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I. Intrbductioni

Every mine contains inflammable materlals, elther in form of
the minerals mined or in the form of brought-in supnllies. Although
great efforts are made to make mines as far as vossible fireproof
and to prevent igniticn sources, the.nossibllity of mine filres,
like that of other accidents, will always continue to exist.

Detalled.statisties are available for coal mines. They show
(65,112) that the number of major mine fires in the USA over the
last 20 years has remalned more or less constant with approximately
50 per vear. The same number 1s repcrted (26) for the British
- coal mines. Other countries (147) report about 1 major fire for
every 10 million tons of coal production,. .

Conflicting data are published on the number of fatalitles
caused by fires, presumably because frequently deviating oplnlons
on the cause of death exist. On the average (82,99) 4 miners are
killed per year in the US and in the British coal mines. Although
this number 1s much smaller than that for several other causes of
fatalities, one must keep in mind that almost every small flre can
develop into a large disaster.

‘ The greatest hazards of mine fires are the polsonous and some-
times explosive products of combustion, carrled by the ventilation
through the mine. To combat this hazard, the paths the combustion
products take must be known for the proper designation of escape
routes and the safe and economic performance of fire fighting
activities.

Predictlions of the airflow dlstribution in a mine at fire are,
however, complicated by the fact that the fire itself can cause,
by the forces 1t develops, conslderable ventilation disturbance.
How large these disturbances are depends very much on the local
clrcumstances. In some mining areas they are considered to be a
very serious threat. Since they are frequently encountered and
some larger mine dlsasters were due to unexnected airflow reversals,
their determination 1s an integral pdrt of all fire emergency plans.
In other mining areas, mainly those where the mines have no large
vertical extensiocn, they are considered to be negligible compared
with the disturbances caused by physical changes of the alrways
such as destroyed seals, ventilatlion doors or alr blockage due to
roof fall, It must, however, be admitted that the degree of
necessity seen for taking into account ventllation forces developed
by flres in emergency plans 1s also frequently a question of the
accuracy expected from these plans.

Mining engineers have studled the interaction between venti-
latlon and mine fires for several decades. The results are a greater
number of methods to assess the ventilation forces developed by
fires and thelr Influence on a given ventllatlion system. Work in
~this direction has heen revived by the wlde use that computers have
found in mine ventilation planning. Where ventilation network
calculations with an hitherto unknown accuracy became routine,
fire emergency plans based on network caleculations soon became
“routine, too,
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. It can be expected that in the near future 1n the USA more
emphasis than in the past will be placed con flre emergency plans
which take the 1nfluence of fires on the ventllation into account.
Thils report 1s an evaluation of all accesslble Informatlon pertinent
to thls problem. It attempts to be a complete description of what
has been done, not what the author thinks was necessary to do. _
Conséquently, it contains little critique although the author has
tried to group together those theoretical approaches and plannlng
procedures which share a common concept, and to compare the results.
The number of publlications evaluated 1s conslderably larger than
indicated in the bibliography. Of publications with simlilar con-
tents only one sample was usually listed.

‘ There will, of course, be different oplnions as to what .
informatlion 1s pertinent, Wlith as wide 2 field as thls the report
had to be limited to that information elther coming from mining
sources or being the common fund of all englneering branches.

As 1ndlcated above thls report concentrates on the predictlion
of ventilatlion disturbances caused by mine fires for fire emergency
plans., This finds 1t expresslon in the parts into which the report
has been divilded.

Following the first part, the introduction, the second part
degls wlth the properties of mine fires and in particular wlith thelr
dependence on ventilation conditions. Contrary to¢ technlcal com-
bustlon processes, not too mueh is known about aceldental mine
fires. Research by mining englneers has concentrated mainly on
investligating the effectiveness of fire fighting equlpment and
measures. - In emergency plans usually fires of the worst possible
state with the highest temperature ever observed are assumed.
Still, some systematic research has been done and the results are
presented. They can perhaps serve as the basls for fire simulations
in future emergency plans.

Since the forces developed by mine fires are mainly thermal
forces, the thlrd part deals with the temperatures of air and
combustion products (fumes) behind the fire. They are mainly
influenced by the heat exchange wlth the alrway walls. For their
determination the conslderable work done on the precalculation of
temperatures due to heat flow from the walls to the alr can be of
help and this work, as far as applicable, 1s reviewed, too.

The fourth part then deals with the ventilation forces develcped
by the fumes. They are theoretlcally derived and the results com=-
pared with experimental observations.

In the fifth part the ventllation dlsturbances which can be caused
by these forces are qualitatively discussed. The different types
of ventilation plans and thelr usefulness for the prediction of
ventllation disturbances are demonstrated. Examples of observed
disturbances in accidental mine fires are given,

The sixth part describes the different approaches which are used



by ventllation engineers to make cguantitative predictlions. At
first the methods, which require no network calculation and
take into account only the airway at the fire and neighboring
alrways are explained. Then criterla to Judge the stability
of ventilation currents and rules to lmprove 1t are discussed.
Flnally the present practice of using analog and digltal com-
puters for the design of fire emergency plans 1s descrlbed and
thelyr potential investigated. ‘



II. Prqperties'of‘Mine<Fires

The propagation of flames over the surface of combustible
sollds 1s an extremely complex process. In spilte of the high
sophlistlication the two competent disciplines, combustion and fire
protection engineering and thelr auxilliary sclences, have reached,
they stlll malnly rely on experimental evidence, at its best
arranged 1n simplified semlempirical theories. Thelr applleabllity
to mine fires 1s therefore very limited. Combustion englneering
is not concerned with accidental fires and fire protection engl-
neerlng deals wlth fires of different natures than the mine fires,
which are distingulished by a restpicted alr supply and a usually
uniform composition and arrangement of the combustible materlal,
glving them unigue properties. This report will therefore limit‘ 2
1tself to the evaluatlion of literature dealing specifically with
fires 1n mines or under conditlons simlilar to those in mines.

4) Modes ofwfire;propagation

The most systematic work on this problem has been done
by Roberts and colleagues (103, 104, 105, 106). According to
them, mine fires can display two different modes of propagatlon:

1) through localized heat feedback from the flames;
2) through all over heat feedback from the fumes.
The resulting mine fires are of distlnct different types.

Fires of the first type are controlled by the same mechanisms
as unconfined fires in the open. Propagatlon cccurs by radiation
and convectlon from the flames and hot gases, which heat the
combustible materlial in the immediate viclnity of the fire, before
they are mixed with the general alrstream. The latter 1s not heated
to temperatures high enough to generate gaseous fuel from combustible
materlal or to light it. Due to the fact that combustion takes place
only In the Immedlate neighborhood of the combustible material,
conslderable quantitles of oxygen can pass through the fire without
belng consumed. Filres of this type are therefore frequently called
unconfined or oxygen rich fires.

The second type of flre propagatlon occcurs where the general alr
stream has become hot enough to generate gaseous fuel from the
combustible materlal, along which 1t passes. In thlis case the fire
extends until all avallable oxygen 1s belng consumed, which limits
the heat development. The generation of gaseous fuel continues for
a consliderable distance downstream of the area, where the last oxygen
reacted. The fire extension is thus limited by the supply of oxygen.
The high temperatures required for this type of fire propagation are,
outslde of mines, usually reached only in conflned passages. Fires
of thils type are therefore frequently called confined or fuel rich
fires,

Although most accidental mine fires, belng started by relatively
small ignition sources, develop into oxygen rich fires and stay
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oxygen rich, fuel rich fires have been much more  thoroughly studled.
The reason may be that fuel rich fires are a much greater hazard
because of their greater flame advance, heat release, toxicity and,
if mixed with alr, explesibility of thelr combustion products and
"because of the fact that most oxygen rich fires can by spontaneous

%rowth become fuel rich. . Another reason may be that fuel rich
ires render themselves better to a systematic analysis.

Schematic representations of fuel rich timber-fires‘have been
published by Roberts and colleagues. (100, 101, 103, 104, 105) and .
by Baltajtls and Markovic (7).  As shown in flg. 1 they distinguish
several zones, which are, in the direction of the alr flow, the
¢coollng and the charcoal zone, the pyrolysis zone with the com-
bustion and the excess fuel section, and the preheatling zone. The
average tempergatures of the gas stream and its content of oxygen
and - carbonaceous constituents are also indicated

The cooling zone 1ls a zone through which the fire has already
passed and in which 1t 1s now extlnet.  Only heat transfer processes
due to forced convection take place, the walls of the airway are
cooled and the air 1s. heated. ,

. In the charcoal zone the carbonized residue of the fuel which
1s stlll hot enough to react with the oxygen of the alr 1s burned.
The heating of the ventilation air continues, its oXygen content
i1s reduced. .

In the combustlon section of the pyrolysis zone the volatiles
produced by the decomposition of the combustible material are burned
In the ventilating air. The gas temperatures rise to a maximum
and the oxygen content is reduced to zero. In the excess fuel
section of the pyrolysis zone the fumes are sufflclently hot to
cause pyrolysis of the combustible material. The absence of oxygen
will, however, prevent combustion and the pyrolysis products remain
25 eXcess fuel 1n the fumes, The heat consumption of the pyrolysis
causes the temperatures of the fumes to drop.

The final coolling of the fumes takes place in the preheating
zone, which gets its name from the preheating and drying of the
alrway sectlon towards which the fire is moving. The heat transfer
from the fumes to the alrway takes place malnly by forced convection,
although close to the pyrolysis zone radiation should be inveolved, too.

No equlvalent schematlc representations for oxygen rich fires
have been published, but it can be assumed that for timber they would
appear as shown 1n flg. 2., Due to the fact that evolution of
volatiles occurs only in the immediate vieinity of flames, no pyrolysls
zone exists. The drop in oxygen and the increase in carbon content
of the alr stream as well as 1ts temperature increase in the comhus-—
£lon zone =211 e lewer than for fuel rich fires.



B) ‘Cohtrolling mechanisms'énd equ11ibrium statés

. The .controlllng mechanisms -of unconfined and confined
fires have been visualized by Roberts (106). The behavior of
the former is more easily umderstood when explained by the example
of fires in the open first. If in such a fire with one dimensional
spread of flame the rate of flame advance 1s called V and the wildth
of the fire L (fig. 3), the relation between V and L will be simllar
as shown by curve 1 1in fig. 4, Por L<L, no propagation of the fire
takes place due to lnadequate heat transfer ahead of the flames.
For L>L, V will increase with L as the emissivity and helght of the
flames 1lncrease until the extenslon of the fire L has reached such
a magnitude that V 1s no longer influenced by L. If D 1s the depth
of the fuel-bed consumed by the fire, & 1ts specific welght and B
the velocity with which the fire penetrates the fuel bed, the rate
of fuel added to the fire (per unit width of flame front) is
V¥D¥ ~ and the rate of fuel consumption is L¥B¥*,, In a fully
developed fire V and L are constant with respect to time and it 1is
VED¥® ~ = L#B* o~ or V = (B/D) L, represented by curve 2 fig. 4.
Possible values of L and V are indicated by the two intersections
of curves 1 and 2, Of these, the point L;,V} 1s however, not a
stable condition, since for L<L; the curve 1 shows that V<(B/D) L,
which indicates a decreasing fire and for L> L; 1t shows V>(B/D) L,
which indilcates and 1ncreasing fire. In other words, if a fire 1s
initiated with L<L; 1t will die out, if it 1s Initiated with L> L,
it wlll adjust 1tself to the condltion L = La2.

'For fires in mine reoadways or ducts 1t 1ls advantageous to
express the rate of fuel added to the fire by the dlmensionless
parameter V¥ CHVED%® - XPRP/(V_#,~ #))

W

where C mass of zalr requi?ed ?or complete combustion of unit
. mass of fuel
P = perimeter of roadway-
f = fraction of perimeter whilch 1s covered with combustible
: materials ,
Va= alr velocity
g T specific welght of ailr
A = cross section of roadway

Analogously, the rate of fuel consumption 1s expressed by

+
L, = C*L*B*W*P*f/(va*'f"a*i\)

A fire 1in a mine roadway or duct 1s in its early stages controlled
by local heat transfer effects close to the fuel surface and behaves
therefore similar tc a fire 1in the open. However, as the fire increases,
additional heat transfer from the fumes wilill occur and provide an
additional increase of V* with L* which becomes very large when the
temperature 6f the fumes exceeds the threshhold beyond which
pyrolysls of the fuel becomes rapld. This increase in vt 1s finally
limited by the heat development of the fire, which reathes a peak at
Lt = 1, when all oxygen in the air supply 1s consumed. A further
increase in L* results in a decreasing V since excess fuel causes
dropping temperatures of the fumes. The relationship between V* and
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and LY w111 therefore be - similar shown by curve 1 1in fig. 5.

(The initial portion of this curve, which 1s simlilar to the initial
portion of curve 1 in flg. 4 has been simplified by making

L*, = 0). The fire is fully developed when the rate gf fuel added
is equal to the rate of fuel consumed, or when ¥+ = L {(curve

.2 in fig. 5). Three possible palrs of V' and L', 1ndlcated by the
intersections of curves 1 and 2, exist. In a similar way, as for
fires in the open, 1t can be reasoned that L+3,Vf3represent an
unstable condition, whereas the other two points are stgble. Lg,V;
represent the unconfined, oxygen rich type of a fire, Lu,Vt the
cgnfined, fuel rich type. If a {ir; 1s initiated with 4 4+
L <Ly 1t wlll assume valueg of L,,V,. If 1t 1s initlated with L >L,
4t will assume values of L“,Vt. _ : .

| From the definition of L' it is obvious that L; is mostly
readlly exceeded:
the smaller - the alr veloclity V
and o . a
the larger - the 1initlal length of the fire L,
: the penetratlion velocity B,
the fuel density v', .
the fracture of the perimeter covered with com-
bustible material, and the ratioc P/A {or the smaller
: the roadway). o : : + o+
Furthermore, if the air supply of a developed fire in the state LZ,V2
1s reduced to such an e¥tent that L3 1s exceeded, a rapld growth of
the fire to the state+L|+ Vt will result.-+ The reverse, to move a
fire from the state L“,Vi o the state-Lz,V; would require a very
large and sudden increase in the alr supply or a limitation 1$ the
fuel available for the fire so that L* becomes smaller than L3.

Curve 1 in flg. 5 1s characteristlic for fuels like timber.
A moie easilX lgnitable fuel than timber wllil show a steeper+increase
of V' with L¥ (curve 1 in fig. 6) and gilve rise to a state L' »>1 or
a fuel rich fire from any size of initial L, V_, g/A or £f. A less
easlly ignitable fuel will stay in the region 8L« 1 and always
burn as an oxygen rich fire (curve 2 in fig. 6).

Roberts and Clough (103) have provided a heat balance for the
pyrolysis zone (comprising combustion and excess fuel sectlon) of
a confined fire in a timber lined duct. They can clearly prove
that under the assumption of rapid mixing of the hot combustion
products with the airstream two eguilibrium states (corresponding
to LY, vy and 1,vl in fig, 5) exist, of which only the one with
the fuel rich fumes (LL,V§) is stable. As will be shown later this
1s 1n qualitative agreement with all experimental observations
made s8¢ far wlith timber fires Iin mine roadways. They yleld elther
fumes containing more than 15 - 163 0, or containing no 0,.

As a parameter to describe the state of mlne fires and as
criterium for equilibrium states Roberts and colleagues (100, 103,
104, 105, 106) suggest the use of the fuel/air ratio

R = air reduired for complete combustion
alr supplied
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which correspondents to ‘the alr ratlo coefficient in combustion
engineering. The justification for the name 1s that the numerator
can be divided into two factors: fuel supply * air required for
complete combustion per unit fuel. Roberts and colleagues suggest in
principle 3 different methods to determine R for timbered readways,
namely (104):

5*vf*w*p '
R= 1 ~ where 5 = mass of air required per unlt mass
V ¥ - ¥p timber for complete combustion
& "a Ve = fire velocity
W = timber 1oading per unlt length df'foadway
F = fraction of timber burnt away by fire
Va*;f ¥A = massflow of air through roadway
o a o
S*P*Lf*'mv : : ‘
R = . where P = surface area of timber per unlt length
V % g #p of roadway
a a Lf = length of flirezone
m, = mass rate of volatile fofmafidn per ﬁnit

surface area

or, for R<l
%CO in molsture free fumes

R=
21

From a great number of experlments Robert and colleagues con-
clude that fully developed oxygen rich timber fires have fuel/air -
ratios R<0.3 (105, 106) or maximal R<0.4 (104)., Fully developed
fuel rich timber fires have ratios R ~ 3 (100) or minimal
R~ 2 - 3 (106). Fires with fuel/air ratios R > 0.4 are unstable
and will spontaneously grow to the fuel rich condlition. It should
be noted that fuel/air ratios of R ~ 0.3 would correspond to oxygen
consumptions of ~6% or oxygen concentrations of ~15% in the fumes,
the lowest observed values for oxygen rich timber fires.

Unfortunately, these critical fuel/air ratios for equilibrium
states have been establlished thus far for timber fires only. .

a) Conditions for the development of fuel rich fires:

As outlined above 1t depends on:
the type of combustible materlal,
1ts gquantlity,
the mine roadway size,
the ventilation,
and the lgnition source
whether an oxygen or a fuel rich fire develops.

-The higher the ignition quality of a combustible material the
- greater the probabillty that the fire becomes fuel rich. Mineral
0ll has been cbserved to give rise always to fuel rich fires (104),
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i
when- the ratio oil surface A (ftz) and air quantity Q (ft3/sec)
was A/Q.>0.153.  Polyurethane foam lining applied to 75% of the
roadway perimeter always caused fuel rich fires, too (106). Timber
can, however, burn in oxygen rich or fuel rich fires, depending
on quantity, roadway size, ventilation and ignition (7, 94, 103,

104, 118).. The few data published on unsealed coal fires (86 87)
suggest that these are usually oxygen rich

A prerequisite for fuel rich fires 1s that enough combustible
material along the path the fumes take is avallable for the develop-
ment of a pyrolysis zone. If only isolated fire objects (118) or
shorter lengths of timber lining are set afire (104) this condition
1s not met and oxygen rich fires will result.

: It has been derived above (1l06) that the larger the ratio
roadway perimeter/ cross section, or the smaller the roadway 1s,
the greater the probablillty of fuel rich fires, This has been
confirmed by Roberts (106) who observed that timber fires 1in model
ducts (1 ft2) always develoned spontaneously to the fuel rich
state.

The lower the air velocity Ya, the larger the fuel/ alr ratilo
R and the higher, therefore, the possibllity of fuel rich fires.
An oxygen rich fire can develcp into a fuel rich flre by reduction
of the ventilation (104). With the practical feasible Increases
in. ventilatlion there has been, however, so far no tendency for
fuel rich filres observed to revert to the oxygen rich state, until
the fuel supply 1is limited.

If an ignition source starts a fuel rich fire, it must be
capable of producing a pyrolysis zone. This requires that the
temperature of the total gas stream passing along the combustible
material be raised to a temperature which allows significant
pyrolysis. How high this temperature has to be depends on the
type of combustible material and the time of exposure. For timber
pyrolysis Roberts and Clough (103) give a surface value of 527°F,
which regulres average air temperatures between 900 and 1250°F,
depending on the magnitude of the heat transfer coefficient, which
1s a function of the alr veloclty. Klinger (68) gives a surface
temperature of 527°F too, and Wilde (142) a range of 536 - 608°F,
The lowest 1gnition temperatures for 9 different types of wood
as a function of their exposure time are shown in fig. 7 (75).

The temperature lncrease At which the alr experiences from
an 1gnition source can be calculated from

Q
At = h where @, = heat development of 1gnition source
Qa*i”a*c a Qg = volume flow of air
P cyp = specific heat of mine alr

Following a graph given by Maas and Sadée (75) for the ignition

of oxygen rich timber filres the relaticonship between Q. and Q has
been plotted in fig. 8 for At = 3339F and 263°F under Bhe
assumption of {u = 0,075 1b/ft3 and ¢, = 0.24 Btu/1bOF. 2630-
is the tempera uPe increase necessary’ P2 +o heat alr from 680F to 331°F,
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the assumed lowest 1gn1tion temperature after long preheating

and 333°F is the increase to ﬂOlOF the Ignition temperature

after 15 minutes of preheating. In the same figure are iIndicated
the heats developed when 500 hp are ¢ompletely converted. into

heat and by an ollfire burning at the rate of 25 lbs/min. For the
latter complete combustlion in an oxypgen rich atmosphere 1s assumed.

Since for fuel rich flres the pyrolysls zone has to have a
certaln length and considerable cooling of the' fumes due to heat
transfer to the walls occurs and slince: a considerable temperature
difference between combustible material :‘and air must exist to
facilitate heat transfer, the heat quantities needed to ignite
a fuel rich fire are most probably much hlgher than those shown
in fig. 8. . Roberts. and Blackwell (104) report that a burning
rate of 4o lb/min of mineral o0il over 10 minutes in a ventililation
current of 22,000 £t3/min were about the minimum to start a fuel
rich timber fire A more detalled discusslion of %the temperature
distribution in fuel rich fires 1s glven in chapter II.C.e.

C) Observations in accidental and experimental mine fires

. -Because timber played a prominent role in most larger mine
fires of the past, nearly all publlshed observatlions on the pro-
pertlies of accidental fires deal with timber fires and systematic
experimental investigations have concentrated on them, too. This
is rather unfortunate and much work certalnly remains to be done.
However, the flre controllling mechanisms and the relatienship of
the dominating parameters 4o not depend on the type of combustible
material so that the insights gained from timber fires can be used
for other fires, too.

The great number of fire experiments conducted routinely by
experimental mines all over the world usually aim at testing the
inflammability or fire resistance of materials and equipment used
underground or at measuring the efficiency of fire extinguishing
devices. Silnce the fires have usually no opportunity to develop
fully to an equllibrium state, the results obtalned from these
test have therefore 1ittle general validity. .

All observations discussed 1n the following chapters deal
with unsealed fires.

a) Composition of combustion products

The compositlion of combustion products can be cal-
culated when the fuel composition and the air/fuel ratio 1s known.
For industrial fuels 1in partlcular charts exist which relate CO
CO and 0O, concentrations in the fumes with the fuel/air ratilo.
Thelr discusslon exceeds the scope of this report, however.

Roberts and colleagues (104) conclude that most accidental
mine fires are oxygen rich fires since they are started by relatively
small ignitlion sources. The large scale experiments evaluated by
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them in a tunnel of 45 ft2 cross sectlion showed generally the
features of oxygen rich fires, too, since limited lengths of
timber lining (up to 135 ft) were used. Only with large igniting
sources or with a reduction of the alr velocity after the timber
had.been ignited could fuel rich fires be generated. Table 1
shows - the gas analyses of the combustlion products from 6 experimental
timber fires and 3 accidental mine fires involving timber lagging.
All the small scale experiments in a duct of 1 ft< cross section
gave rlse, however, to fuel rich fires-in zall the conditions
studied (106).- As an example the variation in gas composition
along the duct is shown in :fig. 9 (100). As average values Roberts
and colleagues state for oxygen rich timber fires (106):

3 -5 4C02, 0,1 - 0.5 % CO, 16 -18 % 02,_

for fuel rich timber fires (IOM)

18 -.20 3 COp, 5~ 8% CO, 2 -5 % Hz, 0 -11% 02.

Egorov and Kondratenko (31) evaluated about 10,000 gas samples
taken Iin Russlan coal mines. They were taken 70 - 1000 ft behind
unsealed fires., Since most CO determinations were done with an
outdated and unrellable method, they suspect that the CO concentra-
tions were conslderable higher than stated. The results of theilr
evaluatlon is compiled in tavble 2. Slince larger copen filres usually
reguire sealing, 1t can be assumed that mo¢st samples came from
concealed or smaller open fires. Examples for typdcal gas
concentrations behlnd large open fires, as given by the authors,
are shown in table 3.

Baltajtis and Markovic (7) glve in table 4 as an example of
their experiments (in a tunnel of U46.3 ft? cross section, timbered
over 614 ft with props and bars of 6 -~ 7 " diameter and lagging
of 1 - 2 " thiekness) the total concentration of carbonaceous
gases (COy + CO + CH,) as a function of time and location. One
sees ¢learly the movement of the flamezone. Irregularitlies in
the gas composltion are attributed by the authors to air leakage
from the outside into the tunnel. .

Voskobojnikov (131) calculated table 5 for the composition
of fumes from wood with different molsture contents. Although
not stated by him this table 1s obvliously based on the assumption
that dry wood produces fumes wlth the composition glven in the
last column of the table.

Flg. 10 1s an example from the 130 experiments conducted by
Schmidt and Grumbrecht (118) in a raise with 22 ft2 cross section.
Since they used as fire objects only wood pilles of up to 700 1b
weight, all the flres they obtalined remained oxygen rich.

b) Fuel consumption of timber fires

Extenslon and propagation of mine fires depend on the
rate at which the combustible material is consumed. Maas and Sadee
(75) glve the maximal rate of burning for round timbers of different
cross sections In fig. 11. If from thls figure the thickness of the
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Table 1. Combustion Products of Large Scale Timber Fires (104)

Fire % Co % co, % 0,

Experiment No 1 9.30 4.1 16.6
No 2 0.18 2.5 18,3
No 3 N 6.9 1401
No 4 0.15 3,2. 17.6
No 5 0.24 4.8 16.0
No 6 0.20 4.5 16.3

‘Accidental Fires

Creswell Colliery 0.23 5.6 14.1

Haford Colliery 0.96 4.8 14.8

Blackwell B Colliery 1 0.58 4.3 15.0

Table 2, Results of 10,000 Gas Samples Taken Behind Unsealed Fires (31)

Number of Samples with Volume Concentrations ( % ) of:

0 = 0.5]0.5 = 1]1 = 2J2 = 3|3 ~ 5|5 = 10]10 = 15}15 = 20120 - 100
o, o 28 | 30 | 68 | 100 220 8554
co, 8765 475 | 230 | 198 { 152 | 124 60
co 9966 24 | 10
c, | 8870 324 | 170 | 143 | 125 | 116 102 85 64
H,, 17| 13 3

Table 3. Combustion Products of Larger Accidental Open Fires (31)

Volume>Concentration ( % )

Name of Mine 02 002 co CH47 H2
Sredazugol No 1/5 5.0 14.0 0.08
Kapitalnajy, Primorskugol 2.2 12.0 1.0 0.42
Zeljinskincev, Donezkugol 3.6 12.5 5.2 1.0

Kalinin, Kizelugol 2.8 9.95 2.8 0.07 2.65
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burnt layer of timber at its perimeter is calculated, one sees

that 1t approaches asymptotically 0.03 in/min. This 1s the same
order of magnitude as the rate of penetration of the pyrolysis
front B (fig. 3) given by Roberts (106) for timber as

B = 0,014 - 0.052 in/min

For polyurethane foam he measured

B=20,78 - 1,9 in/min

B depends on ‘the air velocity which most probably explains the spread
between the high and low values.

The rate of pyrolysis mv, expressed ‘as a mass rate of fuel
evolution per unit surface area has been observed by Roberts (106)
for timber to be
m, = 2.29 -~ 8.5 lb/ft2 hr
and for polyurethane foam to be

=.7.38 = 20 1b/ft? hr.
Tﬁe dependence of m, on the air velocity, as published by Roberts ‘
and Blackwell (104), for a tunnel of 45 ft2 cross section is shown
in fig. 12 and as published by Roberts (105) for two tunnels of U5
and 1 ft2 cross section in fig. 13

Balta]tis and Markovic (7) give as the average fuel consumntlon
in pyrolysis and charcoal zone combined a value of m, = 2 1b/ft2 nr.

In oxygen rich fires all fuel 1s burned and ‘the oxygen concen-
tration drops to approximately 15%. Maas and Sadée (75) therefore
suggest to calculate the amount of timber burnt by

6%Q,*3,600
M_ = . where 6 = volume % Ozconsumed in an oxygen rich fire
F 100%*11.9 Q, = airflow (ft3/sec)
= 18.15 Q, © - 11.9 = ft3oxygen required to burn 1 1b of wood
lb/hr ‘

Baltajtis and Markovic (7) give a formula, which 1s valid for
oxygen rich as well as for fuel rich fires. The volume of the dry
gas stream leaving a fire can be determined from

378 )
ng = 12 CF/!:Cp {£f£3/1b)
where 378 = volume of 1 1b mole (ft3 /lb-mole)
12 = molecular weight of carbon
CF = mass % C in fuel

sz = yolume % C 1In combustion products

Under the assumption that the airstream entering the fire Qa is

approximately equal to the gas stream leaving the fire MF*Qd s
the fuel consumptiom can be calculated from g

. IC
The same approach is sgggested by Both {(14).
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Table 4, Total Concentration of Carbonaceous Gases (Vol. %) in an Experi-

mental Large Scale Timber Fire (7)

Time since -

on (min)

Distance From Source of Ignition (ft) .

64.5 82 147.5 213 311 442 475

10 24.6 © 27.1° 24,2 " 23.7 24.5 25.2 27.2

30 7.5 1.5 27.9  24.9  23.7 . 27.9  29.8

50 2.7 4.8  17.2  24.0  26.6. 28.1 27.2
70 1.2 2,1 15,7  22.5  23.0  23.2 26,0
90 1,1 2.4 7.3 1841 22.7  25.3  2T.4

110 . 0.5 1.0 7.0 14.9 22,3 23.4  26.5

130 0.3 0.9 2.4 8.6 19.7  21.8 22,9

Table 5. €alculated Composition of PFumes for Timber with Different Moisture

Contents (131)

Moisture Content of Timber (Mass %)

1 10 20 30 0

02 " 3,17 3.195 3.09 3.04 3.22
N2 " 76.18 75.65 73.85 71.84 77.00
co " 1.21. 1,20 1.18 1.15 1.23
H20 " 9.82 10.39 12.47 14.73 8.75

volume of fumes per 1lb

timber (standard cft) 124.8 121.2 110.0 98.2

air consumption per lb

timber (standard cft) 118.8 114.4 101.5 88.5

volume ratio

fumes/air 1,05 1.057 1.082 1.11

specific weight ratic .

fumes/air 0.9891 0.9882 0.9781 0.9682
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¢) Minimum extension of timber fires

. Maas and Sadee (75) estimate the flamezone length
of oxygen rich timber fires with the formula

MF¥100 _ P ‘
‘Lf:— E;IIEE— (ft) where‘MF = timber burot by fire (1lb/hr)
W = timber load of roadway (1lb/ft)
l = weightloss of timber due to fire (%/min)

Roberts and Blackwell mention (104) that the extension of timber
fires can be calculated from thelr definition of the fuel/air ratio

_ S*P*Lf*m
Va'da"A
or, with P and Ly in ft, A in ft2, V_in ft7sec, 4~ in 1b/ft? and
m in ib_ | ” |
v ftinr
‘ E , %
L, = R*3,600  Varrrah o,
£ Y
5 © P¥m

v

As outlined above they suggest Rv0.3 for fully developed oxygen
rich timber fires and Rr3 for fully developed fuel rich timber
fires. Values for m as a function of V_ have been glven in
chapter II-C-b. L, VY indicates the leng®h of the flamezone for
oxygen rich fires for fuel rich fires the length of the pyrolysis
zone, S

A comparison of this formula, written‘with y' = 0.075 1lb/ft?
and R = 0.3 as a

Ly ._;iﬁi,ﬁ.* Q,*60 60

— = 0.2
5 Fim 79, e

with the formula from Maas and Sadée, written as

*100 ' *100
L s F _ 1815 9700 4 503 g 100

£ WH1#60 60 . W1 a W¥L

shows good agreement since W*1/100 as well as P¥m_ /60 specify the
amount of_timber burnt per foot of roadway and minute.

Baltajtls and Markovic (7) giﬁe for the first stage of a
timber fire, before any extended charcoal zone has formed, the
formula

Lay = Mp = 0.0317%3600% EER_ * Q (ft)
£l P¥m, c P¥m
o) v
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with Q. in ft3/sec P in ft and m_ in 1b/ft2hr. If this formula . -

1s wriften in the form v
*60

Lp, = 0.0317#60% e T 6

ST ’ CF P*mv

and for an oxygen rich fire EC = 5% and for timber C_ = 35% are
inserted, one obtalns H , F

5 , A %60 60

= L = % = F*-—

ﬁhich 1s in good agreement with the previous formulas, too.

If in a second stage a charcoal zone starts forming, the total
length of charcoal and pyrolysls zone can be calculated from

*
sz = Lfl + Vf T _where Vf veloclty of pyrolysis zone advance

1= time elapsed. since begin of the second

stadium

When in a third stagé finally an equillibrium has been reached and
charcoal zone and pyrolysis zone move at the same speed, Baltajtis
and Markovic suggast use  of the formula

g2 = 0.0317#3600% X Cp %
C p*
F m,

wlth an average value of m,_ for both zones.‘ As its value they
suggest m = 2 lb/ft2 ‘hr. ‘

L

d) Velbci&y of fire propagation

Fire propagation along a roadway is due to heat
transfer by radlation and convection. The latter takes place as
natural convection, caused by air movement as the result of
buoyancy forces of the hot fumes and as forced convectlon, caused
by the ventilating air current. Since the air movements creating
the convection provide the fire at the same time with fresh oxygen,
heat transfer by convection has a larger influence on the propagation
of fires than radiation. And since the air velocities as the result
of buoyancy forces are quite low, forced convectlion in the direction
of the ventlilating air current 1s usually conslderably larger than
natural convection. .

A fire in an unventilated or little ventllated airway will there-
fore apread in both directions, upwind and downwlnd. Since the oxygen
supply upwind is better, the propagation velocity in this direction
may even be hilgher than downwind. The higher the veloclty of the
ventilating alr current becomes, however, the stronger the tendency
of a filre to spread downwind.

Buoyancy forces developed by hot fumes are directed vertically



upwards. - The fumes therefore have a tendency to form a layer .along
the roof. In unventilated or laminar ventilated airways this layer
is dlspersed by molecular motion only, which 1s a very slow process.
Turbulent dispersion requires that the kinetic energy of the
turbulent particles, formed by the ventllating alr current i1s high.
enough to overcome the buoyancy forces.  Since this kinetic energy
is proportional to the air velocity, a certain minimum velocity 1s
required for the turbulent dispersion of such layers.

In little-ventilated alrways the fumes will therefore malnly
travel and the fire wlll propezgete along the roof. In inclined
descensionally ventlilated alrways alr can flow 1lnto the fire down-
hill along the floor whereas the fumes are travelling and the fire
is spreading uphill along the roof.

The velocltlies with whlch mine fires Spread in unventllated
airways or with which they spread in ventilated airways upwind
agalnst the air current are small compared with those 1in other
directions. Their propagation is easier to control, too. Back-
‘Ing of smoke can be fought by local air velecclty increases with.
transverse brattice or shields, blocking the lower ecross section
of ithe airway (29,82). No systematic investigations on fire
propagation velocltles agalnst alr currents and few (33) on the
extenslon of backed smoke layers are known although many of the
inslights gained from the studles of gas layers would be trans-
ferrable to these problems.

Some typlcal examples for observations made shall be quoted.
Both (13) reports that the fire propagation as well as the backing
‘of smoke against the airflow has so far always been negliglble
in West German coal mines. The reason 1s most probably the high
air velcclities associated with longwall mining. Only a few cases
are known where the backed smoke reached extensions of up to 100
ft. Flres propagating along the roof against the ventilating air
current could always be extinguished easily.

Mitchedl (82) reports that in the experimental coal mine of
the USBM the length of the tacked smoke layer was 100 ft with an
alr velocity of 120 ft/min, S0 ft with 180 ft/min and 10 ft with
230 ft/min. Eisner and Smith (33) mention the best known instance
of backed smoke which was in 1910 at Whiltehaven Colllery in
Great Britaln with 372 yards against an 1intake ventilation speed
of some 325 ft/min; 86 men were lost. In this case, however, the
ventllatlion must have been descensional and one can suspect that
Iintermittent airflow reversals occurred.

Osipov and Zadan (94) state that in their fire experiments in
timbered tunnels the fire velocity against the airflow did not
exceed 20 ft/hr. Dougherty (29) remarks however that " in high
volatile coals the rate of propagation outward can be both rapid
and extenslve whereas its rate of travel inby is falrly slow or
negligible”. On occaslion the rate of spread was 150 ft/hr against
a ventilation speed of 150 ft/min.
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. The ‘systematic work done so far deals with fire propagatlion
in the directlon of airflow at ordinary airspeeds., All of this
work has again been done in timbered roadways.

Maas and Sadée (75) estimate the velocity with which the
flamezone of an oxygen rich fire moves zalong a timbered roadway

b M
Y v = = 18-15 Qa

F
f v — (ft/hr)

Where MF = amount of timber burnt‘(lb/hrj

W
Qa

timber loading of roadway (1b/ft)
1r quantity (ft3/sec)

Baltajtis and Markovic (7) suggest the same approach with the
formula

=. MF -_-‘ * * » Qa -
Vf — ° 0.0317 3,600 U_E (ft/hr)
With Cp = 35 % and ECpA= 5 % for an oxygen rich fire thils becomes

Vo = 16.3 Qg
£ W

IC Q. '
If the formula Vf = 0,0317%3,600% __E # 2 suggested by Baltaltis
W

and Markovie is applied to fuel ricg timber fires with IC_ ~ 3C %
and C_ ~ 35 %, 1t becomes - ‘ D
F | v, =98.8 “a
. £ W .
A comparlison of calculated with measured velocltlies, obtalned for
fuel rich fires in a timbered tunnel of 34.3 ft? cross section and
614 ft length is shown in table 6.

Apparently the same tunnel was used by Oslpov and Zadan (94)
for a larger number of experlments whose results they express in the
formula

vV, = Pa (ft/hr) where P. = airflow/timberloading
. = #*
: 60/ (evre
; v, = timber loading (ft3/ft)

All the fires studled by them were obviously fuel rich.
If a speciflc weight of 40 lb/ft3 is assumed for timber, the above
formula by Osipov and Zadan gﬂves for values of Q_ /W = 2 or
Pa = 4,800 approximately the zame velocltles as offe obtains with

= 98 8 Q /W. For smaller values of P,, however, 1t glves greater
velocities &nd for larger valdes of Pz smaller velocities and the
devliations can become considerable

Since Oslipov and Zadan f4=1 that the ratlc alrway ¢ross section /
timberloading 1s falrly constant for Russian mines, which makes P
proportional to the alr velocﬂty, they suggest as the evaluation of

(
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their results a seCOﬁd formula

v . ‘ -
Vo = : a (ft/hr) where V, = air velocity
0.0IIT ¥ 0.00275 V, (ft/sec)

As examples of observed flre velociﬁies'OSipov and Zadan give the
values for 5 accidental and 9 experimental fires (table 7).

‘Roberts and colleagues found that an approximately iinear
relation between ailr and fire valocities exists. As an example,
fig. 14 'shows the rate of spread of fuel rich fires (R = 3) mea-
sured in a square duct of 1 ft2 cross sectlion plotted against the
air veloclty (100 103,104),

A possibility to calculate Vf offers the definition of the
fuel/alr ratilo

_ G¥VpRYEF

Va *J %A
With R = 0.3, ab’a = 0.075 lb/ft? and F = 1.0 one obtains for okygen
rich fires '

. 0.3%0,075%3,600 , Qa _ a ‘
o 5 — ¥ = = 16.2 = ,(ft/hr)

R

O

v

which agrees well with the above formulas by Maas and Sadée and
Baltajtis and Markovie. For fuel rich flres one obtains

. 3%0.075%3,600 @y _ . Qa

Vf = »
.5 W W (ft/hr)

which is not 1n as good agreement with the formula of Baltajtls
and Markovic.

Roberts and Blackwell (104) report that in an accidental mine-
fire 1200 ft of timber lagging were consumed in 40 hours. The
estimated averages of fire velocity for a further 8 accidental
fires were 1in the range of 66 - 330 ft/hr. If mixine of the fumes
with fresh air from other alirways gilves rilse to secondary fires,
the rate of spread can, of course, be considerably higher.

Mc Crodan (77) reports that in the fire at the McIntyre Porcupine
Mine 1965 the path of the fire extended vertically through 1190
ft and horizontally through 7,155 ft within one week.

e) Temperatures developed by timber fires

The highest temperature a fire can reach 1s its
adiabatlic flame temperature. It can be determined from a heat
balance which requires that the enthalpy of the reactants (air
~and fuel) plus the heat of reactilon be equal to the enthalpy of the
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Table 6. Comparison of Calculated and Measured Propagation Velocities of.
" Timber Fires (7) o

Test No Air Velocity Timber Loading : Propagation Velocity (ft/hr)

(ft/sec) {(1b/ft) Calculated Measured
1 3.9 83.3 190 : 184
2 5.9 . 83.3 285 269
> 9.8 83.3 4T " 492
4 13,1 83,3 600 586

Table 7., Observed Fire Velocities of Accidental and Experimental Fires (94)

.Cross Air Time since Extension Average
Mine Section Veloc. JIgnition of Fire Fire Veloc.
(p42) (ft/mec) (hr) (ft) (ft/nr)
Neshdannaja,
Combinat Rostov 92.6 4.26 2.3 426 185
Choladnaja Balka,
Group Make jevka 5549 4.91 6 1050 175
Proletarian Dictator-
ship, Combinat Rostov 81.3 2.13 10 1230 125
Cctober Revolution )
Group Schachtjorsk 61.4 _3'28 18 2430 138
Astern No 10,
Group Kommunarsk 48.5 6.56 2 426 215
Test No

CNIL VGSC 1 32.3 5.28 0.5 98 196
Donbasssa 2 32.5 1.97 2.3 311 135
(Central Scien- ° 3243 5.74 1 229 229
tific Research 4 3.23 3.28 1.2 207 173
Laboratory of
the Mine Rescue 2 32,3 5.28 0.5 66 132
Teams of the 6 32.3 3.28 1.1 197 179
Donezk Basin) 7 32.3 6.89 2.5 531 213

8 32,3 10.15 2.2 531 241

9 32.3 17.06 1.8 931 295
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conbustion products., The heat of reaction for complete com-
bustion 1s equal to the lower calorific value of the fuel. For
incomplete combustion 1t must be corrected by subtracting the heat
of combustlon of any unburnt fuel due to lack of oxygen or dis-
soclation. One has to conslder, furthermore, that the products

of combustion can 1n¢lude sollds as well as gases.

The calculation of the adiabatic flame temnerature is relotively
cumbersome, gince in addition to the specific heat variations cof
the combustion products their composition changes with temperature,
due to dissociatlon, must be considered. Besldes trial and error
methods the use of charts 1s therefore advisable. As an
example fig. 15 .shows adliabatic flame temperatures calculated by
Myers, Goldberg and Smith (85) for fuels of different carbon/
hydrogen atomlc ratios ranging from zero to four. Two sets of
curves for alr preheat temperatures of 100 and 6009F are plotted
as funetions of excess alr or fuel/air ratios.

Calculations of adlabatic flame temperatures are based on
the assumptlion of a perfectly mixed gas stream passing through
the fire. As described above, this assumption holds for fuel
rich fires but not for oxygen rlch flres. Therefore, one can
for the latter expect a wide range of flame temperatures beilng
present in one and the same fire.

, It 1s, however, posslble to estimate the highest temperature
the fumes can theoretically reach after the combustion products
have been mixed with the excess air. Maas and Sadée (75) state
that 1n oxygen rich timber fires a temperature increase higher
than 1692°F has never been observed. They derive this flgure
by dilviding the heat generatlion of the fire Q, by the heat content
of the gases passing through the fire, The former can be determined
from

Op = hy* Mg (Btu/hr) where h, = lower calorific value of timber
{(Btu/1b)

M fuel consumption (1lb/hr)

F

If the mass flow of the gas stream passing through the fire is
considered to be approxlmately constant, its temperature increase 1is

Qh - huﬂMF
% fratc

Atf = "
¥
pa Bt et

With the above quoted relation
Mp = 18.15 0, (1b/hr) ands¥ = 0.078 1b/ft?, ¢ e 0.24 Btu/1b°F,
hu = 6,300
Btu/lb one obtains
6,300%18,15

- = (o]
bty = 3,600%0,078%0.24 1695 °F
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Baltajtis and Markovic mention that for incomplete combustion
(as in.fuel rich fires) the heat generated by the fire per unit
mass fuel is smaller than the lower calorific value. For
combustion products containing CO, H, and CHq they suggest to
use the formuls -

+ 2.7 +9.11
oo t 275 CH 9.11 CCH )

'Q = h *_ - Q (3,21 C
h u F bS ) CH,

volume flow of fumes at standard
£ conditions per hr (Sft3/hr) _
volume % of CO, H, and CH, 1n fumes

where‘Q

C.sC. ,C
CO*“H,” "CH,

3.21;2.7539.11

heat of combustion for CO, H, and CH,
(Btu/ (Sft3/100))

To determine from this heat the temperature of the -fumes requires
the same calculations which are necessary for the calculation of
the adiabatiec flame temperatures. An additional aggravation 1s
that many pyrolysis products enter the fumes between the flame-
zone and the point, where the gas samples ére taken.

Experlence shows that the temperatures of the fumes behind
oxygen rich timber fires are considerably lower than 1700°F, 1If
they were this high, a pyrolysis zone would develop and the fire
would become fuel rich. Behind fuel rich fires the temperatures
are equally much lower than the adiabatlic flame temperatures.,

The reasons for are thls the large heat transfer from the flames
to the walls of the airway, caused by the high flame temperatures
and the addlition of gaseous pyrolysils products at temperatures
lower than those of the gas stream.

Roberts and Clough (103) derived a function for the gas
temperature in the pyrolysis zone of fuel rich timber fires,
which takes these factors into account. The highest temperature
can be expeeted where all the oxygen has been consumed and 1s,

according to this func¢tion
3,700

[ -—L——— +t1] (1 - 1,262 Bly 4+ 32 (°@)

tfmax 1

t! 1s the surface temperature at which significant pyrolysis of
tHe timber begins, which according to Roberts and Clough 1s at t' =
527°F. B1 1s defined by

gas-to-wall heat transfer coeffilcient
volatlle emission rate per unit wood
surface area

speclific heat of volatiles

g, = 1 + h/(m*cp*f) where h
m

0
1

f = fraction of rocadway perimeter lined with
wood

The term m*cF*f 1s the heat content of the volatlles emitted per unit
roadway surface area and time. It is more or less proportional. to
the heat transfer coefficlent h with the result that 8, is more or
less constant for larger velocities. Values for g1 determined in a
square model duct of 1 ft sidelength with f = 0.75 and plotted over

Reynolds Numbers calculated with alr viscosities at 18329 are
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. -shown in figure 16.

At the end of ‘the njroiysis zone, where the wood surface
‘temperature is t' = 527°F, the gas temperature t% can be des-
cribed by W

. ! - B . - "
% %W = 1+ 0.262¢R e,
= 7 [T ]
- fmax w o o

rTne,fhel/airqratio~for fuel rich timber fires.éan'be.assumed“to
be R = 3. Values for B, are shown in fig. 16.

Measured maximal gas stream temperatures in the combustion
.zone tf ax and estimated gas temperatures at -the end of the
pyrolysTs zone t!, determined by Roberts and Clough (103) in their
model duct are shown as functilon of the air veloeclty in fig. 17.
A consideration of scaling laws for fires (105) shows that the
gas temperature - alr veloclty relationship 1s approximately the
same 1n small scale model tests and large scale flres. One,
however, can expect the maximum gas temperature in large scale
fires to be about 100-200°F lower than in model tests, due to
the greater importance of radiation. .

. As an example from the many experiments conducted by Roberts
and colleagues in their model duct fig. 18 shows the typleal
varlation of gas temperature in a fuel rich timber fire with
distance 2, 5, 8, and 11 minutes after the start of the fire
(102). The temperature reaches a peak of about 2000°F in the
flamezone. Because of the greater effect of radiation at higher
temperatures and because of the addition of pyrolysis products,
which are due to the lack of oxygen no longer burned, a rapid
temperature decrease to about 1000°F takes place. From there
on no further pyrolysls products are added and the temperatures
decrease more or less exponentially with distance.

Temperature curves measured by other researchers in fuel
rich timber fires are very similar. Fig. 19 shows experimental
results published by Osipov and Zadan (94). The temperatures were
measured in the center of a horizontal rectangular tunnel of 45
ft2 cross section at the distances and times indicated in the
figure. The same tunnel was used by Baltajtls and Markovic (7)
for fire experliments and the observed temperatures published
by them are given in table 8.

Voskobojnikov (131) describes a fire experiment in . a square,
timbered tunnel of 43 ft? cross section, ascending with 16.59.
After 20 minutes the flre was so far developed that the whole
cross section was filled with flames. Flg. 20 shows the observed
temperatures along the tunnel 20, 24, 28, and 32 minutes after
the fire had been ignited. :

Fewer observations exlst for oxygen rich fires than for fuel
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Table 8., Gas Temperatures (°F) Measured in a Large Scale Timber Fire (7)

Time since Distance from Source of Ignition (ft)

Ignition (min) _ 65.5 82 147.5 213 311 410 - 475
10 1796 1706 1174 752 392 248 221
30 , 1412 1562 1743 1330 752 464 402
50 T 1112 1112 1581 1634 . 1050 662 572
70 ' 752 878 1203 1787 1454 896 752
90 652 716 860 1922 1996 1094 932
110 518 562 1022 1670 1868 1184 1050
130 | 419 464 572 1400 1472 1526 1131

Table 9. Materials Burned in Open Fires in British Coal M;nes (26)

Year Coal  Coal Dust Wood  or. °F  Fyfraudc C°;;§{°r
1966 11 36 13 14 3 10
1967 10 23 14 10 0 6
1968 8 27 12 21 5 4
1969 3 29 13 . 19 0 7
1970 5 34 15 14 2 8
Total 37 149 67 78 10 35

Table 10, Maximal Observed Temperatures in Experimental Coal Fires (45,87)

Location of Coal Floor Floor and Rib

Quantity (1b) 3650 24350 7500 7500 12500 12500
Time since Ignition (min) 180 310 130 285 135 ' 250
Maximal Temperature (°F) 1400 1490 1550 1600 1550 1650
Location of Coal Floor, Rib and Roof

Quanﬁity {1b) 17000 18000 15550 18550 14250 12250 17850 19330

Time since Ignition (min) 215 199 190 165 220 180 255 225
Maximal Temperature (OF) 1800 1550 1560 1200 1200 1290 1530 1790

/T
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rich fires. Schmidt and Grumbrecht (118) conducted 130 large
scale fire tests in a 72° raise of 22 ft2 cross section, 1in
whlch centrally located wood piles of 250 - 700 1lb weilght were
ignited. All thelr fires remained oxygen rich (fig. 10)..
Since the purpose of thelr experiments was to find the largest
possible ventllatlon disturbance, all observed temperatures
were entered into a single graph and an upper envelope curve
was plotted (fig. 21). Although most temperatures are con-
siderable lower than thls envelope curve, one sees ¢learly that
in oxygen rich fires the flame temperatures can be in the same
order of magnlitude as In fuel rich fires, The temperature decrea-
se lmmediately behind the fire 1s due, however, to the mixing
of combustion products with excess alr much more rapid.

_Osipov and Zadan (94) made the same observations as Roberts
and Clough (fig., 17) that the temperatures increase with alr
velocity. From thelr experiments in a timbered tunnel of 45 ft?
cross sectlon they conclude that the maximal temperature of fully
developed fires can be described by the formulas

't

tomax = 1975 + bo*v_ (°F) for 1.6<V_<16 (curve 1 in fig. 22) or by
fmax = 32 + : Va (°F) for 0<V <26 (curve 2 in
0.000419 + 0.000361*V a
. .a

figure 22), The air velocity V, 1s measured in ft/sec.
Expressed as a function of the ratlo P, = airflow/timberloading
(ft3 / min alr per ft3 /ft timber) they obtain

- . p :
to . = 32 + ‘ 2 (°F)
fmax 0.257 + 0.000381%P_

These temperatures were reached about 1 hour after the ignition

of the fire and then remained constant. The temperatures in the
original stages of the fire are slightly lower, since less pre-

heatling of the air in the burnt ocut heated sectlons of the duct

takes place.

f) Coal fires

Coal fires, especlally coal dust fires, are more
frequent than timber fires. (table 9). However less attention
1s given them in the literature and very few results on
systematlc flre experiments have been published. The reason
may be that they are less dangerous than timber fires. Although
coal dust 1s a material with one of the lowest ignition temper-
atures encountered underground (fig. 23), the rate of growth'of
a fire in coal dust 1s low. It is 1in the order of magnitude of
3 1/2 inches/hr, dropplng to 2 in/hr when the coal dust is mixed
with stone dust (32). Coal dust fires, therefore, do not pose
any serious threat to life or production., The danger of coal
dust is instead to act as a 1lgniter and fuse to other more flam-
mable materials.

Lump or solid coal fires are usually not too serious a
risk to life elther, especlally in thelr early stages. Coal,
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with approximately 5 % for anthracite and 40 % for high volatile
C bituminous coal has a much lower Vvolatlle content than wood
with 75 - 85 %. Substantial distillation of volatile matter
begins only at about 600°F and becomes rapid at about 1300°F
(fig. 24), whereas the correspOnding temperatures for wood are
approximately 400 and 550°F. Also the ignition temperatures

are higher, although the latter are not constants but depend

on oxygen concentratlons, exposure times, mineral contents,

ete. Flg. 25 (29) shows the order of magnitude.

Due o 1ts economic importance as one of the principal
‘energy sources, the combustion of ¢val in 1ndustrial processes
has been the subject of a vast number of 1nvestigations. This
does not however apply to the accldental combustion of cecal in
underground mines, where,. except for fire extingulshing equip-
ment, no systematlec work seems to have been done. Due to the
complexity of fire it would be risky to try to develop a model
for such flres. It would exceed the scope of this report, belng
a literature evaluation, too.

. . The controlling mechanisms of flre propagation for coal
fires should 1n principle be the same as those described in
chapter II-B, Since coal 1s a difficult ignltable fuel one can
eXpect c¢coal flres, at least for higher ranking coals, to be
oxygen rich fires. Fuel rich fires will malinly occur as a
temporary phenomench after a reduction in ventllation.

Few data have been published on the composition of combustion
products of open underground coal fires. All deal with oxygen
rich fires, probably due to the limlited extension of the fuel
beds provided. Nagy, Hartmann and Howarth (86) report that in
35 experiments wlth coal flres of 20 ft length and alr velociltles
between 2.8 and 5 ft/sec the fumes contained 0.02- 2.6 % CO,

17.55 - 20.61 % 05, 0.01 ~ 0.12 % CO, 0.0 - 0.04 % CH,, no H

and N, as the balance. Nagy, Murphy and Mitchell (87) give, for a
fire of 24,350 1b of coal spread over a length of 15 ft along the
floor, the CO,, CO and CH contents shown in fig. 26.

Temperature observations were published by Nagy, Murphy,
Mitchell (87) and Hartmann, Nagy, Barnes, Murphy (45). Thelir
coal fires had a length of 15 ft, the alr veloclties were in the
range of 50 - 100 ft/min, the coal covered either the floor, floor
and rib, or floor, rib and roof. Coal gquantlty, location, burning
tlme and maximal observed temperatures in the fuel bed are complled
in table 10. A timber flire of 1100 1lb in the same tunnel after
10 minutes rose to a temperature of 1600°F., Air temperatures were
in the range of 700°F.

No data have been published so far on fuel consumptlon, ex-
tenslon and veloclty of coal fires. To estimate the order of magnitude
one could proceed as follows, although, due to the lack of
experimental confirmation, the results have to be accepted with
cautlion. The fuel consumption can be determined as derlved in
chapter II-C-b with the formula



37

'tC

‘M= 0,0317 ZZP * 3,600%Q . (1b/hr) .
¥
where Cf,= mass % C in fuel
ZCp = volume % C. in combustion products
Q, = alrflow (rt3/sec)

If one assumes that in oxygen rich fires, where the fire propagation
takes place through local heat transfer from the flames along the
walls, the volatlles as well as the fixed carbon 1s consumed, and
that IC_ 1is not higher but most probably lower than in timber fires, .
one obtBins for anthracite .

, 6 o _ .
'MFmax = 0.0317? g5 ¥ 33600 ¥Q, = 8.05‘Qa

and for high volafile C bituminous coal -
‘ = T *Q = 9. :'
Mymax = 0-0317% —= * 3,600 * Q, = 9.78 o,

Fuel rich fires, are mainly fed by the gas generated from the ceoal
by the hot fumes. Judging from the products obtalned in high-
temperature coke ovens the gas composition changes with coal but
its carbon content remains from low volatile to high volatlle C
bituminous coal in the range of 50 %. Under the assumption that
all carbon 1s burned to CO and all oxygen has been consumed, one
obtains for ZCp;values between 12 and 20 %. Consequently

= # 20 O * =
MFmax 0.0317 50 3,600 Qa 45,6 Qa (1b/hr)

The maximal extension for oxygen rich fires of the fire zone
can be determined under the assumption that all fuel consumed 1s
fixed carbon. The combustion rate of brush coal (probably lower
than that of underground coal and therefore leading to the cal-
culation of too large fire zones) has been determined by Parker
and Hottel (96) and 1s shown 1in fig. 27 as a function of temperature
and air velocity. If the temperature in the fuel bed is 1500°F,
the average combustion rate is m, = 0.06%*10-3 g/cm2¥gec.
or m, = 0.45 15/ft?sec. With M, = m *P*L,, where P = perimeter of
airway and Lf = length of fire Zone V one obtains for anthracite
=%‘—%~§*Q_a=17.9 Sa (£%)

.45 P P

and for high volatile C bituminous coal

| = '78 * Qa = Qa
L, e v la =217 "2 (%)

fmax

P

" "For fuel rich fires one can make the assumption that per hour a
layer of 1/2 inch thickness of the coal is carbonized (72). This
results in a volatile emission of
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1 \ |
MF = P ¥ Lf * 2 * y' ¥ Cv where y' < spec¢ific weight of coal

C C
Cv = mass % volatile matter of
¢coal
With y' = 80 1lb/ft3, C, = 40 % and Mg = 45.6 Q@  one obtains
C a

Lo = 45.6 * 24 » Q& = 34,2 % (rt)
80 * 0.40 P P

The velocity with which a coal fire spreads is hard to predict.
Due to the unlimlited avallabillity of fuel it willl be strongly in-
fluenced by such factors as diffusional resistance of the slag
formed along the walls. It will certainly be much smaller than that
of timber fires but how large 1t 1s has to be answered by accldental
or experimental evidence.
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III.~ Temgerature of Fumes Behind the Fire Zone

All major forces exerted by mine fires on the ventilation
can be conslidered as thermal forces. Wor thelr determination
the knowledge of the temperature changes, caused by the fires,
1s indispensable. . Thls applles less to flame- or pyrolysils zones,
which are comparatively short, than to the much longer airway
sections downwind-of the fire which can experience considerable
temperature changes, too. : : ‘

The temperature of . the fumes leaving a flame- or pyrolysie
zone. is changed by mixing with other alir currents and by heat
exchange with the alrway walls. ' The effects of mixing are -easy
to describe. Except for the entropy, each individual property
of the mixture 1s equal to the mass-welghted arithmetic mean
of the same properties of the ¢onstituents. No further detalled
discussion of mixing processes 1ls therefore necessary.

. Less simple to describe are the heat exchange processes.
The different approaches-applied by ventllatlion englneers where
applicable will therefore flll the whole following part III of
this report. ‘ ,

A. Steady state heat exchange with alrway walls

The assumption of an infinite heat capacity of the rock
surrounding an alrway leads to constant rock temperatures and to a
steady heat exchange process between alr and rock. If the rock,

before exposed to the fumes wlth the temperature tI had
assumed the average temperature t_ of the ventilating alr, the

heat transfer dq from the fumes t% the rock can be described by

dq = a (tp - t,) P.dL - where a = heat transfer coefficient
. ' P = perimeter of alrway
L = length of airway

This will c¢ause a:change of temperature 1n the fumes by

dtf = - —%%g—-— where G = mass flow rate of fumes
P Cp = constant pressure specific heat of
fumes
With

t = temperature of fumes at ‘the begin of the airway (L = 0)

fo  one obtains
o P L,
tp = ta f (tfo - t,) exp (- E;E;—) | egu. 3.1

The mean temperature of the fumes in the alrway, whlch is fre-
quently used for the determinatlion of thermal forces, 1s

- x _ Yro=Fa « O%cp aP*L
tfm_r'rtde_ta"'_L_— -—QP—-—(l—eXp(a—*—c—-'))
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The mean of the squares of the absolute temperatures, which is
sometimes used for the same purpose, is
STp2dL . p*L

(Tmsq)z =TT = T 2+ EEQ_:_EE *. [2T (1 - exp(- §¥ )Y +
L
ta t.
fo - ' PRI,
O2 2 (1 - exp(- %Ew—g M1
» P

In nonhorlzontal alrways the' change of the orlglinal rock
temperature with depth and of the alr temperature due to pres-
sure changes {(autocompression) has to be taken into account.
If the origlnal rock temperature l1ls decribed by the formula

= - IR
tav tRVo gr*L¥sing

orlginal rock temperature at begin
RVoe  of airway
gr geothermal gradient
B angle of alrway lnclination
(positive for ascensional, negative
for descensional airways)
and 1f the pressure changes wlth depth cause the. temperature change

sing
at, = - I*cde = - ga*sins*dL

where t

where I = mechanical heat equivalent = 778,26 ft-1b/Btu
the combined effect of heat exchange between .fumes and rock and
autocompression can be described by
_a P
dtf = —ga*sinB*dL - (tf - tryo t Er¥*sing*L) G *Cp dL

With te = tfonfor L = O integration results in

R G * cp#sing -gié
te = thyo - BYFL¥sing + (t. - tp, - —5 (gr-ga)) exp(- G )
-G ® c_x
+ DPSi“ (gr-ga) EQU. 3.2
o

Under the assumption that for older alrways the heat exchange
between alr and rock had become negliglible before the fire started
and that the roeck had assumed the temperature of the alr (tRVo =

t,o» 8 = ga) this equation can be reduced to
aP¥L
= - ®],% - -
te t a0 ga*L#¥sing + (tfo tao) exp ( G*cp) EQU. 3.3
Mean temperatures ¢t and mean square absolute temperatures

(T, )2 can be caleETated without difficulties.

A later comparison with the results obtalned for non-steady
heat exchange processeés shows that the assumptlon of & steady state
process 1s a good approximation for small air quantities and for
the first minutes, during which the heat exchange takes place.
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B) Non steady state heat exchange with alrway walls

A more accurate treatment has to take into account the
limited heat capacity of the rock surrounding the airways. When-
ever a heat exchange between the alr and the walls occurs, a
gradually thickening layer of rock with temperatures between the
original rock temperature and the air builds up. Thils layer
forms an insulation and lets the heat exchange decline with time,

Due to the importance of accurate temperature precalculations
in deeper mines with climatic difflcultles, many attempts for the
calculation of the non-steady state heat exchange between alr and
rock have been made. Within the scope of this report it is
impossible to quote every single paper which exlsts on thils toplc.
Only those, which became better known because they suggested an
improvement of existing solutions and whose results are applicable
to mine fires shgll be discussed.

The non-steady state heat exchange between rock and air 1s
a very complex problem since it comprises
the heatflow by conduction within the rock, '
the heat transfer by convectlon and radiation from the rock
to the air or vice versa,
the heat transfer assoclated with mass flow.
Heat flow by conductlon can be determined with the help of Fourler's
equatlion of heat conductlion

3t . g 92t 4 %1 W where t = rock temperature
ot ¢ty = time |
= k = thermal diffusivity of rock
cy’

heat conductivity of rock

speciflic heat of rock

speciflc welght of rock

heat generation per unit volume

inside rock

In applying this equation on the heat exchange in mine alirways the

followlng assumptlons are usually made:

the rock 1s homogeneous and isotroplcal,

the temperature of the rock surrounding the airway 1s uniform at the
beginning of the heat exchange,

the alrway has a circular cross sectilon,

the heatflow parallel to the alrway is negligible,

no heat sources or sinks exist in the rock,

no change of phase of the rock humidity occurs.

Fourler's equation of heat conduction can then be expressed 1in

ecylinder coordinates in the following form: ’

at 32¢ 1 . at
= - =4 iy =
e = a sr2 T o ar)

t
T
a
k
¢
Y
0}

..
nawuwn

Under the additicnal assumptlons: 7

the original rock temperature remains preserved at a sufficient

distance from the airway,

the wall teuperature is equal the air temperature (heat transfer
coeff, a==),

the air temperature along the alrway does not change with time,
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general solutlions wlth numerlcal applicatlions have been vrovided

by Nicholson (90), Smith (119), Carslaw and Jaeger (21) and

de Braaf (15), extensive numerical solutions by Carrier (24),

Goch and Patterson (37), Jaeger and Clark (60), Wiles (143),

Koenig (69), Batzel (8) and Boldizsar (11,12). Simplified

scolutlions assumlng an insulating mantle of constant thickness

were derived by Helse and Drekoof (50,51) and Stokes and Cernik(l23).

Solutlons wilth a varlable heat transfer coefficient a were
published by Jaeger (59), Scott (1l1ll), Scerban and Kremnev (107),
Starfield (122), Nottrot and Sadée (91) and Amano and Shigeno (4).
A set of 2500 solutions has been calculated by the West German coal
mines and is part of their . computer library (135). Numerical
procedures for temperature precalculations, whlch allow accom-
modation of a great varlety of boundary conditlons were recently
developed by Jordan and colleagues (61,62,63). They do not attempt
to obtaln solutions in closed form.

Fourler's equation of heat conduction describes the temper-
ature distribution in the rock. The heat exchange between rock
and air per unit time and wall area is for a cilrcular airway with
the radius rs

3t
hp = ki R)
r=r,
or, with the wall temperature tw

hR = a (tw

Most solutlions of the Fourier equation for the heat exchange 1n
mine air make use of or c¢an be related to the use of a dimension-
less functilon

- ta)

K (a) = 250 FW -ty _ r_ (at/ari r=r,
try - ta try = %4

A comparison between

. 1
h =k (¢t -t ) K
R ( RV a) To (a)

and the equation for a hypothetical steady state heatflow between
the temperatures tpy and t, through a layer of rock with the thick-
ness y

1

hg = K (tpy = %)y

delivers: K(a) = r_/y. K(a) can therefore be visualized as a
dimensionless scale for the thlckness of the insulating layer of
rock surrounding airways and increaslng with age. It 1s therefore
frequently called: "Coefficient of age". The advantage of its use
is that, wilith proper values o K(a), non-steady state heatflow
processes can be treated as steady state processes.

5
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The coefficient of age K(a) 1s a function of the dimension-
less numbers ‘ at ~
Fo = = and Bi = %Yo
To
and Biot numbers, A comparlison shows that the values obtained
for K(a) by the different authors agree well with each other.
An example are the results of Jaeger and Clark (60) for F, = 10~ -2 _103
and Bl = « (a = «) given in table 1ll, the results of Nottrot and
Sadde (91) for Fo = 0.0004 — 1000 and Bl = 0.1 - o0
in table 12 and the results of Scerban and Kremnev (107) for
Fo = 10~3 - 103 and B1 = 1 - = in fig. 28. Table 12 a contains

dimensionless wall temperatures, calculated by Nottrot and Sadée(91).

, frequently called Fourler

: Several of the above quoted authors provide solutions of

the Fourler equation for short perilods of heat exchange. Numerlcal
solutions have been published by Scerban and Kremnev (107) and
Scott (111). If the terminology of this report 1s used, Scerban
and Kremnev's results for K(a) are

_ BiZ {1 - exp(z2)(1 -

0.375+B1 —
where z = (0.375 + Bi) ¥ Fo ' :
If the term in brackets 1s called f(z), this equation can be
written as .

o

K(a) = Bi fz exp (-z2)dz)]
o

.
K(a) = B1 - Bl £f(z)

0.375 + B1

Values for f(z) are given in table 13. According to the authors,
for values Bi1>10 and F0>0.005 an approximation

r
K({a) = 0,375 + —2—_ 15 Jjustified.
T a T
Scott (111) suggests for time perlods < 6 weeks (again in the
terminology of this report)

/2
K(a)vBi - 2(;—) (B1)?2

Since the coefficlient of age K(a) is based on clircular cross
sections, corrections for noncircular airways have been determined
by Koenilg (68) According to his recommendatlions an equivalent
radius r should be applied, where § has the followling values
for equi?ateral cross sections:

shape § shape s shape 8
triangle 7.108 hexagon 6.521 decagone 6,374

quadrangle 6.778 octagon 6.421 circle 6.283

For rec¢tangular shapes with different side ratlios he recommends:

-slde ratio 5 side ratio 6‘ slde ratio 8
0.1 7.40 0.4 6.92 0.7 6.81
0.2 7.15 0.5 6.87 0.8 6.80

0.3 7.00 0.6 6.83 0.9 6.78



‘Table 11. Coefficient of Age for Bi = ©0 (60)

45

F e e

Fo 0 1 2 3 4 7 9
0,0 o 6,129 ‘4471 3,736 3,797 2,997 2,774 2,602 2,462 2,347
0,1 1,249 2,164 2,090 2,026 1,967 1,915 1,868 1,825 1,785 1,749
1 02 1,715 1,684 1,655 1,628 1,602 1,578 1,55 1,534 1,514 1,495
0,3 1,476 1,459 1,412 1,427 1,411 1,397 1,383 1,369 1,387 1,344
0,4 1,333 1,37 1310 1,290 1,289 1,279 1,269 1,260 1,251 1,242
0,5 1,234 1,725 1217 1,209 1,202 1,194 1,187 1,180 1,173 1,166
0,6 1,160 1,154 1,147 1,141 1,136 1,130 1,124 1,119 1,113 1,108
0,7 1,102 1,097 1,092 1,087 1,082 1,078 1,073 1,069 1,064 1,060
0,8 1,056 1,052 1,047 1,043 1,039 1,035 1,031 1,028 1,024 1,020
0,9 1,007 1,013 1,010 1,006 1,008 1,000 0,997 0,993 0,99 0,987
1, 0,934 0,955 0,930 0,908 0,888 0,870 0,854 0,838 0,825 0,812
2, 0,500 0,790 0,779 0,770 0,761 0,752 0,744 0,737 0,730 0,723
3, 0,716 0,710 0,704 0,698 0,693 0,688 0,682 0,678 0,673 0,664
4, 0,564 0,660 0,636 0,652 0,648 0,645 0,41 0,638 0,635 0,631
5, 0,628 0,625 0,622 0,619 0,616 0,614 0,611 0,608 0,606 0,604
6, 0,601 0,599 0,59 0,594 0,592 0,590 0,587 0,585 0,583 0,551
7, 0,579 0,577 0,575 0,573 0,572 0,570 0,568 0,567 0,565 0,53
B, 0,562 0,560 0,554 0,557 0,555 0,554 0,552 0,551 0,550 0,548
9, 0,547 0,546 0,544 0,543 0,541 0,540 0,519 0,537 0,530 0,535
1 0,534 0,523 0,513 0,504 0,497 0,489 0,483 0,477 0,471 0,456
2 0,461 0,457 0,453 0,449 0,443 0,441 0,438 0,435 0,432 0,420
3 0,426 0,424 0,41 0,419 0,46 0,414 0,412 0,410 0,408 0,416
4 0,404 0,402 0,400 0,399 0,397 0,3% 0,3M 0,393 0,31 0,390
5 0,388 0,387 ©,385 0,384 0,383 0,382 0,381 0,379 0,378 0,377
6 0,376 0,375 0,374 0,373 0,372 0,371 0,370 0,369 0,364 0,307
7 0,366 0,366 0,365 0,364 0,363 0,362 0,362 0,361 0,360 0,359
8 0,358 0,358 0,357 0,35 0,355 0,355 0,354 0,353 0,353 0,352
9 0,352 0,351 0,351 0,350 0,349 6,348 0,348 0,347 0,347 0,346
Fo 00 10 20 30 10 50 &0 70 80 Yo
1 0,346 0,341 0,336 0,332 0,328 0,325 0,322 0,119 0,316 0,314
2 6,311 0,309 0,307 0,305 0,303 0,301 0,300 0,298 | 0,297 0,245
3 0,294 0,292 0,291 ST 0,289 0,287 0,256 0,285 0,284 0,283
4 0,252 0,281 0,250 0,280 0,279 0,378 0,277 0,276 0,276 0,275
5 0,274 0,274 0,273 0,272 0,272 0,771 0,270 ‘0,270 0,26 0,268
6 0,268 0267, 0,267 0,266 - 0,265 0,263 0,264 0,64 0,263 0,263
7 0,263 0,262 0,202 0,261 0,26} 0,200 0,200 0,159 0,259 0,258
K 0,258 0,258 0,257 0,257 0,356 0,25 0,756 0,750 UL 0,245
9 0,254 0,254 0,254 0,754 0,252 0,253 0,252 0,352 0,251 0,252
10 0,251
Table 12, Coefficient of Age Table 12a. Dimensionless Wall Tempera-
for Variable Fo and Bi (91) ture (t t Y/ (6o, - t.) (91)
w a RV a
R -_— e =
Bi Bi
Fo 00 | 03 |os ! 20| 25| 50 [100]25,0] eo N | Gt [ 03 (05| 1o | 25| 50| 100|250 =
0,0004| 0,100 | 0,298 | 0,495 | 0,980 [ 2,368 | 4,490 | 8,114 }15,482 06,0004 | 0,998 | 0,994 | 0,990 | 0,980 | 0,947 | 0,898 | 0,811 | 0,619 | 0,000
0,008 | 0,099 [ 0,292 | 0,477 | 0,912 ] 1,997 | 3,297 | 4,723 | 6,104 0,008 [0,991 0,972 | 0,954 | 0,912 | 0,799 | 0,656 | 0,472 | 0,244 | 0,000
0,014 | 0,099 [ 0,289 | 0,471 | 0,887 | 1,874 | 2,941 { 4,003 | 4,863 0,014 | 0,938 | 0,94 | 0,941 | 0,887 | 0,750 | 0,558 | 0,400 | 0,195 | 0,000
0,02 |©0098 (0,287 | 0,465 | 0,868 | 1,788 | 2,717 | 3,569 | 4,197 | 4,472 0,02 | 0,986 | 0,358 | 0,930 | 0,868 | 0,715 | 0,543 | 0,357 | 0,168 | 0,000
0,08 | 0,097 | 0,276 | 0,437 | 0,772 | 1,400 | 1,873 | 2,188 | 2,375 } 2,463 0,08 |0973]0,921 | 0,874 | 0,572 ] 0,561 | 0,375 | 0,219 | 0,095 | 0,000
0,14 | 0,097 | 0,270 [ 0,422 | 0,724 | 1,232 | 1,578 | 1,786 | 1,907 | 1,967 0,14 | 0965|0501 | 0,843 | 0,724 | 0,495 | 0,316 | 0,179 | 0,076 | 0,000
0,20 |o0,096 0,265 { 0,411 [ 0,691 | 1,138 | 1,412 | 1,573 | 1,667 | 1,715 020 | 090 [ 0,583 (0,821 | 0,691 | 0,455 | 0,282 | 0,157 | 0,067 | 0,000
0,80 | 0,083 | 0,244 | 0,361 | 0,557 | 0,803 | 0,934 ] 0,995 | 1,033 | 1,056 - 0,80 0,931 | 0,815 | 0,722 | 0,557 | 0,321 | 0,185 | 0,100 | 0,04 | 0,000
1,40 10,092 0,235 0,340 | 0,506 | 0,695 | 0,788 | 0,839 !-0,870 | 0,538 “1,40 {057 | 0,782 | 0,679 | 0,506 | 0,279 | 0,158 | 0,084 | 0,035 | 0,000
2,00 | 0,08t 0,228 0,326 | 0,475 [ 0,640 | 0,716 | 0,753 | 0,785 | 0,800 2,00 | 0,207 | 0,760 | 0,651 | 0,475 | 0,256 | 0,143 | 0,076 | 0,031 | 0,000
8,00 | 0,087 | 0,203 | 0,276 | 0,375 | 0,472 [ 0,515 | 6,540 | 0,353 | 0,562 8,00 | 0,865 0,675 0,551 | 0.375 | 0,185 | 0,103 | 0,054 | 0,022 | 0,000
14,00 | 0,085 | 0,193 | 0,258 1 0,343 | 0,424 [ 0,459 | 0,477 | 0,489 | 0,4% 14,00 | 0,847 | 0,643 | 0,515 | 0,343 | 0,169 | 0,092 | 0,048 | 0,020 | 0,000
20,00 |0,084 (0,187 [ 0,248 | 0,325 | 0,397 | 0,427 | 0,44 | 0,455 | 0,461 20,00 | 0,835 | 0,623 | 0,495 | 0,325 | 0,159 | 0,085 | 0,044 | 0,018 | 6,000
80,00 ]0,079 ] 0,167 | 0,213 | 0,269 | 0,317 | 0,336 | 0,348 | 0,355 | 0,358 T 80,00 0,792 [0,555 0,426 | 0,269 | 0,127 | 0,067 | 0,035 | 0,014 | ©,000
120,00 0,205 | 0,256 0,3t6 | 0,36 0,336 &00 0,409 | 0,256 0,063 | 0,033 0,000
1000,00 . 0,251 -

e
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a) Solutions for heat flow from rock to air

Far more solutlons for the change of alr temper-
atures due to heat flow from the rock to the alr have been
published than for heat flow from fumes to the rock. Silnce
there exlsts 1n principle no mathematical difference and these
relatlions can be used for the temperature precalculatlion of
fumes, they shall be discussed, toco.

The common method to determline the alr temperature 1s fo
describe the heat flow per unit time by

1
dg = h A=k (t - ¢t — K P dL
q = hp d (ty = ta) mp K(a)
and the alr temperature change by

d

a " G*cp

dt

With ta = tao for L = O one obtalns
g P k K{a) L

. G cp ry

t =t_._ - (t. =t Jexp(- EQU. 3.4
a ao

RV RV

This procedure 1s not qulte correct. The coefflclent of age has
been calculated under the assumption of a time-~constant air
temperature In the alrway. Slnce the coefflclent of age changes
with time, the air temperature will, however, change with time,
teoo. ' '

Meore accurate solutions of the Fourier equation for air
temperatures, which follow periodle or logarithmic changes with
time have been provided by Scerban and Kremnev (107), for linear,
periodic or exponentlal changes wilth time by Kremnev and Koslov
(70). Van Heerden (49), Hiramatsu and Kokado (52) and
Kappelmayer and Mundry (64), the latter in form of extensive
tables, have solved the Fourler equation and the differentlal
equation for the alr temperature simultaneously. A comparison,
"however, shows that the deviations of the results obtained with
the assumption of time constant and time variable temperatures
are not very large, especlally for older airways.

A larger number of authors have investigated the Iinfluence
of perlodic temperature changes around a constant average temper-
ature at the begin of an airway (4,8,11,12,15,42,50,51,69,107).
These temperature variations are propagated with the alr along
the alrway although with decreasing amplitude and lnc¢reasing
phase shift. The average temperatures in every point of the alrway
are not ‘influenced, however.

Since solutions of linear differential equations can be added
to obtaln the desired boundary conditions, modificaticns of the
above equation for t_, are not too dlfficult. Where neo source 1is
indlcated these modi?ications have been derived by the author to
allow a uniform presentation.
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Table 13. Values of f(z) for the Determination of K(&) (107)

TR @ [ e | mw [T [t
0,0 0,0000 5,0 |. 0,8872 22 0,9744
0,1 0,1036 5,5 0,8974 24 0,9765
0,2 0,1910 . 6,0 00,9060 26 0,9783
0,3 0,2654 6,5 0,9132 28 - 0,9799
0,4 0,3202 . 7,0 | .0,9194 - | 30 - 0,9812
0,5 0,3843 7,5 " 0,9248 35 0,9839
0,6 0,4323 - | .8,0 | 0,9295 40 - 0,9859
0,7 0,4741 8,5 .| 06,9336 45 0,9875
0,8 0,5109 9,0 | .0,9373 .| 50, 0,9887
0,9 0,5435. | 9,5 | 0,9406 60 0,9906
1,0 | 0,5724 10 . 0,9436 | 70" 0,9919
1,2 0,6214 19 10,9487 |- 80 0,9929
1,4 | 0,661 12 10,9530 | 90 0,9937
1,6 0,6975 13 10,9566 - | 100 0,9944
1,8 - | 0,7217 14 10,9597 .| 110 0,9949
2,0 0, 7434 15 0,9624 | 120 - 0,9953
2,57 0,7928 16 0,9647 . | 130 0,9957
3,0 0,8207 17 10,9668 | 140 0,9960
3,5 0,8454 18 0,9686 160 0,9964
4,0 0,8634 19 10,9703 180 0,9968
4,5 0,8777 20 0,9718 200 ~0,9971

IR R DI AL RN e
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In honhorizontal alrways geothermal gradient and auto-
compression have to be taken into account. For vertical
airways with the elevatlion change Z (positive for upcast,
negatlve for downcast shafts) the equation

Gec

t, =t -grz-[t -t *t 2% Yo (gr - ga
a - 'RVo ~ B C*rvo. ™ ®a0 = 7% RTa) (gr. ~ ga)]

% exp(- _B_E_Eiﬁl(t z) 2 ___EE_EE_ (gr - ga) EQU. 3.5
G ¢p To . Pk K(a)

have been suggested (69,11,42), where the plus signs have to be

used for upcast and the mines slgns for downcast shafts. For

inclined alrways with the slope angleg(positive for ascending,

negative for descending airways) one would correspondingly obtailn

Ge.r.sing
= - + - - -
t, trvo gr L sing [tao tRVO D ; . {gr ga)l
G c, T, P k K(a)

For the case that the alr temperature at the beglnnlng of an
alrway 1s at the time T, changed from a constant value t to a
constant value t_ ., Koénig (69) gives a solution for thé éemperature
field of the rocﬁ From this the resulting alrtemperature along
the alrway can be derived. For v<t; the alr temperature 1s, as in
equation 3.4 '

_ P k K(a)1 L

ty = th - (th - taOI)exp(— — )}
P o

For t>71; it becomes

- ) P k K(a)1 L .
ta = tRV - (tRV - taOI eXP(- c cp -ro ) + (taoz - 301)

*exp ( - P k K(G)z L) | EQU. 3_7
Ge r
p ©

K(u) has to be determlned from the Fourler number of the time =<
and K(u)2 of (t - 1y).

The equivalent equation for nonhorizontal airways and t>71; 1s
G ¢, r, ‘sing

- - L sing - [t -t + P - ga
ta tRVo srk K? ne L [ RVo aol P k K(a), (gr ga) ]
% exp(- 2)1 sy 4 G Cp PoSinb (gn _ ga) + (t -t )
G cp ro Pk KT*)I o2 . acl
' P k K(a)2 L
¥ exp(- G o T EQU. 3.8

P O



4s

If in addition to the heat exchange with the rock a heat
source emits the heat quantity Q evenly along an alrway, the
resulting alr temperature is (8,12):

Qr ' P k K(o) L
t, = b+ ° - (tgy =t ¥ QT ) exp(- ~= ()
RV p k K(a) L ao P k K(a) L ¢p To
’ EQU- 3.9

An equivalent formula for nonhorizontal alrways can be derived
from calculations of Boldizsar (12)

- _ _ _ Ge, r, sins - '
ta trvo gr L sing [tRVo tao + - pr(u? (gr ga) +
Qr,
P k K(n)L
P k K L ' Qr
¥exp (- () y + G ¢p Tq Sing (gr-ga) + )
G ry P X K(a) P k K(a) L
&
EQU. 3.10

Both equatlions are only valld when the heat source has been
active over the whole 1life of the alrway.

If the air quantity 1n an alrway is changed, equation 3.4
suggests that for the new air quantlty an "effective age" of the
airway should be used, which, with the new alr quantlty, would
give the same temperature distribution along the alrway as the
old air quantity did within the "real age". The condition for
the same temperature distribution 1is

. Gnew
K(a)opp = K(®) . Toia

from which the Fourler number and T can be determined.
Influence of water

Experience with temperature precalculations show that even
in seemingly dry airways the influence of water should not be
neglected.

IT more water flows from the rock towards an airway than
evaporates, the walls of this airway remailn wet., Under the
assumption that the amount of water evaporated is proportional
to the airway length, the evaporatlon process can be consldered
as a heat sink evenly distrlbuted along the alrway. Thils approach
has been ¢hosen by Batzel (8), Boldlzsar (12), Koenlg (69), Mosin
and Kremnev (71) and Abramov, Mosln and Kremnev (2). Thelr formulas
for the temperature changes are those for evenly distributed heat
sinks. If c¢ondensation takes place one would have to deal with
heat sources; the theory or formulas do not change.

The assumption that the water vapor c¢ontent of the air
changes proportional t¢ the alrway length 1s a gross simplification.
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The amount of water vapor absorbed depends on the relative:
humidity of the air. A solution for the change of humidity
ratlo and temperature of alr along an alrway for steady state
heatflow was comparatlively early derived by Stokes and Cernilk
{123) and de Braaf (51).

Under the assumptlon that the part P of the perimeter 1s
covered with water, they describe the nea¥ balance of the alrway
by

- ) = , +
P K (tRV ta) dL G ¢y dta Gr de

G dw = BP, (py - p,) 4L

where K = heat transfer coeffilcient
w = humidity ratlio = 1b water vapor/lb air
B = mass transfer coefficient
py = water vapor pressure at t
Py, = partlal pressure of water vapor in air
r = heat of evaporation per unit weight

of water
The heat transfer coefficlent K is a function of k, a,a,r, and t
and serves the same purpose as the term k*K(a)/r, in the equations
for non steady state- heat exchanges.
Ra

= —_-—= - - *
With § RV - Ra 1.64 and & Py Ry
Rv - Ra

where Ra,Rv gas "constants of air and water
P alr pressure
de Braaf's solutidns as for Bractical purposes:satisfying

approximations are:

6 8 Pyo
w==py - ( =py - v, )exp(- §E¥ Ly
° P g © B py r(8P, - owo)
ta = Py = (Epy = taolexp(- g KLy - - u
°p oc, BPy - S P K
P KL BP. o ‘ |
* - - —
(exp(- =5 cp) exp(~-—c¥= L) ] | EQU. 3. 11

Under the assumption that the walls are covered with layers
of saturated air, Xoenig (69) and Mundry (B84) derive sets of
equations for the change of humidity ratios and temperatures along
horizontal and vertlical airways. Thelr simultaneous solution
requires considerable mathematical effort, which limits the
practlical application. A further dlsadvantage 1s that condensation
cannot be considered by thelr formulas.

The same applies to the large set of equations derived by
Wiles (144, 145) to describe the heat and moisture transfer in
mine alrways, where the floor 1s wet and the walls are dry.

If less water flows from the rock towards an alrway than
evaporates, the rock surrounding thls airway 1s gradually dried.
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An equllibrium 1s reached when the water quantity flowing to-
wards the airway 1is equal the water vapor quantity which by
diffusion migrates through the insulating layer of dry rock
into the airway. This 1s the state of, to Scott (111) nearly
all seemingly dry airways in the Britlsh and, according to Voss,
(132) the majority of all dry airways in the German ceal mines.
Since the evaporation of water consumes heat, Scott (111) sets
up the following equation: ‘

qR=qV+qW=qV+a(tw-t)

1]

heat flow from rock

where ag =
gy = heat consumed for evaporation of water
‘ qw = heat transferred from wall to air

As solution for q, he obtains
- K Ay
g = 7o (Pyg = by + ) X(%)

Scott doces not use this equation to derive the resulting air
temperature changes, but it 1s not difficult to do this. The
heat balance between alr and rock is

k P K(a) :
G s dta = q P 4L = (qR - qv) P dL = TTg _—(tRV - t,) dL
k K (a)
+(““"17;-——1)QVPC1L
k P XK(a) K(a)
= -1 dL
ro (Ppy - %) @ (7E Yoy
The solution, with ta = taoc for L =0 1is:
K(a) Ay r, P KEK(®) L
t+t =t - |t - % + (/——=) - 1 expl~- ‘
a rv = L RV ao ( B1 ; ) k K(a) ] pl-5 ¢y To )
X(a :
PG - n Lre
k K(a) EQU. 3.12

Since the heat quantity q,, i1s extracted from the rock,
internal evaporation of water Yncreases the heatflow from the
virgin rock towards the alrway in the manner, as an increased
heat conductivity k. Voss (132) suggests, therefore that the
heatflow from the rock to the air per unit time be expressed by

1

= k t_ -t ) — K(%) P dL
QR equ ( RV a’ rg
ah___ - et
where kequ = k T ¥3ta = k /n and dh = enthalpy change of air

QOf this heatflow the fractién n will increase the alr temperature
by Q
dt = R n
a G ¢
P
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With t_ = tg, for L = O the solution for t. is equation 3.4 but
K(a) is. now a function of a changed 2 Pourier number Fo
determined by

Sk T k T a
equ - equt
Fo = —E%?' * T T T TEgEy * 7 = g

o o r,

The Blot number, calculated with the heat transfer ccefficient for
the total, wet and dry transferred heat aequ = a/n and k remains
e

due to aqu
a » ar , '
Bf = _°dq4 " To o the same as for dry rock.
Kequ k

The factor n for exlsting airways can be determined from
psychrometric measurements and for planned airways experlence
figures can be used{(l32). Since the amount of water evaporation
depends on the state of the alr and the latter changes along an
alrway, Voss (135, 136) refined his method by calculating the
wall temperatures, the evaporation and n sectionwide over short
lengths. Computer programs have been written to allow the handling
of the consliderable numerical work involved.

4

b) Application of these soclutions on mine fires

All of the equations 3.4 - 3.12 can in one way or
the other be utllized for the calculatlion of temperatures behind
a fire. This applles in particular to equ. 3.7 and 3.8, which
take into account the combined effect of original heat exchange
between ventlilating air and rock and subsequent heat exchange
between fumes and rock. In these equations t_ ; would be the
airtemperature at the location of the flre 80 hefore the fire
starts and tg,. the temperature of the fumes leaving the fire.

A closer inspegtion of equation 3.8 shows that for the small
values of

P k K(a);
G cp s s Which are usuallyrencountered in shafts, 1t
¢an be approximated by
, ) ( P k X(a), L)
t =% - g L sing + (¢t - t exp(- EQU. 3,13

With the assumptlion that the roc¢k surrounding an airway had before
the fire started itself adjusted to the temperature of the air
passing through this ailrway and that consequently no heat exchange
had any longer taken place equation 3.4 becomes

8]
tf =ty +‘(tfo - ta) exp (- E E i; iéL EQU. 3.14
and equation 3.6, with gr = ga, becomes
. P k K(a) L
te = t,, - 8, L sing + (tyg - tao)exD(— cc r EQU. 3.15

b o
) a o
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If a heat source (burning conveyor belt, condensing water)
or heat sink (evadporating water) is evenly distributed along an
airway, equ. 3.9 and 3.1C can be used. For younger ailrways an
average rocktemperature at the time of the fire has to be
determined. For older airways the assumption ta =t AND

gr = ga leads to VR
qr ‘ q Iy , P k K(a) L
ta =t +_~ "0 _ - (t - ¢ + —
£ & P k K(a) ( a fo P k K(&) ~exp( G ¢p g :
‘ EQU. 3.16
for horizontal and to
a I'g a ra
te. =t - pa L gin 8 + —2H ____ _ (¢t -t -0
% ‘a0 T B : P k K(a) 80 fo B K K(%)
texp(- LK K(e) L , EQU. 3.17

G ¢p rq
for nonhorlzontal alrways.
A comparison between egquation 3.1 for the steady state heat

exchange and equation 3.4 for the non-steady state process shows
that both give the same results as long as

K(9) k To _
BlO) X =g or K(a) = —2— = Bi
ro k

Table 12 shows that thils 1s the case for small Fourler numbers
" (short times) and small Biot numbers (small a caused by small
alr velocities).

If an equilibrium between evaporating water and water flow
towards the airway has been established, Scott’'s (111) approach
of an internal heat sink or Voss' approach of an equivalent heat
conductivity (132) could be used, too. Both methods, however,
are semiempirical methods and rely on the experimental deter-
mination of qy or kequ under the conditions of mine fires.

¢) Solutions especially derived for mine fires

Several authors have published equations for the
temperatures of fumes behind mine fires, which were especially
derived for this purpose. As can be expected they apree widely
with the equatlions already discussed.

Woropajew (1lL6) considers the heat exchange between fumes and
rock as a steady state process and arrives consequently at equation
3.1. Osipov and Zadan (94) modify this equation. If L 1s the
distance from the orlgln of the filre to the point under consider-
ation, the progress of the fire towards thils point has to be taken
into account, too, so that

aP

5 o (L - VfT)) EQU. 3.18

tf = ta + (th - ta) exp(- 5
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They glve mathematical expressions for tf , a and V_ which are
contained in the pertinent chapters of © this repgrt.

Maas and Sadée (75) make the assumption of a non-steady
state heat exchange process and recommend an equation which can
be converted into equation 3.14., For K(a) they use values pub-
lished by Carslaw and Jaeger (22), which are the same as
published earlier by Jaeger (59).

Roberts and Xennedy (100) derive the temperature distribution
in airways whose walls are considered to be semil infinite solids.
Thelir solution can not be written explicitely. For the case
that K(e) 1s no longer time dependent and the fire has reached
a guasl-steady-state, where the temperature distribution is not
changing with respect to a point moving with the velocity.of the
fire, Roberts and Clough (103) can give the equation

tf a P L tro - ¢ - ‘ |
tro P G °p tro

where ¢t o 1s the wall température at the point
of the gas temperature t. For the ratio pgas temperature to wall

temperature they .derive fo (102) for a square duct with the side-
length 1
t
f 1 1 1 0.
t, =2 +(7+g) ’
aG ¢, 1
where K = D ; k, v', ¢ are wall properties,

Kremnev and Mosin (71) investigate the non-steady state heat
exchange between fumes and rock in cooperation with heat sources
and heat sinks under the assumption of an original uniform rock
temperature try and an even distribution of the heat sources and
sinks along the airway. Heat sources (oxydation processes)
develop the heat quantity q, per unit wall area and time, heat
sinks (evaporation of water9 consume the heat quantity r*W. per
unit weight of air and unit length of airway (r = heat of evaporation
per unlt welght of water = 1030 Btu/lb, W1 = welght of evaporated
water (1lb water per 1b of alr and £t of alrway length)). The heat
balance of the airway 1s under these assumptions

) _ P k K(a)

If the temperature of the fumes at the begin of the alrway is
described by

=t +
tfo b bt

the temperature of the fumes along the alrway 1is
P k K(%) L

to = tay * [(tb + bt -t )+ T W Gr _9pTy
RV P kK K(a) k K(a)

- Ty w1 Gr Ay To '

P k K(a) + k K(a) - EQU. 3.21

lexp (-5 ¢p Ty
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If the temperature of the fumes at the beginning of the alrway
is described by

£ =t ¥

fo b exp(bt)

the temperature of the fumes along the airway is
ro W, Gr

to = tpy + [(t ¥exp(bT) - tp) + 2 1 - 3A Yo
P k K(a) k K(a)

* exp(- Pk K(a) L y = To W, Gr ,9p T
G ep 7o P k K(0) k K(a) EQU. 3.22

Under the assumption of a constant temperature at the begln of
the airway and a comblnation of heat sources and sinks to

q =qa P -r W, G the equations 3.21 and 3.22 would become
equatfon 3.16.

For the calculation of r, in noncircular airways the formuls r
= 0.564 ¥ A ' and for the calculation of K(a) the above quoted
formulas for short perlods of heat exchange are recommended.

In another paper (2) Abramov, Mosin and Kremnev give an
equaticon based oy constant temperatures at the airway beginning
and not heat sources, only heat sinks:

' To Wy O ry ( g k K(*) L) rg ¥y Gr

ts =t + {t -t + 0
T RV fo RV Pk Klo)

EQU. 3.23

This equation seems to follow directly from equ. 3.16 or equ. 3.21.
The authors suggest use of heat conductivities k, which are
functions of the rock temperature. Thls resembles Voss' approach
(132) of introducling an equivalent heat conduetivity k_ . which
takes into account the heat consumptleon for water evapo%&tion
inside the rock. Without discussing the reasons, the authors
give a few recommendatlons for thermal diffusivities as functions
of temperatures (table 1lU), As rock temperature they suggest
using the mean between the wall temperature t,, and the original
rock temperature tpy. For the estimation of tge wall temperature
they make use of the condltion that the heat transferred from the
fumes to the wall must be equal the heat carried away into the

rock:

alt, -t = BEEL (o ) or

C) The heat transfer coefficlent «

Following Newton's law of coolling the heat transfer
coefficient o« is defined by

G Ah = a (tf -t ) A where h = enthalpy of alir per unit mass
W G = mass flow rate of air
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Heat transfer from a gas to a solld wall or vice versa comprises:
conduction through the laminar boundary layer at the wall,
convection by the movement of turbulent particles,

transfer by mass exchange between gas and wall,

radiation.

Slnce every turbulent flow has a laminar sublayer it has
become general practice to consider the first two processes to-
gether and to relate the heat quantity Q_, transferred by their
combined action with the convection coefficient ae to the
temperature difference between gas and wall.

Qe = o (to - t,) A

a) Convection

Since thickness of laminar sublayer and turbulent
movement depend on flow conditlons one must, as in fluld mechanics,
rely on semlempireal theories for the determination of o,. The
dimensional analysls obtains for incompressible gas and enforced
flow (forced convection):

K .
= — #
LI 1 function (NR, NPr)
where 1 = characteristic length
NR = Reynolds number = Va 1/v

NPr Prapdtl number = v/a
va = gas veloclty
v = gas kinematlc viscosity

for compressible gas and unenforced, natural flow (natural convection):

k
a9 = 1 ¥ function (NGr’ Np.) 3
- _ t 1
where N = Grashof number = EQ—E———
Gr v
g = gravitational acceleration

g = thermal expansion = 1 . av
v dt

]

v specific volume

A vast amount of lliterature exlsts on convection coefficlents.
This report has to limit itself to those eonvection coefficlents
obtalned for or applicable to mine alrways. The majority of them
have been determlned for heat transfer from the wall to the air.
However, they should be applicable to the preheating zone of fires,
too, since no combustion processes with the deve10pment of buoyant
products occur any longer.
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Table 14. Variation of Thermal Diffusivity with Temperature (71)

Mean Temperature Thermal Diffusivity

Material (°F) (f42/hr)
Clay 1?23 ' 8:82;?
Clay 1568 010111
Sandy Shale r 1§i§ ' 8:8??2
Coking Ceal 1?;3 g:%??é
Gas Coal‘ | gig 8:38;;
Gasflame Coal ézg 8:8322

Table 15. Increase of Conve€tion Coefficients with Wall Roughness (108)

Support Wall Conditions
Diameter Spacing : . Rough Rough
dg/d s/d_ Relativ. Smooth /3" 70,03 e/d = 0.05
no support ) 1.0 1.65 1.75
14 1.85 2.10 2.20
0.06 7 2.00 2.20 2.30
5-5 2115 2-40 2050 '
2,30 2.50 2.60
0.0 7. :
7 35 2,50 2,65 2.75
0.12 i . 2,60 2.85 2.95
* 3.5 2,80 5.00 3.10
d = hydraulic diameter of airway; ds = diameter of supports;
a = apacing of supports e = roughness elevations of wall

Table 16, Comparison of Observed and Calculated Temperatures Behind & Fire

(1)

Distance from Fire (Sect. No) V VI VIT VIIT IX X  XI  XII
Calculated Temperature (°C) 87 44 38 33 29 27 25 24
Measured Temperature (°C) 84 42 28 32 28 27 23 21
Deviation (%) ' +3.6 +4.8 0  +3,1 43,6 0 +8,7 +14
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Little information from mining sources exiéts for natural
convection, since unventilated alirways are usually sealed off,
Scott (111) recommends

4,y = 0.30 (tw - ta) with ucn in Btu/fts hr Fand t in F,

and for the combined effect of natural and forced convection ucf
= +

%e ucn ucf

Voss (134) recommends

= 0. - 0.25 - 2 4 2y0.5
L 0.39 (tw ta) and @, (an dcf )

Coefficlents of forced convection were formerly understood
to have a linear relatlonship to the ailr veloclty. The more
accurate the methods of their determination became, the more the
results started to follow the relation, obtained by dimensional
analysis, .

m n
¥ N * N

¢ = factor *
¢} R Pr

e

Since k and N of air do not change much, they are quite fre-
quently combiREd with the factor.

‘ 0
A linear relationship between a, (Btu/ft? hr F) and Va
(ft/sec) 1s assumed by de Braaf (15) with

a, = 1+ 0.212 V,
Kappelmeyer and “Mundry (64) with
ae = 1.13 + 0.225 V,

and Osipov and Zadan (94,95) with
a, = 0.9 + 0,221 V
An exponent of Va with a value <1 1s assumed by Stokes and
Cernik (123) with
a, = 0.41 + 0,695 va°-67,
Budryk(17) with
a, = 0.41 + 0.79 Va°'5,
Batzel (8) with
ae = 0.72 + 0.555 V,0+8 for smooth airways without supports and

ag = 0.512 + 0.652 V,0:8 for airways with steel supports,

Woropajew (lu6) with

a, = 0.397 Vv,

Seott (1l1ll) with
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e, = 0.34 h'°'25Va°-75 for alrways with supports where h =
profile height of“supports (ft.). Since the coefficient of
friction decreases with 1lncreaslng V, for smooth ailrways, the
followlng two formulas are based on exponents of Vz< 1 too.
Hiramatsu and Kokado (52) suggest

k £V

a, = __E——E wlith £ = coefficient of friction
v

Scott (111) recommends for roadways without supports
ag = 28 v, f.

‘ Closer to the relationship obtained by dimensional analysis
are the next expressions for a.. Scerban, Kremnev and Zuravlenko
(108) suggest .

k.
a_ = 0.0195 —7~ ¢ N.0:8 or, using average values for k and the
¢fnamic viscosity viand substituting the hydraulic diameter
d = 4A/P for 1,

0.8 0.8 0.2
€ Va d”a P

A0.2 where J’ = specific weight of air
~ (lb/ft3)
e is a factor indicgating the influence of the wall roughness on the
convectlon process, For round timber supports use of the values
complled in table 15 1s recommended. For square supports the
authors suggest these values be inecreased by 8%,

gy = 1.85

Abramov, Mosin and Kremnev (2) suggest a modification of the
last formula when ap%lied to mine fires by multliplying numerator
and denominator by A%.8 and taking into account the change of kK
and u with temperature:

go.8 po0.2
@, = Be (G in 1b/sec)
For the factor B = 09120 they suggest
uo,z(u g)o,e
t F) 32 212 572 932 1292 1652
B 1.85 2.04 2.7T7 2.50 . 2.59 2.64

Voss (134) finds in dry sairways good agreement of his measure-
ments with a formula

) (£ (100/N)3/8
® T %o ‘"fo

where f = coefficient of friection of alrway
fo, = coefficlent of friction of hydraullcally
smooth wall at the same Reynolds number
a.g = convectlon coefficlent of hydraullcally

smooth wall which can be determined from

2/3

k
Goo = Tg 0.106 N
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By usling average values for k and v Voss modifies this formula
to : v 2/3°
= 5,24 "a
1/3
d

%0

For rough walls he recommends multiplication of a with the
- factors e of Scerban, Kremnev and Zuravlenko (108?? which he
finds confirmed by hils measurements. His formula for rough
walls 1s consequently
v 2/3
o = 5,24 a e
¢ ' 1/3
d

Roberts and colleagues (100, 102) measured the heat transfer
in the preheating zone of a square duct of 1 = 1 ft sidelength.
Expressed in Stanton numbers

N = %
St Va 5 e
they obtained with V.1
N, = _8
. R v
for the smooth duct
_ -0.2
NSt 0.025 NR
for the electrically heated duct, lined with model timber supports
-0.31
N=.
St 0.10 NR
and for the model duct zat fire
N, -0.214
St = 0.106 Ng |

The eXxperliments could not answer the questlon if the lncrease of
the heat transfer from the electrically heated to the fire heated
duct was caused by radiation or by secondary flows due to in-
complete mixing of buyoant combustlon products.

b) Mass transfer

In the preheating zone of a fire, where no significant
pyrolysls or other chemical reactions take place any longer, are
the main sources for heat transfer by mass transfer the condensation
and evaporation of water. Principally, heat transfer by mass transfer
cannot be considered separately from heat transfer by convection
at the surface and from heat flow by conduction in the interior of
a wall, since the mass transfer changes the thermal properties
of both, surface and interior. Due to 1ts technical importance
a vast amount of research has been done on this problem. Once
agaln, this report has to limit itself to such work done on mine
alrways.
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The different methods to take 1nto account condensing or
evaporating water in temperature precalculations have been
discussed. It 1s common practice to use a heat transfer co-
efficlent a, which 1s the sum of the dry convectlon coefficlent
. and a wet convection coefficient e, defined by

o = Qy - W r
W P L (tp -ty ) PL (tr=¢t,)
where W = welght of water exchanged per unit

time ~
heat of evaporation per unit weight

r

Stokes and Cernik (123), de Braaf (15) and Mosin and Kremnev (71)
suggest to calculate W for wet walls from

W= 8 (pw - pa) PL

where B = mass transfer coefficlent
Oy = water vapor pressure at wall ftTemperature
P, = partial pressure of water vapor in air

The mass transfer coefficient can be determined from Lewis' law.
ac '

B=
°» 4 Ry T where R, = 2ass constant of water vapor

For moist walls Scerban, Kremnev and Zuravlenko (108) recommond
the use of the followlng experience values:

0.000740 (1/hr)
0.00110 (1/hr)
0.00220 (1/hr)

shafts:
mainroads and haulage ways:
coal faces:

Voss (134) introduces for moist but not water-covered walls
an effectlive mass transfer coefficlent

B! = ng (n has been defined in chapter III-B.a)

He reports the results of a large number of underground measure-
ments according to which n Is in the range 0.02 - 0.14 with an
average of about 0.05 for the German coal mines. For more
accurate temperature precalculations he (133,135,136) derives

an 1lteration method where the mutual dependent wall temperatures
and humidity ratios are matched. This method 1s applied section-
wise along an alrway. The c¢onsiderable work can only be handled
with the help of computers. As a rough approximation Voss (134)
recommends a = ac(2.l - n)

A very general approximation 1s recommended by Bogajavlensky
(10) for coal faces

a =% 4+ a = 2.5a
c W c
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¢) Radiation

Nonpolar, symmetrle molecules such as O0,, N, and H
are relatively transparent to thermal radiation. Hea% trgnsfer
by radiation 1s therefore neglected under ordinary ventilation
conditions with few exceptions (134) by ventilation engineers.
Polar, unsymmetric molecules, such as CO,, H,0, CO, SO, and many
hydrocarbons can enter into thermal radlation exchange appreciably
at the temperatures encountered in mine fires. Thelr contribution
to the heat exchange between fumes and alrway walls should there-
fore be assessed and 1f necessary taken into account.

2

The only attempts in thls dlrectlon which could be found 1In
the literature were made by Roberts (105). He states as a typlcal
example from his model tests with a square duct of 1 ft sidelength
that the ratlios of heat transfer by radiation to heat transfer by
convection were equal to 4.6 1in the combustion section and equal
to 0.88 in the excess fuel section of a fuel rich timber fire..

The order of magnitude of heat transfer by radlation from a
gas to a black surrocunding can be calculated by

Q. = ¢ A (e T. % 2 qy, T.%) = o%108 A [e LJEE—)“ - a_ ( "w 43
r g g b *y - g 100 b 100

where o*108 = constant = 0.1723 Btu/ft2 °Rbhr
A = area of black surrounding
= emlssivity of gas at temperature Tg

absorptivity of gas at temperature
T for radlation from a black body
at temperature TW

%h

If the surrounding 1s not black but gray with the emissivity ¢ ,
the net heat transfer can be found by considering successive r
absorptions and reflections. Hottel and Egbert (56) performed a
calculatlon for e = 0,8 - 0.9, the range most frequently encount-
ered. They_suggegg the use of a factor eyrr to take into account
the deviation of a gray from a black surrocunding and find that this
factor can be approximated by

e gr + 1
fers 2 ’

The emlssivity e¢_ 1s a functlon of the gas concentration,
the thickness of the Eas body and the temperature. Because con-
centration and thickness complement each other 1n their effects
on the radlatlion, 1t is posslible %o consider the emlssivity as a
function of their product. It has become customary to express the
concentration by the partial pressure p, of the radiating gas
measured in atmospheres and the thickness by the average length
of paths for the radlant beams, measured in feet., Fig. 29 (58)
shows as an example a dlagram for the emissivity e of CO, as a
function of the product p, L and the temperature Tg.

The absorptivity e, would be egqual the emissivity e, 1f gas

b
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and wall had the same temperature. For T, > T, the term T "
becomes very small so that the approximat%on a, ve  causes no
large errors. The complete formula for the raSiaHt heat transfer
in then

T T
= #108 Lo_ w "
Qp = ¢ *10% A e o0 Ley(qpe) € Tog )
For a more accurate solution, Hottel and colleagues (55,56),
based on experiments, recommend to determine ¢ from the pertinent
wall temperature T but for a parameter p, L/(%W/T ) and to obtain
o, (for COy) from w : g

0.65
op = Ew(;ﬁ—)

For approximations, diagrams based on the formula

Qf = A (Eg - Aw) where E emission from gas to black surrounding

g

Ay

absorption by gas of radiation by
black surrcunding
and the parameters p, L and T have been developed (55,56).

The heat quantities transferred by radiation and convection
can be added., There is little mutual interdependence. When a heat
transfer coefficient

o, = Qr
T (tg - ty)

shall be used, one must be aware that a_is a function of not only
(tg - t,) but of tg resp. t , too. : .

Roberts (105) found that the calculated emissivity due to
non-luminous radiation from CO,, CO and H,0 for his tests was in
the range of 0.22. The measured emissivi%ies were conslderably
higher- 0.6 for the combustion sectlon and 0.5 for the excess
fuel section. The balance belng most probably due to radlation

from the smoke and droplet content of the combustion products,

D) Temperature observations

Many researchers seem to feel that for the accuracy,
presently expected from fire emergency olans, sufficient theoretical
knowledge for the calculatlon of gas temperature changes behind
fires exlsts. Not too many systematic temperature observations
downwlnd of fires are therefore performed.

a) Stationary fires

Roberts and Kennedy (100) observed air and wall
temperatures in a square duct of 1 = 2.5 inches sidelength with
the fire simulated by a stationary electric heater. Fig. 30
shows the one example of thelr results published by them. Plotted
over the dimensionless distance from the fire x/1 are ratios
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t./t for (bottom to top) U475, 900, 1300, 2200, and 3100
sgcoﬁas after the fire started. Equally the ratios t /tge, for
475, 900, 1300, and 2200 seconds have been entered. One sees
that the temperatures decrease exponentially with distance but
increase with time, as can be expected from the theory.

Kremnev and Mosin (71) report that their experimental
observations in a model duct of 124 ft length with a thick clay
insulation agreed well with results obtained from the eguation

PkK(a)L)

G cp rs

te = try * (Ypo - Try) exnl~

For a comparison they give table 16 (without stating to which
distances the section numbers refer).

The highest temperatures observed by Schmidt and Grumbrecht
(118) in 130 large scale fire experiments in a 72° raise of 2 ft
helght and 11 ft width are shown in flg. 21. Of these experiments
117 were conducted with descensional ventllation to study the alr-
flow fluctuatlons and reversals caused by fires. The one temperature
observation along the ralse reported for ascensional ventilation is
shown in filg. 31. Curves 1 -5 refer to the flre zone and distance
of 10, 30, 62, and 110 ft downwind of the fire. The fire object
was a woodplle of 265 1b and 1 ft width in the middle of the airwav.
The airflow varied between 6,350 ft3/min and 10,930 ft3/min. The
temperatures were measured 1n the alrway centers only, which
explains the rugged temperature curve for the fire zone.

Flg. 32 shows the band(curves 1) formed by the ratiocs (tf - tRV)/
(tpo = tgry) for the temperatures from fig. 31 with tyy = 59°F",
Obvgously'it takes approximately 30 ft before the fumes from the fire
and the alir bypassing the fire mixed. The temperatures then follow
the expected exponential decrease with distance. For a comparison
the same ratlos have been calculated from

o P L

te = tpy + (tfo - tRV) exp (- E—g;“-)
for Q, = 6350 ft£3/min (curve 2) and 10,930 ft3/min (curve 3) with
V. 2/3
o = 5.24 _2 where ¢ = 2.7 for the raise with 3 rows of
d!/z € supports and 4, = 0.078 1lb/ft3,

The slopes of the calculated and measured curves are quite similar.

Sehmidt (1l14) gives as the results of earlier tests in
horizontal or ascensionally ventilated inclined airways as a basis
for emeregency plans the followlng temperature - dlstance relations,
without discussing airways or alr quantitiles:

distance from fire (ft) 0 131 262 363 524 655
temperature (OF) 1472 626" 320 209 140 112
mean temperature (OF) 1472 1004 924 572 482 392
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Under the assumptlon of t,, = 86°F as an average value for older
alrways in German coal mines, the ratio (ty - try)/(ty, - tgy)
has been plotted as curve 4 in fig. 32 too.

Klinger reports (68) that with an air velocity of 10 ft/sec
he measured 22 minutes after the start of a timber fire temperatures
of:

in the fire zone: 1472 °F
90 ft downstream: 860\°F
128 ft downstream: 608 °rF

which indicates an exponential tempefature-distance‘relation, too.

Nagy, Hartmann and Hogarth (86) report 60 ft inby a coal fire
.an alr temperature of 770 “F.

B) Movine fires

The temperature observations on moving fires, which
are contained in the literature, have already been dlscussed
(fig. 18, 19, 20, table 8). Although the theory predicts that
the fumes behind moving fires should cocl faster than behind
statlonary filres; the difference does not seem to be too large.
The reason is that the coefficient of age K(a), at least for
smaller air velocities, does not change too much with time.

IV. Forces Develeoped by Fumes

Temperature changes of the ventilatlng air, caused by mine
fires, have two major effects on the ventilation:
a throttling effect,
a natural draft effect,
Before both effects are numerically assessed 1t seems advilsable
to define the energy scales in which they are measured,

: Energles 1n mine ventllation are elther expressed per unit
weight of air (ft-1b/1b) and then called heads (h) or per unit
volume of air (ft-1b/ft3 = 1lb/ft2) and then called pressures (p).
Since the relationship between unit weights and volumes 1s the
specific weight 4~ (1lb/ft3), heads and pressures are related by
the specific welght, too: h = p/f.

, Within a ventilation system 4~ can undergo considerable changes.
This has the consequence that equal energy quantities must some-
times be expressed by considerably different pressures, a fact which
complicates the application of enérgy balances. To overcome this
" difficulty but still to maintain the use of the familliar units of
pressures, heads are frequently expressed as pressures by multiply-
ing them with 'a constant conversion factor, based on a standard
specific weight of 4~s = 0.075 1b/ft? and the factor 1/5.194% inches
WG/(1b/ft2) ‘

0.0
h (ft) * 571%%" = h (in.w@)
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Unfortunately, the difference between heads and pressures
in neglected by many ventilation engineers or not too well under-
stood and considerable confusion exists 1in the literature on
this subject.

To distinguish in this report the "energy quantity pressure™

from the physlcal pressure, the former is always used with a
subscript.

A) Throttling effect

The headloss hp of éir currents, due to alrway resistances,

can be described by Darcy's equation
Vy? aL P, V,2 =

b s 2 - p 92— % 72  with £ = coefficlent of friction
D 2g A 2g '
The velocity V, of an air current passing through a fire is changed
by: mass flow Increases due to addition of combustlion products and
evaporated water,
volume changes due to temperature changes.

dhy = f

Mass flow increases have been discussed in chapter 2 of thils
repoert. They can be calculated from the composition of the fumes:
(see chapter VI-D.b.l) according to Voskobojnikov (131) they are
in the range of 5 - 11 %, according to Schmidt (116) they are
around 10 %.

- Temperature changes can be considered in the following way.
With G = Q *y” and Q = V, *¥ A, Darcy's equation can be written as

~dL P 1
—_— % =
L= T8 ga?’ 32
If pressure changes are neglected, the equation of state p/g~ =R T
delivers ¢~ T = constant = #_ T., with the subscript a indicating
the original state of the ailr be%ore the fire started. Then
dL P '
= * 2 2
dh T g AT (T ) G

dh * G2

al'a
\ T24L ‘
If an average temperature (Tm‘sq)2 =/ 1s introduced and as

well G as f, P and A are consldered to be constant, thls becomes

hy = f LP s (_EE%_
8 g A3 !

The pertinent pressure loss pL is , with p; = hL*J”

_GL P 2
e (raT)G
If an average temperature T = [
with G, £, P, and A kept constant

dpL = f
T dL
L

is introduced, this becomes
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’JHaTa

The addltional headloss, caused by the mass flow 1lncrease from
G to F * G, and the temperature increase from Ty, to T, .. 1s

q
. T > .
Ahp = hpg (EF _TSEE_)Z - 1)

) G2,

L

the addltional pressurelloss is
-
= 2 m -

These additional head- and pressure losses are called the throttling
effect. Pig. 33 - 35 1ndlcates the order of magnitude of throttling
effects caused by temperature lncreases.

Fig. 33 shows the additlional headloss A hy in percent of the
original headloss (or the factor

(__$§9_)2 - 1) as function of the

a .
ratio Tp /T, for constant parameters «P L/G c_ ). A value of oP L/(G ey )
= 0.5 would apply to a short alrway wlth a large air quantlty, a

value of 10 to a long alrway with a small air quantity. Fig. 34

shows the additional pressure loss

T : _
Ap; (or the factor -%- - 1), T and T were determined by using
L T, m msq
the formulas given in chapter I1I-A.

By comparing fig. 33 and 34 one sees that 4 h; is much larger
than 4 pr. The reason 1s that the pressure loss p;, belng energy
per unit volume, 1s based on an increased volume flow instead,
like the headloss hp, on a constant mass flow.

The fact that the throttllng effect will occur mainly in the
immediate vlicinity of the fire 1s demonstrated in fig. 35. Here
the additional headlosses, caused by the volume expansion are
plotted for every l00 ft of alrway length with an assumed fire
temperature of Ts,/T For aP/G*ec, the values 0.001 (large
airflow), O. 0025, ang D 005 (small air?low) have been chosen.
One should be aware that a lncreases with G too. If a 13 assumed
to be proportional to Vg 0.8, a3 doubling of aP/(G cp) would correspond
to an decrease of G by a factor 32.

A certain additional throttling effect 1is caused by the changes
in kinetic energy of the air current. If the kinetic enerpgy is
expressed per unlt welght as veloeclty head hy, the change in
kinetlc energy content 1is

A h, Va2? - Va1t
2E 2g

or, under the assumption of constant mass flow and constant cross
sections
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2

V 2 T
al 2 ) - l)

If the kinetic energy 1s expressed per unit volume as velocity
pressure p,, the change 1s

Vg dVa _ _
dpv= ol - From G = Q)Y = A Vad~' follows for the

assumptlon of G = constant and A constant that Vg4~ = constant,

too. Consequently

: _ 5

_ 0 ValVaz - Va1) 872 Va2? -471 Ve
g , g

or

av
bpy = Sy V, S _gi

2 .
: v T
APV = Y 1 Val ( 2

- 1)-
3 Ty

It 1s a very common mlstake that ventilatlon englneers assume
for the change of o, caused by volume changes

N _ d72 Vao?2 - y 1 Vai?
pV = 2%

This formula 1s’ correct for velocity changes caused by changes of
A or G but not for compressilibllity effects.

A positive ah, or Ap,, as observed when alr passes through a
fire and 1s heated has a ghrottling effect (T,>Ty) on the airflow,
A negative Ah, or Any, as observed when the fumes cool down (Tp<Ty),
will support ghe airflow.

A large number of ventllation englneers prefer to base
ventilatlion calculations on pressure losses and to convert Darcy's
equation into the resistance equation

L P 7 m
= 2

With ¥~ m/py = Ty/T and Q,/Q, = Tn/Tg 1t follows that
‘ T T

= a = m
Ry T and Qy = Q, T

An airwav with the original pressure loss p,_. at the temperature
T, willl therefore at the temperature T hav% the pressure loss

2 T
- a - Tm . m

Voskobojnikov sugpgests an equivalent resistance factor, which
also takes into account the changes of velocity pressures. It
contains a factor of 1.11 for the irncreased mass flow behind the
fire.

PLm 2 m E:Er T 1
R = = 1.11% (R, 20 (—— _ |
equ Q,° [Rq T, 2eh” 1y TS

+J
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According to the derlvations performed above the factor 2gA
should rather read sa

£ Az

B) Natural draft effects

a) Definition and determination of natural drafts

The great number of misleading statements found in
the literature concerning the natural draft makes 1t advisable to
discuss 1ts deflinition and the more popular methods for 1its
determination first.

Natural draft 1s caused by the conversion of heat into
mechanlcal energy, which 1s then avallable to propel the air
and to cvercome friction losses. For such a conversion under
steady state conditions cyclic processes are necessary, which
are provided by every loop of the ventilatlon network. The
amount of heat converted 1n a c¢yclie process into mechanical
work 1s indlcated by the area enclosed by thls orocess in a p-v
dlagram. This statement can easily be proved by applyving the
first law of thermodynamics, in ventilation frequently called
the energy equation, in the form

; 2 .
v dp + dVa /2g + dZ + dhL = 0 Z = elevation
for airways without fans to a loop, which results in

¢ dh, 1s the sum of all friction losses experienced by the alr,
flowkng through this loop, ¢ v dp is the energy necessary, to
balance these losses.

If, in the alrways of the loop, mechanical energy dw is
exchanged between alr and surrounding (fans, dropplng water, etc.),
one obtains

- ¢vdp + & dw = H dhL

In this case both, the heat energy 6 v dp and the mechanical energy
¢ dw have to balance the losses.

The natural draft expressed as energy per unit welght of air
i1s called the natural ventilation head h and its magnitude 1is
consequently

hN = - ¢ v dp

Natural draft 1s always tied to a eyelic process, to a loop. State=-
ments on natural draft without specifying the loop where 1t is
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developed are not too meaningful,

The natural draft expressed as energy ver unit volume
flowing through the loop can be derived by multiplying the
energy equation in the above used form by the specific welight J :

2
g =
g dVa + - dZ + f’dhL =0

Appllecation to a loop results in

dp +

- 6 7dZ = § #dh, = 4 dp

L L

$ dp, 1s the sum of all pressure losses experienced by the air
in tﬁe loop. If mechanical work dpp 1s exchanged between air
and surrounding, one obtalns ' :

- f‘a“ dZ + ¢ dpF = £ dpL
The term - $£4° dZ 1s called the natural ventlilatlion pressure

Py = - £ 4dZ

py and h  are related by the average specific weight g7 of the
a§r in tNe loop through Dy = . hN
m

~ = fr~ dny, _  ¢dop
m ¢ dnhg $dn,
-and for loops witb fans
yi o= f#7anp - #r-dhp s Qo - ¢ dng
¢ dh, ¢ dhy # dng ¢ dhp

In using the natural ventilation pressure Dy, One must be
aware that even in loops wlthout a natural draft but with a fan,
py has a value # 0. Despite ¢ dh, = ¢ dh, as the condition for
no natural draft, one obtains usu&lly ﬁawdg # ¢¥dh_ since the
speclflc weights of the alr whille overcomin& frictidn and while
passing through the fan are different. Consequently one finds
from the energy ecuation

g4~ di + #J“dhL - ﬁthF =0
- ﬁ}' daz = Py # Q0

This 1s a common experienhce. In mines ventilated by fans there
is for instance always a difference 1n the specific welghts of
the alr 1n the 1lntake and return airways, even 1f no temperature
difference exlsts, which according to Py = $47 dZ produces a
natural ventllation pressure. If the fans are switched off,

the dilfference in specific welght disappears and py becomes

zero (40). '

The formula Py = - 24~ dZ appnlied to a loop formed by two

s wherz, for loops wlthout fans
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vertical and two horizontal alrways with the elevation dif-
ference 8 Z dellvers with J‘.D AND 4~ U as the mean specifiec
weights in the downcast and ™ upcast™ airways

Py = (7 o= ) 82

This result has led tec the explanation of the natural draft as
caused by the different weight of corresponding ailr columns. As
the above discussion on the nature of the natural draft has
shown, these different welghts are an attendant symptom of
natural drafts but not its cause: ,

Since the determination of specific welghts or volumes
1s tedious, approximation formulas are wldely used for
hy = - ¢ vdp and py = - ¢ g~ dZ. The more popular ones are
based on temperatures and eYevations, both easy to determine.
Woropajew (121) suggests calculating the amount & v dp from .
the area encleosed by the loop in a T-Z diagram. Hls derivations,
published shortly after WW II, were not avallable to the author
of this report but his method can be explained as follows (42).
Volume changes are in mine ventilation mainly caused by :
temperature changes

. R ~
ALY T-(—;-) average

Pressure changes are mainly caused by elevation changes, pressure
losses and fan pressures
1

average

dp ( 4z - dng + dhp)

A4

The natural ventilation head can then be approximated by

hy=-#vdp~ (GEgg) % 4T (az-an

+ dh,)
n “average L

F

If, as 1s usually the case, the frictlon losses in the non
horlzontal alrways are falrly evenly distributed, replacing

# T (dZ =~ dhy + dh;) by ¢ T dZ changes the shape of the area en-
closed by the loop in the T-Z diagram but does not change the size
of 1ts area significantly. One can therefore approximate '

hn v o $ T 42

ml .
where Tml = ( g v ) is the average temperature of the air
average ' ,

in the lcop. The errors accepted in using this formula are.

‘shown 1n fig. 36 (U42) under the assumption that the friction

- losses in the nonhorizontal airways are equal and that the loop
shows a parallelogram shape in a p-v diagram. One sees that the

.errors of thls handy approximation are within tolerable limits.

: The formula p, = (g5 _ - 4~ )82 1s frequently approximated
by N - ¢ mD mU
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For the calculation of the natural draft, which 1s caused
by a mine fire in excess of the previously already existing
natural draft, the differences

hN = - ¢ Vo dp + ¢ Vo dp = - ¢ (vf - va)dp
or ‘

- = 4y’ 47 4 7 = - - &) 4z
Py $7F fd ?d“ad ¢ (r-f a)

have to be determined. Subscript f and a indicate the condition
during and before the fire.

If one considers an individual airway, whose specific volume
or welght have been changed by the fire, the additional natural
draft caused by the fire in a loop, formed by this airway and
other airways without any changes 1is

hN = - $ (Vf - va) dp
or

p.= =4 (& - )y ) dz
It should be noted that the integral has to be calculated only
for the alrway wlth the changes. In this context one can speak
of natural draft in indlividual alrways, although one understands
that for the development of natural draft loops are necessary.

b) Combination of throttling and natural draft effects

The last two equations contaln only data for one
individual airway. They can therefore be used to demonstrate
the comblined result of throttling and natural draft effects in one
individual alrway, when its temperature changes. To avold un-
necessary lengthy discussions, only pressure effects will be
investigated.

If the temperature changes in the airway from a uniform T
along the ailrway to a uniform T , the natural draft can be
calculated from

(# - _T_T .

= - AT = (1 - ) AZ = ;v (1 - _2 ) L sing
m Tm
(Slope angle B positive for ascending, negatfve for descending
ventilation)

The throttling effect is

T
Ap = (—— - 1)
°L " PLa o, T
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The combined pressure effect 1s
= -ap. = X (1 -2 Lsing -o m -1
Pp = Py = °Pp AT B - e (5 )
a
A poslitive p, has a tendency to increase the airflow, a negative
pp to reduce’it. .

One sees from thls equation that n, 1s poslitive for
ascensional, negative for descensional "~ventilation and zero
for horizontal airways. Its magnitude depends on y'_ and T
of the original state, the new temperature T, and theé a
elevation change L sin 8 only. It will be zero for T, =T
and. approach asymptotlcally Py = J“a L sin 8 with increasiﬁg Ti

The throttling effect Py, 1s proportional to the pressure loss
in the original state

LP 1
= f » HGZ
pLa 8 g A I a
and the termz(TE_ - 1). It has always a tendency to reduct the
airflow. a

Fig. 37 shows as an example v, for an ascenslonally ventilatead
vertical airway (L = 300 ft, P = 43 ft, A = 100 ft2, & _ = 0.075 1lb/ft3)
as a function of T_/T wlth the airflow as parameter. One sees

the increase of the athrottling effect with alr gquantity and that

a maximum for p, exists. At which temmerature this maximum occurs

can be determinéd from '

d 1
Pr . 4+ Ta raLsinB-pLa‘T—=O

dp T2 a

which delivers

: r, Lsin 8 1/2 ¢~ ainﬁ_%_g_gi_ 1,2
Tm = ( &, ) = _G—a- ( 3 )

Ta pLa

¢) Natural draft values recommended 1n literature

. The literature contalns a few recommendations on
the magnitude of natural drafts in fire emergency plans. Oslpov
and Zadan (95) give a chart for py In a verticzlly ascending
alrway of 86 ft4 c¢ross section for airway lengths between 0 and
4590 ft and air velocities between 3.3 and 33 ft/sec (fig. 40).
Thils chart 1s based on the formula -

Py = d‘“a &T:_Ea_ L sing, ¥7a = 0.078 1b/ft3, a = 0.9 + 0.221 V.,
m ’ aP L
= G ¢ - 1 .
T = Ty * p (tfo - ty) (1 - exp(-T3 Cq }) and
¢p L ’
tfo = va/‘o.oooulg + 0.000361 va) + 32
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For inclined airways of other cross sections the authors recommend
the application of two correction factors to the chart value pNC

= * *
Py = Pnec " ¥y T Ky
where k; takes the slope into account and 1s the sin functlon

of the slope angle 8 and k., considers the influence of the cross
section on T,. Values for“kp are contained in table 17.

Hrbac and Tesar (57) deslgn from the formulaes

T - T
m & I sin 8 and

by = §7a ——

a P L

tf =g, + (tfo - ta) exp(~ ¢ ¢p )

under the assumption of t, = 78 °F, e, = 0.078 1b/ft? and
@ = 0.41 + 0,79V, °.3

a chart, which allows for glven values of P/A, V fo’ AZ and L
the determination of the temperature at the end of the
alrway tf , the average temperature t, and the natural ventilation

pressure” "py.

Trutwin (J]28) discusses the numberical solution of

Dy == (07 -a) Az
Under the assumption that the change of speclific weight Ay = r'f
1s mainly caused by the temperature change AT = T T and that

other influences can be neglected, he obtains fro& the eouation
of state p/d” = R T and its partial derivative 50 /3T = - p/R T2

A ¢ oo ar = - B & A ro
F a R T2 -7 TR T, T, + 47T Y T, + 4T

The same result could have been obtained directly from the
definition of A~

T AT
= - = - -_,___...a—a [ - —_——
Ar— e A 7oy (1 Ta+AT) d:.Ta+AT

The assumptlon of a steady state heat exchange between fumes and

the airway walls delivers with A To =T - Ta and AT = ATO for L =

fo
aPL

G cp )
With thils expression belng inserted into

= # -
AT ATO exp (

az

Ta+A’I‘

and with dZ2/4dL = sin B and wlth the abbreviation A = one
obtains D

@R

'

0
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Py = SinBJ"a ée 8To expl AL) dL.
» L, .Ta + ATO exp(-AL)
and, after executing the integration

» _sing 7a in¢ Ta * 8To exp(~AL1) )
N A Ty + AT, exn(-ALQ)

If a function
Tg + 8T,
T, *+ AT exp(-AL)
is introduced, Py CAN be calculated from

IN(L) = 1n (

sing 3;
py = T2 (IN(L,) - IN(L))
In his paper (128) Trutwin provides a table and 3 graphs which
show LN(L) for values of AL betWeen 0.001 and 17.0 and for.
values of TO between 100 K., and 1000°K. T, 1is assumed-to be equal 300°K.

VoskobojJnikov (131) describes tests which he conducted with
fires in & tunnel of 16.5° slope, 43 ft? cross section and 144
ft length. This tunnel was part of the ventlilation system shewn 1n
fig. 38. 1Its resistance was expressed by
T 1
n + i , (B = 777 1)), the natural
Ta 2 g A Ta 1.11

ventilation pressure was calculated from

T -
b= & (m=Tay 4 7,
N a Tm

R

1.112 (R
equ a

With the help of an analog computer 1t was determined at which
temperatures T, and the pertinent p, the airflow in the parallel .
path 0-3 would be reversed. During the fire the temperature

in the tunnel was measured in 5 cross sections with 5 thermo-
couples per cross section and T, was calculated as the average

of all thermocouple readings. Tn all fire tests a good agree-
ment (3 - 5 %) was achleved between the calculated T_, at which
the airflow reversal was to be expected and the measured Tp,

at which the reversal took actually place,

Schmidt and Grumbrecht (118) performed direct meassurements
of the natural ventllation pressure Dy developed by fires in a
descensionally ventllated ralse. For this purpose they connected
the upper and lower end of the ralse over a manometer with a hose
lald ocut Iin adjacent airways wlth undisturbed temperatures. If
standstlll of the alrflow occurs 1in the ralse, the energy eguatlon
applied to the raise is ‘

I e dZ + dp = 0

ahd the energy equation for the hose 1s
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Table 17. Correction Factors to Fig. 38 for Variable Cross Sections (95)

Airway Length Airway Cross Section (ftz) Air Speed
(ft) 21.6  43.3  86.4 108 216 433 (ft/sec)
164 0,97 { 0,994 1,00 y 1,00 | 1,01 | 1,02 5.5 - 32.8
328 0,94 0,98 1,00 1,01 1,03 | 1,04 3.3 = 32.8
984 0,75 0,90 1,00 1,04 { 1,20 | 1,27 3,3 = 6.6

0,80 0,92 1,00 1,05 1,11 | 1,15 9.8 - 13,1

0,81 [ 0,93} 1,00 | .1,02 | 1,08 | 1,12 16.4 - 32.8
' 1640 0,61 0,811 1,00 1,00 | 1,32 | 1,40 3,3
0,64 | 0,82 1,00 | 1,05 | 1,26 1,38 4.9
0,67 0,84 1,00 1,04 (1,21 | 1,30 | 6.6

0,70 0,871 1,00 1,04 [ 1,16 | 1,25 9,8 = 13,1

0,73 | 0,88]| 1,00 1,03 | 1,15 | 1,20 16.4 - 32.8
2300 1 0,58 0,79 1,00 1,07 [ 1,40 | 1,62 3.3
0,60 0,80 1,00 1,06 1,35 | 1,55 4.9
0,62 | 0,82} 1,00 | 1,05 | 1,29 {1,43: 6.6

0,65 | 0,83| 1,00 1,05 | 1,24 {1,535 9.8 - 13,1

0,67 | 0,85| 1,00 | 1,04 1,21 }|1,30 16.4 = 19.7

0,69 | 0,85 1,00 1,04 | 1,20 | 1,27 26.3 - 32.8
3280 0,55 { 0,77 1,00 1,08 { 1,47 (1,78 3.3
0,57 | 0,79 1,00 | 1,08 | 1,43 | 1,70 4.9
0,59 0,81 1,00 1,07 | 1,37 1,60 6.6

0,61 0,81 1,00 1,00 [ 1,33 {1,530 9,8 = 13,1

0,62 | 0,82 1,00 1,06 ] 1,30 | 1,42 16.4 = 19.7

0,62 | 0,83] 1,00 1,05 | 1,26 | 1,40 26.3 - 32,8
4920 0,52 [ 0,75} 1,00 } 1,09 | 1156 | 1,06 3.3
0,54 0,761 1,00 1,08 ! 1,50 | 1,81 4.9
0,55 | 0,77} 1,00 | 1,08 | 1,46 { 1,76 6.6

0,57 0,78| 1,00 1,08 | 1,43 1,74 9.8 -« 13.1

0,59 | 0,79 1,00 1,07 | 1,40 | 1,60 16.4 - 19.7

0,60 | 0,79( 1,00 1,06} 1,36 | 1,56 26.3 = 32.8

Table 18, Factors ¢¢ for the Determination of Natural Ventilation Pressures

in Descensinally Ventilated Airways (118)

Factor oc Frequency
(in WG/100 £t °F) *10°
O [ ] 4 9
0.400 - 0,533 .10
0.533 - 0.667 35
0.667 - 0,800 32
0.800 = 0,933 T

0.933 = 1.067 . 1
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d~ dZ + dp =0

a .
For .the loop formed by the raise and the hose one obtains
- - & =

f (0, ,) 42 = [/ dp

and since - [ ( J"f'- 3*5) dZ = Py and § dp 1s the reading of

the ménometer, the latter indicates p,,. Schmldt and Grumbrecht
arranged the data they collected in 68 fires for Py and A Z wlth
the formula

A _Z

Py = % 300 (Tm = Tals
from which they determined the factor a. They felt that with
the airflow fluctuations preceding a standstlll, a representative T

was too difficult to establish for every individual experiment, and
they :used the values from fig. 21 for T_. Since the time at which
the airflow standstill occurred and, therefore, the extension of
the fire depended on the ventilating pressure, acting on the raise,
and the latter was changed for the observatlion of other factors
during the tests, the calculated values of a show a conslderable
spread. A statistical evaluation is compiled in table 18.

V. Qualitative Prediction of Ventilation Disturbances Caused by Fires

Throttling and natural draft effects can cause considerable
changes in the quantity of ventilating air currents and some-
times even reverse thelr direction. These changes are not limlited
to the alrway at fire but can occur 1n neilehboring airways
as well.

. The dangers caused by air quantity reductlons can in non-
gassy mines be neglected. In gassy mines they can, however, lead
to formatlion of explosive mlxtures with all thelr pertinent
dangers, which are easpecially obvious when the explosive mixture
travels through the firezone.

Alrflow reversals can be the cause of even more severe hazards.
CO-laden air can enter the intake alirways and poison large sections
or all of the mine. In gassy mines explosive mixtures can be formed
since every airflow reversal is preceded by a periecd of airflow
reductlion. Even in non-gassy mines explosions can be caused by
expleslive fumes, whlich affer a reversal of airflow reach the
firezone agaln. '

- Ventilation disturbances in the form of smoke layers have been
discussed 1n chapter II-C.d. Silnce they are an easy to survey
local phenomenon and can always be fought by local alir velocity
increases, no further comments seem to be necessary.
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A} Horlzontal alrways

Open fires in horizontal alrways, with only negligible
temnerature changes in followlng non-horizontal alrways, have a
throttling but no natural draft effect. The result 13 an airflow
decrease in the airway at filre and all airways being in series
with 1t. Due to smaller friction losses in these airways, the
ventllating pressure of the alrway at flre will inecrease and
counteract the throttling effect. Alir quantity decreases of up
to 30 % were observed (13), however, rockfall may have been at
least partially resoonsible.

. A reversal cof alrflew in the airway at fire and the pertinent
alrway in series cannot occur. It 1s, however, possible in
dlagonal airways, which are connections between parallel ailrways,
whose alrflow direction 1s determined by the reslstance ratios of
the parallel airways. A simple example is shown in fipg, 39, If
the original alrflow in the dlagonal alrway 5 is from A to B,
it could be reversed by a fire in airways. 1l or 4.

B} Ascensionally ventilated alrways
Open fires 1n ascenslonally ventilated airways also cause

a throttling as a natural draft effect. If the temperatures or
the elevation changes behind the fire are not too small, or, as
the example of fig. 37 for vertical airways shows, the air :
gquantities are not too large, the natural draft will usually
be stronger than the throttling effect and increase the airflow.
If enough combustible materlal is present, the increased oxygen
supply will then intensify the fire so that considerable natural
drafts are finally developed.

The 1lncrease in airflow in the alrway at fire 1s accompanled
by a decrease in parallel alrways. If the original ventilating
pressures for the parallel sirways are small, even alrflow
standstills and reversals wlth all thelr dangerous conseguences
can occur. Remedies for stabllizing the alrflow in parallel
alrways are an increase of the resistance of the alrway at
fire, which would at the same time reduce the oxygen supply and
fire Intensity, and an increase in the ventilating pressures. The
latter alm can be accomplished by increasing the fan pressure or
by lowering the reslstance 1n the intake and return airways .to
the parallel alrways.

Fig. 41 shows an example of how the airflow changed in a 720

raise of 262 £t length, when at 1ts bottom a fire object of 265
1b of timber was 1it,

C)  Descensionally ventilated ailrways

Open fires in descensionally ventlilated airways cause,
besides the ever present throttling effect, a natural draft,
which is opposed to the original ventllating pressure and has
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a tendency to decrease or even reverse the alirflow. A decrease

in alrflow usually decreases the intensity of the fire, too.

The reduced natural draft, agaln permits a larger ailr supply,
which in turn increases fire intensity and draft. Except for

the case of limited natural drafts due to small elevation changes
behind the fire and a lack of combustible material or for the case
of very high original ventilating pressures, cne can expect a
violent fluctuation of the alrflow 1ln descenslonally ventllated
airways at fire. An example, measured by Schmidt (115) in a 72
rajise, if given in fig. 42.

Whether a permanent airflow reversal takes place depends
on several factors. There have to te suffleclent elevation
changes for the fumes on both sldes of the fire. A fire at
the bottom of a shaft or ralse will not develop enough natural
draft to lnitlate a reversal, a fire at the top not enough,
to maintaln it.

The oxygen content of the fumes 1s usually conslderably
lower than that of the fresh alr. It 1s especlally low behind
fires of high intensiftles. 1If these high intensitles effect an .
alrflow reversal, the fire is at first ventilated with oxygen-
poor air, which will reduce the fire intensity. If the plug
of oxygen-poor fumes, travelling back through the fire, 1s long
enough, no permanent reversible willl be possible. When decrease
of airflow, standstill or reversal take place as early as
possible permanent reversible may cccur. This can be supported
by & low original ventilating pressure acting on the airway, or
by a flre developing fast to a hlgh intensity.

Fig. 43 (115) shows the alirflow changes caused by such é
fast develeping fire in the same ralse, for which fig. 42 was
obtalned.

Permanent reversal after a longer fire duration can occur,
when the fire is supplled with oxygen from damaged compressed
alr lines or from other alrways, Jjoining the return airway of
the fire. PFig. 44 a and b (117) compare fires 1n the same
descensionally ventilated ralise without (a) and with a fresh
air current of 177 ft3/ min mixed below the fire with the fumes
(o). : :

While 1n ascensional ventllation zlrways parallel to the .
alrway at fire are endangered by alrflow standstills and reversals,
in descensional ventllation the alrway at fire ltself is en-
dangered most. The decrease in alr guantity in the descensionally
ventilated airway causes, llike the throttling effect in horizontal
alrways, an lncrease in the ventllating pressure of parallel alirways.
This 1s clearly visible from the recorded ventilating pressures
for parallel airways in fig. 42 and 43.

The means to stabllize the airflow in the descensionally
ventlilated alrway 4s to increase the ventilating pressure acting
on this alrway. This can be done by increasing the fan pressure
and by throttling parallel alrways. By applying the latter measure
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one has to make sure that in gassy mines no explosive mixtures
can result from the alrflow reductions. .

Since the throttling effect as well as the natural draft
have a tendency to reduce the airflow, fires Iin descenslionally
ventilated alrways usually don't reach the Iintensity of fires
in ascensional ventilation and propagate with a considerably
slower velocity. Schmidt (117) emphaslzes as the result of
his 117 large scale tests that the combined throttling and natural
draft effects of these fires in the past have been qulte fre-
quently overestimated. He recommends (118) that German ventilation
englneers should replace the formula

A Z
Apy = 0.0018 g§7— .(Tm‘- Ta) (in WG)

so far used in emergency plans for the combined throttling.and
natural draft effect by

A Z
Apy = 0.00133 o5 (T, - T,.)

a

D) Examples of airflow reversals

For each of the three possibilitles dlscussed above,
fires 1n horizontal, ascensionally and descensionally ventllated
airways, one example of agn alrflow reversal in a mine flre 1s given
below.

Horizontal alrway

At the mine Dukla (CSR) two parallel ventilation splits were
connected by a diagonal alrway. The throttling effect of a fire
(July 7, 1961) in one cof the splits reversed the airflow in the
diagonal airway and allowedfumes to flow into the intake airways
of the other split. - As a result 108 miners were killed (35, 125).

Ascenslconally ventilated airway

Fig. 45 shows part of the ventilation plan of the mine
Roche-~la-Moliere as 1t existed on June 30, 1928, when a fire in
the raise 3 - U close to jJunction U4 occurred. The developed
natural draft at first caused an airflow reversal (broken arrows)
in airways 8 = 7 -5 - 2, 7 =6 - 3 and 6 - 5. Here, 48 miners
were kllled. Later, after the fire had moved down the ralse
away from U4 towards 3, the airflow normalized again in these
airways but a short reversal in airway 4 - 1 occurred (6,35).

Descensionally ventilated alrway

WoropajJew (146) describes a fire in a Russian coal mine,
working a dipping seam. The fire started in the descensionally
ventllated raise 2 - 3 - 4 at point 3 (fig. 46). The natural
draft reversed the alrflow in the ralse and finally became
so strong that even in the intake alrway 1 - 2 a reversal occurred.



— Regular Airflow 320m Level 0

T =™ Airflow During Fire

+

90

220m Levél

11 il D
/ ~
~
R ; u,
| |
10 - » T ' f
e
, ~ ‘
- e —— | 6
4 +44+4+ +++4+ 4-+
9 2 5 + J
Fire i
\\ ., .
. ~
=== Horizontal Airways
Location of Bodies 7 == Tnclined Airways

Fig. 45. Fire at the Mine Roche-la-Moliére (35)

3

‘ 4
Fig. 46. Example for & Fire in a Descensionally Ventilated
Airway Given by Woropajew (146)



21

E) Suiltable ventilation plans

Suitable ventilation plans are of great help for every
type of ventilatlion planning and, therefore, for the prediction
of ventllation disturbances caused by mine fires, too. They
should contaln the maln features of the ventilation system
without confusing detalls and the significant ventilation data.
The former should comprise the airways, locatlon of fans, ven-
tilation doors, repgulators, seals and dams, ventilation curtains
and ducts, ¢rossings, explosion barriers, production workings,
trolley and Diesel haulage roads. The latter should include
direction and magnitude of alr currents, concentratlons of
hazardous gases, measuring stations, elevations of airways, fan
heads or pressures and mine ventilating heads or pressures for
the individual alrways., If it 1s found too difficult to enter
these data into the plans, they should be kept in up to date
reference flles, which can be used in conjunction with the
ventilation plans. That such plans are possible is proved by
the fact that they are required by law (35, 92) in several
countries.

For the planning of fire fighting measures additional plans
should be provided, which contain information on the water and
compressed air pipeline systems, stored fire fighting and survival
equipment, telephone lines etc.- They should be plotted in the
same scale and perspective as the ventilation plans to ease
simultaneocus use.

a) Plans in use

The ventilation plans actually used vary widely.
The simplest type 1s based on plan maps, which in many cases
suffice, especially when all mine workings are more or less
situated in one plane.

For more complex layocuts of openings, as results from
mining more than one ¢cal seam or ore deposits with a larger
vertical extension, plan maps become too confusing and perspective
plans are preferred. The type of projection, if not nrescribed
by law, 1s usually a compromise between clarity of the map and
the ease with which horizontal and vertieal distances can be
read from the man.

, Occasionally, but not too frequently, models are used as a
three dimensional image of a ventilation system. The Dutch coal
mines favored these, built from wires of different colors to
indlcate the function of alrways. The work involved in changing
the models and the prohlbitive costs of keeping records for certaln
time periods and providing coples required that the models be
used only in addition to other ventilatlion plans.

Quite freguently simplified ventilation plans are derived which
.show only the more important alrways of a ventilatlon system. This
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13 especlally the case when ventilation network calculation

are performed and one triles to keep the number of alirways golng
into the calculation as small as possible. Another reason

is to gain a better understanding of the mutual interacticon of
the alrways comprising the system. Several types of such
simplified plans are in use. :

When ventilation network calculations were still mainly
performed manually, wlith many ventilation engineers 1t became
popular to represent ventilation plans in an abstract form
resembling electric wiring diagrams. In these nlans the
configuration of the network is more consplcuous than in map
plans or perspective drawings. Airways in series or parallel
can be grouped together and replaced by equivalent resistors.
In controlled splitting the number and location of the necessary
regulators to enforce the wanted airflow distribution 1s more
easlly found. In natural splitting the diagonal airways, which
cause difficulties in network calculations, are more easlly
detected.

An even clearer plcture of the network configuration 1s
obtalned when in schematic ventilation plans the c¢rossing of
alrways or the overlapping of loops are as far as possible
avolded. Since plans of this type are most widely used in
Poland (where they are required by law for every mine) they
are usually known by their Polish name as "canonical plans”
(18)., They are however, gaining increasing pooularity in other
countries as the basls of emergency plans, too, since they
are especlally suited to detect possible instabilities in
ventllation systems.

As an example fig. 47 shows the ventilation plan from fig.
45 converted into a canonical plan (35). The natural draft
developed during the firast stage of the fire in airway 4 - 8
and during the second stage 1n airway 3 - 4 is indicated by
the pressure sources a and b. Both pressure sources have a
tendency to circulate the air in those locons, of which they
..are a part and the stronger thls tendency, the closer the loops
are to the fire. The larger pressure source a succeeds in cir-
culating the air in the loops 4-8-7-6-3-4, U-8-7-6-5-2-3-4, and
”-3-7-5-2-3-” The weaker source b succeeds oenly in the loop
3-4-9-1-2-3

To Judge the influence of several pressure sources in a
ventllation network on the stabllity of the airflow in selected
alrways qualitatively and, as far as possible, quantitatively
the Pollish engineer Budryk (35) suggested the use of a so
called " closed schematic plan" nowadays more frequently called
"Budryk plan". Characteristic for this plan 1s that the air-
way, whose stability 1s to be Judged, forms the boundary between
those parts of the network whilch are domlnated by one of the
pressure sources, Although gquantitatlive predictions about the
stabllity of an alrway are only possible for comparatively
simple networks, the Budryk plan allows valuable conclusions
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as ‘how toc 1lncrease the stablllity of thls alrway. The name
"closed plan" originates from the fact that every ailr current
is thought to be short c¢irculted through the atmosphere (which

in fact it is).

Every alrway or groun of alrways, whose stability must
be investigated and every new leocation of a pressure source
leads theoretically to a different Budryk plan. In the practlce
of fire emergency plans ventilatlon engineers usually 1limit
the alrways to escape routes or stabllity boundaries, beyond
which no airflow reversal should occur and the location of the
pressure sources to alrways where natural drafts can be created
by fires, Even if no actual Budryk plans have been plotted,
familiarity with the principles on whieh they are based can be
of considerable help in selecting the right measures to stabilize
the alrflow 1n critical airways. A sveclzal chapter of this
report (chapter VI-B) will therefore bring a more detailed dis-
cusslon of the Budryk nlans and their use,

As examples, fig. 48 a and b show the ventilation plan from

fig. 45 converted into two Budryk plans with the natural draft
of the fire developed in airway 4-8 and airway 3-4.

b) Definition of ventilating heads and pressures

It has been mentioned that the data contained in
ventilation plans should include mine ventilating heads or pres-
sures. These are differences in the energy content of the alr
between two points of the network or, when the two points are
the begin and end of an alrway, changes in the energy content
of the air when moving through this airway. Since they Indicate
the stability and economy of existing alrflow as well as the
dlrection of potential airflow, thelr use has become very popular
with ventilation engineers.

According to the above definitlon of heads and oressures,
mine ventllating heads hM are energy differences ner unit welght
and mine ventilation nresgures D ver unit volume of ailr. Belng
differences in energy contents thdv can be determined from the
energy equation in the following form:

av,.?2
vdp + dZ + —2— + dh = 0
g My
L 2
dp + »dZ + dv 4 + dp = 0
P 2e, a "My
A comparison with the enerpy equation in.the. form
2
v dp + dZ + Va + dh_ - dh_ =0 hp = fan heads
5 L
g
r 2
dp + ¥ dZ + dav + dp. -dp_ =0 Pp = fan pressures

2g a L F
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and integration along alrways with an exchange of mechanilcal
energy yields

hMV = hL - hF

pMV = PL - DF

Integration along alrways without exchange of mechanical energy
results in

hMV = hL
v T pL
By applylng the above energy eqguations on a loop one obtain
av | av, 2
¢ (vdp +dZ + —2 _ +dh )+ ¢ (vdp +dZ + —B— 4+ dgh - dh ) =
alrway | 2g My restloop 2g L F

$(vdp) +h +¢(dh -dh ) =20
MV L P

loop . restloop

or, with hN = - 4 vdp = natural head in the loop
I hL = é dhL = gum of headlosses in the alirways of the restloop
z hF = $ th = sum of fanheads in restlocop

hMv = ZhF + hN - ZhL

which 1s actually Kirchhoff's second rule or the mesh equation of
ventilation networks. Similarly one obtalns

= Ip, + -
pMV P pN | DL |
To avoid an unnecessary lengthy discussion only the problems as-
soclated with the mine ventllating oressures will be discussed.
A similar discussion of the mine ventilating heads would he completely
analogous. '

~ Fig. 49 shows how the ventilating pressure between two points,
connected by two parallel airways, can be calculated by using the
above derlved formulas. It shows, furthermore, that one can
definitely determine the ventilating pressure between any two
poelnts, when the locations of pressure sources and pressure losses
are known., The result 1s not influenced by the path used between
the two polnts.

It 1s therefore possible tc calculate for all polnts eof the
network their ventilating pressure against a common reference polnt
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and in thils way to obtain a kind of ventilating potential P for
them. If in fig. 49 the begin of airways 1 and 2 are made the
reference point, the plotted pressure curves would at the same
time indicate these potentlals.

One of the most valuable advantages the use of ventilating
potentials offers is the prediction of airflew directions in
planned alrways or suspected leakage pvaths. In fig. 49 it is
quite obvious that in a connection A-B the air would flow from
B to A with the booster fan at the end and from A to B with the
booster fan at the begin of airway 1.

Things become more complicated if natural drafts are developed
~1In the loops of a network. Flg. 50 shows two parallel airways,
ventllated ascensionally and descensionally. Due to a fire a

natural ventilation pressure 1s generated in the loop. The
calculatlion of p v shows that the ventlilating pressures for the
two parallel M alrways are no longer the same. This 1s not
surprising since the energy equation defining p contalins the
path funetion ¥ dZ, If a ventilation network contains loops
with natural ventlilatlion-pressure 1t 1s therefore theoretically
impossible to define an unambiguous potentlial for most of its
points. :

Ventllatiocn engineers frequently overcome thils difficulty 1n
thelr practical work by considering the natural drafts as imaginary
fans. If the fans are arranged in such a way that Xirchhoff's
second rule or the mesh eguations are satisfied, network calculations
willl dellver the correct answers. As discussed in chapter VI-D.b.3, "
however, there exlsts a great number of possiblliitles to lmltate
the natursgl draft with fans arranged 1ln dlfferent ailrways and
still to satisfy the mesh equations. Every different fan arrange-
ment delivers different ventilating pressures.

Fig. 51 shows as an example the two parallel airways ascensionally
and descensionally ventilated within a simple network. The ordinary
natural ventilation for the loops polng through the shafts and either
of the two parallel alrways is p o* If a flre develons in the loop
formed by the two parallel alrways the natural draft Dy ps thls can
be imitated by an imaginary fan 1n either of the two airways 1 or
2. A network calculation would give the same air quantity distribution
for both arrangements. Different ventilating nressures are, however,
cbtalned for airways 1 and 2 and these ventilating pressures are
the same as those derlved 1in fig. 50.

c) Representation of ventilating heads and nressures

in ventilation plans

The fact that, whenever natural drafts exist in a
ventllation system, mine ventilating heads and pressures and
ventllating potentlals are nath functions, leads to difficulties
in thelr representation In ventilation plans. The most frequent
method used by ventilation engineers teo aveold these difficulties
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is to calculate ventllating potentials separately for individual
loops, which run from the intake alrways through the mlne to

the return airways. They are obtained by summing up the head

or pressure losses 1in the alrways of the loops and are usually
plotted over the alrway length. Fig. 52 shows a simple example.
Since different locps can have different natural drafts one must
be careful in using these potentials for the prediction of alr-
flow directiens in planned connections between two polnts in
different loops, at least as long as the difference in potential
is not larger than the difference in the natural drafts of the
two loops. .

Another popular method is to use equivalent resistances for
the alrways 1n loops with natural drafts, which give the same
airflow distribution as the genuine resistances and the draft
comblned. The natural drafts can then be neglected and a definite
potential can be assigned to every Junction of the network, which
1s then usually entered in to the ventilation nlan. However,
no generallv recognized methed as how to deftermine the equivalent
realstances exists. Usually a seauence of network calculations 1s
performed and the alrway resistances are, by .a trial and error
method, manuallv altered until the desired flow distribution is
achieved. .

Since the pitfalls of the last method are obvious, many
ventilation engineers apply 1t only to small natural drafts.
In loops with larger natural drafts they still assign a potentilial
to every Jjunc¢tion by adding up the head or pressure losses, but
at the Junctlion where the lcops are c¢losed and for which two
different potentlals would result, only the potentlial obtained
along the more Important alrways 1s 1lndicated, together with the
natural draft in the loop. Plgure 53 shows a simplified example
for this procedure.

The pressure potentlials have been calculated by adding up
the pressure locsses from the shaft collar of the 1ntake shaft
along the upper and lower level. The natural draft in the internal
. loop formed by the two levels and the lower portlions of the two
shafts 1s 0.5 1in.WG. For the potentlal of upper level landing
of the upcast shaft, consequently, two values, 0.5 In.WG. apart,
could be obtalned. Only 3.65 in.WG, resulting from the path along
the lower level are, however, entered but the natural draft of
0.5 in.WG 1s marked, too, at the upper level. Thls is done to
draw the attentlon of the plan user to the fact that the potentlal
of the upper level might have been determined to be up to 0.5 in.
WG higher, 1f a path golng along the lower level had been chosen
for the calculation.

Polish ventilation englneers frequently design their
canonical plans in such a way that the location of alrway-junctions
in the plan indicate their potential, Figure 54 shows as an
example the canonical plan from figure 47 plotted agalnst a
ventilating potential scale (20,35). It is assumed that this type
of plan will shortly be required by law in Poland.
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;

VI. Quantitative Predictions of Ventilatlon Disturbances Caused

by Fires

A) Numerical solutions without computer aid

If the natural and throttling effects are known or can
be calculated from other data, the influence of a flre on the
airflow distribution in a ventilation system can be determined
in a ventilation network calculation. If sufficlient data on the
network as the basls of the network calculation and a computer
for the executlion of the calculation are avallable, thils 1s no
great effort.

Where thls 1s not the case and the calculations have to be
done manually, ventllation engineers in investigating the
influence of a fire must qulte frequently to be content with
abridged and simplified network calculations for the immediate
vieinity of the fire. Since it 1s usually here that the fire
has the greatest influence on the ventilation, these calculations
can be very useful. The accuracy expected from the results
determines the extent of permlssible simplificaticns. To keep
the manual work in tolerable limits, ventilation englneers,
moreover, limit the network calculatlions frequently to the
Investigation of especlally critical states, like the criteria
for airflow standstills and reversals,

Network calculations for the viecinity of the flre are usually
based on pressures, since the spec¢ific welght of the air In a
limited area, except for the changes caused by the fire 1itself,
remains falrly constant. As pointed out above, it makes no
difference 1in principle if ventilation calculations are based
on energles per unit welght (heads) or energles per unit volume
- (pressures) and ventilation engineers traditionally prefer the

pressure approach.

To demonstrate the capacity as well as the work requirement,
of conventional analytical network calculations, thls method shall
be applied to several simple examples first, A literature evalu-
atlon follows. It wlll then be shown that even with manual
calculations some very valuable numerical solutions and rules for
the airflow behavior in more complicated networks can be obtained.

a) Conventional analytical method

Conventlonal analytical methods are easy to apply
in network calculations when the network contalns alrways in series
and parallel only. But even here the amount of work necessary
can be a serious handlcap. It usually becomes unsurmountable or
a direct analytical solution 1s altogether impossible, when
diagonal alrways cccur in the network.

‘The network chosen here as an example for the vicinity of
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the fire comprises one alrway 1n parallel and two in series
wlith the alrway at fire. It 1s assumed that the reslstances

of all alrways, the throttling and natural draft effects of the
fire and the ventilating pressures acting on these 4 alrways
are known (fig. 55a).

To reduce the number of equatlons describing the network
the alrways 3a and 3b are comblned to alrway 3 and the throt-
tling and natural draft effect to the pressure effect of the
fire py (fig. 55b). With the indicated airflow directions the
3 resisgance equations are ' .

R. Q.2 (equ. 6.2);

= 2 ' . =
D Ry 9 (equ. 6.1); P > 9

Ll

= 2
p3 = F3 8 (equ. 6.3)

Under the assumption that the alr, after leaviﬁg the airway at
flre has agaln assumed 1ts orlginal volume, the junctlon equations
are

Ql + Q2 = Q3 (equ. 6.&); ‘ Q3 = Qtotal (equ. 6.5)

The two mesh equatlon are

- = . .6 ; + = . [
Pry = Pyp T P (eau: 6.6 pp, 4 b g= o, (equ. 6.7)
Combining 6.2 and 6.4 yields

- _ Q)2 |
Prs = Ry (Q3 Ql) equ. 6.8

Adding 6.6 and 6.7 and combining with 6.1 and 6.3 results in

Q32 = PMv + Pye gl le | equ. 6.9
R3 3

combining 6.8, 6.6 and 6.1 in

2 o 2

R ‘
ENF +Qu% - 2030 + Q2 - 22 Q% =0 equ. 6.10
R 2
.2
Substituting 6.9 for Q_ in 6.10 delivers
er + PMv + Pup _ Rl \ > a /pMV + PNP _ Rl le_'
r_ R w® Q" ~ R R
‘ R
+ Q2 - 1 2 =0
Ql R Ql

2
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(1-—1 _ By, (PuvtPyr , PNP,
R3 R 1 R3 Ry
T 3 "
2 EHE___EEE le - Rl Ql“ equ. 6.11
R 3

If the contents of the two parenthesis are called A and B this can
be wrltten as

"

A le + B = 2‘/r5MVR+ Pyr le M g equ. 6.12

=

3 3

Squaring thils equation results in
Py + PNE Ry
2n 4 2 2 = “my T AL 2 _ by
A%Q." + 2 AB Q2+ B L ( R 9 Fy Q") or
! \ Py *  Pur 2
(A2 + 4 —)Q*+ (2AB-14 ) Q.2 + B2 =0 equ. 6.13
R3 1 ' R3 1 .
If again the contents of the two parenthesis are called C and D
this can be wriltten as :

C Ql“ + D le + B2 =0 equ., 6.14
Solved for Q, btains ’
/ D ;LE_ B2 /S 1 2 2
Q, - -2 -' iz - = = 5c (-~ D~ //7D - UCB
equ. 6.15

Wlth Ql known Q3 can be calculated from 6.9 and Q2 from 6.4,

reverses the airflow in airway 1 (flg. 55¢)
.4 changes to Qy - Q1 = Q3 and the mesh
ghanges the factors

If a large negative Pye
the junction equation™ 6
equaticon 6.6 changes to - P11 = Pnf = Pro+ This

A and C to .
R R R
= 1 1 0= (A2 _ 21
A (1 + R + -FE_ ) and-C (A i R )

If a large vositive Dye Causes an airflow reversal in alrway 2
(fig. 55d) the Junction eauation 6.4 changes to Qy - 0s = Q5 and
the mesh equaticns 6.6 and 6.7 change to D11 = ONF = =~ Dr2 nd
e pL2 = pyy . Thils changes the factors A ang B to

_ R Rl _ . PNf _ PMy - Oyp
A= (‘ﬁi_" - R, - 1) and B = ( Ry - o )
and equatlon 6,15 %o ' .

1 // ¥
Q, = S5 (-D+ D2 - 4cB? )

1
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These unfortunate modifications of Junction and mesh equations
would be avoided 1f ventllation engineers would in manual net-
work calculations, write the resistance equation as p; = R | @ ] @
as they do in thelr digltal computer programs.

Figure 56a shows as an example of the derived equations how
the airflow dlistributlon changes as a functlon of the ratio
pr/pMV' It has been assumed that Rl = R2 = R3 and that p /R3 =

0.2 (105 ft3/min)? (e.g. Pynr = 2 INn.WG, Ry = 10 ¥ 10710 1n . wg/
(ft3/min)2) Figure 56b shows the distribition in the same network
when R, has been increased to Ry = 2R2 = 2R+, One sees that the
stability of airway 2 has been %mproved. Tge stabllity of airway
1 has, however, remalned the same for negatlive n,;,. It can be
increased by throttling airway 2. Flgure 56c shows the results
for Rl = 0.5 R2 = R3r ‘

In judgling the effectiveness of 1lnstalling regulators to
stabilize the airflow in the neilghborhood of the fire one should
keep in mind that every repulator wlll decrease the alrflow
passing through the mine and, therefore, have a tendency to
increase the ventlilating pressure p acting on this nelghborhood.
For a glven pyr the ratlo pr/pMV w¥Y1 consequently decrease.

The pressure p at which airflow standstill occurs can be
easily calculated (§IS). In the case of a positive pressure py
(fig. 55b, ascensional ventilation) in airway 1 airflow stand-
still in airway 2 changes equ. 6.4 to Q = Q5 and equ. 6.6 and
6.7 to P11 =a§§£tand p&3 = pyy. Thls deliveFfs as condition for

alrfiow st 111 in“airway 2
L2
Py = P11 - gl;%lE = R
e
MY PL3 3 Q3 Ry
. D Rl
For _Nf <« = the original airflow direction will be main-
Py 3
tained, for
pr Rl

> reversal wlll occur. Thls can be seen from filgure

Puv
56 a, b, c? where Ry/R, has values of 1, 2, 1 and the airflow
standstill 1s shown at pr/pMV =1, 2, 1.

In the case of a negative pressure p (fig. 55¢, descensional

ventilation) airflow standstill in airwanyl changes equation 6,4

to Q, = Q, and equ. 6.6 p = - pD... This delivers as condition for
3 L2 Nf

airflow standstill in airway 1

-PNf o PL2 - Ry Q57 - _fe

S Z + R

Py Pr2 + Pr3 Ry Q% + R3 Qg "2 3
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as condition for reversal
R

va. R2 +, RS;

and as condition for the mailntainance of the original airflow di-
rection

‘PNf S

S

“PNE Ra

Puy R2 + R3
This can again be seen from fig. 56 a, b, ¢ where R /(R + Rj3 ) has
values of 1/2, 1/2 and 2/3 and the airflow standstiil in airway 1l is
shown at pyp/pmy = 1/2, 1/2 and 2/3. One sees furthermore that even
after the total blocking of alrway 2 to R2 =2 gt pr/pM = -1 a
standstill cannot be prevented, v

Literature Evaluation

Woropajew (146) investigates the stability criteria of networks
comprising two parallel alrways only. If the fire develops the pres-
sure pys and the ventilating pressure acting at the two parallel-air-
ways 1s pynrs the mesh eguation for 2 descensionally ventilated airways
with a fire in airway 1 (flg. 57a) can be written as

Py = P12 = Pry + Pyr

Alr standstill in airway 1 1s consequently caused by ppy = pyf. I
the alrways are agscensionally ventilated, Woropajew assumes for the
pressure developed by the fire not a positive p f in the alrway at
fire but a negative py, in the parallel airway 3 (fig. 57b). This

1z correct, too, since the directlon in which the natural draft tries
to circulate the air in the loop of its origin remains the same. He |
obtains as mesh equatlons p = Py = PL2 - (Qpr) and as condlton
for alr standstill in alrway 2 Puy = Pype

The other posslibllity, assuming for airway 1 a positive Py would
lead to Pyy = Pyy = Pyp = PLo and to the standstill condition Py = 0.

As explained above (fig. 50) there are in both cases different values
- obtained for pyy and the difference 1s Pyre

Osipov and Zadan (95) follow Woropajew's derivations and suggest
a method to determine pMV at standstlll conditlons. They define Py

as the pressure loss in the airway under consideration, which can be
measured by the conventional barometric or manometric methods. I1If the
resistance R of the alrway 1s increased, pyy Will increase too. If
the relation between Puy and R 1s approximaged by the function

. a b R
Pyy = 1 + b¥R
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Py at standstill conditlions would be cbtalned for R = 0o (fig. 58).

Since an actual standstill in an airway can be hazardous, Osipov and
Zadan suggest the alrway be throttled only to different extents. If
Py i1s the ventilating pressure measured at the pertinent resistance
Ry 'of the throttled alrway and if n measurements are performed

’pMV
at alr standstill can be obtained from max

(ZR;%) n - <2a-)2
1:’M"rnua.x = .2 ~

EI&

pMVi

Maas and Sadée (75) derive stability criteria as functions of air
temperatures for a small network comprising two shafts and two ascen-
slonally ventllated parallel salrways. This can be converted into the
network shown 1n flg. 55b. Natural draft and throttling effect are
not combined, however, but treated separately.

If the natural draft 1s Pyr ONe obtains for airflow standstill
in airway 2

Pyr _ P11
Puy Pz

Since airways 1 and 3 carry the same massflow but not the same volume
flow, P11 and pL3 have t¢ be based on massflow. Darcy's equatlon

Lp X 2 L P 2
p, = f =% e Ve = f W Q® - Rrq

becomes with q = G/y

1 2
LP G°  and with the average specific welght of the
8 g A> &

pp =1

air Land the temperature Ta‘before the fire started, under the assump-
tion

L P 1 2 2
= s = TG =S TG
XaTa ¢ T P, fggAB va T

The condition for alrflow standstill in alrway 2 1is

Puy = Pz = 55 T3 & or pyp = Py = 8; Ty 07 or Py 5. T
.3

wlth T1 and T3 belng the average temperatures in airways 1 and 3.
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Fig. 57. Woropajew's Stability Criteria (146)

P ey

Mvmax S

|1
Fire
e ol
R
Fig. 58. Variastion of PMv with R for Fig. 59e. Example of a gim-
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59b, Relation between Pressure Loss in Airway 2 of Fig. 59a
and the Specific Weight of the Air r; in Alrway 1 (35)
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The natural draft can be determined from

Ta Ta Ty = T
Py = ( - AZ = - 7 e —) 2
f EIESE (Tz rP1')‘3,""‘6 ( Ty 7, ) Ta Yab?
Combination of the two last equations ylelds with the approximation
rI’2 - T3 Ty - Tp Ta?aAZ 51
2 © s
T, Puv 3 ‘
T, =T ) , T, -
1~ T 1”12
From d@—jgﬁr*ﬂ/ﬂT1 = 0 one obtains that the term —157;—-‘ has a
1 1
maximum for T1 = 2 T2. This means that the fire has 1ts largest in-
fluence on the airflow of alrway 2 for T, = 2 Tp. This wvalue inserted

into the above equation results in 1

6z _ 51 4 T2
Puy SB ?a{a

With the approximation T
one cbtains

, = Ty and the assumption of ¥a= 0.075 1b/£t3

A7 4 Sy

pMV 0.075 S3 and, 1f p.,, 1s measured in in., WG

67 4 *5.194 51 _ 277 51

Ppy 0.075 83 - S5

This means that for S, = Sq and a ventilating pressure of 1 in.WG an

elevation change of at least 277 ft. for fthe hot fumes 1is needed to
facllitate an alrflow standstill in the parallel alrway 2. Or that
for an elevation change of 100 ft. and a ventilating pressure of 1 in.
WG, S3 must be 2.77 tlmes larger than Sl'

b) Approximation methods of the ECSC for ascensionally
ventilated alrways

As part of a larger study, the Committee on Mlne Ventlla-
tion of the ECSC investigated the alrflow in ascensionally ventilated
alrways parallel to airways at fire (35, appendix 3). Their conclu-
sions are not at all only of theoretical interest, as the first im-
pression may be. They make 1t nossible teo find those airways where
the possibility of airflow standstills or reversals does not exlst
and which, therefore, can be exempted from a detalled investigation
in emergency plans,

Since the conclusions of the Committee are hard to understand
without any reference to how they were obtained the employed deriva-
tions shall be outlined, too.

1) Two airways, fire at beginning of one of them

The assumed ventllatlon system 1s shown 1n fig. 59a.
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If kinetic energy changes are neglected the energy equatlion can be
wrltten as

dp + ydaz + dpL =0

If R and Q are desc¢cribed by the values‘Ra and Qa they would have for -
air of the original state before the fire started, the resistance
equation is ’

Rl (LLyg2 (Xay2_ o o2, ke
R Q Rﬂ(h)»qEL (J*f)' RaQa(rf)

With the assumption of a constant & in every alrway one obtalns

‘ La
APy mYBT + Ry Qg

Py

AP, =),d% +p,
23"&

Pro == (Fa-¥paz +R,0Q, rr

Pro 88 2 function of ¥, is consequently a hyperbola wlth the para-
meters ‘ ’
. 2 " ’
a‘a’éz' Ra191 * From9P12/4 4+ = O one obtains that pPro has a minimum at
~al <al

X"f’m;n" 3’3\!]7&—6?‘

The pertinent p;, would be

R 2 ! ‘
) al Qa1 - -
L2, = - xvaAz +2¥'8AZ\J_—~5”&AZ X‘aAZ+2AZ x'f

For Y'fmin = 9+5¢"a one obtains p ., = 0 (fig. 59b). This means that
the hyperbpla, which has 1ts minimum at ¥3hin = 0'53%3 touches with

its minimum the abscissa and is the critical hyperbeola separating
those, for which airflow standstill or reversal occurs from those,
where 1t does not occur. If any standstill or reversal in ailrway

2 could be caused by a fire in alrway 1 at all, this standstill or
reversal will occur at Ie = 0.5 yy too.

min

Wi 20 = = _ 2 &a '
th py, =0 (Yo-yppldz+ R, Q4 ¥ and fp = 05,

one obtains as the standstill condition for airway 2
: 2 1 '
Ra1Q' EH——a‘—adZ

as 4

No reversal will occur for 2 1
Ra.1 Qgs > 4 fy‘adz

Qgs 1s the airflow in airway 1 at the moment of airflow standstill
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in airway 2. It is not known and can be determined only by a net-
work calculatlon, comprising the whole ventilation system. For a
first estimate cne can replace Q, by the normal airflow without the
fire in. The stabillty criteridén then 1s '

2 1
Rav 41 273 Yo 82

. 3
or, with the normal pressure loss in alrway 1 Prn1 = Ra1 Qn1

)
PLn1>T<!’a’-"Z

Since Qas is larger than in these formulas contain a conslderable

-1f not excessive safety. How Qal changes with p;, can be estimated
by assumling

2 PF - PL2
P, = Pp ~ R Q, or Qa1? ,.__FL./E'_L_ |
where Pp is the fan pressure actlng on the network and R 1s a hypo-

thetical equivalent resistance for the rest of the network. From
the energy equation appllied to the two airways 1 and 2 one obtains

- PL2)Ra1  §
then p == (¥, -y oz« (R PL2)lar Xa

/R J‘ or
al a - £
b PR {T-(&’"a £r)az
L2 R, £a
1 + = —
R ¥r
p as a functlon of is again a hyperbola with the parameters - 4%
L2 by p a
Py R - 0. | PL2
and F/Rm for which at pp = 0.5 45 as well Py = 0 as ipe 0.

That means there exlsts agaln a critical hyperbola which touches the
absc¢lssa wlth 1ts minimum at,aq.z Odigh and separates those hyperbolas

with the alirflow standstill or reversal from those without. The

possibllity of airflow standstill in alrway 2 can again be detected

by inserting X' = 0.5 Ye into the above equation for P10~ Standstill
f

will occur at

Pr 1
Rar T~ = T4 al?
If one assumes for p =0 —E_ = Q 2 one obtains agai
L2 R ag ’ S #gain
2 1 '
R13.1 Qas = 4 X\fa.Az ’

One can visualize Qas as the air quantity-which the network 1s able
to force through a short circult with the resistance zero connecting
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the ends of alrways 1 and 2. @Q is at least as large as the sum

of the originally flowing
Qn

as
1 and Qn2

2
gas 2 (Qn1 * Qn?

There 1s consequently no danger of airflow standstlll or reversal
as long as '

)2

2 2 '
Ra1 Qa.s > Ra1 (Q‘n1 + Q'112) > T raéz

Under the assumption of Q s = 9 ~ this becomes

n

~ 2 1
Ra1 Qn ® p]_,n‘l> 16 asA'a.AZ

For two parallel airways to a thlird airway at fire this would become

1 ‘
Pint > T &aﬂZ eto.

2) Twoc ailrways, fire at different locations in one of
them

In the previous chapter it has been assumed that the
throttling effect acts ¢ver the total length of the alrway 1 and
that the total helght Az 1s used for the development of a natural
draft. In this chapter, stabllity criteria are developed for two
parallel alrways 1 and 2, where the airway at fire 1 has a horizon-
tal Intake and return sectlion and the fire has different locations
within the nonhorizontal section (fig. 60).

The energy equation delivers

= - - 2
Pp == (¥ =8p)02 Ry, %R,

2§a
&r

With the followlng abbreviations

R 2
k=Ra11.1 . X - Alg y-(R‘”" + Rat.2) Qg

al.1 + %aq.2 a5z A 2
this equation becomes
PLo e
A - - a
T x(x-a rf)+ky+(1-k)yd~f

dpy o

Pro, as a functlion of-xT is again & hyperbola with a minimum (

dd‘f =

0)
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Fig. 60,
RR
- —~— ] I
1
ﬁ 3 2 Fire AZ
- | == | — l
Ry
Fig. 61.
Cc
3 2 1 :
Fire 72
C
Fig. 62,

Fig., 60 = Pig. 62. Airways in the Vicinity of a Fire for the
Judgement of Which Stability Approximation For-
mulas Were Derived {35)
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for
y (1 - k) ¥a
Y2 |

This inserted into. the last‘equation for PL2/£'Z vields

. 2
P12 min ky

o £
Y ”‘(zér'r‘h‘“h-k)h_”)_

The value 8¢ where the critical hyperbola (separating those with
and without ailr standstill) touches with its minimum the abselssa can
be found from

PL2 min = ©

which results in

N s

This for not too 'hlgh values of k developed into a series results in

k K2 _ 5 k°
X”mm=é*a(' -5 e - Thes ot v o)

This shows that bemin 1s close to 0.5 ¥, and is a variable of

the ratlio k = intake airway resistance/total resistance for the airway
at fire. It 1s only over k influenced by the location of the fire,
not by _ _ Alf

02 °

The possibility of standstlll can be deftected by inserting gbfmln
into the minimum condition for the hyperbola
v (1 -« k) &a
yre
For the worst case, a fire at the foot of the nonhorlzontal airway

section (x =AZe/AZ = 1) and with the approximation‘fr - 0"5&'&(1 - _12__)

for not too high values of k, one obtalns

2 - CLk
. ¥e2 . (Ray,7 + Ray,2) Qag P 0:25 frq (1 - —37) & a
YUy A T-k IR

2 Kk 1
(Ra1.1 + 1:‘151'.2) Qas (1 - __2—) & Ttradz

and with the used definition of k
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2 1 2. 1
R.13.1.2 Qas 2 Fta.‘l.1 Qas ~ 4 X’a’az

Qas is again not known but the assumption Qas = Qpn1 + an = 2 Qp
delivers

‘ 1 2. 1
(Ra1.2+ 2 Ra1.1) Qn ~ 16 raaz

Consequently there 1s no danger of airflow standstill or reversal
as long as

o 1 2 1

(Ra1.2+'2 Ra1.1) Qri > 16 raéz

1
If, for example, the resistance of the intake airway Rgjy.1 1is 3 of
the total resistance R_, of airway 1, no danger of standstill or
reversal exists as long as
2 1
(=5 Rgy + T Rgy) 9 2> -y 87

a4

or

Ryt % > 5 I'ad

One sees that the lacking throttling effect in the intake airway
increases the possibllity of standstills or reversals,.

3) Three airways, one at fire, one with reversed airflow

Three alrways 1, 2, and 3 are parallel. Alrway 1 1s
at fire, the airflow in airway > has already been reversed (fig. 61).
The possibility of airflow reversal in airway 3 shall be investigated.

If the intake alrway Ry and the return airway Rg for airways
1 and 2 are comblned to

Ry = 31%+ Ry

enérgy and reslstance equation deliver
2 2 &a
Pz = B 9 *+ BgiQay” FF - (¥ mplA 2

With 934 = Q, + Q, and  and

__&22) ‘ ' 2 2
Qc? R, Ry Q4 s obtained from Py5 = R, Q" - Ry Qs
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thls becomes

1

| Re 2 ¥
pL3=ch(Rc+Ra1(1+w_R—2_( Tc%) ) a) (ya-¥)02

This implicit function of p is difficult teo handle. Since only
the neighborhood of P13 = 0 %g of interest for stablility criterila,
the term

PLs
R, Q0 1s neglected. Then

2
Py = %" (R *+ Ry (14 )—ai‘}—”'(ra-rr)“

If‘the abbreviation

Ro = R, +R . ( 1+ V BQ_W )2 is introduced, this becomes
S C al R2
p Q.’ .
Lé, C : a .
AZ AZ(R“(Rs‘Rc) t) - (e - ¥
and with C ' Rg Qg2
FUE Y TTRT
Pus - fa Ny
b mkyry (1 =x) oo = (g = yy)
This 1s again a hyperbola which intersects the abscissa (p = 0)
at .

ky+y(1-k)%-(xa-xf)-0 or
Ba-fg-o—(ky-xr&)&f-o-(‘l-k)yraa:o or |
pro05 (g mky 2oy -p)? - e G-y

For the critical hyperbcla, which touches the absclssa only in one
point and which separates those hyperbolas, for which standstill or
reversal in airway 3 1s possible from those, where it 1s not, one
obtains

Fp . =05 (ypy=-k y) and
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From the above formulg for Pr3 one sees thét the danger of air-

flow standstill or reversal is not only influenced by k, Ve and A Z
but by '

Ry + R, (1 +/ Ro/Ry )2 ) ch
Fagy/A

as well and is the smaller the larger Rc, Ral and QC and the smaller
R, are. The standstill condition :

2 -.k - 2¢1 -~k

Y= ¥a k2 _ developed into a series ylelds

y=__4&(1+ k + 5k Q.nl)

y=

2 16

For not too large values of k one can approximate

v = ¥a 1
o

Equated with the definition of y one obtains

‘ 2 2
(RC + Ra1 (1 + v RC/R2 )5 ) Q {a "1 or, with the

g I
AZ. (1"2)

definition of k:
1 2 2 2 1
7 Re R + Ry (1 + R/R, )T Q" =X, 2

From RC ch = R2 Q22 for the moment of airflow standstill in airway 3
anad

Uy = Q + Q2 one obtains

(1 + Y R./R l)2 Q 2 . Q.2 and consequentl
c/ 2 c a1 q ¥

9 2 2 1

2 R Qo *+ Ryq By =y yadd

The. air quantities QC and“Qal are unknown. A safe assumption is to
substitute for Q. and Qg the total air quantity

Qf = Qn1 + Qn2 + Qn}
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which normally flows through the three parallel alirways. Under this
assumption no danger of airflow reversal in airway 3 exists when

: 2 1
(_é— Rg + Ra1) (Qrﬂ * Q2 * Qni) ’ 4 £a4?

4) Recommendations for test procedures

All the above derivations are based on the assumptions
that the kinetic energy changes can be neglected and that the mass-
flow of gases, whlle passing through the fire, does not change.
Neglect of kinetlc energy changes have, under ordinary ventilation
conditions on the derlved relations the same effect as an error of
up. to 3 ft. in the assumption of AZ. If the massflow of the air
passing through the fire is increased by § % , one has to multiply
the resistance of the airways behind the fire by a factor (1 + £/100)2
Since the size of & 1s disputed, i1t 1s suggested this factor be
dropped as an addlitional safety. The assumptlon of a constant spe-
clfic welght in the alrways can be met by determining these specific
welghts from the average temperature

T dL
Tn = L

The committee condenses 1ts flndings intc two sets of simple
rules. The first set 1s easier to apply and has a very high bullt-in
safety factor. If its appllicaticn shows instabllitles, a check
should be mhade with the second set of rules. If the instabllity is
confirmed, an accurate calculation, using a computer 1s recommended,

The first set of rules states that in a system of 3 ascensionally
ventilated parallel alrways there is no danger of alrflow reversal
in airway 2 (fig. 62) as long as

Fad?z
Pinz 2 ]

and no danger of airflow reversal in alrway 3 as long as

Prn2 ¥ Pins S Yabz
2 4

This formula follows from the above derived expresslocon

1 2 A&z A A7z
>~ Bg Qo + Ryy Gy >’Xh T or =5~ Pruc * Prnt 2 a
With
Pin3 = Pinc © Prn2 = PLnmi
OI" ‘
Pin3 PLne PLn2 _ PLnd

2 2 2 2
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one obtalns

p |
LnC ) P
2 Y Prm < ———-—2“2 " -——22“

The second set of rules states that there is no danger of airflow
reversal in alrway 2 as long as

2 4 2
Rn1(Qn‘l * QnQ) >x’a 4
and no danger of reversal in ailrway 3 as long as
2 Az
(Rn0'+ Rn1) (Qh1 t QL Qnﬁ) > {a 4

B) Criteria for airflow reversals developed by BUDRYK

Besides ftrylng to assess the Influence ¢f mine flres on
neighboring airways, several attempts have been made by ventilation
engineers to develop methods for the detection of unstable airways
without having to perform a full network calculation (23, 35, 36, 98,
120,141). Although these metheds, except for simple networks, can
give only qualitative answers they can be of great lmportance.
Besides indicating where and in which sequence airflow. standstills
or reversals occur, they can glve valuable advice as to how threatened
alrways can be stabillzed. The practical implications for escape
ways for miners or advance routes for fire fighting teams are ob-
vious.

The best known and wldely applied of these methods was developed
in Poland by Budryk. 11t was recently studled by the Committee on
Mine Ventilation of the ECSC (35) and extended to the treatment of
descensional ventilation (23, 120).

The closed ventilation plan or Budryk plan has been discussed in
cnapter V.E.a." Some additional comments are necessary to introduce
terms, which are used in connection with the "Budryk method". The
alrway, whose stability is fo be investigated or maintalned, is the
boundary between the external and internal subnetworks. The external
subnetwork contalns all normal pressure sources p the internal sub-
network the filre Dy~ The path connecting the air&ay at fire over

the intake and return airways wlth the surface 1s called main circle,
alrways being the part of the main circle are being called branches,
all other alrways slde branches. As an example, the simple network
used by Hartman (44, fig. 7-10) in his textboock on ventilation has
teen transformed into a budryk plan (fig. 63). One pressure source
to simulate the fire has been added,

If the fire is located in an ascensionally ventilated airway,
its natural draft will have a tendency to move the air in this air-
way and in the mgin circle in the same direction as the external
.pressure source. The main branches are stable, the side branches
instable, '
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If the fire is located in a descensionally ventilated alrway,
its natural draft will have a tendency to move the air in this air-
way and along the main circle in the opposite direction as the ex-
ternal pressure source. The maln branches are Instable, the side
branches stable. Ascenslonal and descensional ventilation shall
therefore be discussed separately.

a) - Application on ascensional ventilation

The most simple example of a ¢losed ventilation plan,
where a fire in an ascensionally ventilated alrway can cause alrflow
standstill or reversal, comprises two parallel airways plus pertinent
intake and return airways (fig. 6l4a). If the fire develops the
natural draft pye in airway 3, airflow standstill in alrway 4 will
occur when :

2
pp = Ry Q7 ¢+ Ry Q57 . 4ng
2
Pye = B3 Q3

If the pressure sources pp and pyp are called pp and pp (flg. 64b),
since they are part of the external or internal subnetworks and 1if
the resistance of the subnetworks is expressad by

HE = R1 + R2 and RI = R3

the standstill condition is

2 2
Pg = RE QE and P = RI QI or
Pg Re
EE“ = —ﬁg- slnce QI = Qg

Airflow reversal in airway 4 will be avoided for

Pg Ry
> R
P1 I
it will occur for
Pg < Rp
P1 Ry

The means to stabilize airway 4 are consequently to keep pPg and Ry
as large and Pr and Rp as small as possible.

With several parallel or overlapping alrways and several pres-
sure sources in the external and Internal subnetworks one has to
modify these relations. Since pressure losses and fan pressures are



122

a)
5 B
1 9
3
W ‘— g
5
71 12 8
11
BLEPTN

Fig. 63. Transformation of a Ventilation Plan (a) intc a Budryk Plan (b)

a) b)

Fig. 65. Derivation of Equivalent Resistances @land Weighted Mean Pressures

Py
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energies per unit volume or powers per unlt volume flowrate and since

the mesh equations, on which the above stabllitv criteria are based
are apvlications of the energy equation, to setting up an energy '

balance suggests 1tself,

The resistance factor R = p;/Q° can be consldered as a propor-

tionality factor between energy per unit volume (pressure loss) and
volume flowrate sguared, or, with g _ pL-* Q/Q5 - g/QS’ . between

nower and volume flowrate cubed. Using the ventlilating potential P
one can express the power necessary to provide the flowrate Q from
point A to point B along an alrway wlth the resistance R and pressure
sources wlth the individual pressures Pp as

((Py~P,) +5p,) a=F=R0Q

If several air currents g, flow from A to B and are exposed to dif-

ferent sources (fig. 65a) the total power necessary to transport
Q =?qi from A to B is

- 3
((Py = P,)Ta; +¥pp; 95 =P =2F; =2 R 9y

Applied to two parallel alrways one obtains

3 — —
= P1 + P

_ 3

If an alrway now 1s shared by several alr currents qi with the total

alrflow Q4 the required power will depend on the load of the airway'
and is

- S o= 2
((Py = Ppllay +3vpy 94 =P =2 =78 47 9y

Applied to two parallel airways with a third airway in serles (fig.
65b) this is

2 2 2
(P - Py) (aq + 95) + Ppy 9y *+ Ppp 0 = By 97 + By ap” + Ry Q5%(ay + 3p)

= P = P1 + P2 + P5

If an equivalent resistance
2
&Ry Q579

( Efqi)5

7

and a welghted mean pressure -of the pressure sources

_Z2PRi 94
P T 5y
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is introduced, thls equation becomes
’ 2
Pp= Py + Py - R(Zq;)" =0

Applied to the external and internal subnetworks with ag and qp being
the alrquantitles g4 which enter and leave the subnetworks at A and
B one obtains

2
Pp=Pg+ Pyz -RE g =0

2
Py=Pg+ Pyr -®Rpey =0

Alrflow standstlll 1ls obtained in the c¢ritical alrway A-B, forming
the border between external and internal subnetworks, for P, = PB;
In thils case the last two equaticns again yleld, with a = 47, &S

standstill conditilon
PME  _ Re «
Pu1 Ri1

Since no assumptions concerning the network confilguration have been
made, this equation is valid feor all networks as long a5 Pyp' Py,
-‘mEland'EQI have been determined in the indicated way. -

Physically, PME and pyy are the energles per unit volume trans-
ferred by the external and internal pressure sources on dg and ag.
iﬂE andﬁﬂz are the resistances of alrways through which, when

exposed to a pressure pyp and Py the air quantities qp and quwould
flow 1f all the other alrways of the network did not exist.

R and Ry are functions of the network configuration and the air-

way resistances. For the simple case of fig. 6U they coincide with
the resistance factors Rgp and Ry. Since 1n this case

9 =)-qE = QE and EPFE = P one obtains

2 Pyp g
Py = =P
ME S Qg E
2

2 .
Py =Pyt ppg =RE Qg =Py =R @y orRp =Ry

Analogously:’(RI = By
/‘RE and@QI :
are however more difficult to determine 1f the subnet-
works contaln side branches. If for the network shown in fig. 63 the
standstill conditions for alrway 2-6 shall be determined (fig. 66a),
one obtains again for the external subnetwork

pME = pE' /QE = RE =R1 + R9
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For the internal subnetwork is

= S = = z-p = D E PFI *qI
1 91 = 97 = % FI - PFI  pyp = . = P;
‘ 3 o 9 3 aI
® Rp877 * RioRi0%97 * Redg
I 5
18 2 2
Ry R *Rels Puy * Puio * Pre
a7,8° a7,8°
Py
Ri1 - qIE

The air quantlty g., which is the ailr quantity in the alrways T and

8 when the interna& suhnetwars is short cirevuitad gt A and B, has

to be calculated by an ordinary network calculation. This is al-
ready unpleasant for llttle networks like the one under consideratlon.
For large and complex networks it is a Job which is difficult to
accomplish without the help of computers. If computers are employed,
there seems to be llttle sense in using them as auxlliary tools for
the manual Budryk method. Thls 1s very true, but the Budryk method,
although 1t has the capabillty, 1s little used for quantitative
predictions. Its real value and lmportance 1s that it glves rela-
tively simple and logical rules as how to stahilize certain airways
in case of a fire.

Before these rules are dilscussed it will be shown how '&F] and

I can be changed. Both are functions which depend on the resistance
of the maln branches as well as on the alrflow through these maln
branches. Simplified:’mﬁ:andﬁRI become the larger for glven pressure
sources pygp or pyy the smaller the air quantities gqp and qys eX-

changed by the two subnetworks are. The latter decrease with in-
creasing resistance of the main branches and decreasing resistance

of the side branches. As an example QRI has been calculated
(fig. 66b) for the internal subnetwork of fig. 66a.
) 2

P Pr___P1 %o
RI T T2 g
AT SLTL VAT I \’ Ry /8
e a5 Riy/12

P1 1

©e==— = R_ = R + = R
Ry112 VRyse B2
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PFI

Fig. 66. Derivation of Standstill Conditions for A{rways 2 - & (a) and

of /RI (b)

r
- m |
Sy {i;

\ 2 Discussgsion of Means to

Stabilize an Airway (120)

B
by

Fig., 68. Derivation of Budryk Criteria for Descensional Ventilation (23)
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: R R 2
8
Ry = (Ryg + 12 R _RlL—)
(1 + 82 11/12
Ri1/12
R]{S 24R
11/12

It can be seen that the numerators in this expression con-
tain only resistances of the maln branches whereas the denominator
contains the resistance of a side branch. The same result weculd
be obtained for subnetworks of any size. A prerequisite, however,
is that the alrflow in the side branches of the internal subnetwork
has already been reversed under the influence of internal pressure
sources.

- In complex networks, "bridges" between external and internal
subnetworks can exist. It 1s difficult to predict how resistance
changes in such bridges effect ¥p °TR; except for the case that
such bridges are a dominant part of one of the subnetworks. One
should, therefore, not use such bridges for stabllizing measures
but should watch them carefully in case of a flre and, 1f neces-
sary, seal them.

1) Means for stabilizing an airway

According to Budryk's equation for alr standstill
Puy R1 ‘

Pugp RE

the stabllity of an alrway against airflow reversals can be in-
creased by lncreasing @QI and py- or by decreasing ’ﬁg;a“d Ppgr»
For the following dliscussion ¢of these cholces, a simple example
(fig. 67) shall be chosen (120).

Increase of %21

The optimal method to inecrease @I is to install a regulator
R in the airway at fire. Besides increasing’@lzsuch a regulator
reduces the air supply of the fire and, with the ccnventiocnal
axialflow fans, increases the fan pressure and therefore Oyg *
a,-8,, & -a

Regulators between %4~ 37 837%  yould increase R too
and consequently have a beneficial effect on the stabllity of
airway A-B. They would, however, reduce the stability of the
internal side branches located between regulators and pI.

Regulators 1in those internal side branches, where the airflow
st1ll malntains its original direction, will increase QHI .  They
will, however, increase the air aupply of the fire too and after
a reversal reducefﬂi and the stabllity of the airway A-B. Since
such regulators are difficult to remove after a reversal, one
should refrain right from the beginning from throttling internal
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side branches. On the contrary, those ventilation doors or regula-
tors which might exist in internal slde branches between the fire
and the locatlion of the planned regulators in the main branches
should be opened or removed. '

Decrease of R B

QQE ¢can be reduced by decreasing the resistance of the maln
branches and Ilncreasing the.resistance of the side branches in the
external subnetwork. If the main branches are part of other ventila-
tion systems, as 1s frequently the case with intake shafts, a reduc-
tion of the alr gquantity flowing through these main branches to the
other ventilation systems will decrease @QE too.

Increase of PME

The pressures of the fans in the external subnetwork should at
least be kept in their normal range or should even be increased.
The 1nerease should, however, be accompanied by a simultaneous 1n-
.erease in"dzI slnce otherwlse the air supply of the fire and the fire

intensity 1s lncreased, too.
Decrease‘of Pyt

pyr can be decreased by decreasing the lntensity of the fire.

If direct fire fighting measures are no longer possible, this is
done by reducing the air supply of the fire. The most effectlive way
to .accomplish this 1s a regulator 1n the airway at fire, which at
the same time increaseS'@I , too. It 1s a measure which 1is always

correct as long as the formation of explosive mixtures due to exces-
sive throttling is avoided.

b) Application on descensional ventilation

As dilscussed above flires in . descensionally ventilated
alrways have a tendency to stop or reverse the airflow In the main
branches of a closed ventllation plan. The side branches remain
stable, although they might be filled with fumes.

The stabllity criteris are different from those for ascenslonal
- ventllation. If 1n the example of the simple network shown in fig.
68a the airway r, be kept clean of fumes and is, therefore, made the
boundary between external and internal subnetworks, standstill in the
airway at fire results in

Py I
Pp Qg+ Tg

2 2
pI = rE qE [ PE = (/&E + rE) QE *

The airway 1s clean as long as
Pr ¢ TE
Pp Rg * Tg
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After the airflow in the airway at fire has been reversed the airway
A-B 1s threatened by a standstill or reversal next. Wlth the terms
used in fig. 68b, airflow standstill in alrway A-B results in

2 | N2
pI = (@I + rI) qI ] PE b (@E + rE) qE

2 2 pI l‘E /& I + l‘I
1 41" = Fg %g = + T T
Pg RE * Tg I
The alrway rg is ¢lean as long as Py < Tp \ Ry + T
P " RE*Tg 1

Since functions’&QE a.nd’ZD\I can be derived for networks of any

sizé, the above derived standstlill ¢onditions are of general validity.
If more than one pressure source ls acting in the subnetworks, Pg

and py have to be replaced by PyE and Pyt

1) Means for stabllizing an alirway

From PMT_ ¢ TE it follows that the stability of descen-
Py "~ RE * Tg
sionally ventilated airways at fire against airflow standstills or
reversals ¢an be increased by increasing PyE and rp or by decreasing
Pyt and ’@E- QQI 1s not contained in thils inequallty but regulators

in the alrway at the fire will decrease the fire intensity and con-
sequently Pur:

- From PMI ¢ re . MR1*Tr it follows that the stability
| Pyg  /RE* Tg Ty
-of 1Intake éirways to a descensionally wventilated alrway at filre

against airflow standstills or reversals can be increased by increas-
ing pygs ®1 and rg and by decreasing PyT> vng and rs.

One sees that the necessary means to aveid alirflow standstills
or reversals for descensional ventilatlion are more or less the same as
those for ascensional ventilation. The only difference is that the
resistances of the slde branches ro and rp, separating the external

and- internal subnetworks, now have an influence since standstills or
reversals threaten the main branches.

¢) Practical example

The fire at the mine Roche-la-Molidre has been des-
cribed above (fig. 45) and open and closed ventilation plans for this
fire were discussed (fig. 47 and 48). The reported action to fight
the fire was to set a regulator in airway 3-4, a correct but insuf-
ficlent measure. Additionally the side branches of the external
subnetwork 1-9, 9-10, 10-11 and ' the bridge 4-9 should have been
throttled to decrease R (35).
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d) Future prospects

The Budryk method in the form presented here does not
take volume expansion and resistance increase with temperature rises
into account., This can, however, easily be done by applying appro-
priate correction factors (23).

After some 30 years of its application in the Polish mines and
more than 10 years of thorough study in West European countries the
Budryk method has become very sonhisticated. It is beyond the scope
of this report to dwell on all of its aspects. It has only been
tried to present 1ts foundations and the general conclusions to be
obtained from its application.

C) Mathematical description of ventilation networks for
computer application

Computers execute mathematical operations without question-
ing their Justification. If the mathematical description of a prob-
lem assigned to a computer 1s incorrect, the solutlon willl necessarily
be incorrect too. :

Several possibilities exist for describing ventilation networks
mathematically and each one has certaln advantages and disadvantages.
Unfortunately they are quite frequently not properly used by ventil-
ation engilneers. Before discussing computer applicatlons 1t seems
therefore advisable to glve a short characterization of the mathe-
matlcal descriptions.

Ventllatlion networks are usually conslidered to be In a steady
state. This is Justifiled since it takes only a short time until a
new equllibrium 1s reached or a state, which is for practical pur-
poses close enough to the new equllibrium, 1s achieved after a change
in the ventilation system has taken place. ‘Although mathematical
descriptions of ventilation networks as non-steady state systems
and even analog and digital computer (127) simulations exist, they
have not yet found any larger application.

Mine fires are in principle non-steady state processes although,
after belng fully developed, they can reach a guasi-steady state.
The same applles to the thermal forces exerted by them on the ventil-
ation, although they too can reach a guasl-steady state or can right
from the beginning be approximated as developed in steady state pro-
cesses. In any case, these forces do not change very rapldly so
that inertla forces of the alr can be neglected and the response of
the ventilatlon system can be considered as a sequence of equilibrium
states, to whilch the steady state mathematlcal description of the
network applies.

Steady state ventlilation networks can mathematically be described

by groups of three different types of equatlons: resistance equations,
Junection eguations and mesh equations.
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Reslistance equations

The resistance equations are based on Darcy's eguation

iL P Va®
4 A 2g

¢h, = f

where Va 1s the average velocity of the air flowing through the cross

section A. The headloss in an airway of the length L is consequently"
2 B
v
_ P a . L2 __Gyv
ny ==fi‘ 77 e AL or, with V, = — -
2

P 2
h. = [f ———— v¢ G° 4L
L f BgA3

For constant airway dimensions A and P and a constant mass flow this
becomes

W ow f Psczfvzdl.
L B g A

and if a mean square speclfic volume thqz = -ﬁ}-[vz dL. and, based

on this mean square volume, a resistance factor R, 1s introduced, one
obtains as one possible form of the resistance equation
L P v 2 02 2

h. = f =R, G
L 8 g A5 msq G

Under ordinary ventllation conditions wlthout excessive volume
changes, such as caused by fires, the approximation

v 2h v 2 with v_. = (V1 + V2)/2:
msq & m m

vy = specific volume at beginning of airway

vy = specific volume at end of airway

causes only negligible errors. They amount to less than 1% for
shafts of 3000 ft depth for horizontal alrways to even less (41).

In the above equations the headloss has the dimension "height
of alr column". Many ventilation engineers prefer to express head-
losses ‘1n equivalent pressures pPrg Pased on a standard specific

weight X5 as g = hL * X\rs .

The massflow 1s equally expressed by an equivalent volume flow Qg
based on the same standard specific weight x4 as QS = Q/XS‘.
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With thié, the resistance equation can be written in another form as

L P 2 2

3 ] 2
" zas §s Vmsa % "fs s

P1s

If instead of the headloss the pressure loss P, shall be used, one
obtains from

dh; = f —2__ %% g with dp " = dhy /v
8 g A .
d f —E-— vl aL |
Py s & 23 , and fo? constant A, P, and G
p, = £ —E— ¢ [var
If a mean speclfic volume Vo T ; ,‘[v dL 1s used, thils becomes
L P T2
= ff —————m—m—mv_ G
PL g g4a> D
and if a mean volume flow Qy =G * vy and a resistance R 1s
introduced
. .. LP A1 2 2
= R
pLafBgA} Vm Qm 7Qm.

Under ordinary ventilation conditions without excesslve volume
changes, the approximations :

Ve + V ‘
1 2 ~ 2
VR T and v_ & = are frequently used

m m Y y1 tye2

and the resistance equation, based on pressure losses and volume
flows, 1s wrltten in the form

L P 2

2
sen fnn T

pp =1

If the alr 1s consldered to be Incompressibtle with the specific
welght o the second form of the resistance equation p . - Rg QSQ

and the third form P, =R sz coinclde.
Junction equations
" The Junction equations are based on the law of mass conservation.

The mass flow entering an alrway or a Junction is equal the mass
flow leaving. This is mathematicall expressed as 5¢ =0
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For incompressible air the mass flow G and the volume flow Q are
related by a constant ¢ and from 3¢ = 0 follows 2z Q = 0.

If the mass flow 1s expressed by an equlvalent volume flow with a
constant Xg one obtalns from s _ 0 consequently > QS = 0.

If alr of different speclfic welghts is mixed in Junctions, as
well 2C =0 as, according to Amagat's law, Tq =0 holds.

If the alr changes 1ts specifiec welght along an alrway, however, only
TG =0 is valid, the volume flow follows SQ 40 . The

volume flow entering an airway is not equal the volume flow leaving
and in network calculations, based on volume flow, a sultable allow=-
ance has to be made.

When methane, water vapour, compressed air, combustion products
etc. enter an airway between Jjunctions or when leakage leaves it, a
genulne change of the mass flow takes place. Thils mass flow change
has to be considered as belng caused by a different alrway (e.g.
compressed alr pipes) jolning the alrway under consideration or branch-
ing off from it,

As long as only one quantity G per alrway 1s used to describe
the mass flow, the equatlon SG =0 1s 1n every alrway &autc-
matically satisfied and has to be applied to junctlons only, hence
the name.

Mesh equations

The mesh equations are based on the energy equatlion, which in

the form ‘
Vg ?
2g \
~applied to a mesh or loop results in

v dp + + dZ2 + dhy = dhy = 0

fvdp-g_,{ahL- dhy = 0 or
ZhL—z_hF-hN=0

If the heads are converted into equivalent pressures by multiplying
them with a constant standard density ¥s one obtains

2 PLg ~2Ppg " Pys 7 ©
From the energy equation in the form

d il 2
P+ e av, " +ydz +dhy - ydh, =0

one obtalns, applied to a loop, wlth the close approximation

f-‘r-'-dv2=o
2g a
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frer o fron, - frang o o
2Py, =Z2Pp =Py =0

If the air 1s considered to be incompressiblé ( Vo= L N constant)
one obtains v

f vdp = = hy = 0 and }}”dz == py =0 and with the assumpt#cn of o = 1~
Ppg = P, 04 Ppg < Py

Summing up, the three types of equatlons, describing a ventilation
network, resistance-, Junction- and mesh equations, can be written
in different forms. If energles are expressed as heads in heights
of air columns and alrflows in unit welghts they read

= 2
hL = RG G
2G =0
ZhL "EhF - hN =,0

"If energles are expressed as pressure heads and alrflows 1In unit
volumes based on standard densitlies they can be written as

2
Ps = Rs
2Qg = O
2PLs "2Ppg = Pyg = O

If energles are expressed as pressures and alrflows in unit volumes,
they can be written as

P "RQm2
Q=0
EPL -EPF-pN=O

The resistance factors in these equations are

2
R. = f L P
G 8 g A5 nsq
L P 3 2
R. = f
R = f L P 3 1
8 g A7V

All three possibilities for describing a ventilation network
mathematically have the same Justiflcation, all three give the same
results In network calculatlons and all three are used by ventila-
tion engineers. By far the most popular one is the third possibility;



135

the second 1s preferred where larger density changes occur; the
first one 1s 1little used since ventllation engineers seem to dils-
like to work wlth heads and mass flows. Unfortunately, quite fre-
quently the second and third possibility are blended in an uncorrect
manner. .

In applying the third possibllity it must be borne in mind that
20 =0 is valid for Junctions only and that Q can change within

an alrway even when no changes in the mass flow take place. [The
specific properties of py (chapter IV.B.a.) have to be taken into
account too. o

If the ventilation network contains
Nb airways
NJ Junections
Nm independent meshes
the network is described by 2 Ny equatlons:
Ny resistance equations
NJ - 1 Junction equations
Nm = Np = Ny + 1 mesh equations

D) Analog .computers

a) Presant use

Since half of the equations describing a ventilation
network, the resistance equatlons, are square equatlons, direct
analytlical methods can be employed usefully to networks comprising
airways 1n series and parallel only. Alrways in series share all
the same alr quantities, alrways in parallel all the same head or
pressure losses. Insertion of square equations into other square
equations is thus avolded.

For cother more complicated networks approximation metheds
have been developed. However, they regulre so much work that
ventilation engineers in the early 1940's began to develop special
analog computers and, after they became avallable in the mid-1950's,
started to use electronlc digital computers for ventilation network
calculations. :

Analog computers are physical models and 1t is not surprising
that flowmodels, working elther wlth water or compressed air have
been used for ventllation network calculations (5). They are,
however, too difficult to handle and only a few models in Italy
and Germany became known.

The similarity of Kirchhoff's rules for electrical networks
.and the Junction and mesh equations for ventilation networks sug-
gests the use of electric models. If the electric current I 1is .
used to simulate the airflow Q or G and the electric voltage V to
simulate heads h or pressures p, mesh and junction equations are
properly satlisfied in electrical networks. Difficultlies arise
with the square resistance equation, which has to be simulated by
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Voo R I° (R = alrway resistance). These difficulties are

overcome in different ways.

The simplest electric analog computers use linear variable
reslstors as alrway simulators, whose ohmic resistances § are
manually made proportional the product R I. The voltage drop
across such a resistor is then V = ¢ I ock 12 and shows thus the
desired square relationship between V and I. Since I is not known
in advance but is the result of the network calculation, one starts
out from estimated values I, and sets the resistors on initial

"2 : .
values 90c£1{]0 ' The actual flowing currents I% are thn
measured, the resistances adjusted to ilmproved se tings 31

which could for instance be R ‘ and the procedure
¢ Pk = (I, + 1))

is repeated untll further adjustment no longer effects any signifi=
cant changes in I. Analog computers of this type were intrcduced
in Great Britain in 1952 and are in use in most mining countries.
Thelr advantage is thelr low price, their disadvantage the con-
siderable amount of manual work necessary for the adJustment of
.the resistors. 1In Belgium and France (97) electrical anclllaries
were developed, which allow the 1iterative adjustment without any
manual calculations.

Complete electrical analogs of ventilation networks can
be constructed with nonlinear resistors with a square V-I rela-
tionship. It was found (74) that ordinary filament lamps showed
this relationship over a certain range and so-called "filament
lamp models" were in use in Germany and in The Netherlands in
the early 1950's. The dilsadvantage of this type of computer
was the limited working range of the filament lamps and their
changing characteristic due to aging. which required frequent
checks. 1In the USA an attempt was made to overcome these diffi-
culties with low voltage tungsten fillament lamps, "Fluistors,"
and analog ¢omputers using these Fluistors are known as "fluid
network analyzers."(78)

The fact that Flulstors, although bullt in a progressive
serles of relative resistance values ranging from 0.05 to 500 in
nominal 5% steps, allow no stepless resistance variation, their
low maximal voltage of 2.5 - 3 V, thelr exponent n = 1.85 instead
of the wanted 2 in the voltage - current function V = C In, and
thelr comparatively high price led to the deslign of two different
types of analog computers. One type, bullt in the fifties in
Germany and Russia and slince discontinued, uses for every alrway
simulatlon an electro-mechanical element called z servomultiplica-
tor, which sets an electrical resistor with the help of a servo-
motor on the product ¢ecc R I (39)., The other type, bullt since the
late fiftles in France, Germany and Japan uses as alrway slmula-
tions electronic function generatoers, which approximate the V-I
parabola sectionwise by linear segments (9, 124),

Analog computers have, since the advent of the electronic
"digital computers, more and more been replaced by the latter.
Being single purpose computers for the solution of sets of linear
and sguare equations, every improvement in computing and handling
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speed makes 1t harder to find enough work for them, except at cen-
tral research and consulting offlces.

b) Simulation of mine fires

Mine fires can influence the airflow distribution in
a mine in different ways:
through physical changes of alrways:
through the additional mass flow of the combusion products;
through alr dentlsy changes, whieh 1in turn effect volume flow and
alrway resistance changes and create natural drafts.

1) Airway- and mass flow changes

Physical changes of alrways c¢an be caused by rockfall,
damaged ventilation doors, regulators and other ventilation equlpment.
The possibility of changes of this type depends very much on the
local circumstances and defles a general discussion. They can be
reduced by fireprocof supports and installations. There is in prin-
ciple no difficulty in considering them in a network calculation.

For the frequent case of ventilation doors pushed open by airflow
reversals and thus acting like valves, some of the electromechanical
and electronical analog computers even provide speclal simulating
elements.

The composition of gaseous combustion products has been discussed
in chapter II.C.a. To estimate the order of magnitude of density and
mass flow changes, a dry composition of 5% CO,, 0.5% CO, 16% 0,

78.5% N, shall be assumed for oxygen rich timber fires (106) and of
19% COp, 7% CO, 3% Hp, 1% 0p, 70% Np for fuel rich timber fires (104).
The calculatlion delivers for density and mass flow increases 2

and 2.5% for the oxygen rich fires and 4.5 and 18% for the fuel rich
fires. Baltajtis and Markovie (7) in their experiments measured

8 - 1072 mass flow increases, Voskobojnikov (131) 5 - 11%, the Com-
mitte on Mine Ventilation of the ECSC (35) recommends, depending on
fire extension and intensilty, working with 5 - 15%.

Mass flow increases can be simulated by a separate path, dis-
charging from the surface into the airway at the fire. Mass flow
increases are usually not large enough to effect substantial changes
in the airflow distribution of the network. Since they have a
tendency to counteract the ventilation disturbances caused by the
fire in neighboring airways, they are quite frequently neglected
by ventilation engineers in emergency plans and considered as an
additional safety. :

Alr density changes occur, contrary to physlical alrway changes,
without delay after a fire starts. They are, at least during the
flrst stage of the fire and frequently during its whole duration, the
main source of ventilation disturbances. Thelr proper consideration
in fire emergency plans is therefore very important, since emergency
plans try to take the surprise ocut of a fire and aim at suggesting
fast fire fighting and rescue measures. It has been shown that air
density changes are caused less by changes in the composition of the
alr than by temperature changes.
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2) Volume flow and resistance changes

Volume flow changes, 1f they are caused by density
changes, have to be taken inte account only in the third of the
three discussed possibllities to describe networks mathematically.
The other two posslbilities are based on mass flows. In analog
computers volume flow changes can, iIn the same way as mass flow
changes, be simulated by a senarate path connecting the polnt where
- the changes occur with the surface and adding to or subtracting
from the flow. "

. If the volume flow changes steadlly along an alrway 1t 1s
usuzlly simulated by a mean flow

Qm=-%—deL= %G[vdL::va

in order tc keep the number of feed- and draw points and alrway sim-
ulations in tolerable limits. This method requires one feed- and
cne draw point per airway. If the volume flow changes are caused

by temperature changes, the equatlon of state delivers v/T = con-
stant and v can be determined from

Vi 1 V2 1/’
Y = 7T, LITdLgTz p /) Tab

]
An expression for 'jj:fT dL for steady state heat exchange be-
tween alr and airway walls has been derived in chapter III, A.

Another fregquently used method 1s to simulate the influence
of denslty changes on volume flow and reslstance factors slmultane-
ously. This method requlres only one feed point or draw polnt per
alrway at elther its beginning or end. With the subscripts 1 and 2
denoting beginning and end of the alirway, the pressure loss in the
alrway 1s ‘

L P 1 2 1, P 1 2 Vp
= f Q = f Q
pL. 8 g AD Vo m 8 g AS vy 1 v,
L P 1 2 Vp 2 2 Vv 2 Vn
= f Q = R @ = R, @, =-— =R, Q
ggha Yo 2 Y mom ey 272 vy

The volume flow in the alrway which receives from its starting junc-
tion the quantity Qy can elther at its end or at its beginning be
changed to Qp. In %he first case the resistance factor has to be made

eqgual
R =f L P Ym
ST v12 or, if R} 1s the resistance factor the airway
would have with air of the spec¢lific volume \Al
v -
R =R o

1 v1
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In the second case the resistance factor has to be made equal
v v
R=rf L P m - R m

8 g A3 v22 2 v,

If the volume flow changes are caused by temperature changes, the
factors

v v T T
2 can be replaced by -qu— and ‘Tm .

and
vy AP *1 2

The method just described 1s the one used by Voskobojnikov (131)

in deriving equivalent resistance factors (chapter IV. A.). The
Committee on Mine Ventilation of the ECSC (35) suggests 1ts use,
too, and recommends 1in emergency . plans an assumption for ascension-
ally ventilated airways at fire T being twice the ordinary temper-
ature since with this value the greatest disturbances occur (chapter

VI.A.b.).

The influence of denslty changes on the 3 different resistance
factors, which can be used for network calculations, 1s obvious from
their definitions. :

o L P 2
R, = f —2—
's 8 g A5 msq
L P 5 2
Rs—f 8gA3 a*'s vmsq
R g LP 1
] BgA3 Vm

If the density changes are caused by temperature changes the equation

of state ylelds, with Vv = constant.
T
v 2 v 2 2
2 1 1 2 1 ‘
Vasg " E ) T [T A= () ()
‘ Vi 1
Yo 7T, L fT dl = T, o

Expressions for Ty, and Tmsq2 have been derived for steady state heat
exchange between alrway walls and air in chapter III.A.

3) Problems associated with the simulation of natural
drafts '

It has been explained that natural drafts are caused
by the conversion of heat into mechaniecal energy and that they can
originate only in loops of the ventilation network. The mechanical
energy provided by natural drafts, exonressed per unit weight of air
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circulating in the loop under consideration, is
hy = -_ﬁ. v dp :
-
Per equivalent volume yg of the unit welght it is

PNS=—X‘vadp

and per unit velume of the alr circulating in the loop under
consideration it 1s

=-§'~dz

Like fan pressures or heads, natural drafts are slmulated by power
sources in electric analog computers. In flow models they could be
simulated by pumps or compressors, but nec such simulatlon has been
reported.

Ventilation networks contain Ny = Ny - N3y + 1 independent meshes

and their complete mathematical description must contain Ny mesh
equations. They are, for the three discussed possibilities to des-
eribe networks

2hy - ZhF - by =0
% PLs ~ 2Pps ~ Pxs
SP - ZPp Py =0

If the ventllation networks are simulated by analog computers, there
1s no difficulty in assigning head- or pressure losses and fanheads

or fanpressures tc the pertinent alrways. There is however no fixed
location for natural ventilation heads or pressures in a mesh. All

the Informatlon the mesh equatlions orovlide 1s about thelr magnltude,
not the location.

= 0

In simulating natural ventilation heads or pressures in analog
computers therefore only one condition has to be met: that the mesh
equations be satisfied. There 1s no rule on where to ovlace the power
sources, which represent the natural ventilation heads or pressures.

As an example, fig. 69 a shows the simnlified isometric ventila-
tion plan of a smaller potash mine (40). - The natural ventilation
heads py (mm WG) are indicated for every one of the seven indepen-
dent meshes. Fig. €9 b and ¢ show two extreme possibilitles for
simulating these heads with one power source per mesh and one power
source per airway. Both possibilities satisfy the same mesh equations
and both consequently glve the same results 1n a-network calculaticn.

The work of finding out how many independent meshes a network
contains and how many mesh equations have to be satlisfled 1is tedlous.
Many ventllatlion engineers therefore consider every non-horizontal
airway as part of an imaglnary mesh closed by a corresponding ver-
tical alrway, which all meshes have in common, and by connecting
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horizontal alrways. The common corresponding vertical airway can
either be one of the intake shafts or an imaginary air column of
defined properties, preferably of a constant specific welght or
temperature. Since the natural ventilation head can be approximated

by
1

h, =_—56v dp % —— fT dz
N Tm

and the natural ventilation pressure is

by - fa

the temperature or density changes in the c¢onnecting horlizontal air-
ways are wilthout influence on the size of hy or py and do not have

to be considered. These horizontal connectlons do not even have to
exlist.

Fig. 69 d shows the simulation of the natural ventilation heads
in the meshes formed by the non horizontal airways and the intake
shaft, Comparison of flg. 69 a with fig. 69 d shows that the mesh
equations are satisfled. C

The complete simulation of all natural ventllation heads or
pressures 1n an electric analog computer requires at least as many
power sources as the ventilatlion network has independent meshes.
Since most analog computers don't provide thls many power sources,
ventlilation englineers usually follow two different practices in
thelr treatment of natural drafts. One practice 1s to consider
only natural ventilation heads or pressures above a certain magni-
tude and neglect the smaller ones altogether. The other practice is

to simulate the effect of the smaller natural ventilatlon heads or
pressures by medifying the alrway resistances. This latter method

is the more popular one since the measurement of airway resistances
can be accompanied by such large errors that many ventlilation engi-
neers prefer to check the accuracy of thelr results by performing

a network calculation with the measured resistances. The agreement
between the measured and the computer indlcated airflow distribution
serves as the criterion for the gquality of the measurements. If dis-
agreements exist they are removed by checking and varylng the measured
resistances.

Both methods have serious handicams. As long as powerful fans
provide airflows that make the head or pressure losses in the air-
ways large compared to the natural drafts, the errors in neglecting
the latter will not be too significant. They will, however, rarely
be tolerable, 1f, as is freguently the case in emergency plans, re-
ductions in fanheads or pressures or even fan fallures have to be
simulated.

The second practice gives more accurate results if in a ventil-
ation planning the changes in the existing network parts are not
too large. When, however, greater changes in the airflow distribu-
tion occur, the deviation of the airflow resistances from the
reality will cause additional errors.
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in an Electric Analog Computer (40)
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As an example, table 19 shows for the network of fig. 69 a
a comparison of the airflows obtalned, when in network calculations
all the natural ventilation heads except for the one of pyg = 35 mm
WG in mesh A-B-D-F-G-1L-N-A are neglected with the alrflows cbtained
when all natural ventilatlon heads have been considered. It must
be admitted that this 1s a malignant example slnce the alrway D-E
contains a cooling plant. As long as the powerful fan with ppg =
315 mm WG operates, the discrepancles don't seem fo be ftoo large,
except for alrway E-F. When, however, the fan is stopped the
neglect of the small natural ventllation heads in the underground
meshes precludes useful results (40).

4y Simulation of natural drafts caused by fires

All one has to do in simulating the additional natural draft
caused by flres is to calculate for those meshes, where the fire
has caused denslty changes, the new natural ventllatlion heads or
pressures and to 1ncorporate them in network caleculations. Most
ventilation engineers prefer to make every non-horizontal airway
with a density change part of a new individual mesh (closed by a
corresponding vertical air column and connecting horizontal ailrways)
and to simulate the additional natural drafts in these meshes by
one additional power source per mesh, located.in the non-horizontal
alrway.

Since natural drafts generated by a fire will change the airflow
distribution, an iterative method of successlive density and natural
draft precalculations and ventllation network calculations has to be
used for the proper simulation of a fire. If larger changes in the
operating points of the fans take place and the network calculations
are based on pressures, the particular nature of Py (chapter IV.B.a.)

-has to be considered too. In order to keep the work for the deslgn
of fire emergency plans in tolerable limits, ventilation englneers
are usually content to find, with the help of their network calcu-
lations, the largest nossible ventilation disturbances which could be
caused by a fire. The Committee on Mine Ventilation of the ECSC (35)
suggests therefore that an additicnal natural ventlilation head or
pressure based on twice the ordinary air temperatures in thls alrway
be assumed in ascensionally ventilated airway at a fire. It has been
shown (chapter VI.A.b.) that at such a temperature the largest dis-
turbances occur. The present practice in the West German mines in
investligating the danger of airflow reversals in descensionally
ventlilated alrways 1s to assume for the natural draft a value which
has been calculated from the empirically determined and with a gen-
erous safety factor supplied formula (chapter IV,B,c. and V.C.)

¢) Future prospects of analog computer applicaticn

Analog computers have been proven to be very valuable
tocls for performing ventilation network caleculations. The majority
of them do not, however, allow the complete simulation of all mesh -
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Table 19. Relative Results Obtained by Network Calculations wvith Neg=

Airway

lection of Natural Drafts (40)

'Fan Operating

Airflow Ratio (%)
Fan Stopped
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Table
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20a, Junction Temperatures and Elevations of Mine

99.9
g8.8
10506
96.4

- 104.4

96,1
164.5

103.9 -

99.8
94.5
96.3

- 93.3

103.6
97.2
99.4

100.3
99.9

99.3
98,2
155.9
76.9
181.3
7137
-39.7
150.5
95.4
70.4
T0.4
61.4
148, 3
78.4
95.4
105.1
99.3

Shown in Fig, T0O

Junction Temperature Elevation

[o]

No F ft
1 50.0 + 114
2 66.4 ~2462

16 86.3 ~2245

17 76.5 -2462

18 64.4 ~2463

21 T3.7 -2462

22 82.2 -1938

23 80.1 - =2787

24 78.0 ~21785

25 17.6 -2785

26 B4.5 ~2465

27 82.6 =-1G42

28 85.1 -24617

35 195 -2238

36 7943 -2235

Junction Temperature

Elevation
No °p £t
38 - 80.1 ~2473
40 85.6 ~2786
41 82,7 -218%
42 81,2 -2452
44 75.8 -2466
45 68.5 ~2467
46 17.2 ~-2787
47 87.3 -2247
48 - 68,2 =-2465
Y- 66,6 ~2465
54 66,2 -2235
56 80,1 =-2240
51 79.2 ~1943
58 64.9 + 88
59 79.2 =-2239
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equations and their network simulatlion 1s ftherefore only an approxima-
tion. If they allow a complete simulation, the mesh equations have

to be manually established, which requires considerable work. The
simulation of mine flres, with the necessary calculatlons of mass

flow and density changes, the subsequent introduction of new conduc-
tors and power sources and the adjustment ot airway resistances calls
for so much additional work, that most ventilation engineers are
content to detect the maximal ventilation disturbances.

It seems in princlple not to be toco difficult to develor analog
computers, which are better suited for the simulation of mine filres
and whlch would not require any manual calculations. Their chantes
to compete economically with the electronic digital computers seem,
however, to be extremely slim.

E) Digital computers

a) Existing programs for ventilation network calculatlions

Analog computers for ventilation network calculations
found their widest application in the hot and gassy Continental
European coal mines. Around 1960 13 of .the large electromechanical
and electronic computers, each at a purchasing price of between
$50,000 and $100,000 were used in West Germany alone. Their high
cost induced Eurcpean ventilation engineers immediately to test the
usefulness of electrcnic digital computers, once the latter appeared
on the market. The first ventllatlon network calculations with digi-
tal computers seem to have been conducted 1958 in Belgium and West
Germany (27, 38). The programs used contained little more than the
stralghtforward application of a method of successive approximation
by balancing heads, suggested 1936 by H. Cross (28). Since this is
by far the more popular one of the two methods developed by Cross,
the other one working with balancing flewrates, 1t is usually re-
ferred to as "the Cross method". 1Its description can be omitted
since it 1s contalned in nearly all earlier papers on the use of
digital computers for ventilatiocn network calculations.

It became soon cbvious that the then still slow digitial com-
puters could match the performance of the well established analog
computers only when an optimal rate of convergence of the Cross
method was assured. Although several other lteration methods were
tried (73) the programs which finally emerged in West Germany in
1960 were based on the Cross method with the loop selection done by
the computer 1n such a way that the airways with high resistance fac-
tors (76) or high products R ¥ Q appeared in a few loops as possible.
From 1961 on it became customary furthermore tec include for accurate
calculatlons the natural ventilation heads in every loop and to have
the computers calculate these heads from information on temperature esnd
elevation of every junction (41, 30). Since then, ventilation net-
work calculations with these programs have become routine for most
German ventllatlon engineers and little need for their improvement
has been felt to be necessary. Only lately some work has again
started on faster mesh selection procedures and on new programs not
~based on the Cross method, which sacrifice speed for considerable
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savings in storage requirements. Programs for ventllation network
calculations for many years have been included in the program 1li-
brarles of computer manufacturers and were freely 1lssued to inter=-
ested engineers in other countries. It has been reported (1l4l) that
in 1969 of the total of 28 West German coal mining companies 18
¢onducted their ventilation network calculations with the help of
digltal computers.

A computer program deslgned by French ventilation engilneers in
1961 (25) is based on the Cross method, tooc. They report (113) that
this program c¢ould on an IBM 704 computer perform 50 network calcu-
lations for networks with up to 207 branches and 39 independent
meshed within 30 minutes.

More recently a new program was developed by the French CERCHAR
(43, 141) which is different from the conventionally used Cross
method and shall therefore be described in more detall, It is
simlilar to Cross'! method of successive approximation by balancing
flowrates (28). 1In this less known method, to every airway is in-
itlally assigned such a pressure loss that the mesh equations are
satisfied. The airflow calculated from the resistance equation
p; = R Q2 will then not satisfy the junction equations I Q = 0.
From the deviation obtained for a particular junction a pressure
logs correction & Py for all airways sharing this junction 1is derived,

which for the simple case of alrways without fans would be (76).

\I Pral
2 L Q4 22 sign(Q,) l R?il ,

Ap, = = ——— = =
L 5 Q

—_
Pri | Zv Ry {Pral

The two sguareroots make the calculation oftkPL and, therefore, the
whole method slow and for thls reason it 1s not much favored.

The new CERCHAR'program asslgns & ventllation potential P to
every Jjunction and satisfles in this way the mesh equations. If a
Junction 0 has the potential PO and is connected by n alrways wilth

n Junctions having the potentials Py Po, +ee. P , the sum of all

alr quantities entering and leaving thls Junction is a function of
Po and can be calculated from

oon
ZQPO =.Z- sign(P, - \, XY—%ZP—;,

i=1

For one and only one value of Py = Pyg one will obtain'E:onc =0

and satlsfy the Jjunction eguation. To avoid‘the correction of Py with
the above glven expression for A pL,‘which 1s slow to handle,i:QP
! . ' o]
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is consldered to be a linear function of Pog. An improved value Pj,
can then be obtained from

_ PiZQPO B POEQPi
0 —
2 %y -~ 2 9

The advantage of thls program is seen In less storage requirements
than other programs have. A network of 380 branches with 255 Junc~
tions requires only 6000:.addresses. A disadvantare 1s & longer com-
puting time and a less convenient preparation of the input data.

Russlan ventllatlion englneers are using the Cross method also
(1). Other iteration methods are tried, however, (34, 130). It 1is
claimed that several of them (34) have a better convergence than
the Cross method when the latter 1s not supported by a convergence
accelerating loop selection. They require estimated values for the
sirfiow distribution, which are not too distant from the real values.
If they are not avallable, a preliminary network calculatlon based
on linear relations between head=- or pressure losses and alr guanti-
ties 1s recommended.

Although the Cross method was, in 1951 in Great Britain (109),
modiflied for its application to mine ventllatlion networks and con-
vergence criterla were established, little work on computer programs
for network calculations became known. In 1964 a program which
" sti1ll required a manual mesh assembly (80) and in 1966 an improved
version with the mesh assembly done by the computer (79) were des-
cribed in the literature. In 1967 the Natlonal Coal Board issued
a manual for the users of thelr computer services (88) describing
the then Infroduced standara program ror ventilation network calcu-
lations. It 1s, except for the organization of input and output
which must accommodate the local conditions, very similar to the
programs used 1n West Germany and to the program used at Michigan
Technological University, which is later described in more detall.

Judging from the literature, Japanese ventilation englneers
started to conduct network calculations with digital computers in
1961 (47) and several programs have since been described (3, 48, 93).
All of them seem to be based on the Cross method. The last program
{3) provides a convergence improving mesh assembly done by the com-
puter in such a way, that high resistance branches appear in as few
meshes as possible and it provides a calculation of the natural
ventilation pressure from the specific weight of the air in each
Junction. Furthermore 1t has been combined with a program for the
precalculation of the wet-~ and drybulb temperatures of the air as
function of depth, heat exchange between rock and alr, water eva-
poration and seasonal surface temperature changes.

In the USA considerable work was devoted to the design of ven-
tilatlion network programs by the Department of Mining, Pennsylvanla
State University. ‘A first program (46) designed to prove the usew~
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fulness of digital computers. was described in 1963. An improved
version of this program (126), allowing the incluslocn of fan charac-
teristics as second order polynomials was discussed in 1964. Botnh
programs still require that the assembly of the meshes and the

balancing of airflows at junctions be done manually.

In 1967 a paper on a much more sophisticated program was pub-
lished (137) where mesh assembly and assignment of initilial airflow
values was done by the computer. The procedure followed is similar
to the one used by European ventilation engineers (76) with the
difference that not only ailrways wlth high resilstance factors but also
airways with fans are made to appear in as few meshes as possible.
Natural ventilatlon pressures can be lncluded as constant pressure
sources 1in non-horizontal alrways. Fan characteristies are now
described by polynomials of up to the 6th order. It is emphasized
that, in applying the Cross method, the corrections to the branch -
flows are made immedlately after the corrections have been obtained
for a mesh. This has always been European practice, too (38). The
calculation of an example with 203 branches, 146 junctions, 58 meshes
3 constant pressure scurces and 3 fans on an IBM 7074 computer in
264 seconds 1s described, which required 154 iterations.

A new version of the program was described in 1970 (138). Its
mailn difference is the introduction of so called fixed quantity air-
ways, which do not follow a parabola pr = R Q2 but the function Q =
constant. The assumptlon of such airways 1ls a valuable planning
ald and was always a feature in larger analog computers (9,39,124).
Consequently, they were provided in most programs almed at replacing
analog by digital computers too (30,76).

{The Department of Mining Engineering, Virginla Polytechnic In-
stitute, in 1968 published a program for ventilation network calcu-
lations under the name VPI-OCR-Ventsim Program (1l6). It 1s based on
the Cross method also and provldes several possibllitles not contained
in other programs, such as calculation of friction factors, regula-
tor dimensions, fan speed and blade positlons for a minimum horse-

- power. The mesh assembly 1s, however, done in a unique way, whose
quallity 1s hard to Judge since the program description (16) does not
contain the actual program statements. The computer traces paths
through the network from atmosphere to atmosphere. Pairs of paths
are then compared to eliminate duplicate airways. Those alrways
remaining, unduplicated, constitute a loop. To support this pro-
cedure the input data for the airways must be entered in an order
which indlcates these paths, otherwise "detrimental overlan" can
occur with the result that the Junction equations for certain June-
tions are violated. It can happen that an alrway 1s not included
in a loop 1in which case a warning message i1s printed out and the
user has to declide whether this airway should or should not have
been 1ncluded.

Apart from the 1nconvenlence of helping the computer to trace
paths by suggesting them manually, this method of mesh assembly
seems to have serious deficlencies. For a network calculation mesh
equations for all independent meshes which exist in the network and
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whose number is N = Ny - Ny + 1 have to be used, otherwlse the
mathematical description of”the network is incomplete and a2 solu-
tion i1s impossible. The fact that each airway 1s included in at
least one loop does not guarantee that all independent mesh eguations
have been established. The fact that alrways are not included in
loops always indicates that the mathematical description of the net-
work' is incomplete and one should not proceed with the calecula-

tion. The posslibility of incorrect junction equations should not
exist in a mathematically sound program.

The VPI-OCR-Ventsim program does not provide for natural ventil-
ation pressures, although thls could certainly be done and is not
such a handicap as the unhandy and most probably imcomplete mesh
assembly., -

A complete different program for network calculations was de-
veloped by Wang and Pana (139). It applies the linear programming
technique to networks with a prescribed airflow in every branch
(controlled splitting). The aim is to find for a given number and
location of fans the fan pressures as well as the location and pres-
sure losses of the necessary regulators in such a way that a minimum
fan power is required. Although thls 1s.a type of network calcula-
tion very often used in coal mines, 1t is not ‘capable of determining
alrflow distributlons.  They are prescribed and enforced wilth
regulators.

Michigan Technologlical Unlversity has used, since 1967, a pro-
gram whlch 1s based on the nrograms of German ventilation engineers
and, as mentloned above, l1ls very simllar to the standard program of
the British NCB issued in 1967. Because it did not constitute a
genulne novelty, the author saw no reason to describe it in a publi-
cation especially since meanwhile more than 100 copies have been
distributed to interested persons. Two versions of this program
were wrltten to suit Michigan Tech needs and facilitles. One ver-
sion comprises only the core program and allows one network calcu-
lation per computer run. It is mainly used by students. The
other program allows an unlimited number of network calculations
per computer run and serves research and consulting needs.

The Judgement of computer programs depends very much on customs
and personal preferences. With all the accumulated experience they
are, moreover, so fast to change that any argument about special
merits of a program, as long as it gives the correct results, makes
little sense. The guthor feels, however, that the Michigan Tech
program offers certaln advantages, which make 1t handy to use. It
provides, of course, all the features of modern programs, such as
mesh assembly and balancing of airflows at Junctions, four types of
airways, namely normal alrways, flxed quantity airways, constant
pressure fans, and fans operating on a characteristic described by
a polynomial. Besldes this, it has a very good convergence since the
meshes are chosen in such a way that airways with high products
R ®* Q are made "basic" or "Primary" branches (76, 137) and appear-
in as few meshes 'as possible, If the computer finds that the con-
vergence 1s poor, new primary branches are calculated with values
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for Q, which have been obtained by the computer in the meantime.

Fans are made secondary branches and there is no limitation in their
number. The necessary number of iterations rarely exceeds 10 - 20,
even in large networks.

The natural ventllation heads can be calculated by the computer
from information on temperature and elevation of every Junction.
The formula .

Pys = l%ﬁ_ f T dZ is for this pdrpoée approximated by (50,88)

m
n2 (T, 2,-T,2)
Pys = &5 5 (T, + T,)

number of airways in loop

[}

where n
TS,ZB

1]

temperature and elevation of starting junction of air-

ways in loop

’I‘f,Zf = temperature and elevation of finishing Jjunction of air-
* ways in loop

This approximation assumes a linear change of temperature with
elevation, If this 1s not the case, intermedlate junctlons can be
introduced. Network calculations can be performed with and without
consideration of the natural ventilation heads by the computer. If
preferred, the natural ventllation can be simulated by fictitious fans
in non-horizontal airways, too.

~ The airway cards do not have to be arranged in any specific
sequence. Consequently they do not need rearrangement after changes
of the network have been performed. The output is limited to those
data which the ventilation englneer needs for his work.

The version of the Michigan Tech program, which allows the cal-
culation of an unlimited number of network calculations in one com-
puter run, checks i1f the input data are complete and, as far as the
computer can decide, correct. If a network whose data are stored in
the computer is to be modified, only the changes have to be read in.
The computer checks the input data and, 1n order to keep a log of
what has been done, prints these changes together with the results
of the network calculatlon out.

If only the order of magnitude or tendencles of the results are
of interest, the network calculatlon can be performed without con-
sideration of natural ventllation heads or fan characteristics to
increase the speed, Fan characteristics, once read into the computer,
are stored and not erased 1f momentarlly not used. Thls facilitates
the comparison of different fans for a certain ventilation Job.

All fixed quantity‘airways can be converted into regular airways
wlth the resistance they had in the last network calculation. This
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Table 20b. Network Calculafion for the Mine Shown in Pig., 70, Both Fans Working
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Network Calculation for the Case of & Failure of Both Fans '
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is a valuable ald since the conversion is an absolute necessity

for emergency plans. . The program provides, furthermore, for a
stated number of coples of the output as are usually needed for re-
ports written by the ventilatlon engineer.

The Michigan Tec¢h program does not contain any provisions fer
the determination of alrway resistances, since separate programs are
used for this purpose. The precalculation of resistance factors
from stated friction factors and airway dimensions could easily be

added, if desired.

. As an example, the output of 4 consecutive network calculations
for a small network comprising 49 airways and 2 fans will be given.
Flg. 70 shows the 1lsometric ventilation plan for the mine, a small
Continental European coal mine working 7 longwall faces. Table 20a
shows the input list of temperatures and elevations fer the Junctions,
from which the natural ventilation heads are determlned. This 1l1list
is not printed ocut with every single network calculation, only changes
are printed, Table 20 b shows the results of a network calculatlon,
when both fans are working according to thelr fan characteristic
and the airways have the indicated resistance factors. For the re-
sults in Table 20 ¢ it has been assumed that the buntons 1n the ven-
tilation shaft have been removed and the resistance of airways 1 and 2
has consequently decreased. Table 20 4 shows how a drop of the sur-
face temperature from 50.0 to 32.00F and the subsequent temperature
changes in the intake alrways effects the ventllation. And Table 70
e shows the airflow distributlon when at this surfac¢e temperature
both fans fail. Note that the fixed quantity alrway 7 has been con-
verted 1intc a regular alrway. The 3 polnts indicated ‘for every
stored fan characteristic serve to identify the characteristic
only. The stored number of points 1s usually 5 - 10 per fan.

b) Simulation of mine fires

A1l three methods discussed in chapter: VI.C. to describe ven-
tilation networks can be used for ventilatlion network calculatlons
with diglital computers. The first method, however, finds little
favor with ventilation engineers, who seem to dislike the use of
head and mass flow units. The third method, which 1s frequently ,
favored in network calculatlons with analog computers is not tco ad-
vantageous, since 1t requires a conslderation of density changes
as well for the volume flows as for the resistance facts. Moreover,
if correctly applied, the calculation of the natural ventllation pres-
sure 1s not easy since i1t 1s considerably influenced by pressure
loss and fan pressures. The compromise between the methods 1 and 3,
method 2, which 1s based on heads and mass flows but eXpresses them
as pressures and volume flows by applying a constant density as con-
version factor, seems to be the method best sulted for diglital com-
puters. ‘

It is hard to Judge if the existing programs have consciously
been based on this method or if they use method 3 and simply neglect
gerrsity changes. All of them use pressure and volume flow units and
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only a few (129) contain any speclal provisions to accommecdate the
volume flow changes with alr denslty. The terminology used is gen-
erally that of the 3rd method. As long as the alr density changes
are not too large, the errors resulting from their neglect quite
frequently go undetected and the ventilation engineer is under
little pressure to use the correct network description.

This is, however, no longer the case when the infliuence of mine
fires on ventllation systems are to be investigated. In any case,
there 1s no reason not to apply correct formulas when thelr use 1is
as easy as that of the wrong ones.

Only the second method to describe ventilation networks will be
discussed for fire emergency plans, since the author feels that this
1s the best suited method. It uses three types of egquations, the
resistance equation '

) .
L3 with Rq = T —E—-g—_A—j_ s Vmeq

the Junction eguations

Qg =0 with Qg = G/ g g

and the mesh equations

FPus ™ TPps ~ Pys = © | rs
with pye = - xsfvdp’.{: -———{‘sz

All newer programs can either handle these equations or can be
easily modified to handle them.

As discussed in chapter VI.D.b. mine fires can:

physically change airway characteristics,

add to the mass flow,

change the air density, which in turn effects volume flow, resistance
factors and creates natural drafts.

No simulation of physical airway éhanges’has become known so far,
but if they can bhe described mathematically there is no 4difficulty
in including them in a network caleculation.

Increases in mass flow can be simulated in digital computers in
the same way as 1n analog computers by a separate path leading from
the surface to the point where the Increase occurs. The order of
magnitude for these increases and the fact that they are quilte fre-
quently neglected as an addltional safety factor has been discussed.

Volume flow changes due to density changes do not have to be
considered since the network descriptlion is based on mass flows.

Resistance factors are proportional to the mean square specific
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volume

-"ms - LJ’v aL

of the air in the airway under conslderation. As dlscussed ini chapter
D.b.2 the latter can be expressed by

| R
2 ) 1 a - (——Tf-) (Tpeq)

Although a mathematical expression for Tmsqe’ at least under the

assumption of a steady state heat exchange between alr and alrway
wall, is easy to derive (chapter III.A.), no computer program with
automatic adjustments of the resistance factors has become known.

- 2 1s either obtained from charts and manually fed intoc the com-
pu%gr or the increase of the resistance factor by fires, the thrott-
ling effect, 1s neglected altogether as an additional safety factor.
Frequently, for fires in non-~horizontal airways, the throttling
effect 1s contained in the data used for the simulatlion of the
natural draft in this alrway.

Almost all newer computer programs contain provision fer con-
sideration of natural drafts but several require that these be
calculated manually and the pertinent program desc¢riptlons glve no
guldelines on how to do 1t. If, as here recommended, the second
method of network descrliption 1s used, the correct way to calculate
the natural draft 1s to employ the formula

The precalculation of ¥, v, and p 1s cumbersome and possible only
when the pressure distributlon in the network 1s known. Computer

programs, which calculate the natural draft from input data prefer,
therefore, with few exceptions (3, 141), the approximation

Is
[T A E
T { T 4z

mn

Pxs

This approximation 1s especially handy when natural drafts developed
by mine fires are to be considered since 1t 1is not too difflcult

to make halfway reasonable assumptions on the temperature changes
caused by the fires. Computer programs working with this approxi-
mation found immedlate application for fire emergency plans. The
temperatures are obtained from charts as functions of alirway dimen-
sions and air quantities and fed manually into the computer or such
temperatures, which have the worst possible effect on the ventilation,
are assumed. Some ventilation engineers follow the same oractice
thev sre accustomed to from the analog computers. Manuallv prevared
¢harts of heads or pressures developed by flres as functions of the
ailr quantity are fed into the computer and used in the network calcu-
lation like fan characteristics.

Although the preparation of fire emergency plans with digital
computers became routine in the early sixties (129) all methods used
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to simulate throttling effects and natural drafts are still very
crude and rely on manual support. No program of general validity
became known which calculates the temperatures and other air oroper-
ties for all airways affected by a fire. Such programs would require
repeated alternating network calculations, temperature precalcula-
tions and, if the nature of the fire makes 1t sensible, a precalcula=
tion of fire propertles. That such a superimposed lterative proce-
dure for network calculations and temperature precalculations shows

8 peasonable convergence 1s proven by the fact that a similar program
for ordinary ventilation conditions needed reportedly (3) only 2 - 3
cycles until a satisfying result was achileved.

¢) Conecluding remarks

Digital computers do not suffer from any mathematical
limitations. They have become more accessible and cheaper than
equivalent analog computers for ventilation network calculations
and have widely replaced them. In the 15 years of thelr application
a greater number of programs have been developed which allow complete
simulations of ventilation networks and provide all necessary service
comfort. These programs have been used for more than 10 years in
several countrles. to investigate routinely the influence of mine
fires on the ventilatlion system of mines and to work out fire emer-
gency plans. Since they were written for plannlng purpcses under ’
ordinary ventilation conditlons, they need considerable support by
manual. calculatlions for the simulaticn of fires. The full potential
of digital computers has in thls respect not yet been exploited.

It seems possible wilthout excessive work to adjust existing pro-
grams to the simulation of ventllatlion networks with internal fires.
Since the temperature changes caused by the fire are mainly respon-
sible for- Influences on ventilation, it seems advantageous to make
thlis adjustment for use of those programs which already contain an
automatic consideration of natural drafts based on temperatures.
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