toxic 
concentration remains under the RFT criterion; otherwise the charge formulation would 
presumably have failed candidacy testing. The worst case tolerable concentration, the 
RFT criterion, is utilized to resolve the refresh conditions in underground work sites 
because logically the charge formulation toxicity can reach the worst case. A quite 
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rudimentary though tractable model is discussed next to illustrate trends, though it 
should not replace specific work site computations done by trained personnel. 

In our rudimentary model, the toxic molar concentration x(t) at time t that renders CO 
equivalent toxicity is utilized . This reduces the complications of uncertain influence 
related to the particular nature or mixture of toxic fume components. The work zone of 
constant size like a chamber or bratticed off region where toxic fumes are waylaid or 
trapped is referred to as the 'room'. The ratio of total charge mass to room size is referred 
to as the trapping density . For the Underground Fumes Chamber the charge mass is 
typically 4.54 kg and the room size is 274 m3 yielding a trapping density 17 g/m 3. For the 
Large Gallery, the trapping density is 12 g/m 3. For underground measurements without 
rigid chambers a rough number for the original fume concentration would be under 1 % or 
the zone would rapidly widen from the wind rushing to restore the ambient pressure. 
Noting that x(0) = RFTc ·pT, with RIT criterion of 156 cc/g and x.(0) of 1 % concentration 
would yield a trapping density PT of 64 g/m 3. The reduction of toxicity to the nonharmful 
working condition denoted x_c = x_(tc) requires a waiting time tc. The nonharmful work 
condition xc = 50 ppm for the TLV-TWA of CO in Table 2 is taken as the reference case , 
with the recent revision taken later as a trend readjustment . 

The room is refreshed with nontoxic air and the resultant toxic mixture is removed from 
the room at a constant rate, Q' , thereby diminishing the toxicity , within the room. 
Therein the toxic fumes are assumed to redistribute themselves, forming x.(t) a uniform 
non-constant toxic concentration. Wall losses, dust interactions or further fume reactions 
are disregarded. Fluid conservation relations with constant Q' yield a tractable 
re lationship that can be resolved for the waiting time tc, which is required for the refresh 
rate to reduce x(0) = xo = RFTc · PT to the nonharmful working conditions, xc = x_(t.c). 

Wait-Time= tc = TRc . Log [xo / xc1 

Where, Xo = RFTc · PT, 

The collection of constants THc multiplying the natural logarithmic function represents 
th e natural relaxation time. For underground shots with 15 holes and 1.36 kg/hole, the 
total mass charge Mx would be 20.4 kg. The room size, Mx / PT, would remain 

· proportional to the charge mass for constant trapping density . The same charge mass Mx , 
20.4 kg, and RFT criterion, 156 cc/g, are utilized to illustrate results in Table 7. 
Respectively, the columns show the requisite circumstance, the trapping density, initial 
concentration, the flow rate, and the resulting waiting times rounded up to the closest 
quarter hour when in hours. Transformation to consistent units is required. 

The graph in Figure 1 shows the trends in waiting times to restore nonharmful working 
conditions versus the trapping density. The readjustments for the other trends with 
respect to the reference case are noted in Figure 2, with results for the trend maximum 
waiting times. Reducing the nonhazardous threshold from 50 to 25 ppm increases the 
waiting time, while reducing the RFT criterion or raising Q' the flow rate decreases the 
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waiting time. When the Russian criterion replaces the US criterion, recognition should be 
taken that more noxious formulations that formerly passed candidacy would fail but that 
the tolerable remainder could be utilized with shorter waiting times. The RFT criterion 
readjustment is recognized as a tradeoff between restrictions on the candidate explosives 
and the refresh work necessary to restore nonharmful working conditions. 

The waiting times resolved were not small, suggesting that rushing back to the work face 
could he tantamount to reducing rather narrow safety margins, or reentering unsafe 
conditions, perhaps revealing why toxic fum es st ill cause farnl and nonfatal incidents. 
Naturally readjustme nts, such as raising the flow rate. could be taken to reduce the 
waiting time. Recall now however that our model presumes no irregular react.ions , so an 
outstcrnding question remains. Would those readjustments then yield enough safety 
margin at work sites if the charges function poorly (malfunction), releRsing shifted fume;-; 
thr1L co uld have double or quadruple their us ual fum e toxicity i :i? 

CONCLUSIONS AND RECOi'vl~IENOi\TIONS 

The rule notation that renders hazard potential s taken as relative fum e toxicity RFT 
results worked rather well, permitting the typ e of rankings and comparisons that would 
otherwise hardly be considered. The widely dispersed RFT results for the different rules. 
noted in Table 5, revealed high uncertainty, rather than focusing on a unique number, 
worthy of being a hazard potential. The underlying rationale· is quite simple, some of the 
RFT rules ignore toxic fume components that are not negligible, or fail to weight them in 
proportion to their recognized toxicity. Numerical res ults for unweighted rules tend to 
underes timate the CO concentration that renders equivalent toxicity. The ramifications 
from utilizing traditional rules and reported fume concentrations from a given charge 
formulation demonstrate quite clearly the okay-not-okay nature of the different RFT 
hazard potentials. Regulations and guidelines relate to therelative fume toxicity, among 
other things , and unwary workers reflecting only upon those criteria rather than 
understanding the true nature of the rules and their limitations, could readily 
underestimate the hazardous nature of the toxic fumes from their explosives. 

The work principle technique with the TDRC from NASA was utilized to render the fume 
spectrum results for the numerical illustration, revealing a range of uncertainties similar 
to that found for the reported instrumented shots. The Russian rule yielded a noticeable 
number of unacceptable results compared to those computed from the US rules in the 
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illustrations underta ken . The recent RFT-P rule results tended toward intolerance more 
than their older RFT-U counterparts despite their common criterion , reinforcing the 
notion that the weighted rules are more stringent. No recognition or comparison was 
made for toxic components not registered in the RFT-P tally , though the reciprocal ratio 
technique tha t form ed the rule could be utilized to raise the ta lly of wanted toxic 
components, refining the relationship for rendering equivalent CO toxicity. 

The trends in wa iting times to restore nonharmful working conditions noted in Figure 1 
were resolved for a chosen reference condition and several other circumstances, yieldin g 
nomina l results of a few hours, with maximum times under one day. Despite our 
rudimentary ventila tion model, tra ined persons ought to be consulted regarding the 
waiting tim es until nonha rmful working conditions are restored at their work site s . 
Hopefull y those perso ns respons ible for transferring or utili zing rela tive toxicity 
inform a tion will refl ect upon the observations ma de here, rema in wary of the rules a nd 
their limita t ions , ga in a wide r pe rspective by raising work site ques tions and when 
necessa ry imple ment. safe r minin g procedures . The possibility of u t ilizing remote or 
porta ble inst rum ent a tion to monitor or detec t multi -component tox ic fume s should not be 
overloo ked . 
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Figure 1. Graph Of Waiting Time for the Restoration of Non-Hazardous 
Working Conditions [hr] versus Trapping Density, Rho [~tg/cc]. 

Figure 2. Relevant Information for the Four Graphical Trends of Waiting-Time 
versus Trapping Density, Rho [µg/c.c] or (g/m3]. 
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