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,FOREWORD

T~is report was prepared ~y Michigan Technological Univer­

sity, ,College of' Engineer.1ng,. Department of Mining' "Engineer-

ing, Houghton, Michigan, under USBM Contract No. 'S0122095.

The contract was initiated under the Coal Mine Health and

Safety Program. It was administered under the technical

direction ofPM&SRC with Mr. R. Chaiken acting as the tech-

nical project officer. Mr. F. Pavlich was the contract

administrator for the Bureau of Mines.

This report is a summary of the work recently completed as

part of this contract during the period June 13, 1972 to

June 13, 1973. This report was submitted by the author'on

June 8, 1973.

This technical report has been reviewed and approved.

It is" hereby certified that no inventions have been ma.de on

this project.

The views and conclusions contained in this document are those
of the author and should not be interpreted as necessarily
representing the official policies of the Interior Department's
Bureau of Mines or of the U.S. Government.
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I. Introduction

Every mine contains inflammable materials, either in form of
the minerals mined or in the form of brought-in supnlies. Although
great-efforts -are made ·to make mines as far as oossible fireoroof
and to prevent ignltion sources, the possibility of mine fires,
like that of.other accidents, will always continue to exist. -

Detailed·. s tatis tics are avai lable for coal mines. - They -show
(65,112) that the number of major mine fires in the USA over the
last 20 years has remained more or less constant with approximately
50 per year. The same number is reported (26) for the British
coal mines. Other countries (147) report about I major fire for
every. lOmlll1on tons or coal production.

Conflicting data are pUblished on the number of fatalities
caused by fires, presumably because frequently deviating opinions
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 is much smaller than that for several other causes of
fatali ties, one must keep in mind that almost eve-ry small fire can
develop into a large disaster.

The greatest. hazards of mine fires are the poisonous and some­
times explosive products of combustion, carried 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.

Predictions of the airflow distribution in a mine at fire are,
however, complicated by the fact that the fire itself can cause,
by the forces it develops, considerable ventilation disturhance.
How large these disturbances are depends very much on the local
circumstances. In some mining areas they are considered to be a
very serious threat. Since they are frequently encountered and
some larger mine disasters were due to unexnected airflow reversals,
their determination is an integral part of all fire emergency plans.
_In other mining areas, mainly those where the mines have no large
vertical extension, they are considered to be negligible compared
with the disturbances caused by physical changes of the airways
such as destroyed seals, ventilation doors or air blockage due to
roof fall. It must, however, be admitted that the degree of
necessity seen for taking into account ventilation forces developed
by fires in emergency plans is also frequently a question of the
accuracy expected from these plans.

Mining engineers have studied the interaction between venti­
lation and mine fires for several decades. The results are a greater
number of methods to assess the ventilation forces developed by
fires and their influence on a given ventilation system. Work in

. this direction has been revived by the wide 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 calculations soon became
routine, too. -
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·,It can be expected that in the near· future in the USA more
emphasis than in the. pas.t will be placed on fire emergency plans
which take the influence of fires on the ventilation into account.
This report is an evaluation of all accessible information pertinent
to this problem. It attempts to' bea complete description of what
has been done, not.what the author thinks.was n~cessary to do.
Consequently, it contains little critique although the author has
tried to group together those theoretical approaches and planning
procedures which share a common concept, and to compare the results.
The number of pUblications evaluated is considerably. larger than
indicated in the bibliography. Of publications with similar con­
tents only one sample was usually listed.

There will, of course, be different opinions as to what
information is pertinent. With as wide a field as this the report
had to be limited to that information either coming from mining
sources or being the common fund of all engineering branches.

As indicated above this report concentrates on the prediction
of ventilation disturbances caused by ~ine fires for fire emergency
plans. This finds it expression in the' parts into which the report
has been divided.

Following the first part, the introduction, the second part
deals with the properties of mine fires-and in particular with their
dependence on ventilation conditions. Contrary to technical com­
bustion processes, not too much is known about accidental mine
fires. Research by mining engineers has concentrated mainly on
investigating the .effectiveness of fire fighting equipment 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 basis for fire simulations
in future emergency plans.

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

The fourth part then deals with the ventilation forces developed
by the fumes. They are theoretically derived and the results com­
pared with experimental observations.

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

The sixth part describes the different approaches which are used
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by ventilation engineers to make quantitative predictions. At
first the methods, which require no network calculation and
take into account only the airway at the fire and neighboring
airways are explained. Then criteria to jUdge the stability
of ventilation currents and rules to improve it are discussed.
Finally the present practice of using analog and digital com­
puters for the design of fire emergency plans is described and
their potential investigated. .
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II. Properties of Mine Fires

The propagation of flames over the surface of combustible
s.oli,ds is an extre:mely complex process.,.. In spite of the high
sophistication the two competent disciplines, combustion and fire
protection engineering and their auxiliary sciences, have ~eached,

they still mainly rely on experimental evidence, at its best
arranged in simplified semiempirical, theories. Their' applicability
to mine fires is therefore very limited. Combustion engineering
is not concerned with. accidental fires and fire protection engi­
neering deals with fires of different natures than the mine fires,
which are distingUished by a ~~st~lcted air supply and a usually
uniform composition and arrangement of the combustible material,
giving them unique properties. This report will therefore limit
itself to the evaluation of literature dealing specifically with
fires in mines or under conditions similar to those in mines.

A) Modes of fire propagation

The. most systematic work on this probl~m has been done
by Roberts and colleague s (103, 104, 105" 106). According to
them, mine fires can display two different modes of propagation:

1) through localized heat feedback from the flames;
2) through allover heat feedback from the fumes.

The reSUlting mine fires are of distinct different types.

Fires of the first type are controlled by the same mecbanisms
as unconfined fires in the open. Propagation occurs by radiation
and convection from the flames and hot gases, which heat the
combustible material in the immediate vicinity of the fire, before
they are mixed with the general airstream. The latter is not heated
to temperatures high enough to generate gaseous fuel from combustible
material or to light it. Due to the fact that combustion takes place
only in the immediate neighborhood of the combustible m~terial,

considerable quantities of oxygen can pass through the fire without
being consumed. Fires of this type are therefore frequently called
unconfined or oxygen rich fires.

The second type of fire propa~ation occurs where the general air
stream has become hot enough to generate gaseous fuel from the
combustible material, along which it passes. In this case the fire
extends until all available oxygen is being consumed, 'which limits
the heat development. The generation of gaseous fuel continues for
a considerable 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,
outside of mines, usually reached only in confined passages. Fires
of this type are therefore frequently called confined or fuel rich
fires.

Although most accidental mine fires, being started by relatively
small ignition sources, develop into oxygen rich fires and stay
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oxygen rlch,.fuel rich fires have been much more thoroughly studied .
.The reason may be that fuel rich fires are a much gre.ater hazard
because of their greater flame advance, heat release, toxicity and,
if mixed with air,explosibility of their combustion products and
because of. the fact that most oxygen rich fires can by spontaneous
growth. become fuel rich.. . Another reason may be that fuel rich
fires render themselves better to a systematic analysis.

Schematiq representations of fuel rich timber fires have been
pUblished by .Roberts and colleagues' (100; 101, 103-,' 104, '105) and
by 6altajtis and Markovic (7); .Asshown in fig. 1 they distinguish
several zones, which are, in the direction of the air flow, the
cooling and the charcoal zone, the pyrolysis zone with the com­
bustion and the excess fuel section, and the preheating zone. The
average temperatures of the gas stream and its content of oxygen
and carbonaceous constituents are also indicated.

The cooling zone is a zone through which the fire has already
passed and in which it is now extinct •.. Only heat transfer processes
due to forced convection take. place, the walls of the airway are
cooled and the air is heated.

In the charcoal zone the carbonized residue of the fuel which
is still hot enough to react with the oxygen of the air is burned.
The heating of the ventilation'air continues, its oxygen content
is reduced.

In the combustion section of the pyrolysis zone the volatiles
produce~·by the' decomposi t1:on 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 sufficiently hot to
cause pyrolysis of the combustible material. The absence of oxygen
will, however, prevent combustion and the pyrolysis products remain
as excess fuel in the fumes. The heat consumption of the pyrolysis
causes the temperatures of the fumes to drop.

The final cooling of the fumes takes place in the preheating
zone, ~hich gets its name from the preheating and dryin~ of the
airway section towards which the fire is moving. The heat transfer
from the fumes to the airway takes place mainly by forced convection,
although close to the pyrolysis zone radiation should be involved, too.

No equivalent schematic representations for oxygen rich fires
have been pUblished, but it can be assumed that for timber they would
appear as shown in fig. 2. Due to the fact that evolution of
volatiles occurs only in the immediate vicinity of flames, no pyrolysis
zone exists. The drop in oxygen and the increase in carbon content
of the air stream as well as its temperature increase in the combus­
tion zone ~'r~ 11 "'~ 101':er than for fuel rich fires.
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B) Controlling mechanisms and eguiltbrium states

. The controlling mechanisms of unconfined and confined
fires have been visualized by Roberts (106). The behavior of
the former 1s more easily umderstood when explained by the example
of fires in the open first. If in such a fire wit~ one dimensional
spread of ~lame the rate of flame advance is called V and the width
of the fire L (fig. 3), the relation be~ween V and L will be similar
as shown by ~urve 1 in fig .. 4. For L<Lo no propagation of the fire
takes- place due to inadequate heat transfer ahead of the flames.
For L>L V will increase with L as the emissivity and height of the
flames ~ncrease until the extension of the fire L has reached such
a magnitude that V is no longer influenced by L: If D is the depth
of the fuel"bed consumed by the 'fire, ~ its specific weight and B
the velocity with which the ~ire penetrates the fuel bed, the rate
of fuel added to the fire (per unit width of flame front) is
V*D*r and the rate of fuel consumption is L*B* r. In a fUlly
developed fire V and L are constant with respect to time and it is
Y*D* r = L*B* r or Y = (B/D) L, represented by curve 2 fig. 4.
Possible values of Land Yare indicated by the two intersections
of curves 1 and 2. Of these, the point L1,Yl is however, not a
stable condition, since for L<L1 the curve 1 shows that Y«B/D) L,
which indicates a decreasing fire and for L> L1 it shows Y>(B/D) L,
which indicates and increasing fire. In other words, if a fire is
initiated with L<L1 it will die out, if it is initiated with L> L1
it will adjust itself to the condition L = L2.

For fires in mine ~oadways or ducts it is advantageous to
express the rate of fuel added to the fire by the dimensionless
parameter V+ = C*V*D* ~ *P*f/(V *,... *A)

. where C = mass of air requIPed for complete combustion of unit
mass of fuel

P = perimeter of roadway'
f = fraction of perimeter Which is covered with combustible

materials
Va= air velocity
~a = specific weight of air
A = cross section of roadway

Analogously, the rate of fuel consumption is expressed by
+L = C*L*B*r*p*f/(Y "r *A)a a

A fire in a mine roadway or duct is in its early stages controlled
by local heat transfer effects close to the fuel surface and behaves
therefore similar to a fire in the open. However, as the fire increases,
additional heat transfer from the fumes will occur and provide an
additional increase of y+ with t+ which becomes very large when the
temperature of the fumes exceeds the threshhold beyond which
pyrolysis of the fuel becomes rapid. This increase in y+ is finally
limited by the heat development of the fire, which reaches a peak at
L+ = 1, when all oxygen in the air Suppl¥ is consumed. A further·
increase in L+ results in a ,decreasin~ Y , since excess fuel causes
dropping temperatures of the fumes. The relationship between y+ and



v
1

Fig. 3~ Model of Onedimensional

Spread of Fire (106)

8

v

2

Fig. 4. Relationship between V

and L in Unconfined Fires

(106 )

+Pig. 5. Relationship between V

and L+ in Confined Tim­

ber Fires ( 106 )

Fig. 6. Easy and Difficult Igni­

table Fuels in Confined

Fires (106)



9

and L+ will therefore be similar ·shown by curve 1 in fig. 5.
(The initial portion of this curve, which is similar to the initial
portion of curve 1 in fig. 4 has been simplified by making
L+l = 0). The fire is fUlly developed whe~ the rate ~f fuel added
is equal to the rate of fuel consumed, o~ when 1+ = L (curve

.2 in fig. 5). Three possible pairs of V ,and L , indicated by the
"intersections of curves 1 and 2, exist. In a s"imilar way, as for
fires in the open, .. it can be reasoned that L+ 3,v\represent an
unstable condition~whereas th~ other two p~lnts are sttble. Lt,V~
represent the unconfined, oxygen rich type of a fire, L4 ,V: the
c~nfined, fuel ri~h type. If a fir~ is initiated with + +
L <L1 it will assume va1ue~ of L~,V2' If it is initiated with L >L 3it will assume values of L4 ,Vt.

it is obvious that L~ is mostlyFrom the definition of L+
readily .exceeded:
the smaller - the air velocity
and
the larger

V
a

- the initial length of the fire L,
the penetration velocity B,
the fuel density y',
the fracture of the perimeter covered with com­
bustible material, and .the ratio PIA (or the smaller
the roadway). + +

Furthermore, if the air supply of a+developed fire in the state L2,V 2
is reduced to such an eftent that L3 is exceeded, a rapid growth of
the fire to the state+L 4 vt will result. The reverse, to move a
fire from the state L4 ,Vtto the state "L!,V! would require a very
large andsijddenincrease in the air supply or a limitation i~ the
fuel available for the fire so that L+ becomes smaller than L3'

Curve 1 in fig. 5 is characteristic for fuels like timber.
A mo~e easil¥ ignitable fuel than timber will show a steeper+increase
of V With L (curve 1 in fig. 6) and give rise to a state L >1 or
a fuel rich fire from any size of initial L, V , ~/A or f. A less
easily ignitable fuel will stay in the region a L < 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 section) of
a confined f~re 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 equilibrium states (corresponding
to L~,V~ and Lt,Vt in fig. 5) exist, of Which only the one with
the fuel rich fumes (Lt,Vt) is stable. As will be shown later this
is in qualitative agreement with all experimental observations
made so far with timber fires in mine roadways. They yield either
fumes containing more than 15 - 16% O2 or containing no 02'

As a parameter to describe the state of mine 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 required for complete combustion
air supplied
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timber loading per unit length of roadway
fraction of timber burnt away by fire
massflow of air through roadway

mass of air required per unit mass
timber for comp~ete combustion

= fire velocity

where P - surface area of timber per unit length
of roadway

Lf = length of fire zone

mv = mass rate of volatile formation per unit
surface area

where 5 =
Vf

W =
F =

V*d-'*A=
a a

S*P*L *mf v

V * (f-' fAa a
R =

which correspondents to the air ratio coefficient in combustion
engineering. The justification for the name l"s 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 ti!TIbered roadways,
namely (10~):

R = 5 I Vf *W*F

V * a *Aaa '.'

or, for R<·l
%C0 2 in moistUre free fumes

R=
21

From a great number of experiments 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 (10~). 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 condition .. It should
be noted that fuel/air ratios of R ~ 0.3 would co~respond 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 established thus far for timber fires only.

a) Conditions for the development of fuel rich fires

As outlined above it depends on:
the type of combustible material,
its quantity,
the mine roadway size,
the ventilation,
and the ignition source

whether an oxygen or a fuel rich fire develops.

"The higher the ignition quality of a combUstible material the
greater the probability that the fire becomes fuel rich. Mineral
oil has been observed to give rise always to fuel rich fires (104),
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.. \ ' ..

when the ratio oil surface A (ft 2 ) and air quantity Q '(ft 3/sec)
was A/Qa>0.153 .. Polyurethane foam lining applied to '5% 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 tires is that enough combustible
materi~l along the path the fumes take is available 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 (106) that the larger the ratio
roadway perimeter/ cross section, or the smaller the roadway is,
the greater the probability of fuel rich fires. This has been
confirmed by Roberts (106) who observed that timber fires in model
ducts (1 ft 2 ) always developed spontaneously to the fuel rich
·s tate ~

The lower the air velocity ¥a' the larger the fuel/ air ratio
R and the higher, therefore, the possibility of fuel rich fires.
An oxygen rich fire can develop into a fuel rich fire by reduction
of the ventilation (104). With the practical feasible increases
in ventilation there has been, however, so far no tendency for
fuel rich fires observed to revert to the oxygen rich state, until
the fuel supply is limited.

If an ignition source starts a fuel rich fire, it must be
capaple 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 requires average air temperatures between 900 and 12500F,
depending on the magnitude of the heat transfer coefficient, which
is a'function of the air velocity. Klinger (68) gives a surface
temperature of 5~70F too, and Wilde (142) a range of 536 - 60SoF.
The lowest ignition temperatures for 9 different types of wood
as a function of their exposure time are shown in fig. 7 (75}.

Q *,.. *ca a pa

tat =

The temperature increase tat which the air experiences from
an ignition source can be calculated from

Qh where Qh = heat development of ignition source
Qa = volume flow of air

cpk = specific h~at'of ~ine air

Following a graph given by Maas and Sad~e (75) for the ignition
of oxygen rich timber fires the relationship between Q

h
and Q has

been plotted in fig. 8 for tat = 3330 F and 263 0 F under ~he a
assumption of ~ = 0.075 lb/ft 3 and c a = 0.24 Btu/lboF. 2630 p
is the temperatu~e increase necessary·P to heat air from 680F to 3310F,
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the assumed lowest ignition temperature after long preheating
and 3330 F is the increase to 401 0 F,the i"gnition temperature
'after 15 minutes of preheating~ In the same figure are indicated
the heats developed when 500 hp are complet~ly converted into
heat and by, an oilfire ,burning; at the rate of 251bs/min. 'P,or the
latter complete comb,ustion in an oxygen. rich atmosphere is assumed.

Since for, fuel rich fires the pyrolysis zone has to have a
certain length and ,considerable cooling of the' fume,s du,e- to heat
tians,fer to the' walls occurs ,and since: a ~onsiderable temperattire
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 higher than those shown
in fig. B. .Roberts and Blackwe 11 (104), report that a, 'burning
rate of 40 Ib/min of mineral oil over 10 minutes 1n a ventilation
cur~ent'of 22,000 f~)/min were about the minimum to start a' fuel
rich timber fire. A more detailed discussion of the temperature
distrib~tion in fuel rich fires is given in chapter II.C.~ .

.
C) Observations in accidental and experimental mine fires

,Because t,imber played a prominent role in most larger mine
fires of the past, nearly all published observations on the pro­
perties of accidental fires deal with timber fires and systematic
experimental investigations' have conceritrated on them, too. This
is rather unfortun~te and much work certainly remains to be done.
However, the fire controlling mechanisms and the relationship of
the dominating parameters do 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 allover 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. Since the fires have usually no opportunity to develop
fully to an equilibrium state, the results obtained from these
test have therefore little general validity.

All observations discussed in the following chapters deal
with unsealed fires.

a) Composition of combustion products

The composition of combustion products can be cal­
culated when the fuel composition and the air/fuel ratio is known.
For industrial fuels in particular charts exist which relate CO 2 ,
CO and O2 concentrations in the fumes with the fuel/air ratio.
Their discussion 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 ignition sources. The large scale experiments evaluated by
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them .in a tunnel· of .45. ft 2 cross se.ction showed generally the
features of oxygen rich fires, too, s±nce limited lengths of
timber lining (up to 135 ft) were used. Only with large igniting
sources or with a reduction. of the air velocity after the timber
.had. been . ignited. could fuel rich fires be generated. Table 1
shows-the gas analyses of the ·combustion 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 2 cross section
gave rise, however,. to'rue.1 rich. fires' in alI the condi.tions
s.tudied (106).- As an -example the variation. in gas' composi t,ion··­
along the duct.1s shown in fig. 9 (100). As average values Roberts
and colleagues state for· oxygen rich timber fires (106):
3 - 5 %C0 2, e.1 - 0.5 %CO, 16 -18 % 02,
for fuel rich timb~r fires (104)
18, -'~O % C02, 5 - 8 1 CO, 2- 5 % 82, 0 - 1 % 02.

Egorov and Kondratenko (31) evaluated about 10,000 gas samples
taken in Russian coal mines. They were taken 70 - 1000 ft behind
unsealed fires. Since most CO determinations were done with an
outdated and unreliable method, they suspect that the CO concentra-

,tions were considerable higher than stated. The results of their
evaluation is compiled in table 2. Since larger open fires usually
require sealing, it can be assumed that most samples came from
concealed or smaller open fires. Examples for typ-1cal gas
concentrations. behind large open fires, as given by .the authors,
are shown in table 3.

Baltajtis and Markovic (7) give in table 4 as an example of
their experiments (in a tunnel of 46.3 ft 2 cross section, timbered
over 614 -rt with props and bars·of 6 - 7 " diameter and lagging
of 1 - 2 " thio,kness) the total concentration of carbonaceous
gases (C0 2 + CO + 084) as a function of time and location. One
sees clearly the movement of the flamezone. Irregularities in
the gas composition 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 moisture contents. Although
not stated by him this table is obviously based on the assumption
that dry wood produces fumes with the composition given in the
last column of the table.

Fig. 10 is an example from the 130 experiments conducted by
Schmidt and Grumbrecht (118) in a raise with 22 ft 2 cross section.
Since they used as fire objects only wood piles of up to 700 lb
weight, all the fires they obtained remained oxygen rich.

b) Fuel consumption of timber fires

Extension and propagation of mine fires depend on the
rate at which the combustible material is consumed. Maas and Sadee
(75) give the maXimal rate of burning for round timbers of different
cross sections in fig. 11. If from this figure the thickness of the



Table 2. Results of 10,000 Gas Samples Taken Behind Unsealed Fires (3~.l

Number of Samples with Volume Concentrations ( %) of:

o - 0.5 0.1) - 1 1 - 2 2 - 3 3 - 5 5 - 10 10 - 15 15 - 20 20 - 100

O2
28 30 68 100 220 8554

CO 2 8765 475 230 198 152 124 60

CO 9966 24 10

CH
4

8870 324 170 143 125 116 102 85 64

H2 17 13 3
I

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

Volume Concentration ( %)
Name of Mine O2 CO 2 CO CH4 H2

Sredazugol No 1/5 5.0 14.0 0.08

Kapi talnajy, 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 it approaches asymptotically 0.03 in/min. This is the same
order of magni,tude 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 = 0.78 - 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 py,ro1ysis ffiv, expressed as a mass rate of fuel
evolution per unit surface area has been observed by Roberts (106)
for timber to be
I1\r = 2.29 - 8.5 Ib/ft 2 hI'
and for polyurethane foam"to be
m =7.38 - 20 Ib/ft 2 hr.
TKe dependence of ~ on the air velocity, as published by Roberts
and Blackwell (104), for a tunnel of 45 ft 2 cross section is shown
in fig. 12 and as pUblished by Roberts (105) for two tunnels of 45
and 1 ft 2 ,cross section in fig. 13.

Baltajtis and Markovic (7) give as the average fuel consumotion
in pyrolysis and charcoal zone combined a value of mv = 2 Ib/ft 2 hr.

ft 30xygen required to burn 1 lb of wood

volume % 02consumed in an oxygen rich fire
airflow (ft 3/sec)

w'here 6 =
Qa =

11.9 =

100*11.9

In oxygen rich fires all fuel is burned and ·the oxygen concen­
tration drops to approximately 15%. Maas and Sadee (75) therefore
_suggest to calculate the amount of timber burnt by ,

6*Qa*3,600

= 18.15 Qa
lb/hr

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

378
12 CF/tC

p
(ft 3/lb)

MF = Qa/Qdg = 0.0317

The same approach is

where 378 = volume of I lb mole (ft 3 /lb-mole)
12 = molecular weight of carbon
CF = mass %C in fuel

rcp = volume % C in combustion products

Under the assumption that the airstream entering the fire Qa is
approximately equal to the gas stream leaving the fire MF*Qdg'
the fuel consumption can be calculated from

~C Qa
sITggested by Both (14).



18

Table 4. Total 'Concentration of Carbonaceous Gases (Vol. %) in an Experi~

mental Large Scale Timber Fire (7).
Time since Distance From Source of Ignition (ft)
Ignition (min)

64.5 82 147. 5" 21 3 311 442 475
10 24.6 21.1 24.2 '23.7 24.5 25.2 27 02

30 1.5 11.5 27.9 24.9 23.1 21.9 2908

50 2.7 4.8 11.2 24.0 26.6. 28.1 21.2

10 1.2 2.1 15.1 22.5 23.0 23.2 26.0
90 " 1• 1 2.4 1., 18.1 22.7 25.3 2104

110 0 05 1~0 7.0 14.9 22.3 23.4 26.5

130 0.3 0.9 2.4 8.6 19.1 21.8 2209

Table 5. Calculated Composition of FurD.es for Timber with Different Moisture

Contents (131)

Moisture Content of Timber (Mass ~)

7 10 20 30 0

CO 2 (vol. %) 9.62 9.61 9.41 9.24 9.80

O2
n 3.11 3.15 3.09 3.04 3.22

N
2 " 76.18 75.65 I 15.85 11.84 17.00

CO It ,1.21 . 1.20 1.18 1.15 1. 23

r
H2O " 9.82 10039 12.47 14.73 8.15

-
volume of fumes per lb I Itimber (standard eft) 124.8 121.2 110.0 98.2

air consumption per Ib
timber (standard eft) 118.8 114·4 101.5 88.5

volume ratio
fumes/air 1.05 1.057 1.082 1• 11

specific weight ratio ! I
fumes/air 0.9891 i 0.9882 I 0.9781 009682

I 1
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c) Minimum ext~nsion of timber fires

= timber burnt by fire (lb/hr)

= timber load of roadway .( lb/ft)
= weightloss of timber due, to fire (%/min)

Maas and Sadee (75) estimate the flamez~ne
of oxygen rich timber fires with the formula

L MF*100, (ft) hf= W*1*60 ' ,were

length

", .
, Roberts and Blackwell mention (104) that the extension of timber

fires can be calculated from their definition of the fuel/air ratio
5*P*Lf *mvR =
V *r *Aa ,a

or, with P and Lf in ft, A in ft 2 , Va in ft/sec, O'a inlb/ft 3 and
lb

mv in rt 2 hr

Va*~a*A

P*mv

(ft)

As outlined above they suggest R~0.3 for fully developed oxygen
rich timber fires and R~3 for fUlly developed fuel rich timber
fires. Values for m as a function of V have been ~iven in
chapter II-C-b. Lf v indicates the leng~h of the f1amezone for
oxygen rich fire~ for fuel rich fires the length of the pyrolysis
zone.

A comparison of this formula, written with y' = 0.075 Ib/ft 3

and R = 0.3 as a

L =
f

R* .. *60"-a
5 * =

60
P*m

v
,

with the formula from Maas ,and Sadee, written as

~*100

w*1*60

18,.15=
60

Q *100 100* a = 0.303 Q
W*l 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 miXute.

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

L f1 = = 0.0317*3600* ~ *
C

F

(ft)
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If .this formula

60
~
"v

with Q in ft 3/sec, P in ft and mv in lb/ft2hr~
is wri~ten in the form

I:C Q *60
Lfl = 0.0317*60* :2 * ~a~_

CF P*mv
and for an oxygen rich fire I:Cp = 5% and for timber C

F
=

inserted~ one obtains
5 Qa *60

Lfl = 0.0317*60* --3 *
.5 P*mv

35% are

which is in good agreement with the previous formulas, too.

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

Lf2 = Lf1 + Vf*T . where Vf = velocity of pyrolysis zone advance

T= time elapsed since begin of the second
stadium

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

Lf2 = 0.0317*3600~ .~ * Qa
CF P*Tllv

with an average value of mv for both zones. As its value they
suggest mv = 2 lb/ft 2 hr.

d) Velocity of fire propagation

Fire propagation along a roadway is due to heat
transfer by radiation artd 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 convection, 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 convection in the direction
of the ventilating air current is usually considerably larger than
natural convection.

A fire in an unventilated or little ventilated airway will there~

fore spread in both directions, upwind and downwind. Since the oxygen
supply upwind is better, the propagation velocity in this direction
may even be higher than downwind. The higher the velocity of the
ventilating air current becomes, however, the stronge~ the tendency
of a fire to spread downwind. .

Buoyancy forces developed by hot fumes are directed vertically
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upwards.· The fumes ·therefore have a tendency to form a layer along
the·roo~. In unventilated· or laminar ventilated airways this layer
is dispersed by mOlecular motion only, which is a very slow process.
Turbulent dispersion requires that the kinetic energy Qf the
turbulent particles, formed by the ventilatin~ air current is high
enough to overcome the buoyancy forces .. Since this kinetic energy
is proportional' t~ the air velocity, a certain minimum velocity is
required for the turbulent dispersion of such layers.

In li ttl.e-ven:ti.lated airway.s the fumes ,will therefore mainly
travel and the fire will propagate along the roof. In .inclined
descensionally ventilated airways air can flow into the fire down­
hill along the floor whereas the fumes are ,travelling and the fire'
is spreading uphill along the roof.

The velocities with which mine fires spread in unventilated
airways or with which they spread in ventilated airways upwind
against the air current are small compared with those in other
directions. Their propagation is easier to control, too. Back-
ing of- smoke can be fought by local air velocity increases with
transverse bratticeor shields, blocking the lower cross section
of ithe airway (29,82). No systematic investigations on fire
propagation velocities against air currents and few (33) on the
extension of backed smoke layers are known although many of the
insights gained from the studies of gas layers would be trans­
ferrable to these problems.

Some typical 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 negligible
in West German coal mines. The reason is most probably the high
air velocities associated with longwall mining. Only a few cases
are known where the backed smoke reached extensions of up to 100
ft. Fires propagating along the roof against the ventilating air
current could always be extinguished easily.

Mitche~l (82) reports that in the experimental coal mine of
the USBM the length of the backed smoke layer was 100 ft with an
air velocity of 120 ft/min, 50 ft with 180 ft/min and 10 ft with
230 ft/min. Eisner and Smith (33) mention the best known instanee
of backed smoke which was in 1910 at Whitehaven Colliery in
Great Britain with 372 yards against an intake ventilation speed
of some 325 ft/min; 86 men were lost. In this case, however, the
ventilation must have been descensional and one can suspect that
intermittent 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 extensive whereas its rate of travel inby is fai~ly slow or
negligible~. On occasion the rate of spread was 150 ft/hr against
a ventilation speed of 150 ft/min.
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Tfiesystematic work done so far deals with fire propagation
in the direction of airflow at ordinary airspeeds. All of this
work has again been done in timbered roadways.

Maas and Sadee (75) estimate the velocity with which the
flame zone of an oxygen rich fire moves along a timbered roadway
by M

V
f

=~ = 18.15 Qa
w w (ft/hr)

Where MF = amount of timber burnt (lb/hr)

W = timber loading of roadway (lb/ft)
Qa ~ air quantity (ft 3/sec)

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

v = Mp
f \it

(ft/hr)

With C~ = 35 %

Vf = 16.3 Qa
W

and rc = 5 % for an oxygen rich fire this becomes
p

suggested by Baltajtis

fires with rcp ~ 30 %

* Qa
W

timber

rC
If the formula Vf = 0.0317*3,600* ~

C
and Markovic is applied to fuel ric~
and Cp ~ 35 %, it becomes

. V = 98.8 Qa
. f W

A comparison of calculated with measured velocities, obtained for
fuel rich fires in a timbered tunnel of 34.3 ft 2 cross section and
614 f~ length is shown in table 6.

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

= airflow/timberloading

* ft 3/min= Qa 60/vt (ft 3/ft )

timber loading (ft 3/ft)

where Pa(ft/~r)

8.89 + 0.0027*Pa

V =
f

v' =
i t,

All the fires studied by them ~ere obviously fuel rich.
If a specific weight of 40 Ib)ft 3 is assumed for timber, the above
formula by Osipov and Zadan gjives for values of Q /W = 2 or
Pa = 4,800 approximately the dame velocities as oAe obtains with
Vf = 98.8 Qa/W. For smaller \(alues of Pa' however, it gives greater
ve loci ties and for larger vall(es of Pa smaller veloci ties and the
deviations can become considel;able.

r:
\

Since Osipov and Zadan f~el that the ratio airway cross section /
timberloading is fairly const~nt for Russian mines, which makes Paproportional to the air veloc1i!ty, they suggest as the evaluation of

(



(ft/hr)

their results a second formula

Va

0.0111+ 0.00275 Va.
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where Va = air velocity
(ft/sec)

As examples of observed fire velocities Osipov and Zadan give the
values for 5 ac~idental and 9 experimental fires (table 7) .

.Roberts and colleagues found that anapproximat.e ly linear
relation between air and fire valbcities exists. As an exa~ple,

fig.14'shows the. rate of spread of fuel rich fires (R = 3) mea­
sured in a square duct of 1 ft 2 cross section plotted against the
air velocity (100,103,104).

A possibility to calculate V
f

offers the definition of the
fuel/air ratio

With
rich

R = 0.3, ~a = 0.075
fires

0.3*0.075*3.600 * Qa
5 W

Ib/ft 3 and,F = 1.0 one obtains for oxygen

= 16.2 Qa (ft/hr)
w

which agrees well with the above formulas by Maas and Sadee and
Baltajtis and Markovic. For fuel rich fires one obtains

V
f

= 3*0.075*3,600 * Qa = 162 '* Qa
5 W W(ft/hr)

which 15 not in as good agreement with the'formula of Baltajtis
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 in the range of 66 - 330 ft/hr. If mixin~ of the fumes
with fresh air from other airways gives rise 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
f~and horizontally through 7,155 ft within one week.

e) Temperatures developed by timber fires

The highest temperature a fire can reach is its
adiabatic 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 reaction be equal to the enthalpy of the
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Table 6 0 Comparison of Calculated and Measured Propagation Velocities of'

~imber Fires (7)

Test No Air Velocity Timber L'oading Propagation Yelocity (ftjhr)
(ft/sec) (lb/ft) Calculated Measured

1 3.9 83.3 190 184
2 5.9 83.3 285 269
} 9.8 83.3 471 492

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. Ignition of Fire Fire Veloc o

(ft2) (ft/sec) (hr) ( ft) (ft/hr)

Neshdannaja, 92.6 4.26 203 426 185Combinat Rostov

Choladnaja BaIka, 53.9 4.91 6. 1050 175Group Make jevka

Proletarian Dictator- 81.9 2.13 10 1230 123ship, Combinat Rostov

October Revolution 61.4 3.28 18 2490 138Group Schachtjorsk

Astern No 10, 48.5 6.56 2 426 213Group Kommunarsk

Test No

CNIL VGSC
1 32.3 3.28 0.5 98 196

Donbassa 2 32.3 1.97 2.3 311 135

(Central Scien- 3 32.3 5.74 1 229 229
tific Research 4 3.23 3.28 1.2 207 173
Laboratory of

5 32.3 3.28 0.5 .66 132the Mine Rescue
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 1.8 531 295
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combustion prod,ucts. ,The ':beat of, reaction for complete com­
bustion is equal to the lower calorific value of the fuel. For
incomplete combustion it must be corrected by sUbtracting the heat
of combustion of any unburnt fuel due to lack of oxygen or dis­
sociation. One has to consider, furthermore, that the products
of combustion can include solids as well as gases.

The calculation of the adiabatic flame temperature is relatively
cumbersome, since ~n addition to the specific heat' variations 'of C

the combustion products their composition" changes with temperature,
due to dissociation, must be considered. Besides trial and error
methods the use of charts is therefore advisable. As an
example fig. 15,shows adiabatic flame temperatures calculated by
Myers, Goldberg and Smith (85) for fuels of different carbon!
hydrogen atomic ratios rangin~ from zero to four. Two sets of
curves for air preheat temperatures of 100 and 6000F are plotted
as functions of excess air or fuel/air ratios.

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

It, is, however, possible to estimate the highest temperature
the fumes can theoretically reach after the combustion products
have been mixed with, the excess air. Maas and Sad~e {7~) stat~
that in oxygen rich timber fires a temperature increase higher
than 16g20 F has never been observed. They derive this figure
by dividing the heat generation of the fire Qh by the heat content
of the gases passing through the fire. The former can be determined
from

where hu = lower calorific value of timber
(Btu/1b)

Mp = fuel consumption (lb/hr)

Q *;- *c
a a pa

relation

=

of the gas stream passing through the fire is
approximately constant, its temperature increase is

hu*MF

If the mass flow
considered to be

Qh
At r = Q *¥w *ca va pa

With the above quoted

h = 6,300u

~= 18.15 Qa (lb/hr) and q = 0.078 Ib/ft 3 ,
a

c = 0.24 Btu/lboF,
pa

Btu/lb

At f =
one obtains
6,300*18.15
3,600*0.078*0.24
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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, Hz and CH4 they suggest to
use the formula .

Qh ~ h *M - Q (3.21 Cco + 2.75 CH + 9.11 C )
u F g Z CH 4

where Q = volume flow of fumes at standard
g conditions per hr (Sft 3/hr)

CCO'CH ,C = v.o1ume % of CO, Hz and CH l+ in fumes
z CH l+

3.21;2.75;'9.11 = heat of combustion for CO, Hz and CH 4
(Btu/ (Sft 3/100»

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

Experience shows that the temperatures of the fumes behind
oxygen rich timber fires ar~ considerably lower than 1700oF. If
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 adiabatic flame temperatures.
The reasons for are this the large heat transfer from the flames
to the walls of the airway, caused by the high flame temperatures
and the addition of gaseous pyrolysis 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 is,
according to this function

t = [23,7 00 + t'J (1 - 1.262- S1 ) + 32 (oF)
fmax S 1 . w

t' is the surface temperature at which significant pyrolysis of
t~e timber begins, which according to Roberts and Clough is at t~ =
527oF. 81 is defined by

81 = 1 + h/(m*cF*f) where h = gas-to-wall heat transfer coefficient
m = volatile emission rate per unit wood

surface area
cF = specific heat of volatiles

f = fraction of roadway perimeter lined with
wood

The term m*cF*r is the heat content of the volatiles emitted per unit
roadway surface area and time. It is more or less proportional. to
the heat transfer coefficient h with the result that 8 1 is more or
less constant for larger velocities. Values for 81 determined in a
square model duct of 1 ft sidelength with f = 0.75 and plotted over
Reynolds Numbers calculated with air viscosities at 18320F are
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.' shown in figure 16.

-6
2]= .' [ . 1 + 0.262*R

. 1.262

end of the psrolysis zone, where the wood surface
is t~ = 527°F, the gas temperature t f can be des-

t'w
t'
w

t ­fmax

At the
·'temperature
cribed by

t f

Th,ef,uel/air '.ratio· for fuel ,rich ,timber fires can 'be, assumed to
be R = 3. Values for 6 2 are shown in fig. 16~

Measured maximal gas stream temperatures in the combustion
,zone t fax and estimated gas temperatures at the end of the
pyrolys¥,1s zone t f , determined by Roberts and Clough (103) in their
model duct are shown as function of the air velocity in fig. 17.
A 'consideration of scaling laws for fires (105) shows that the
gas temperature- air velocity relationship is approximately the
same in small scale model tests and large scale fires. One,
however, can, expect the, maximum gas temperature in large scale
fires to be about100-200oF 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 typical
variation of gas temperature in a fuel ric.h 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 0 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 t~ the lack of oxygen no longer burned, a rapid
temperature decrease to about 10000 F takes place. From there
on no further pyrolysis 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
ft 2 cross section at the distances and times indicated in the
figure. The same tunnel was used by Baltajtis and Markovic (7)
for fire experiments 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 2 cross section, ascending witp 16.50 •
After 20 minutes the fire was so far developed that the whole
cross section was filled with flames. Fig. 20 shows the observed
temperatures along the tunnel 20, 24, 28, and 32 minutes after
the fire had been ignited.

Fewer observations exist for oxygen rich fires than for fuel
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Table 8. Gas Te'mperatures (oF) Measured in a Large Scale Timber Fire (7)

Time since Distance trom 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 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 1,131

Table 9. Materials Burned in Open Fires in British Coal Mi~e~?J_

Year Coal Coal Dust Wood Oil or Hydraulic Conveyor
Grease Fluid Belt

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 Exp~;.'imenta~,Coal Fires (4h~

Location of Coal Floor Flo.or and Rib

Quantity (lb) 3650 24350 7500 7500 12500 12500
Time since Ignition (min) 180 310 130 285 135 250
Maximal Temperature (oF) 1400 1490 1550 1600 1550 1650

Location of Coal Floor, Rib and Roof

Quantity (lb) 17000 18000 15550 18550 14250 12250 17850 19330
Time since Ignition (min) 215 195 190 165 220 180 255 225
Maximal Temperature (oF) 1800 1550 1560 1200 1200 1290 1530 1790
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rich fires. Schmidt and Grumbrecht (118) conducted 130 large
scale fire test's in a 72 0 raise of 22 ft 2 cross section, in
which centrally located wood piles of 250 - 700 lb weight were
ignited. All their fires remained oxy~en rich (fig. 10) ..
Since the purpose of their experiments was to find the largest
possible ventilation 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 this envelope curve, one sees clearly that
in oxygen rich fires the flame temperatures can be in the same
order of magnitude ,as in fuel rich fires. The temperature decrea­
se immediately behind the fire is due, however, to the mixing
.of combustion products with excess air much more rapid .

. Osipov and Zadan (94) made the same observations as Roberts
and Clough,(fig. 17) that the temperatures increase with air
velocity. From their experiments in a timbered tunnel of 45 ft 2

cross sec.tiort they conclude that the maximal temperature of fully
developed fires can be described by the formulas

t fmax = 1975 +40*Va (OF) for 1.6<V
a

<16 (curve 1 in fig. 22) or by

. t = 32 + Va (OF) for O<V <26 (curve 2 in
fmax 0.000419 + 0.000361*V a

a
figure 22). The air velocity Va is measured in ft/sec.
Expressed as a function of the ratio Pa = airf.low/timberloading
(ft 3 I min air per ft 3 1ft timber) they obtain

t 32 Pa (OF)
fmax = + 0.257 + 0.00038l*Pa

These temperatures were reached about 1 hour after the ignition
of· the fire and then remained cons tanto The temperatures in the
original stages of the fire are slightly lower, since less pre­
heating of the air in the burnt out heated sections of the duct
takes place.

f) Coal fires

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

Lump or solid coal fires are usually not too serious a
risk to life either, especially in their early stages. Coal,
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with approximately 5 % for anthracite and 40 % for high volatile
C bi tuminous coal has' a much, lower volatile content than wood
with 75- 85 %. Substantial distillation of volatile matter
begins only at about 600 0 F and becomes rapid at about 13000 F
(fig. 24), whereas the corresponding temperatures for wood. are
approximately 400 and 550oF. Also the ignition temperatures
are higher, although the latter are not constants but depehd
on oxygen concentrations, exposure times, mineral contents,
etc. Fig. 25 (29) shows the order of magnitude.

Due to its economic importance as one of the principal
energy sources, the combustion of coal in industrial processes
has b.een the subject of a vast number of investigations. This
does not however apply to the accidental combustion of. coal in
underground mines,. where,- except for fire extinguishing equip­
ment, no systematic work's~ems to have been done. Due to the
complexity of fire it would be risky to try to develop a model
for such fires .. It would exceed the scope of this report, being
a literature evaluation, too.

The controlling mechanisms of fire propagation for toal
fires should in principle be the same as those described in
chapter II-B. Since coal is a difficult ignitable fuel one can
expect coal fires, at least for higher ranking coals, to.be
oxygen rich fires. Fuel rich fires will mainly occur as a
temporary phenomenon after a reduction in ventilation.

Few data have been published on the composition of combustion
products of open. underground coal fires. All deal with oxygen
rich ~ires~ probably due to the limited extension of the fuel
beds provided. Nagy, Hartmann and Howarth (86) report that in
35 experime~ts with coal fires of 20 ft length ftnd air velocities
between 2.8 and 5 ft/sec the fumes contained 0.0 2 - 2.6 % CO 2 ,

17.55 - 20.61 % 02, 0.01 - 0,.12 % CO, 0.0 - 0.04 % CHit, no H2 ,
and N2 as the balance. Nagy, Murphy and Mitchell (87) give, for a
fire of 24,350 Ib of coal spread over a length of 15 ft along the
floor, the CO 2 , CO and CH 4 contents shown in fig. 26.

Temperature observations were pUblished by Nagy, Murphy,
Mitchell (87) and Hartmann, Nagy, Barnes, Murphy (45). Their
coal fires had a length of 15 ft, the air velocities were in the
range of 50 - 100 ft/min, the coal covered either the floor, floor
and rib, or floor, rib and roof. Coal quantity, location, burning
time and maximal observed temperatures in the fuel bed are c.ompiled
in table 10. A timber fire of 1100 Ib in the same tunnel after
10 minutes rose to a temperature of 16000 F. Air temperatures were
in the range of 700 0 F.

No data have been pUblished so far on fuel consumption, ex­
tension and velocity of coal fires. To estimate the order of magnitude
one could proceed as follows, although, due to the lack of .
expert'mental confirmation, the res ul ts have to be accepted with
caution. The fuel consumption can be determined as derived in
chapter II-C-b with the formula



M = 0.0317 J~
F· . C

F
* 3,600*Qa (1b/hr) .
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where CF = mass % C- in fuel-

EC = volume % C. in c omb.us tion products
p

Qa = airflow (ft 3/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 volatiles as well as the fixed carbon is consumed, and
that EC is not higher but most probably lower than in timber fires,
one obtRins fo~ anthracite

- 6
MFmax = 0.0~17* 85 * 3,600 * Qa =8. 05Qa
and for high volatile C bituminous coal

~ = 0.0317* .....§. * 3,600 * Q = 9.78 Q
-~max 70 . a a

Fuel rich fires.are mainly. fed by the gas generated from-the coal
.by the hot fumes. Judging from the products obtained in high­
temperature coke ovens the gas composition changes with coal but
its carboncont~nt ~emalns from low volatile to high volatile C
bituminous coal in the range of 50 %. Under the assumption that
all carbon is burned to CO and all oxy,gen has been consumed, one
obtains for EC.values between 12 and 20 %. Consequently

p

MFmax = 0.0317 * §~ * 3,600 * Q
a

= 45.6 Qa (lb/hr)

The maximal extension for oxygen rich fires of the fire zone
can be determined under the assumption that all fuel consumed is
fixe-d 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 is shown in fig. 27 as a function of temperature
and air velocity. If the temperature in the fuel bed is 1500op, .
the average combustion rate is mv = 0.06*10- 3 g/cm 2 *sec .•
or ffiv = 0.45 1~/ft2sec. With M = m *P*L , where P = perimeter of
airway and Lf = length of fire ~one v onefobtains for anthracite

L
fmax

= ~:~~ * Qa = 17.9 Q~ (ft)
p

and for high volatile C bituminous coal

Lfmax = 8:4~ *:a = 21.7 ~ (ft)

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



1
M = P * L * 21r * y' * C where y'F f C v C

Cv

With y' = 80 lb/ft 3 , C = 40 % and ~=
C v

L = 45.6 * 24 * Qa = 34.2 Qa (ft)f 80 * 0.40 p p
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= specific weight of coal

= mass % volatile matter of
coal

45.6 Q one obtainsa

The velocity with which a coal fire spreads is hard to predict.
Due to the unlimited availability of fuel it will 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 lar~e it is has to be answered by accidental
or experimental evidence.
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III.· Tempe·ra ture of Fumes Behind 'the Fire Zone

All major forces exerted by mine fires on the ventilation
can be considered as thermal forces. ~or their determination
the knowledge of the temperature changes, caused by the fires,
is indispensable., Thisapp11es, less to f·lame- or pyrolysis zones,
which are 'comparatively short, than to the mu'ch longer airway
sections downwind: of the' fire which can experience considerable
temperature changes, too.

, ','

The temperature of the fumes leaving a flame- Or pyrolysis
zone. is changed by, mixing with o1:her air· currents and by heat'
exchange with the' airway walls.. ,The effects of mixing are 'easy
to describe. Except for the entropy, each individual property
of the mixture is equal to the, mass-weightedarithmetlc mean
of the same properties of the cons~ituent~~ No further detailed
discussion of mixing processes is therefore necessary.

Less simple-to describe are the heat exchange processes.
The different approaches' applied by ventilation engineers where
applicable will therefore f~ll the whole following part III of
this report.

A., Steady state heat exchange with airway walls

The assumption of an infinite heat capacity of the rock
surrounding an airway leads to constant rock temperatures and to a
steady heat exchange process between air and rock. If the rock,
before exposed to the fumes with the temperature tr' had
assumed the average 'temperature t a of the ve'ntilat ng air, t·he
heat transfer dq from the fumes to the rock can b~ described by

dq = a Lt f - t a) PdL where a = heat transfep coefficient
P = perimeter of airway
L = length of airway

= mass flow rate of fumes
= constant pressure specific heat of

fumes

where G
cp

change of temperature in the fumes by

Glc
P

This will cause a
dg

dt =
f

With
t

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

one obtains

equ. 3.1

The mean temperature of the fumes in the airway, which is fre­
quently used for the determination of thermal forces, is

t = ~ tfo-ta I G*cp (1 _ exp(- aPIL »
fm ~ I t f dL = t a + L aP G * c

p
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aP*L.
Gl c ' )) '+

p

The mean of the squares of the absolute temperatures, which is
sometimes used for the same purposB, is

!Tf
2dL t . G*cp(T .) 2 = L = T 2 + fo - t a *, [2T (l - exp(-

msq a L aP a

. 2aP*L
(1 - exp(- G * c ))J

. p

In nonhor1~ontal airways the change of the original rock
temperature with depth and of the air temperature due to pres­
sure changes (autocompression) has. to be taken into account.
If the original rock temperature is decribed by the formula

t RV = t RVo - gr*L*sina

= original rock temperature at begin
of airway

= geothermal gradient
= angle of airway inclination

(positive for ascensional, negative
for descensional airways)

with depth cause the temperature change

t
RVo

gr
e

where

if the preB~ure' changes
s"ina

::II - ~I*. dL·= - ga*sina*dLcp
dt·a

and

where I = mechanical heat equivalent = 778.26 ft-lb/Btu
the combined effect of heat exchange between .fumes and rock and
autocompression can be described by

dt f = -ga*sine*dL - (t f - t RVo + gr*sine*L)

With tf = t fo for L = 0 integration results

a P
G *c dLp

in

G * c * i e aP*L
t f = t RVo - gr*L*sine + (t

fo
- t RVo - a ~s n (gr-ga)) exp(- Gl cp )

G * c * i+ P s n (gr-ga) EQU. 3.2
a P

Under the assumption that for older airways the heat exchange
between air and rock had become negligible before the fire started
and that the rock had assumed the temperature of the air (tRVo =
tao' gr = ga) this equation can be reduced to

aP*L
t f = t - ga*L*sina + (t fo - t ) exp (- rrrc-) EQU. 3.3ao ao p

Mean temperatures t~ and mean square absolute temperatures
(Tmsq )2 can be calcaTated without difficulties.

A later comparison with the results obtained for non-steady
heat exchange processes shows that the assumption of a steady state
process is 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 stat~ heat exchange with airway 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 air and the walls occurs, a
gradually thickening layer of rock with temperatures between the
original rock temperature and the air builds up. This 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 difficulties, many attempts for the
calculation of the non-steady state heat exchange between air and
rock have been made. Within the scope of this report it is
impossible to quote every single paper which exists on this topic.
Only those, which became better known because they suggested an
improvement of existing solutions and whose results are applicable
to mine fires shall be discussed.

= thermal diffuslvlty of rock

The non-steady state heat exchange between rock and air is
a very complex problem since it comprises

the heatflow by conduction within the rock,
the heat transfer by convection and radiation from the rock
to the air or vice versa,
the heat transfer associated with mass flow.

Heat flow by conduction can be determined with the help of Fourier's
equation of heat conduction

1
-~-W

c*y' where t = rock temperature
or = time
a = k

cy'
k = heat conductivity of rock
c = specific heat of rock
y'= specific weight of rock
W = heat generation per unit volume

inside rock
In applying this equation on the heat exchange in mine airways the
following assumptions are usually made:
the rock is homogeneous and isotropical,
the temperature of the rock surrounding the airway is uniform at the

beginning of the heat exchange,
the airway has a circular cross section,
the heatflow parallel to the airway is negligible,
no heat sources or sinks ex1st in the rock,
no change of phase of the rock humidity occurs.
Fourier's equation of heat conduction can then be expressed in
cylinder coordinates in the following form: .

!! = a ( a2t + ~ * !!)
aT ar2 r ar
Under the additional assumptions:
the original rock temperature remains preserved at a sufficient
distance from the airway,
the wall teL~erature is equal the air temperature (heat transfer
coeff. a=CD),
the air temperature along the airway does not change with time,
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general solutions with numerical applications have been provided
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
solutions assumin~ an insulating mantle of constant thickness
were derived. by Heise and Drekopf (50,51) and Stokes and Cernikf123).

Solutions with a variable heat transfer coefficient a were
published by Jaeger (59), Scott (111), Scerban and Kremnev (107),
Starfield (122), Nottrot and Sadee (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, which allow accom­
modation of a great variety of boundary conditions were recently
developed by Jordan and colleagues (61,62,63). They do not attempt
to obtain solutions in closed form.

Fourier'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 circular airway with
the radius r o

atR
h = k(- )

R ar r=ro
or, with the wall temperature t w

solutions of the Fourier equation for the heat exchange in
air make use of or can be related to the use ofa dimension­
function

h = a
R

Most
IJline
less

= r (at/ar) r=ro
o t RV - t a

A comparison between
1

h
R

= k (t
Rv

- t
a

) r
o

K(a)

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

delivers: K(a) = ro/Y' K(a) can the~erore be visualized· as a
dimensionless scale for the thickness of the insulating layer of
rock surrounding airways and increasing with age. It is therefore
frequently called: "Coefficient of age". The advantage cif its use
1s that, with proper values 01' Kta), non-steady state heatflow
processes can be treated as steady state processes.
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according to Scerban and Kremnev (107)
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The coefficient of age K(a) is a function of the dimension-
les s numbers 'a T

Fo =~ and Bi = aro frequently called Fourier
r o -X- '

and Biot numbers. A comparison 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 Fo = 10- 2 -103
and~Bi = m (a = m) given in table 11, the results of Nottrot and
Sadee (91) for Fo = 0.0004 - 1000 and Bi = 0.1 - ~
in table 12 and the results of Scerban and Kremnev (107) for
Fo = 10- 3 - 10 3 and Bi = 1 - m in fig. 28. Table 12 a contains
dimensionless wall temperatures, calculated by Nottrot and Sadee(91).

Several of the above quoted authors provide solutions of
the Fourier equation for short periods of heat exchange. Numerical
solutions have been published by Scerban and Kremnev (107) and
Scott (111). If the terminology of this report is used, Scerban
and Kremnev's results for K(a) are

Bi 2 2 z
K(a) = Bi - 0.375+Bi [1 - exp(z2)(1 - { ~ i; exp (-z2)dz)J

where z = (0.375 + Bi) ~
If the term in brackets is called fez), this equation can be
written as

K(a) = Bi -
0.375 + Bi

fez)

Values for fez) are given in table 13. According to the authors,
for values Bi>10 and Fo>0.005 an approximation

is justified.K(a) = 0.375 +
{ 'If a T

Scott (111) suggests for
terminology of this report)

K(a)~Bi _ 2(Fo)1/2 (Bi)2
'll'

time periods < 6 weeks (again in the

Since the coefficient of age.K(a) is based on circular cross
sections, corrections for noncircular airways have been determined
by Koenig (69). According to his recommendations an equivalent
radius r o F E should be applied, where 0 has the following values
for equi~ate~al cross sections: '

shape 0 shape 6 shape 6
triangle 7.108 hexagon 6.521 decagone 6.374
quadrangle '6.778 octagon. 6.421 circle 6.283

For rectangular shapes with different side ratios he recommends:

-side ratio 0 side ratio 6 side ratio 6
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
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Table 11. Coefficient of Age for Bi = 00 (60)

"> - ~"•• ... . .

Fo 0 1 2 3 4 5 6 7 8 9

0,0 = 6,129 ~ 4,471 3,736 3,297 2,997 2,774 2,602 2,462 2,347
0,1 2,249 2,164 2,090 2,026 1,967 1,915 1,868 ",825 1,785 1,7~9

0,2 1,71S 1,684 1,655 1,628 1,602 1,578 1,556 1,.534 1,514 1,~95

0,3 1,476 1,459 1,4~2 1,427 1,41\ 1,397 1,383 1,369 1,3.57 1,344
0,4 1,333 1,321 1,310 1,299 1,289 1,'279 1,'269 1,260 1,251 ',21'2
0,5 1,134 1,225 1,217 .. 1,209 1,202 1,194 1,187 1,180 , ,17~ 1,166

0,6 1,160 1,154 1,147 1,141 1,136 1,130 1,174 1,119 I, 113 ',10S
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 1,0.52 ',O~7 1,OH 1,039 1,035 1,031 1,028 1,024 1,020

I0,9 1,017 1,013 1,010 1,006 1,003 1,000 0,997 0,993 0,990 O,9S7

I, 0,984 0,955 0,930 0,908 0,888 0,870 0,854 0,838 0,825

I
0,812

" 0,800 0,790 0,779 0,770 0,761 0,752 O,7H 0,737 0,730 0,723

3, 0,716 0,7\0 0,704 0,698 0,693 O,6118 0,682 0,678 0,673 O,6W
4, 0,664 0,660 0,656 0,652 0,648 0,645 0,641 0~63S 0,63.5 0,6~1

5, 0,628 0,625 0,622 0,6\9 0,616 0,614 0,611 0,608 0,(,(16 0,604

6, 0,601 0,599 0,596 0,594 0,592 0,590 0,587 0,585 0,583 0,581

7, 0,579 0,.577 0,.57.5 0,.573 0,.572 0,.570

I
0,.568 0,567 0,56.5 0,563

8, 0,.562 0,560 0,.5.58 0,557 0,55.5 0,5.54 0,5.52 O,l.51 0,.5.50 0,.548

9, 0,547 0,.546 0,544 0,.543 0,.541 0,.540 0,.539 O,5~7 l\~UI 0,53.5

1 0,.534 O,n3 0,.513 0,.504 0,497 0,489 0,483 0,477 0,471

I
0,4""

2 0,461 0,4.57 0,453 0,449 0,44.5 0,441 O,H8 0,4~.5 0,H2 O,~J~)

3 0,426 0,424 0,421 0,419 0,416 0,414 0,4n 0,410 0,408 0,4116

4 0,404 0,402 0,400 0,399 0,397 0,396 0,394 0,3!'3 0,39\ l\~~lQ

.5 O,3R8 0,387 0,38.5 O,38~ O,~83 0,382 0,381 0,379 0,37R O,3i7

6 0,376 0,37.5 0,374 0,373 0,372 0,371 O,~70 0,369 0,36.~ 0,307

7 0,366 0,366 • 0,36.5 0,364 0,363 0,362 O,~62 0,36\ 0,360 0,359

8 0,358 0,358 0,3.57 0,356 0,3.55 0,3.5.5 0,3.54 0,353 0,353 0,352

9 0,3.5] 0,351 0,351 0,350 0,H9 0,348 0,348 0,347 0,H7 0,346

Po 00 10 20 I 30 I 40 .50 60 70 80 I 90

I 0,346 0,341 n,336

I
0,332 0,328 0,31.5 0,322 0,319 0,3\6 0,314

2 0,311 0,309 0,307 1I,:,rl~ 0,303 0,301 0,.100 0,298 O,2~17 O,~~)~

3 0,294 0,292 O,'2'J\ , IJ,l't\.) n,289 0,287 O,2~6 0,285 0,284 O:~~3

4 0,282 0,281 0,280 I 0,280 0,279 0,278 0,277 0,'276 OI~7G 6,:!75

.5 0,274 0,274 0,273 0,272 0,272 0,271 0,270 0,270 \).~()q O,~h'i

6 0,268 0,267 0,267 tJ,2('(' 0,26.5 n,2l>.5 tJ,2G4 tJ,~6~ 0.1h3 O.:'6.~

7 0,2(,3 0,262 O,2m O,~()t 0,26,1 0,260 O,:!t~l O,15~) tl, )5~) O.:!~S

H 0,258 tJ,25H 0,257 0,257 0,256 n,25G O,'25() n,lSl> lI,J55 l\~~.'i

9 ·0,254 0,2.54 0,2.54 0,154 0,253 n,253 O,:!5~ n,2" O,:!5~

'j
O,2~~

10 0,251

Table 12. Coefficient of Age

for Variable Fo and Bi (91)

., , .'- -

~ 25.0 IFo
0,1 0.3 0,' 1,0 2,5 .5,0 10,0 CXl

0,0004 0,\00 0,298 0,495 0,980 2,3\>,! 4,490 8,114 15,48~

0,008 0,099 0,292 0,477 0,912 1,997 3,277 4,723 6,IO~

0,014 0,099 0,289 0,471 0,887 1,874 2,941 4,003 4,865
0,02 0,098 0,287 0,465 0,868 1,788 '.717 3,569 4,197 -4,';71

0,08 o,m 0,276 0,437 0,772 1,400 1,873 2,188 2,375 2,~63

0,14 0,097 0,270 0,422 0,724 1,23) 1,578 1,786 1,907 1,967

0,20 0,096 0,265 0,41\ 0,691 1,138 1,412 1.'73 1,6(:7 1,715

0,80 0,093 0,244 0,361 0.557 0,803 0,924 0,99.5
1-,

033
1

1
'°561,40 0,092 0,23.5 0,340 0,.506 0,698 0,788 0,839 ·0,870 0,S88

2,00 0,091 0,228 0,326 0.475 O,6~0 0,716 0,7.59 0,78.5 0,800
8,00 0,087 0,203 0,276 0,37.5 0,472 0,51.5 0,540 o,m 1°,562

14,00 0,08.5 0,193 0,2.58 0,343 0.424 0,459 O,.Hi 0489 0,496,
,;,,, I','" I20,00 0,084 0,187 0,248 0,32.5 0,397 0,427 0.H4

80,00 0,079 0,167 0,213 0,269 0,317 0,336 0,348 0,3.5.51 0,358
120,00 0,20.5 0,256 0,316 0,316 0,336

1000,00 0.251

Table 12a. Dimensionless Wall Tempera­

ture (tw - ta)/(tRV - t a ) (91)

~I 0,1 I 0,3 I a,s I 1,0 I 2,5 I .5,0 I 10,0 I",0 I co

0,0004 0,998 0,994 0,990 0,980 0,947 0,898 0,811 0,619 0,000
0,008 0,991 0,972 0,9.54 0,912 0,799 0,6.56 0,472 O,2H 0,000
0,014 0,988 0,964 0,941 0,887 0,750 0,588 0,400 0,195 0,000
0,02 0,986 0,958 0,930 0,868 0,715 0,543 0,357

1

0,168 0,000
0,08 0,973 O,Q21 O,87~ 0,772 0,561 0,37.5 0.219 0,09.5 0.000
0,14 0,%.5 0,901 O,8H 0,724 0,49.5 0,3\6 0,179 0,076 0.000
0;:)0 0,960 0,8S6 0,821 0,69\ 0,455 0,282 0,1.57 0,067 0,000

."_ 0,80 0,931 0,815 0,712 0,.557 0,32\ 0,185 0,100 0,041 0,000
1,40 0,917 0,782 0,679 0,506 0,279 0,1.58 0,084 0,03.5 0,000 I
2,00 0,907 0,760 0,6.51 0,47.5 0,2.56 0,143 0,076 0,031 0.000
8,00 0,865 0,67.5 0,.55\ 0.375 0,189 0,103 0,0.54 0,022 0,000

14,00 0,817 0,6l3 0,515 O,H3 0,169 0,092 0,048 0,020 0.000
20,00 0,83.5 0,623, 0,495 0,32.5 0,1.59 0,085 0,044 0,018 0,000
80,00 0,792 0,555 0,426 0,269 0.\27 0.067 0,03.5 0,014 0.000

12v,00 0,409 0,256 0,063 0,033 0,000
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a) Solutions for heat flow from rock to air

Far more solutions for the change of air temper­
atures due to heat flow from the rock to the air have been
published than for heat flow from fumes to the rock. Since
there eXists in principle no mathematical difference and these
relations can be used for the temperature precalculation of
fumes, they shall be discussed, too.

The common method to determine the air temperature is to
describe the heat flow per unit time by

. 1
dq = h dA = k (t - t ) --r K(a) P dL

R RV a 0

and the air temperature change by

= dq
dta G*c p

EQU. 3.4

With t a == t for L = 0 oneao

t = t - (t - t )exp(-
a RV RV ao

obtains
P k K(a) L

G cp r o

This procedure is not qUite correct. The coefficient of age has
been calculated under the assumption of a time-constant air
temperature in the airway. Since ·the coefficient of age changes
with time, the air temperature will, however, change with time,
too.

More accurate solutions of the Fourier equation for air
temperatures, which fOllow periodic or logarithmic changes with
time have been provided by Scerban and Kremnev (107), for linear,
periodic or exponential changes with 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 Fourier equation and the differential
equation for the air 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, esp~cially for older airways.

A larger number of authors have investigated the influence
of periodic 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 air along
the airway although with decreasing amplitude and increasing
phase shift. The average temperatures in every point of the airway
are not (influenced, however.

Since solutions of linear differential equations can be added
to obtain the desired boundary conditions, modifications of the
above equation fort are not too difficult. Where no source is
indicated these modi~ications have been derived by th~ author to
allow a uniform presentation.
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Table 1~o Values of f(z) for the Determination of K(oc.) ('107)

....

-------- ------------- - ....------- ----------- -------- -·---------1
Z fez) Z fez} z f( z) ,

. i

i
0,0 O,OOQO 5,0 .O,~812 22 0,9744 "

0, t 0,1036 5,5 0,8974 24 0,9765
0,2 ' 0,1910 .6,0 .O~ 9060· 26 0,9783
0,3' 0,2654 6,5 0,9132' 28 ' ~,9799

, 0,4 0,3202 7,0 .0,91.94. ' 30 0,9812
"

0,5 , 0,3~43 7,5 ' 0,9248 35 0,9839
,0,6 " ' 0,4323 . 8,0 0,.9295 40 ' 0,9859
0,7 0,*741 8,5 ' ' '0,9336 45 0,'9875

I

0~8 0,5109 9,0 i 0,9373 50, 0 11 9887
J

, ' 0,9 0,5435 ' ' ,9,5 ' 0,9406 60 0,9906

1 to 0,5724
' ,

.10 '_ 0,9436 , ·70 - 0,9919
1,2 . ' 0,6214 11 0,9487 80 0,9929

..

1,4, 0,6614 12 0~9530 90 0,9937
1,6 ' 0,6975 13 0~9566 100 0,9944
1,8 0,7217 14 ,- 0 11 9597 no 0 11 9949
2,0 . '0,7434 15 0,9624 120 ' . 0,9953
2,5 0,7928 . 16

I:..,

0,9647 130 0,9957,

3,0 '0,8207 17· 0,9668 140 0,9960 !

,3,5
r

0,8454 18 ; 0,9686 160 0,9964
,
,

4,0 0,8634 19 '0,9703 180 0,9968
i

4,5 0,8777 20 0,9718 200 0,9971
I

, i

-. ---- . - -- ._---_ ..._._---_._--------- ---,------------- ------- - --- -"--
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In honhorizontal airways geothermal gradient and auto­
compression have tobe taken into account. For vertical I

airways with the elevation change Z (positive for upcast,
negative for downcast shafts) the equation

t = tRVo - gr Z - [t - t ± G cp r o (gr - ga)]
a RVo, a 0 P k K( a)

* exp(- P k K(a)(~ Z)
G cp r o

+ GCp r o
P k K(a)

(gr - ga) EQU. 3.5

EQU. 3.6*exp(- P k K(a) L) + G
G c r p

p 0

have been suggested (69,11,42), where the plus signs have to be
used for upcast and the mines signs for downcast shafts. For
inclined airways with the slope anglea(positive for ascending,
negative for descending airways) one would correspondingly obtain

t = tRY - gr L sina + [t - t - Gcprosina (~r - ga)]a 0 ao - ~RYo P k K(a)

cp rOsina(gr _ ga)
k K(a)

For the case that the air temperature at the beginning of ani
airway is at the tlme T1 changed from a constant value t ao1 to a
constant value t 2' Koenig (69) gives a solution for the temperature
field of the roc~~ From this the resulting airtemperature along
the airway can be derived. For T<T 1 the air temperature is, as in
equation 3.4

( ) ( P k K(a)l L)
t a = tRY - tRY - t ao1 exp - G c r

p 0

For T>Tl it becomes
P k K(a)l L
-----) + (t - t )
G cpro a02 aOl

*exp ( _ P k K(a)2 L) EQU. 3.7
G c r

p 0

K(a)l has to be determined from the Fourier number of the time T
and K(a)2 of (T - Tl).

The equivalent equation for nonhorizontal airways and T>Tl is
G cp r o ·sina

t = t - gr L sina - [t - t + P k K(a)l (gr - ga)]a RVo RYo aOl
* exp (- P k K(a)l L) + G cp rosinS (gr - ga) + (t - t )

.G cp r o P k K(a)l a02 . aol

* exp(-
.p k K( a) 2 L

3.8G c r EQU.
p 0
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P k K(C4) L
. )
G cp r o
EQU. 3.9

the rock a heat
an airway, the

__Q_._r~O~__) e xp ( _
P k K(a) L

= t
RV

t
a

If in addition to the heat exchange with
source emits the heat quantity Q evenly along
resulting air temperature is (8,12):

Q r o+ .----..;.---

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

t a = t RVo - gr L sine - [t
RVo

- t + G cp r o sinS(gr - gal +
ao P k K(C4)

Q r o ]
P k K(:tt)L

*exp (-
P k K(a) L) G cp r o sinS (gr-ga)

Q r o+ +
G cp r o P k KCa) p k K(a) L

EQU. 3.10

Both equations are only valid when the heat source has been
active over the whole life of the airway.

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

Gnew
K( a) ff =. K( a) rr;:;-;lde reI 0

from which the Fourier number and t can be determined.

Influence of water

Experience with temperature preca1culations show that even
in seemingly dry airways the influence of water should not be
neglected.

If more water flows from the'rock towards an airway than
evaporates, the walls of this airway remain wet. Under the
assumption that the amount of water evaporated is proportional
to the airway length, the evaporation process can be considered
as a heat sink evenly distributed along the airway. This approach
has been chosen by Batzel (8), Boldizsar (12), Koenig (69), Mosin
and Krernnev (71) and Abramov, Mosin and Kremnev (2). Their formulas
for the temperature changes are those for evenly distributed heat
sinks. If condensation takes place one would have to deal with
heat sources; the theory or formulas do not change.

The assumption that the water vapor content of the air
changes proportional to the airway length is 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
ratio and temperature of air along an airway for steady state
heatflow was comparatively early derived by Stokes and Cernik
(123) and de Braaf (51).

Under the assumption that the part P of the perimeter is
covered with water, they describe the hea~ balance of the airway
by

P K (t
RV

- t a ) dL = n cp dt
a

+ G r dw

G dw = SPw (pw - Pa) dL

where K = heat transfer coefficient
w = humidity ratio = Ib water vapor!lb air
e = mass transfer ~oefficient

Pw = water vapor pressure at t a
Pa = partial pressure of water vapor in air

r = heat of evaporation per unit weight
of water

The heat transfer coefficient K is a function of k, a,a,ro and T
and serves the s&mepurpose as the term k*K(a)!r o in the equations
for non steady state heat exchanges.

Ra

EQU. 3. 11

e Pw r(6Pw - awo)

a cp S Pw - 0 P K

where Ra,Rv = gas'constants of air and water
p = air pressure

as for Bractical purposes~satisfyingde Braaf's solutiQns
approximations are:

o 0 ~£ L
w = ~ Pb - ( ~ Pb - wo)exp(- G6 )

t a = t RV - (t RV - tao)exp(- ~ ~pL) -

P K L SP a
*[exp(- G )- exp(-~ L) ]cp G6

Under the assumption that the walls are covered with layers
of saturated air, Koenig (69) and Mundry (84) derive sets of
equations for the change of humidity ratios and temperatures along
horizontal and vertical airways. Their simultaneous solution
requires considerable mathematical eftort, which limits the
practical application. A further disadvantage is that condensation
cannot be considered by their formulas.

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

If less water flows from the rock towards an airway than
evaporates, the rock surrounding this airway is gradually dried.



heat flow from rock
heat consumed for evaporation of water
heat transferred from wall to air
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An equilibrium is reached when the water quantity flowing to­
wards the airway'is equal the water vapor quantity which by
diffusion migrates through the insulating layer of dry rock
into the airway. This is the state of, to Scott (111) nearly
all seemingly dry airways in the British and, according to Yoss,
(132) the majority of all dry airways in the German cQal mines.
Since the evaporation of water consumes heat, Scott (111) sets
up the following equation:

where qR =
qv =
q =

W

As solution for q he obtains,R

qR =~ (tYR - t a + q~) K(~)

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

+ (k K (a) _ 1) q P dL
r o Y

k P K(a) K( a)
= r (~RY t ) dL + ( I3i - 1) qy P dL

0 a
The solution, with ta = tao for L =0 is:

t = t - [t - t + (K( a» 1) qy r o ] exp(-
P kK(Il) L )-a RY RY ao Bi k K(a) G cp r o

K(a)
- 1)

qy r o+ ("""B!
k K(a) EQU. 3.12

Since the heat quantity q is extracted from the rock,
internal evaporation of water Increases the heatf10w from the
virgin rock towards the airway 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 exoressed by

1
Q = k (t - t ) --- K(a) P dL

R equ RV a r o
dh

where k = k e *dta = k In and dh = enthalpy change of air
equ p

Of this
by

heatflow

= QR n
G c p

\the fraction n will increase the air temperature



solution for t a is equation 3.4 but
of a changed Fourier number Fo

With t = tao for L = 0 the
K(a) a is no~ a function
determined by

. k k
Fo ~ .-eq u * --;:;--Trt = ---::-~---cF.Y' n*c*y'o

*
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t = a equt
r 20 r 2

o 0

The Biot number, calculated with the heat transfer coefficient for
the total, wet and dry transferred heat a = a/n and k remains
due to equ equ

Bi = = the same as for dry rock.

The factor n for eXisting airways can be determined from
psychrometric measurements and for planned airways experience
figures can be usedC132). Since the amount· of water evaporation
depends on the state of the air and the latter changes along an
airway, 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 ~onsiderable numerical work involved.

b) Application of these solutions on mine fires

All of the equations 3.4 - 3.12 can in one way or
the other be utilized for the calculation of temperatures behind
a fire. This applies in particular to equ. 3.7 and 3.8, which
take into account the combined effect of original heat exchange
between ventilating air and rock and sUbsequent heat exchange
between fumes and rock. In these equations t 1 would be the
airtemperature at the location"f the fire ao before the fire
starts and t ao2 the temperature of the fumes leaving the fire.
A closer inspection of equation 3.8 shows that for the small.
values of

P k K(a)l
G cp r o ,which are usually encountered in shafts, it

can be approximated by
P k K(a)2 L
-----)

G cp r o
EQU. :3 .13

With the assumption that the rock surrounding an airway had before
the fire started itself adjusted to the temperature of the air
passing through this airway and that consequently no heat exchange
had any longer taken place equation 3~4 becomes

p k K(~) L
t = t +(t - t ) exp (- EQU. 3.14

f a fo a G cp r6
and equation 3.6, with gr = ga, becomes

P k K(a) L
G c r )

p 0
EQU. 3.15
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If a heat source (burning conveyor belt, condensing water)
or heat sink (evaporating water) is evenly distributed along an
airway, equ. 3.9 and 3.10 can be used. For younger airways an
average rocktemperature at the time of the fire has to be
determined. For older airways the assumption t = t AND
gr = ga leads to . a VR

t
q r o q r o . P k K(a) L

t f = + - (t - t + )exp(- G )a P k K(a) a fo P k K(~) cp rO
EQU. 3.16

for horizontal and to

t f , = t - ga L sin S + q r o
ao - . P k K(a)

*exp(- P k K(a) L
G cp r o

for nonhorizontal airways.

( q r o )- t - t +ao fo P k K(~)

EQU. 3.17

A comparison between equation 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(~) k r o= a or K(a) = = Bir o k

Table 12 shows that this is the case for small Fourier numbers
(short times) and small Biot numbers (small a caused by small
air velocities).

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

c) 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 agree widely
with the equations already discussed.

Woropajew (146) 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 is the
distance from the origin of the fire to the point under consider­
ation, the progress of the fire towards this point has to be taken
into account, too, so that

oP EQU. 3.18



They give mathematical expressions for t
f

' a and Vr which are
contained in the pertinent chapters of o. this report.

Maas and Sadee (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 Kennedy (100) derive the temperature distribution
in airways whose walls are considered to be semi infinite solids.
Their solution can not be written explicitely. For the case
that K(a) is no longer time dependent and the fire has reached
a quasi-steady-state, where the temperature distribution is not
changing with respect to a point movin~ with the velocity~of the
fire, Roberts and Clough (103) can give the equation

tf _ ( a P L * tfo - twO) EQU 3 19tf - exp - G c . .
o P tfo

where two is the wall temperature at the point
of the gas temperature t ro . For the ratio gas temperature to wall
temperature they.derive (102) for a square duct with the side-
length 1

where K

( 1 1) 0.5
+ 'If + K

aG cp 1= 4 ; k, y', c are wall properties.
Vr (k y' c)R

~ G cp dt f + qA P dL = (t f - tRY)

If the temperature of the fumes at
described by

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 assu~ption of an original uniform rock
temperature tRY and an even distribution of the heat sources and
sinks along the airway. Heat sources (oxydatinn processes)
develop the heat quantity qA per unit wall area and time, heat
sinks (evaporation of water) consume the heat quantity r*W

1
per

unit weight of air and unit length of airway (r = heat of evaporation
per unit weight of water = 1030 Btu/lb, WI = weight of evaporated
water (lb water per Ib of air and ft of airway length)). The heat
balance of the airway is under these assumptions

P k K(a) dL + W r G dL
ro I

the be~in of the airway is

t = t + bt
fo b

the temperature of the fumes along the airway is
P k K(QI,) L

t [(t b t) + ro WI G r qA r o ] ( )t f = RV + b + 1 - RV ------ exp - G cp r oP k K(a) k K(a)

r o WI G r
P k K(a) + EQU. 3.21
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If the temperature of the fumes at the beginning of the airway
is described by

* ( P k K(a)
exp -

G cp r o

t
fo

= tb*exp(bt)

the temperature of the fumes along the airway is
r o WI G r

t f = tRY + [(tb*exp(b t ) - tRY) +
P k K(a)

L ) _ r o WI G r + qA r o
P k K(~) k K(Q) EQU. 3.22

Under the assumption of a constant temperature at the begin of
the airway and a combination of heat sources and sinks to
q = qA P - r WI G the equations 3.21 and 3.22 would become
equation 3.16.
For the calculation of r o in noncircular airways the formuls r o= 0.564 ~ and for the calculation of K(a) the above quoted
formulas for short periods of heat exchange are recommended.

P k K(Q) L r o W
1

G r
exp(- G cp r o ) - P k K(a)

In another paper (2) Abramov, Mosinand Kremnev give an
equation based 00 constant temperatures at the airway beginning
and not heat sources, only heat sinks:

r o WI G r
t f = tRY + (t fo - tRY + )

P k K(a)

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. This resembles Voss' approach
(132) of introducing an equivalent heat conductivity keau which
takes into account the heat consumption for water evaporation
inside the rock. Without discussing the reasons, the authors
give a few recommendations for thermal diffusivities as functions
of temperatures (table 14). As rock temperature they suggest
using the mean between the wall temperature t and the original
rock temperature tRY' For the estimation of t~e wall temperature
they make use of the condition that the heat transferred from the
fumes to the wall must be ~qual the heat carried away into the
rock:

(t f
o

- tRY) or

(tf - tRY)

)
k K(a)

a(t f - t = rw 0
k K(a)

t w = t f - a r o

C) The heat transfer coefficient a

Following Newton's law of cooling the heat transfer
coefficient a is defined by

where h = enthalpy of air per unit mass
G = mass flow ~ate of air
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Heat transfer from a gas to a solid 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.

Since every turbulent flow has a laminar sUblayer it has
become general practice to consider the first two processes to­
gether and to relate the he~t quantity Qc transferred by their
combined action with the convection coefricient Q c to the
temperature difference between gas and wall.

a) Convection

characteristic length
Reynolds number = Va l/~

Prandtl number = ~/a

(N
R

, N )
Pr

where 1 =
N

R
=

Npr =

Since thickness of laminar sUblayer and turbulent
movement depend on flow conditions one must, as in fluid mechanics,
rely on semiempireal theories for the determination of ac. The
dimensional analysis obtains for incompressible gas and enforced
flow (forced convection):

k
Qcf = 1 * function

Va = gas velocity

~ = gas kinematic viscosity

dv
*

gB t 1 3
Grashof number = 2

V
gravitational acceleration
thermal expansion * 1

* function (N Gr , Npr )

where N =
Gr

g =
B =

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

Q = Icn

v dt
v = specific volume

A vast amount of literature eXists on convection coefficients.
This report has to limit itself to those convection coefficients
obtained for or applicable to mine airways. The majority of them
have been determined 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 development of buoyant
products occur any longer.
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Table 14. Variation of Thermal Diffuaivity with Temperature (71)

Material Mean Temperature Thermal Diffusivity
(OF) (ft2/hr)

Clay 395 0.0018
1580 0.0191

Clay 286 0.0072
1385 0.0171

Sandy Shale 262 0.0086
1240 0.0113

Coking Coal 221 0.0051
1190 0.0172

Gas Coal 320 0.0054
540 0.0073

Gasflame Coal 295 0.0052
543 0.0066

Table 15. Incre~se of Convection Coefficients with Wall Roughness (108)

Support Wall CQndi tiona
Diameter Spacing Relativ. Smooth Rough Rough
ds/d s/ds e/d. = 0.03 e/d '" 0.05

no support 1.0 1 0 65 1• 75

14 1.85 2.10 2 0 20
0.06 7 2.00 2.20 2.30

3.5 2.15 2.40 2 0 50

0.09 7 2.30 2.50 2.60
5:5 2.50 2.65 2.75

0.12 1 2.60 2.85 2.95
3:5 2.80 3.00 3.10

d = hydraulic. diameter of airway; d = diameter of supports;ss '= spacing of supports e = roughness elevations of wall

Table 16. Comparison of Observed and Calculated Temperatures Behind a Fire
(71)

Distance from Fire (Sect. No) V VI VII VIII IX X XI XII

Calculated Temperature (oC) 87 44 38 33 29 27 25 24

Measured Temperature (oC) 84 42 38 32 28 27 23 21

Deviation (%) +3.6 +4.8 0 +3.1 +3.6 0 +8.7 +14
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Little information from mining sources exists for natural
convection, sin~e unventilated airways are usually seal~d off.
Scott (111) recommends

o 0
with a in Btu/ft 2 hr F and t in F,

cn
and for the combined effect of natural and forced convection acf
a = a + a

C cn cf
Voss (134) recommends

a = 0.39 (t - t )0 0 25 and a = (a 2 + Q 2)0.5
cn w a ccn cf

Coefficients of forced convection were formerly understood
to have a linear relationship to the air velocity. The more
accurat~ the methods of their determination became, the more the
results started to follow.the relation, obtained by dimensional
analysis,

n
a = factor *~ * N

c ~ R

m
* NPr

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

A linear relationship between Q (Btu/ft 2

(ft/sec) is assumed by de Braaf (15)Cwith

o
hr F) and Va

Qc = 1 + 0.212 Va'
Kappelmeyer and Mundry (64) with
a c = 1.13 + 0.225 Va

and Osipov and Zadan (94,95) with
Q c = 0.9 + 0;221 V .a

An exponent of Va with a value <1 is assumed by Stokes and
Cernik (123) with
Q c = 0.41 + 0.695 Va O.S7,

Budryk(17) with
ac = 0.Q1 + 0.79 Vao.s,

Bat ze 1 (8) wit h
Q c = 0.72 + 0.555 Vao.s for smooth airways without supports and

ac = 0.512 + 0.652 vao.S for airways with steel supports,

Woropajew (146) with
Q c = 0.397 Vao.s .

Scott (111) with



59

a = 0.34 h- O• 25V 0.75 for airways with supports where h =
p~ofile height ofas upports (ft.). Since the coefficient of
friction decreases with increasing Va for smooth airways, the
following two formulas are based on exponents of Va < 1 too.
Hiramatsu and Kokado (52) suggest

a = k f Va with f = coefficient of friction
c 8\1

Scott (Ill) recommends for,roadways without supports

a c = 28 Va f.

where r a = specific weight of air
(lb/ft 3 )

E is a factor indicating the influence of the wall roughness on the
convection process. For round timber supports use of the values
compiled in table 15 is recommended. For square supports the
authors suggest these values be increased by 8%~

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

k
a = 0.0195 --1- E NRO.8 or, using average values for k and the
d~namic viscosity \I and substituti~g the hydraulic diameter
d = 4A/P for 1,

a
c

= 1. 85 _E_V_a_O_._8_p_a_O_._8_p_O_._2_

AO.2

16521292932

they suggest
40.2(~ g)O.8

212 572

(G in Ib/sec)
0.0195 k

32

Abramov, Mosin and Kremnev (2) suggest a modification of the
last formula when applied to mine fires by mUltiplying numerator
and denominator by A]·8 and taking into account the change of k
and ~ with temperature:

GO.8 pO.2
a c = BE A

For the factor B =

B 1. 85 2.04 2.77 2.50 2.59 2.64

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

a
c

= a
co

( ~o) (100/NR)1/8

where f
f o

= coefficient of friction of airway
= coefficient of friction of hydraulically

smooth wall at the same Reynolds number
= convection coefficient of hydraulically

smooth wall which can be determined from

~ 0.106 N 2/3
aco = d R
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By using average values for k and v Voss modifies this formula
to V 213'
Q = 5.24 aco --1-/-3

d

e:

For rough walls he recommends mUltiplication of a with the
factors & of Scerban, Kremnev and Zuravlenko (108r~ whic~ he
finds confirme::i by his measurements. His ,formula for rough
walls is co~sequently

V 2/3
Q

c
= 5.24 __~a__~

1/3
d

they obtained with
N

R

for the smooth duct

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

= 0.025 N -0.2
R

the e 1ec trically

= 0.10 N -0.31
R

heated duct, lined with model timber supports

and for the model duct at fire

NSt = 0.106 N
R

-0.214

The experiments could not answer the question if the increase 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 combustion products.

b) Mass transfer

In the preheating zone of a fire, where no significant
pyrolysis or other chemical reactions take place any longer, are
the main sources foi 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 its technical importance
a vast amount of research has been done on this problem. Once
again, this report has to limit itself to such-work done on mine
airways.
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The different methods to take into account condensing or
evaporating water in temperature precalculations have been
discussed. It is common practice to use a heat transfer co­
efficient a, which is the sum of the dry convection coefficient
ac and a wet convection coefficient aw defined by

Qw W r
aw = P L (tf - t w ) = ~P-L~~(t~f---~t-w~)

where W = weight of water exchanged per unit
time

r = heat of evaporation per unit weight

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

W = e (p - 0 ) P Lw . a

where e = mass transfer coefficient
Pw = water vapor pressure at wall temperature

Pa = partial pressure of water vapor in air

The mass transfer coefficient can be determined from Lewis' law
a Ce =

where R = gass constant of water vaporv

For moist walls Scerban, Kremnev and Zurav1enko (108) recommond
the use of the following experience values:

shafts:
mainroads and haulage ways:
coal faces:

= 0.000740 (l/hr)
= 0.00110 (l/hr)
= 0.00220 (l/hr)

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

a' = na (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 1s 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 iteration method where the mutual dependent wall temperatures
and humidity ratios are matched. This method is applied section­
wise along an airway. The considerable work can only be handled
with the help of computers. As a rough approximation Voss (134)
recommends a = a (2.1 - n)

c
A very general approximation is recommended by Bogajav1ensky

(10) for coal faces

a = ~ + a = 2.5a
c w c
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Nonpolar, symmetric molecules such as ° , Nand H2are relatively transparent to thermal radiation. Hea~ tr&nsfer
by radiation is therefore neglected under ordinary ventilation
conditions with few exceptions (134) by ventilation engineers.
Polar, unsymmetric molecules, such as CO 2 , H20, CO, 802 and many
hydrocarbons can enter into thermal radiation exchange appreciably
at the temperatures encountered in mine fires. Their contribution
to the heat exchange between fumes and airway walls should the~e­

fore be assessed and if necessary taken into account.

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

- ab Tw'+) =

where (1*10 8

A

The order of magnitude of
gas to a black surrounding can

heat transfer by radiation from a
be calculated by

T Tw
a~108 A [£ (~)'+ - a ( )'+J

g 100 b 100

= constant = 0.1723 Btu/ft 2 °R 4hr
= area of black surrounding

£ = emissivity of gas at temperaturep; T
g

ab = absorptivity of gas at temperature
T for radiation from a black body
a~ temperature Tw

If the surrounding is not black but gray with the emissivity £ ,
the net heat transfer can be found by considering successive gr
absorptions and reflections. Hottel and Egbert (56) performed a
calculati_on for £gr = 0~8 - 0.9, the range most frequently encount­
ered. They sugge~t the use of a factor £eff to take into account
the deviation of a gray from a black surrounding and find that this
factor can be approximated by

£ gr + 1
E: eff = ,2

The emissivity £ is a function of the gas concentration,
the thickness of the ~as body and the temperature. Because con­
centration and thickness complement each other in their effects
on the radiation, it is possible to consider the emissivity as a
function of their product. It has become customary to express the
concentration by the partial pressure Pc of the radiating gas
measured in atmospheres and the thickness by the average length
of paths for the radiant beams, measured in feet. Fig. 29 (58)
shows as an example a diagram for the emissivity £ of CO 2 as a
function of the product Pc L and the temperature Tg .

The absorptivity ab would be equal the emissivity £, if gas
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and wall had the same temperature. For T > Tw the term TW4
becomes very small so that the approximatfon a ~t causes no
lar~e errors. The complete formula for the raaiaMt heat transfer
in then

T Tw
Q = a *10 8 A t ff [£ (~)4 - £ ( 100 )4Jreg 1~0- w
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 Pc L/(~w/T ) and to obtain
ab (for CO 2 ) from w . g

ab = £w(~)0.65
Tw

For approximations, diagrams based on the formula

Q. = A (E - A )
r g w where Eg = emission from gas to black surrounding

Aw = absorption by gas of radiation by
black surrounAing

and the parameters Pc Land 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 .

a = _Qr;;;,- ~
r A (tg - t w)

shall be used, one must be aware that a is a function of not only
(t g - t w) but of t g resp. t w' too. r

Roberts (105) found that the calculated emissivity due to
non-luminous radiation from CO 2 , CO and H20 for his tests was in
the range of 0.22. The measured emissivities were considerably
higher- 0.6 for the combustion section and 0.5 for the excess
fuel section. The balance being most probably due to radiation
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 plans, sufficient theoretical
knowledge for the calculation of gas temperature changes behind
fires exists. Not too many systematic temperature observations
downwind 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 their results pUblished by them. Plotted
over the dimensionless distance from the fire x/l are ratios
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t /t for (bottom to top) 475, 900, 1300, 2200, and 3100
s~cohas after the fire started. Equally the ratios tw/tfo 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
insulatiqn agreed well with results obtained from the equation

t t (t t) ( P k K(a) L )
f = RV + fo - RV exp - G .cp r o

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

The highest temperatures observed by Schmidt and Grumbrecht
(118) in 130 large scale fire experiments in a 72 0 raise of 2 ft
height and 11 ft width are shown in fig. 21. Of these experiments
117 were conducted with descensional ventilation to study the air­
flow fluctuations and reversals caused by fires. The one temperature
observation along the raise reported for ascensional ventilation is
shown in fig. 31. Curves 1 -5 refer to the fire zone and distance
of 10, 30, 62, and 110 ft downwind of the fire. The fire object
was a woodoile of 265 lb and 1 ft width in the middle of the airwave
The airflo~ varied between 6,350 ft 3/min and 10,930 ft 3/min. The"
temperatures were measured in the airway centers only, which
explains the rugged temperature curve for the fire zone.

where t = 2.7 for the raise with 3 rows of
supports and ~a = 0.078 lb/ft 3.

t f = tRY + (tro - tRY) exp(­

for Qa = 6350 ft 3/min (curve
V 2/3

a = 5.24 a ~1/2 ... )
d

Fig. 32 shows the band(curves 1} formed by the ratios (t f - t RV)/
(t f - tRY) for the temperatures from fig. 31 with tRY = 59 0 F.
Obv~oUS1Y it takes approximately 30 ft before the fumes from the fire
and the air bypassing the fire mixed. The temp"eratures then follow
the expected exponential decrease with distance. For a comparison
the same ratios have been calculated from

a P L )
G cp
2) and 10,930 ft 3/min (curve 3) with

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

Schmidt (114) gives as the results of earlier tests in
horizontal or ascensionally ventilated inclined airways as a basis
for emer~ency plans the following temperature - distance relations,
without discussing airways or air quantities:

655
112
392
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572
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320
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131
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1472mean temperature (OF)

distance from fire (ft)
temperature (Op)
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Under the assumption of tRY = 86°F as an average value for older
airways in German coal mines, the ratio (t f - tRV)/(t fo -tRY)
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:
90 ft downstream:
128 ft downstream:
which indicates an

1472 of
86'0 of
608 of

exponential temperature-distance re lat i on, too,.

Nagy, Hartmann and Ho~arth (86) report 60 ft inby a coal fire
an air temperature of 770 F.

b) Movinf!, fires

The temperature observations on moving fires, which
are contained in the literature, have already been discussed
(fig. 18, 19, 20, table 8). Although the theory predicts that
the fumes behind moving fires should cool faster than behind
stationary fires; 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 Developed by Fumes

Temperature changes of the ventilating air, caused by mine
fires, have two major effects on the ventilation:
a throttling effect,
a natural draft effect.
Be'ore both effects are numerically assessed it seems advisable
to define the energy scales in which they are measured.

Energies in mine ventilation are either expressed per unit
weight of air (ft-lb/lb) and then called heads (h) or per unit
volume of air (ft-lb/ft 3 = lb/ft 2 ) and then called pressures (p).
Since the relationship between unit weights and volumes is the
specific weight ;- (lb/ft 3), heads and pressures are related by
the specific weight, too: h = p/~.

Within a ventilation system ~ 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 ener~y balances. To overcome this
difficulty but still to maintain the use of the familiar 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,s = 0.075 Ib/ft 3 and the factor 1/5.194 inches
WG/(lb/ft 2 )

0.075
h (ft) * 5.194 = h (in.WG)
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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 in the literature on
this subject.

To distinguish in this report the "energy quantity pressure"
from the physical pressure, the former is always used with a
subscript.

A) Throttling effect

The headloss hL of air currents, due to airway resistances,
can be described by Darcy's equation

dL V 2 dL P V 2
dh = f ----0 * -!-- = f 4 * a with f = coefficient of friction

L 2g A 2g
The velocity Va of an air current passing through a fire is changed
by: mass flow increases due to addition of combustion products and
evaporated water,
volume changes due to temperature changes.

Mass flow increases have been discussed in chapter 2 of this
report. 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 0 = Q *~ and Q = Va * A, Darcy's equation can be written as

dL P 1
dh = f 8 3 * ---- * 0 2

L gAr ~

If pressure changes are neglected, the equation of state p/~ = R T
delivers (- T = constant = raTa' wi th the subscript a indicating
the original state of the air before the fire started. Then

dh = f dL P ~ * ( T )2 02
L 8 g A TaJ""'a

T2dL
If an average temperature (T·· ) 2 = 1 L is introduced and asmsq

well G as f, P

L P
8 g A 3

and A are considered to be constant, this becomes

* (Tms@ ) 2 G2.·
09. a

The pertinent pressure loss PL is , with PL = hL* I'
dPL = f dL P * ( T ) 0 2

8 g A3 raTa
T dLIf an average temperature Tm = I-L--- is introduced, this becomes

with 0, f, P, and A kept constant
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p = f
L

The additional headloss, caused by the mass flow increase from
Ga to F * Ga and the temperature increase from Ta to Tmsq is

AhL = hLa ($' Tmsq ) 2 - 1 )
Ta

the additional

= P (F2
La

pressure loss is
Tm 1)
Ta

These additional head- and pressure losses are called the throttling
effect. Fig. 33 - 35 indicates the order of ma~nitude of throttling
effects caused by temperature increases.

Pig. 33 shows the additional headloss A hL in percent of the
original headloss (or the factor T

( msq)2 _ 1) as function of the
'1' a

ratio Tfo/Ta for.constant parameters ~P L/G~p)' A value of ~P L/(G cp )
= 0.5 would apply to a short airway with a large air quantity, a
value of ~O to a long airway with a small air quantity. Fig. 34
shows the additional pressure loss

TmAPL (or the factor -- - 1). Tm and Twere determined by using
Ta msq

the formulas given in chapter lII-A.

By comparing fig. 33 and 34 one sees that A hL is much larger
than A PL' The reason is that the pressure loss PL' being energy
per unit volume, is based on an increased volume flow instead,
like the headloss hL' on a constant mass flow.

The fact that the throttling effect will occur mainly in the
immediate vicinity of the fire is demonstrated in fig. 35. Here
the additional headlosses, caused by the volume expansion are
plotted for every 100 ft of airway length with an assumed fire
temperature of Tfo/T = 4. For aP/G*c the values 0.001 (large
airflow), 0.0025, an~ 0.005 (small air¥low) have been chosen.
One should be aware that a increases with G too. If a is assumed
to be proportional to VaO.S, a doubling of aP/(G co) would correspond
to an decrease of G bya factor 32. .

A certain additional throttling effect is caused by the changes
in kinetic energy of the air current. If the kinetic energy is
expressed per unit weight as velocity head hv ' the change in
kinetic energy content is .

A h = Va2 2 Va1 2
v

2g 2g

or, under the assumption of constant mass flow and constant cross
sections
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per unit volume as velocity

A Va r follows for the

constant that Va r s ,constant,

Va12 T2 2
6hv = 2g «("T"l) - 1)

If the kinetic energy is expressed
pressure Pv' the change is

Va dVadpv= r g , From G = Q 0' =

assumption of G = constant and A =
too. Consequently

6pv = r Va
f dVa = Q'Va (Va 2 - Val)

g g

2 T'
= Y 1 Val (~6pv g T

l
1).

or

It is a very common mistake that ventilation en~ineers assume
for the change of Pv caused by volume changes

= r 2 Va2 2 - ~ 1 Va1 2
6p v 2g

This formula is' correct for veloci ty changes caused by changes of
A or G but not for compressibility effects.

A positive 6hv or 6p , as observed when air passes through a
fire and is heated has a ¥hrottling effect (T2 >Tl ) on the airflow.
A negative 6h y or 6~v, as observed when the fumes cool down (T2<Tl)'
will support the airflow. .

A large number of ventilation engineers prefer to base
ventilation calculations on pressure losses and to convert Darcy's
equation into the, resistance equation

L p r m
PLm = Rm*Qm

2 where ~ = f ~ * ~

With ~ m/~a = Ta/Tm and Qm/Q a = Tm/Ta it follows that
'T Tm

~ = Ra T: and Qm = Qa ~ .

An airway wi th the original pressure loss PT~a at the temperature
Ta will therefore at the temperature Tm hav~ the pressure loss

o = R Ta (Q Tm )2 = R Q 2 Tm = 0 Tm
Lm a T a .,.,- a --;;r- . La -T-m ~a a '!'a a

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

R =equ
1

1.112 ) ] '
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ra
2According to the derivations performed above the factor 2gA

should rather read ~ a
g--AT

B;) Natural draf,t effects

a) Definition and determination of natural drafts

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

Natural draft is caused by the conversion of heat into
mechanical energy, which is then available to propel the air
and to overcome friction losses. For such a conversion under
steady state conditions cyclic processes are necessary, which
are provided by every loop of the ventilation network. The
amount of heat converted in a cyclic process into mechanical
work is indicated by the area enclosed by this orocess in a p-v
diagram. ,This statement can easily be proved by applying the
first law of thermodynamics, in ventilation frequently called
the energy equation, in the form

2
v dp + dVa /2g + dZ + dh L = 0 Z = elevation

for airways without fans to a loop, which results in

- f v dp = ~ dh L •

_ dh L is the sum of all friction losses experienced by the air,
flow~ng through this loop, ~ v dp is the energy necessary, to
balance these losses.

If, in the airways of the loop, mechanical energy dw is
exchanged between air and surrounding (fans, dropping water, ,etc.),
one obtains

- ~ v dp + ¢ dw = p dh
L

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

The natural draft expressed as energy per unit weight of air
is called the natural ventilation head hN and its magnitude is
consequently

hN = - /J v dp

Natural draft is always tied to a cyclic process, to a loop. State­
ments on natural draft without specifying the loop where it is
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developed are not too meaningful.

The natural draft expressed as energy ner unit volume
flowing through the loop can be derived by mUltiplying the
energy equation in the above used form by the specific weight ~

2

dp + ~ dVa + r dZ + adhL = 0

Application to a loop results in

I> r dZ = If I" dh L = <7 dOL

~ do is the sum of all pressure losses experienced by the air
in the loop. If mechanical work dPF is exchanged between air
and surrounding, one obtains

- 'fr dZ + ~ dPF = {> dPL

The term - f' 0' dZ .is called the natural ventilation pressure

P =­N

PN and
air in

q =
m

hN are related by the
tne loop through PN =
10 dhL = s6do L

i 'dhL sf'dhL

average specific weight P/m of the
0' m h

N
, where, for loops without fans

y' =m =

wi th fans
~r:-dhF

for loops
1a- dh L -

and

In psing the natural ventilation pressure PN one must be
aware that even in loops without a natural draft but with a fan,
PN has a value ~ o. Despite 4 dh L = f db as the condition for
no natural draft, one obtains usually ~a-d~ ~ ~rdh since the
specific weights of the air while overcomin~ frictign and while
passing through the fan are different. Consequently one finds
from the energy equation

pO- dZ + o1r- dh
L

- /d'dh
F

= 0

- ~-:J'"' dZ = P ~ 0N

This is a common experience. In mines ventilated by fans there
is for instance always a difference in the specific weights of
the air in the intake and return airways, even if no temperature
di fference exis ts ,whi ch according to PN = "r dZ produces a
natural ventilation pressure. If the fans are switched off,
the difference in specific weight disappears and ON becomes
zero (40).

The formula PN = - ~~ dZ applied to a loop formed by two



by

74

vertical and two horizontal airways with the elevation dif­
ference 6 Z delivers with ~ D AND r U as the mean specific
weights in the downcast and m upcastm airways

PN = (r mD - r mU) 6 Z

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

Since the determination of specific weights or volumes
is tedious, approximation formulas are widely used for
hN = - ~ v dp and PN = - ~ ~ dZ. The more popular ones are
based on temperatures and elevations, both easy to determine.
Woropajew (121) suggests calculating the amount f v dp from
the area enclosed by the loop in a T-Z diagram. His derivations,
pUblished shortly after WW II, were not available 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

v ~ T.( __R__ ) average
p

Pressure chan~es are mainly caused by elevation changes, pressure
losses and fan pressures

dp ~ 1 ( dZ - dh
F

+ dh
L

)
Vaverage

The natural ventilation head can then be approximated by
R .

hn = - f> v dp ~ (p .. v) *." T ( dZ - dhF + dhL )
. average

If, as is usually the case, the friction losses in the non
horizontal airways are fairly evenly distributed, replacing
I T (dZ - d~ + dh L ) by ~ T dZ changes the shape of the area en­
closed by tlie loop in the T-"Z: diagram but does not change t~e size
of its area significantly. one can therefore approximate

1
h ~ 1 T dZ

n Tml
where T = (R) is the average temperature of the airml P v .average
in the loop. The errors accepted in using this formula are.
shown in fig. 36 (42) 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 this handy approximation are within tolerable limits.

The formula PN = (r mD - r mu)6Z is frequently approximated
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p ( 1 1
) P ( Troll TmD )PN = b. Z = b. Z =-r T mD Tmll R Tmll * TmD

rmD (T - T ) b. z.
Tmll mll mD

For the calculation of the natural draft, which is caused
by a mine fire in excess of the previously already existing
natural draft, the differenoes

hN = - I vf dp + I va dp = - ~ <Vf - va)dp

or

PN - - ';1" fdZ + ~ 0- adZ = - :I' (r f

~ave to be determined. Subscript
during and before the fire.

r ) dZ
a

f and a indioate the oondition

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

h
N

= - P (vf - Va) dp

or

PN = - I (r - ~ ) dZ
f a

It should be noted that the integral has to be calculated only
for the airway with the changes. In this context one can speak
of natural draft in individual airways, 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 contain only data for one
individual ainlay. They can therefore be used to demonstrate
the combined result of throttling and natural draft effects in one
individual airway, when its temperature changes. To avoid un­
necessary lengthy discussions, only pressure effects will be
investigated.

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

P = (~ - ,f' )b.Z = r (1-
N am. a

(slope angle a positive for
ventilation)

Ta T
-=----) b.Z = ~ (1 - -!-) L sinS

Tro a. . Tm
ascending, negative. for descending

The

b.p
L

throttling
Tm

= PLa ( T
a

effect is

- 1)



The combined pressure effect is
T

- Ta) L sin
m

B - 0 (. La

T
m

T
a

- 1)
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A positive PT has a tendency to increase the airflow, a negative
PT to reduce it.

One sees from this equation that PN is oositive for
ascensional, negative for descensional ventilation and zero
for horizontal airways. Its magnitude depends on yla and T
of the original state, the new temperature Tm and the a
elevation change L sin B only. It will be zero for Tm = T
and,approach asymptotically PN = ~a L sin a with increasiAg Tm.

The throttling effect PL is proportional to the pressure loss
in the original state

L P 1
P = f 3 .. -- .. 0 2

La 8 g A Oa
and the term· (~ - 1). It has always a tendency . to reduct the
airflow. a

Fig. 37 shows as an example 0T for an ascensionally ventilated
vertical airway (L = 300 ft, P = 40 ft, A = 100 ft 2 , r = 0.075 Ib/ft 3)
as a function of T IT with the airflow as parameter. aOne sees
the increase of thW athrottling effect with air quantity and that
a maximum for PT exists. At which temoerature this maximum occurs
can be determined from

dPT __ + Ta r 1
a L sine - PLa~ = 0

dPm Tm2

sin a
which
T .m
~

delivers

= ( r a L

PLa

1/2
) =

c) Natural draft values recommended in literature

The literature contains a few recommendations on
the magnitude of natural drafts in fire emergency plans. Osipov
and Zadan (95) ~ive a chart for PN in a vertically ascending
airway of 86 ft cross section for airway lengths between 0 and
4590 ft and air velocities between 3.3 and 33 ft/sec (fig. 40 ).
This chart is based on the formula

PN = ~ Tm -'Ta L sine, J-a = 0.078 Ib/ft 3 , a = 0.9 + 0.221 Va'
a Tm aP L

Tm = Ta + 0 cp (t fo - t a ) (1 exp(- 0 Co )) and
ap L

t fo = Va/(0.0004l9 + 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

PN = PNC • kl * k2
where k l takes the slope into account and is the sin function
of the slope angle a and k 2 considers the influence of the cross
section on Tm. Values for k2 are contained in table 17.

Hrbac and Tesar (57) design from the formulas
T - Ta= 0' a m Lsin e andPN T

m
.

~ = 0.078 lb/ft 3 anda

t
f

= t a + (t fo - t a ) exp(­

under the assumption of t a
a = 0.41 ... O.79V 0.5

a
a Chart, which allows for given values of PIA, Va' t fo ' ~Z and L
the determination of the temperature at the end of the
airway t f2 , the average temperature t m and the natural ventilation
pressure PN. .

Trutwin (J28) discusses the numberical solution of

"... a

~ T
= -

6. T• T ... A Ta
p

P
N

= - I (of -d
a

) dZ

Under the assumption that the change of specific weight ~'r = r f ­
is mainly caused by the temperature change ~T = T r - Ta and that
other influences can be neglected, he obtains from the equation
of state pia = R T and its partial deri vati ve ar laT = - p/R T2

Ta + T

T
p P6.r = ........_- dT = -
a R T2

The same result could have been obtained directly from the
definition of Ao-

T
~ T

Ar = r f - ~ = J'I.; ( I -
a __ ) = - ra a T ... ~ T a Ta ... ~ T
a

t.T =

p = - f
N

heat exchange between fumes and
To = Tfo - Ta and ~T = ATo for L = 0

inserted into
6. T

dZ = f r a --;; + AT ,dZ
a

assumption of a steady state
airway walls delivers with ~

a P L
t.T *exp(- )

o G cp
this expression being

The
the

With

a P
and with dZ/dL = sin a and with the abbreviation A = Gone
obtains cp
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and,

L

p = sinS r g.2
- N a L

-1

~To exp(-AL)
dL,

T + ~T exp(-AL)
a 0

after executin~ the integration

= sinS ~a In( Ta + ~To exo(-AL1) )
PN A Ta + 6To exo(-AL

2
)

If a function

LN(L) = 1n ( Ta +
T + 6T

is introduced,apN CA~

6To )
exp (-AL)
be calculated from

In;his paper (128) Trutwin provides a table and 3 graphs which
show LN(L) for values ofoAL betWe~n 0.001 and 17.0 and for_
values of T between 100 K, and 1000oK. Ta is assumed· to be equal 300oK.o -

)), the natural
1

Voskobojnikov (131) describes tests which he conducted with
fires in a tunnel'of 16.50 slope, 43 ft 2 cross section and 144
ft length. This tunnel was part of the ventilation system shown in
fig. 38,. Its resistance was expressed by

T r T
R = 1.11 2 (R ~ + a (m

equ a T 2 g A2 Ta - a
ventilation pressure was calculated from

D = r (Tm - Ta ) !J. Z.
- N a T

m

I

)

With the help of an analog computer it was determined at which
temperatures Tm and the pertinent PN 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 Tm was calculated as the average
of all thermocouple readings. In all fire tests a good agree­
ment (3 - 5 %) was achieved between the calculated Tm,at which
the airflow reversal was to be expected and the measured Tm,
at which the reversal took actually place.

Schmidt and Grumbrecht (118) performed direct meassurements
of the natural ventilation pressure p developed by fires in a
descensionally ventilated raise. ' ForNthis purpose they connected
the upper and lower end of the raise over a manometer with a hose
laid out in adjacent airways with undisturbed temperatures. If
standstill of the airflow occurs in the raise, the energy equation
applied to the raise is

r f dZ + dp = 0

and the energy equation for the hose is
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Table 11. Correction Factors to Fig. 38 for Variable Cross Sections (95)

Air SpeedAirway Cross Section (ft2)
(ft) 21.6 4.3.3 86.4. 108 216 433 (ft/sec)

164 0,97 0,99 1,00 1,00 1,01 1.,02 3-3 - 32.8
328 0,94 0,98 1,00 1,01 1,03 1. , OJi 3.3 - 32.8
984 0,7:'; 0,90 1,00 1,011 1,20 1,27 3.3 - 6.6

0,80 0,92 1,00 1,03 1, 11 1,15 9.8 - 13.1
0., tH 0,93 1,00 1,02 1,08 1,12 16.4 - 32.8

1640 0,61 0,81 . 1,00 1,06 1,32 1,46 3.3
0,64 0,82 1,00 1,05 1,26 1,38

I 4.9
0,67 0,8 1i 1,00 1,04 1,21 1,30 , 6.6i

0,70 0,87 1,00 1,04 1,16 1,23 9.8 - 13.1
0,73 0,88 1,06 1,03 1;15 1,20 16.4 - 32.8

2300 0,58 0,79 1,00 1,07 1,40 1,02 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 1,35 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 1,06 1,33 -1,50 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 1,0:5 1,26 1,40 26.3 - 32.8

4920 0,52 0,75 1,00 1,09 1156 1,06 3-3
0,5 Ji 0,76 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 - 1:,. 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

Airway Length

Table 18. Factors~ for the Determination of Natural Ventilation Pressures

in Descensinally Ventilated Airways (11~

Factor oc.
(in WG/tOO ft OF) *10 3 Frequency

( oj, )

0.4
o•400 - o. 53.3
0.533 - 0.667
0.667 - 0.800
0.800 - 0.933
0.933 - 1.067

9
10
35
32
7
7
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r a dZ + dp = 0

For.the loop formed by the'raise and the hose one obtains

-; (r f ­

and since - f·

r ) dZ = f dpa .

( r f - r'a) dZ = p and; dp is the reading of
N

the manometer, the latter indicates PN. Schmidt and Grumbrecht
arranged the data they collected in 6u fires for PN and 6 Z with
the formula

A Z
PN = a 100 (Tm - Ta ),

from which they determined the factor a. They felt that with
the airflow fluctuations preceding a standstill, a representative Tmwas too difficult to establish for every individual experiment, and
they used the values from fig. 21 for Tm. 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 observation of other factors
during the tests, the calculated values of a show a considerable
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 their di~ection. These changes are not limited
to the airway at fire but can occur in nei~hboring airways
as well .

. The dangers caused by air quantity reductions can in non­
gassy mines be neglected. In gassy mines they can, however, lead
to formation of explosive mixtures with all their pertinent
dangers, which are especially obvious when the explosive mixture
travels through the firezone.

Airflow reversals can be the cause of even more severe hazards.
CO-laden air can enter the intake airways 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 period of airflow
reduction. Even in non-gassy mines explosions can be caused by
explosive fumes, which after a reversal of airflow reach the
firezone again.

Ventilation disturbances in the form of smoke layers have been
discussed in chapter II-C.d. Since they are an easy to survey
local phenomenon and can always be fought by local air velocity
increases, no further comments seem to be necessary.
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A) Horizontal airways

Open fires in horizontal airways, with only negligible
temperature changes in following non-horizontal ai~1ays, have a
throttling but no natural draft effect. The result is an ai~f10w

decrease in the airway at fire and all airways being in series
with it. Due to smaller friction losses in these airways, the
ventilating pressure of the airway at fire will increase and
counteract the throttling effect. Air quantity decreases of up
to 30 %were observed (13), however, rockfall may have been at
least partially responsible.

A reversal of airflow in the airway at fire and the pertinent
airway in series cannot occur. It is, however, possible in
diagonal airways, which are connections between parallel airways,
whose airflow direction is determined by the resistance ratios of
the parallel airways. A simple example is shown in fig. 39. If
the original airflow in the diagonal airway 5 is from A to B,
it; could be reversed by a fire in airways. 1 or 4.

B) Ascensionally ventilated airways

Open fires in ascensionally 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
quantities are not too large, the natural draft ~Iill usually
be stronger than the throttling effect and increase the airflow.
If enough combustible material is present, the increased oxygen
supply will then intensify the fire so that considerable natural
drafts are finally developed.

The increase in airflow in the airway at fire is accompanied
by a decrease in parallel airways. If the original ventilating
pressures for the parallel airways are small, even airflow
standstills and reversals with all their dangerous consequences
can occur. Remedies for stabilizing the airflow in parallel
airways are an increase of the resistance of the airway at
fire, which would at the same time reduce the oxygen supply and
fire intensity, and an increase in the ventilating pressures. The
latter aim can be accomplished by increasing the fan pressure or
by lowering the resistance in the intake and return airways .to
the parallel airways.

. Fig. 41 shows an example of how the airflow changed in a 72 0

raise of 262 ft length, when at its bottom a fire object of 265
1b of timber was lit.

C) . Descensionally ventilated airways

Open fires in descensiona11y ventilated airways cause,
besides the ever present throttling effect, a natural draft,
which is opposed to the original ventilating pressure and has
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a tendency to decrease or even reverse the airflow. A decrease
in airflow usually decreases the intensity of the fire, too.
The reduced natural draft, again permits a larger air 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, one can expect a
violent fluctuation of the airflow in descensionally ventilatedoairways at fire. An example, measured by Schmidt (115) in a 72
raise, if given in fig. 42.

Whether a permanent airflow reversal takes place depends
on several factors. There have to be sufficient elevation
changes for the fumes on both sides of the fire. A fire at
the bottom of a shaft or raise will not develop enough natural
draft to initiate a reversal, a fire at the top not enough,"
to maintain it.

The oxygen content of the fumes is usually cons'iderab1y
lower than that of the fresh air. It is especially low behind
fires of high intensities. If these high intensities effect an
airflow 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, is long
enough, no permanent reversible will be possible. When decrease
of airflow, standstill or reversal take place as ear~y as
possible permanent 'reversible may occur. This can be supported
by a low original ventilating pressure acting on the airway, or
by a fire developing fast to a high intensity.

Fig. 43 (115) shows the airflow changes caused by such a
fast developing fire in the same raise, for which fig. 42 was
obtained.

Permanent reversal after a longer fire duration can occur,
when the fire is supplied with oxygen from damaged compressed
air lines or from other airways, joining the return airway of
the fire. Fig. 44 a and b (117) compare fires in the same
descensiona11y ventilated raise without (a) and with a fresh
air current of 177 ft 3/ min mixed below the fire with the fumes
(b). '

While in ascensional ventilation airways parallel to the
airway at fire are endangered by airflow standstills and reversals,
in descensiona1 ventilation the airway at fire itself is en­
dangered most. The decrease in air quantity in the descensionally
ventilated airway causes, like the throttling effect in horizontal
airways, an increase in the ventilating pressure of parallel airways.
This is clearly visible from the recorded ventilating pressures
for parallel airways in fig. 42 and 43.

The means to stabilize the airflow in the descensional1y
ventilated airway ~s to increase the ventilating pressure acting
on this airway. This can be done by increasing the fan pressure
and by throttling parallel airways. 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 airflow reductions.

(in WG).(T - T )m a

Since the throttling effect as well as the natural draft
have a tendency to reduce the airflow, fires in descensiona1ly
ventilated airways usually don't reach the intensity of fires
in ascenslonal ventilation and propagate with a considerably
slower velocity. Schmidt (117) emohasizes 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 qUite fre­
quently overestimated. He recommends (118) that German ventilation
engineers should replace the formula

~ Z
~PN = 0.0018 100

so far used in emergency plans for the combined thrott1ing·and
natural draft effect by

fj, Z
~PN = 0.00133 100 (Tm - Ta )

D) Examples of airflow reversals

For each of the three possibilities discussed above,
fires in horizontal, ascensionally and descensiona1ly ventilated
airways, one exam~le of an airflow reversal in a mine fire is given
below.

Horizontal airway

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

Ascensiona1ly ventilated airway

Fig. 45 ~hows part of the ventilation plan of the mine
Roche-la-Mo1iere as it existed on June 30, 1928, when a fire in
the raise 3 - 4 close to junction 4 occurred. The developed
natural draft at first caused an airflow reversal (broken arrows)
in airways 8 - 7 - 5 - 2, 7 - 6 - J and 6 - 5. Here, 48 miners
were killed. Later, after the fire had moved down the raise
away from 4 towards 3, the airflow normalized again in these
airways but a short reversal in airway 4 - 1 occurred (6,35).

Descensional1y ventilated airway

Woropajew (146) describes a fire in a Russian coal mine,
working a dipping seam. The fire started in the descensiona1ly
ventilated raise 2 - 3 - 4 at point 3 (fig. 46). The natural
draft reversed the airflow in the raise and finally became
so strong that even in the intake airway 1 - 2 a reversal occurred.
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E) SUitable ventilation plans

Suitable ventilation plans are of great help for every
type of ventilation planning and, therefore, for the prediction
of ventilation disturbances caused by mine fires, too. They
should contain the main features of the ventilation system
without confusing details' and the significant ventilation data.
The former should comprise the airways, location of fans, ven­
tilation doors, regulators, seals and dams, ventilation curtains
and ducts, crossings, explosion barriers, production workings,
trolley and Diesel haulage roads~ The latter should include
direction and magnitude of air currents, concentrations of
hazardous gases, measuring stations, elevations of airways, fan
heads or pressures and mine ventilating heads or pressures for
the individual airways. If it is found too difficult to enter
these data into the plans, they should be kept in up to date
reference files, which can be used in conjunction wj,th 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
simultaneous use.

a) Plans in use

The ventilation plans actually used vary widely.
The simplest type is based on plan maps, which in many cases
sUffice, especially when all mine workings are more or less
situated ln one plarie.

For more complex layouts of openings, as results from
mining more than one coal 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 prescribed
by law, is usually a compromise between clarity of the map and
the ease with which horizontal and vertical 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
indicate the function of airways. The work involved in changing
the models and the prohibitive costs of keeping records for certain
time periods and providing copies reqUired that the models be
used only in addition to other ventilation plans.

Quite frequently simplified ventilation plans are derived which
. show only the more important airways of a ventilation system. This
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is especially the case when ventilation network calculation
are performed and one tries to keep the number of airways going
into the calculation as small as possible. Another reason
i~ to gain a better understanding of the mutual interaction of
the airways comprising the system. Several types of such
simplified plans are in use.

When ventilation network calculations were still mainly
performed manually, with many ventilation engineers it became
popular to represent ventilation plans in an abstract fo~

resembling electric wiring diagrams. In these nlans the
configuration of the network is more conspicuous than in man
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 is more
easily found. In natural splitting the diagonal airways, which
cause difficul~ies in network calculations, are more easily
detected.

An even clearer picture of the network configuration is
obtained when in schematic ventilation plans the crossing of
airways or the overlapping of loops are as far as possible
avoided. 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 popularity in other
countries as the basis of emergency plans, too, since they
are especially SUited to detect possible instabilities in
ventilation 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 first stage of the fire in airway 4 - 8
and during the second stage in airway 3 - 4 is indicated by
the pressure sources a and b. Both pressure sources have a
tendency to circulate the air in those looos, of which they
are a part and the stronger this 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, 4-8-7-6-5-2-3-4, and
4-8-7-5-2-3-4. The weaker source b succeeds only in the loop
3-4-9-1-2- 3.

To jUdge the influence of several pressure sources in a
ventilation network on the ~tability of the airflow in selected
airways qualitatively and, as far as possible, quantitatively
the Polish engineer Budryk (35) suggested the use of a so
called " closed schematic plan" nowadays more frequently called
"Budryk plan". Characteristic for this plan is that the air­
way,'whose stability is to be jUdged, forms the boundary between
those parts of the network which are dominated by one of the
pressure sources. Although quantitative predictions about the
stability of an airway are only possible for comparatively
simple networks, the BUdryk plan allows valuable conclusions
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as 'how to increase the stability of this airway. The name
"closed plan" originates from the fact that every air current
is thought to be short circuited through the atmosp~ere (whicn
in fact it is).

Every airway or group of airways, whose stability must
be investigated and every new location of a pressure source
leads theoretically to a different Budryk plan. In the practi~e

of fire emergency plans ventilation engineers usually limit
the airways to escape routes or stability boundaries, beyond
which no airflow reversal should occur and the location of the
pressure sources to airways where natural drafts can be created
by fires. Even if no actual Budryk plans have been plotted,
familiarity with the principles on which they are based can be
of considerable help in selecting the right measures to stabilize
the airflow in critical airways. A special chapter of this
report (chapter VI-B) will therefore bring a more detailed dis­
cussion of the Budryk plans and their use.

As examples, fig. 48 a and b shqw 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 air
between two points of the network or, when the two points are
the begin and end of an airway, changes in the energy content
of the air when moving through this airway. Since they indicate
the stability and economy of existing airflow as well as the
direction of potential airflow, their use has become very popular
with ventilation engineers.

hF = fan heads

PF = fan pressures= 0dp
F

= 0

= 0

- dh
F

+ dP.·L

2

+ dh
L

dV
a

dV 2 + do
a .. MV

the ener~y equation in,the formA comparison with
dV 2

v dp + dZ + a
2g

dp + r dZ + r
2g

According to the above definition of heads and pressures,
mine ventilating heads h

M
are energy djfferences ner unit weight

and mine ventilation pre~¥ures n v ner unit volume of air. Being
differences in energy contents tMev can be determined from the .
energy equation in the following form:

dV 2
v dp + dZ + a + dh = G

2g r;r:v

r-dp + ~ dZ + 2g
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and integration along airways with an exchange of mechanical
energy yields

h
MV

= h
L

h
F

PMV = PL PF

Integration along airways without exchange of mechanical energy
results in

h = h
MV L

P
MV

= P
L

By applying the above
dV 2

~ (v dp + dZ + a
airway 2~

energy equations on a loop one obtain
dV 2'

+ dh ) + ~ (v dp + dZ + a + dh - dh ) =
MY restloop 2g L F

,. (v dp) + h + f (dh - dh ) = 0
MV L F

loop restloop

or, with h - - {> v dp = natural head in the loop
N

E hL = ~ dh
L = sum of headlosses in the airways of therestloop

E h
F = P dh = sum of fanheads in restloop

F

h = th + h - th
MV F N L

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

PMV = EPF + PN - EP L
To avoid an unnecessary lengthy discussion only the problems as­
sociated with the mine ventilating nressures will be discussed.
A similar discussion of the mine ventilating heads would be completely
analogous.

Fig. 49 shows how the ventilating pressure between two points,
connected by two parallel airways, can be calculated by using the
above derived formulas. It shows, furthermore, that one can
defini tely determine the ventilating pressure between any two
points, when the locations of pressure sources and pressure losses
are known. The result is not influenced by the path used between
the two points-.

It is therefore possible to calculate for all points of the
network their ventilating pressure against a common reference point
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and in this 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 potentiaJ.s.

One of the most valuable advantages the use of ventilating
potentials offers is the pred:tction of airfloi'l directions in
planned airways or suspected leakage paths. 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 comnlicated if natural drafts are developed
in the loops of a network. Fig. 50 shows two parallel airways,
ventilated ascensionally and descensionally. Due to a fire a
natural ventilation pressure is generated in the loop. The
calculation of PMV shows that the ventilating pressures for the
two parallel airways are no longer the same. This is not
surprising since the energy equation defining P

MV
contains the

path function r'dZ. If a ventilation network contains loops
with natural ventilati6n-pressure it is therefore theoreti~ally

impossible to define an unambiguous potential for most of its
points.

Ventilation engineers frequently overcome this difficulty in
their practical work by considering the natural drafts as imaginary
fans. If the fans are arranged in such a way that Kirchhoff's
second rule or the mesh equations are satisfied, network calculations
will deliver the correct answers. As discussed in chapter VI-D.b.3,
however, there exists a great number of possibilities to imitate
the natural draft with fans arranged in different airways and
still to satisfy the mesh equations. Every different fan arrange­
ment delivers different ventilating pressures.

Fig. 5l shows as an example the two parallel airways ascensionally
and descen~ionally ventilated within a simple network. The ordinary
natural ventilation for the loops going through the shafts and either
of the two parallel airways is PNo' If a fire develons in the loop
formed by the two parallel ainlays the natural draft PNf' this can
be imitated by an imaginary fan in either of the two airways 1 or
2. A network calculation would give the same air quantity distribution
for both arrangements. Different ventilating pressures are, however,
obtained for ainlays 1 and 2 and these ventilating nressures are
the same as those derived in fig. 50.

c) Representation of ventilating heads and nressures

in ventilation plans

The fact that, whenever natural drafts exist in a
ventilation system, mine ventilating heads and nressures and
ventilating potentials are path functions, leads to difficulties
in their representation tn ventilation plans. The most frequent
method used by ventilation engineers to avoid these difficulties
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is to calculate ventilating potentials separately for individual
loops, which run from the intake airways through the mine to
the return airways. They are obtained by summing up the head
or pressure losses in the airways of the loops and are usually
plotted over the airway length. Fig. 52 shows a simple example.
Since different loops can have different natural drafts one must
be careful in using these potentials for the prediction of air­
flow directions in olanned connections between two ooints 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 airways in loops with natural drafts, which give the same
airflow distribution as the genuine resistances and the draft
combined. The natural drafts can then be neglected and a definite
potential can be assigned to every junction of the network, which
is then usually entered in to the ventilation olan. However,
no generally recognized method as how to determine the equivalent
resistances exists. Usually a sequence of network calculations is
performed and the airway resistances are, by a trial and error
method, manually altered until the desired flow distribution is
achieved.

Since the pitfalls of the .last method are obvious, many
ventilation engineers apply it only to small natural drafts.
In loops with larger natural drafts they still assign a potential
to every junctiori by adding up the head or pressure losses, but
at the junction where the loops are closed and for which two
different potentials would result, only the potential obtained
along the more important airways is indicated, together with the
natural draft in the loop. Figure 53 shows a simplified example
for this procedure.

The pressure potentials have been calculated by adding up
the pressure losses from the shaft collar of the intake shaft
along the upper and lower level. The natural draft in the internal

. loop formed by the two levels and the lower portions of the two
shafts is 0.5 in.WG. For the potential of upper level landing
of the upcast shaft, consequently, two values, 0.5 in.WG. apart,
could be obtained. Only 3.65 in.WG, resulting from the path along
the lower level are, however, entered b~t the natural draft of
0.5 in.WG is marked, too, at the upper level. This is done to
draw the attention of the plan user to the fact that the potential
of the upper level might have been determined to be up to 0.5 in.
WG higher, if a path going along the lower level had been chosen
for the calculation.

Polish ventilation ~ngineers frequently design their
canonical plans in such a way that the location of airway~junctions

in the plan indicate their potential. Figure 54 shows as an
example the canonical plan from figure 47 plotted against 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 Ventilation 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 fire on the
airflow distribution in a ventilation system can be determined
in a ventilation network calculation. If sufficient data on the
network as the basis of the network calculation and a computer
for the execution of the calculation are available, this is no
great effort.

Where this is not the case and the calculations have to be
done manually, ventilation engineers in investigating the
influence of a fire must quite frequently to be content with
abridged and simplified network calculations for the immediate
vicinity of the fire. Since it is 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 permissible simplifications. To keep
the manual work in tolerable li~its, ventilation engineers,
moreover, limit the network calculations frequently to the
investigation of especially critical states, like the criteria
tor airflow standstills and reversals.

Network calculations for the vicinity of the fire are usually
based on pressures, since the specific weight of the air in a
limited area, except for the changes caused by the fire itself,
remains fairly constant. As pointed out above, it makes no
difference in principle if ventilation calculations are based
on energies per unit weight (heads) or energies 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, this method shall
be applied to several simple examples first. A literature evalu­
ation follows. It will 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

Conventional analytical methods are easy to apply
in network calculations when the network contains airways in series
and parallel only. But even here the amount of work necessary
can be a serious handicap. It usually becomes unsurmountable or
a direct analytical solution is altogether impossible, when
diagonal airways occur in the network.

·The network chosen here as an example for the vicinity of
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the fire comprises one airway in parallel and two in series
wi th the airway' at fire. It is assumed that the resistances
of all airways, the throttling and natural draft effects of the
fire and the ventilating pressures acting on these 4 airways
are known (fig. 55a).

To reduce the number of equations describing the network
the airways 3a and 3b are combined to airway 3 and the throt­
tling and natural draft effect to the pressure effect of the
fire PNf (fig. 55b). With the indicated airflow directions the
3 resistance equations are

P
LI

= Rl Q1
2 (equ.' 6.1); PL2 = R

2
Q

2
2 (equ.6.2);

P
L3

= F
3

Q
3

2 (equ. 6.3)

Under the assumption that the air, after leaving the airway at
fire has again assumed its original volume, the junction equations
are

Q
l

+ Q
2

= Q
3

(equ. 6.4);

The two mesh eq~atlon are

p - p = p (equ. 6.6);
Ll Nf L2

Combining 6.2 and 6.4 yields

PL2 = R2 (Q 3 - Q1) 2 equ. 6.8

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

Q 2 = PMV + PNf Rl Q
1

2 equ. 6.9
3 R

3
R

3

combining 6.8, 6.6 and 6.1 in

PNf + R2 (Q3 - Q ) 2 = R Q 2 or1 1 1

PNf + Q 2 - 2 Q3 Ql + Q 2 _ Rl Q12 = 0 equ. 6. ].0
,R2

3 1 R2

Substituting 6.9

PNf + PMV + PNf
R

2
R

3

for Q in 6.10 delivers
Ri lr;p~M-V--:-+-PN-f-----;:R:-l--Q-2--'

~ Q1
2 - 2 Ql R

3
R3 1

+ Q 2 _
1

Q 2 = 0
1
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(1 -
Rl R1 ) Q 2 + ( PNV + PNf PNf )R3

- --- + R2 =R2 1 R3

2 / Pr.w + PNf Q
1

2 _ HI Q
l

1+ equ. 6.11
R

3
R

3

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

A Q 2 + B = 2 / Prllv + PNf
1 R

3
equ. 6.12

6.13equ.

or

Squaring this equation results in

2 4 2 PMV + ~Nf
A Q

1
+ 2 A B Q

1
+ B2 = 4 (-R

3
Q

1
2 -

+ ( 2 A B _ 4 DMV + PNf) Q 2 + B2 = 0
R3 1

the two parenthesis are called C and D

(A2 + 4-~) Q 4
R3 1

If again the contents of
this can be written as

C Q 4 + D Q 2 + B2 = 0 equ. 6.14
1 1

SOlve/for ~l oO/btaiOS

I ~C (

,
I' I D2.Ii.- B2

- D - 4CB2Ql = - 2C - 4C2 - C = -

equ. -6.15

With Ql known Q3 can be calculated from 6.9 and Q2 from 6.4.

If a large negative PNf reverses the airflow in airway 1 (fig_ 55c)
the junction equation 6.4 chan~es to Q2 - Ql = Q~ and the mesh
equation 6.6 changes to - PLI - PNf = PL2- This ~hanges the factors
A and C to

R1 Rl Rl
A = (1 + + ) and-C = (A2 4-)R3 ~ - R3
If a large positive PNf causes an airflow reversal in airway 2
(fig. 55d) the junction eauation 6.4 changes to Ql - Q2 = Q~ and
the mesh equations 6.6 and 6.7 change to DLI - DNf = - PL2 ~nd
PL3 PL2 = DMV· This changes the factors A and B to

A
Rl Rl

1) and B PNf DMV °Nf )= -- =R3 R2 R2 R3
and equation 6.15 to

Q = I~c ( - D + I D2 - 4CB2 )
1
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These unfortunate modifications of junction and mesh equations
would be avoided if ventilation engineers would in manual net­
work calculations, write the resistance equation as PL ~ R I Q Q
as they do in their digital computer programs.

Figure 56a shows as an example of the derived equations how
the airflow distribution changes as a function of the ratio
PNf/PMV· It has been assumed that Rl = R2 = R3 and that P~R3 =
0.2 (10 5 ft 3/min)2 (e.g. PMV = 2 in.WG, R1 = 10 * 10- 10 in.WG/
(ft 3/min)2j Figure 56b shows the distribution in the same network
when RI has been increased to RI = 2R2 = 2R~. One sees that the
stabil~ty of airway 2 has been improved. Toe stability of airway
1 has, however, remained the same for negative PNf . It can be .
increased by throttling airway 2. Figure 56c shows the results
for Rl = 0.5 R2 = R3 .

In judging the effectiveness of installing regulators to
stabilize the airflow in the neighborhood of the fire one should
keep in mind that every regulator will decrease the airflow
passing through the mine and, therefore, have a tendency to
increase the ventilating pressure PMV acting on this neighborhood.
For a given PNf ~he ratio PNf/PMV w1ll c9nsequently decrease.

The pre·ssure PNf at which airflow standstill occurs can be
easily calculated (116). In the case of a positive pressure PNf
(fig. 55b, ascensional ventilation) in airway 1 airflow stand­
still in airway 2 changes equ. 6.4 to Ql = Q3 and equ. 6.6 and
6.7 to PLl = PNf and PL3 = PMV. This delivers as condition for
airflow stanastill in airway 2

- 2
PNf = PLI = Rl_~l = Rl
Pr'lV PL

3
R3 Q32 Jf3

For PNf
Pr1V

tained, for

< the original airflow direction will be main-

R + R
2 3

=

PNf Rl> reversal will occur. This can be seen from figure
PMV R

3
56 a, b, c, where Rl /R 3 has values of 1, 2, 1 and the airflow
standstill is shown at PNf/PMV = 1, 2, 1.

In the case of a negative pressure p (fig. 55c, descensional
ventilation) airflow standstill in airwayNfl changes equation 6.4
to Q2 = Q

3
and equ. 6.6 PL2 = - PNf. This delivers as condition for

airflow standstill in airway 1

-PNf • PL2 = R2
--~~~---=--

PMV PL2 + PL3 R2 Q22
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as condition for .reversal

-PNf R2- > --=----PMV R2 +, R3 ·

and as condition for the maintainance of the original airflow di­
rection

-PNf < R2
PMV R2 + R3

This can again be seen from fig. 56 a, b, c where R2/(R2 + R3) has
values of 1/2, 1/2 and 2/3 and the airflow standstill in airway 1 is
shown at PNf/PMV = 1/2, 1/2 and 2/3. One sees furthermore that even
after the total blocking of airway 2 to R2 = oc at PNf/PM = -1 a
standstill cannot be prevented. V

Literature Evaluation

Woropajew (146) investigates the stability criteria of networks
comprising two parallel airways only. If the fire develops the pres­
sure PNf and the ~entilating pressure acting at the two parallel-air­
ways is PMV' the mesh equation for 2 descensionally ventilated airways
with a fire in airway 1 (fig. 57a) can be written as

PMV = PL2 = PLl + PNf

Air standstill in airway 1 is consequently caused by PMV = PNf. If
the airways are ascensionally ventilated, Woropajew assumes for the
pressure developed by the fire not a nositive PNf in the airway at
fire but a negative PNf in the parallel airway 2 (fig. 57b). This
is eorr~et, too, 5~nce the direction in which the natural drlft tries
to circulate the air in the loop of its origin remains the same. He
obtains as mesh equations PMV = PLl = PL2 - (~PNf) and as conditon
for air standstill in airway 2 PMV = PNf'

The other possibility, assuming for airway 1 a positive PNf would
lead .to PMV _= P~l - ?-Nf = PL2 and to the standstill condition PMV = O.
As exnlained abo~e (fig. 50) there are in both cases different values
obtained for PMV and the difference is PNf .

Osipov and Zadan (95) follow Woropajew's derivations and suggest
a method to determine PMV at standstill conditions. They define PMV
as the pressure loss in the airway under consideration, which can be
measured by the conventional barometric or manometric methods. If the
resistance R of the airway is increased, PMV will increase too. If
the relation between PMV and R is approximated by the function

a b R
= 1 + b*R
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PMV at standstill conditions would be obtained for R = 00 (fig. 58).
Since an actual standstill in an airway can be hazardous, Osipov and
Zadan suggest the airway be throttled only to different extents. If
PMVi is the ventilating pressure measured at the pertinent resistance
Ri of the throttled airway and if n measurements are performed, PMV
at air standstill can be obtained from max

PMVmax

r1aas and Sad~e (75) deri ve s tabili ty criteria as functions of air
temperatures for a small network comprising two shafts and two ascen­
sionally ventilated parallel airways. This can be converted into the
network shown in fig. 55b. Natural draft and throttling effect are
not combined, however, but treated separately.

If the natural draft is PNf one obtains for airflow standstill
in airway 2

Pur PL1
=-

PMV PL 3

Since airways 1 and 3 carry the same massflow but not the same volume
flow, PLI and P

L3
have to be based on massflow. Darcy's equation

= f L P ~ V 2 = r L p ~ Q2 = R Q2
PL 4 A 2g a 8 g A3 0

becomes wi th Q. = CIt"'

and with the average specific weight of the

air daand the temperature Ta before the fire started, under the assump­
tion

1L P
PL = r 8 ~g A..I

The condition for airflow standstill in airway 2 is

2 2 PNr S l' T1PMV = PL3 = 53 T3 C or PNf = PL1 = 51 T1 C or ---- =~~-
PMV 5 T 3. 3

with Tl and T
3

being the average temperatures in airways 1 and 3.
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Fig. 57. Woropajew's Stability Criteria (146)
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The natural draft can be determined from

Combination
T = T2 ':I

J

of the two last equations yields with the approximation

T 1 -T2 T a ra6. Z 51
""T1

2 PMV S3

T 1 - T2 T1 - T2
From d( T1 2 -)/dT 1 : 0 one obtains that the term ~2 has a

maximum for Tl = 2 T2 . This means that the fire has its largest in­
fluence on the airflow of airway 2 for Tl = 2 T2' This value inserted
into the above equation results in

6 Z
PMV

4 '1'2
T
.a fa

With the approximation T2 = Ta and the assumption oft'a::: 0.075 Ib/ft 3
one obtains

~z

P~iV

4
= 0.075 and, if P'~~T is measured in in. WG

[) Z :: 4 * 5.194~ _ 277~
PMV 0.075 8 3 - S3

This means that for Sl = S3 and a ventilating pressure of 1 in.WG an
elevation change of at least 277 ft. for the hot fumes is needed to
facilitate an airflow standstill in the parallel airway 2. Or that
for an elevation change of 100 ft. and a ventilating pressure of 1 in.
WG, S3 must be 2.77 times larger than Sl.

b) Approximation methods of the EeSe for ascensionally
ventilated airways

A~ part of a larger study~ the Committee on Mine Ventila­
tion of the ECSC investigated the airflow in ascensionally ventilated
airways 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 it nossible to find those airways where
the possibility of airflow standstills or reversals does not exist
and which, therefore, can be exempted from a detailed 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, fir,e at beginning of one of them

The assumed ventilation system is shown in fig. 59a.
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If kinetic energy changes are neglected the energy equation can be
written as

dp + r dZ + dPL .. 0

If Rand Q are described by the values Ra and Qa they would have for
air of the original state before the fire started, the resistance
equation is

p =- R Q2 = R (J:.L) Q2 (....t!L)2 ...
L a t'a a tf

'" 0 one obtains that PT.? has a minimum at

a hyperbola with the para-

R Q 2 ~a
+ a1 a1 t f
t r is consequentJ.y

,

Wi th the assumption of a constant l" in every airway one obtains

It-llZ R Q d"'a6. p 1= ~ f + a 1 a 1 r r

4. P2 .. t'a~Z + PL2

PL2 = - (r a - r r) 41 Z

=-V'- 6Z+ 26,Z 'tr.
a a m~n

+ 2 da 6z.. -
The pertinent PT.::- would be r-------..,

Ra1 Qa1 2

fa /). Z
PL2min

For ormin = 0.5('a one obtains PL2 = 0 (fig. 59b). This means that
the hyperbola, which has its minimum at trmin .. 0.5 t'a touches with
its minimum the abscissa and is the critical hyperbola separating
those, for which airflow standstill or reversal occurs from those,
where it does not occur. If any standstill or reversal in airway
2 could be caused by a fire in airway 1 at all, this standstill or
reversal will occur at t r 0: 0.5 fa too.

Q 2 t'a
a 1 t f and 'tr .. o. 5 t"a

condi t10n for airwa:.r 2

Wi th PL2 = 0 = - ( t a - tr) A Z + R
a1

one obtains as the standstill
. 2 1
Ra1 Qas .. 4 t'"a tJ. z

No reversal will occur for R Q 2> 1
a 1 as 4'" K""' a C1 Z

Qas is 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 calculation, comprising the whole ventilation system. For a
first estimate one can replace Qas by the normal airflow without the
fire Qnl. The stability criterion then is

21 v"fJ.Z
Ra1 Qn1 >T ~ a

or, wi th the normal pressure loss in airway 1 PLn1

Since Qas 1s larger than
.. if not excess i ve safety.

by assuming

Qnl these formulas contain a considerable
How Qal changes with PL2 can be estimated

or Q 2 PF - PL2
a1 =- ~

hyperbola with the parameters ~a' ~Z

11 dP12as we p = 0 as = O.
12 d Of

where PF is the fan pressure acting on the network and'~ is a hypo­
thetical equivalent resistance for the rest of the network. Fram
the energy equation applied to the two airways 1 and 2 one obtains
then PL2 = - ( t'a - t

f
) ~ Z + (Pp. - ~2)Ra1 ~or

Ra1 ~ If
Pp P tf -(t'a-rr)AZ

PL2 • -_....>:..>.._~~-------
1 -+- Ra <t' a
~ Of

PL2 as a function of ~f is again a
and PF Ra1 for which at tf = 0.5ra

~

That means there exists again a critical hyperbola which touches the
abscissa with its minimum at Of = 0.5 ta and separates those hyperbolas
with the airflow standstill or reversal from those without. The
possibility of airflow standstill in airway 2 can again be detected
by inserting tf = 0.5 'fa. into the above equation for PL2. Standstill
1'1111 occur at

=
1
4

If one assumes for PF 21R ~ Qas ' one obtains again

1
=-

4

One can visualize Q as the air quantity which the network is ableas
to force through a short circuit with the resistance zero connecting
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the ends of airways 1 and 2. Qas is at least as large as the sum
of the originally flowing

Q
n1

and Q
n2

Qas
2 > (Qnl + Qn2 )2

There is consequently no danger of airflow standstill or reversal
as long as

Under the assumption of Qnl'" Qn2 :I Qn

, 2 > 1 lr"* AZRa1 Qn = PLn 1 ~ Q a

this becomes

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

2) Two airways, fire at different locations in one of
them

In the previous chapter it has been assumed that the
throttling effect acts over the total length of the airway 1 and
that the total height 6. Z is used for the development of a natural
draft. In this chapter, stability criteria are developed for two
parallel airways 1 and 2, where the airway at fire 1 has a horizon­
tal intake and return section and the fire has different locations
within the nonhorizontal section (fig. 60).

The energy equation delivers

With the following abbreviations

this equation becomes

x ...

PL2 as a function of ~f
dPL2is again a hyperbola with a minimum (d ... 0)

{-f
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Fig. 62.

c

2

Fire

Fig. 60 - Fig. 62. Airways in the Vicinity of a Fire for the

JUdgement of Which Stability Approximation For­

mulas ~ere Derived (35)
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for

This inserted into the last· equation for p / /) Z yields
L2

PL2 min
AZ

~ x

The value or where the critical hyperbola (separating those with
and without air standstill) touches with its minimum the abscissa can
be found from

PL2 i ... 0m n

which results in

V 1 - k ' - (1 - k)
k

o )• •

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

. , k k2 5 k2
trmin :: fa (T -""8 - 1'"6 - 128

o

This shows ~hat t f min is
the ratio k = intake airway
at fire. It +s.only over k
not by 6. Zr

x ... liZ

close to" 0.5 d'"a and is a variable of
resistance/total resistance for the airway
influenced by the location of the fire,

The possibility of standstill can be detected by inserting r r .
m~n

x ::

into the minimum condition for the hyperbola

y(1-k)ta

tr2

For the worst case, a fire at the foot of the nonhorizontal airway
section (x =!::.Zr/l1 Z ... 1) and with the approXimatiOnt =-·0 5 ~ (1 _ l)

f 0 0 a 4
for not too high values of k, one obtains

2 2 I" . . k)tr eRa,., + Ra ,.2) Qas 0,. 25 ta \1 -2. 1'a
y ... (1 - k) ~ a ... A Z ~ 1 - k ... 4 (1 _ l)

2

and with the used definition of k
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Q
as

is again not known but the assumption Qas = Qnl + Qn2 = 2 Qn
delivers

Consequently there is no danger of airflow standstill or reversal
as long as

1
If, for example, the resistance of the intake airway Ral.l is 3 of
the total resistance RaJ.; of airway 1, no danger of standstill or
reversal exists as long as

(+Ra1 ++Ra1 ) Qn
2 >1i- l'a AZ

,
13 taD. Z

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

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

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

If the intake airway Rr and the return airway RR for airways
1 and 2 are combined to

energy and resistance equation deliver

2 2 t'a
PL3 = RC Qc + Ra1 Qa1 t f - ( ~a - ~f)A Z
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this becomes

This implicit function of PL~ 1s difficult to handle. Since only
the neighborhood of PL3 = 0 r~ of interest for stability criteria,
the term

~2
Re Q,c is neglected. Then

2 \~ 2 'f' ~
PL3 = Qc (RC + Ra1 ( 1 +~ ~ ) 1f) - ( f"a - rf) A Z

If the abbreviation

is introduced, this becomes

,

~ oa
6 Z u k y + y ( 1 - k) Tf - ( r- a - ~r)

This is again a hyperbola ~hich intersects the abscissa (P
L

3 - ~)
at

k y + y (1 - k) f; - (t-a - tr) • 0 or

'tr2
+ (k Y - r'a) ~f + (1 - k) Y 4a = 0 or

t r "" 0.5 (t'a - k Y ~ V(k Y - r-a) 2 - 4 (1 - k) Y ('a

For the cri tical hyperbola, whi.ch touches the abscissa only in one
point and which separates those hyperbolas, for which standstill or
reversal in airway 3 is possible from those, where it is not, one
obtains

rfmin
.. 0.5 (.ra - k y) and

2 - k - 2 V1 - k I
or

y '" ta
k2

"'1
- k I _ ( 1 k)

trmin "" ta k
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for PL3 one sees that the danger of air­
is not only influenced by k, tr and A Z

From the ab ove formula
flow standstill or reversal
bLlt by

(Re + Ra1 (1 +V Rc/R2 i )2 ) Qc
2

y=_:::..-_....=...:__-:....---'~~---""""-

6Z

as well and is the smaller the larger RC' Ral and QC and the smaller
R2 are. The standstill condition

2 - k - 2 (1 - k I

Y = t' a k 2 -

t S ( 1y=-, 4
k+- +2

developed into a series yields

.... )

of k one can approximatelarge values

1

(1 - ~)

Equated with the definition of y one obtains

For not too

ta
y=-

4

(Re + Ra1 ( 1 + I Re/R2')2 ) Qc
2

AZ
t'a.-4 , 1

(1 - .~ )

or, with the

definition of k:

t- Re Qe
2

+ Ra 1 ( 1 + I Re/R2 I ) 2 Qc
2

... +t a A Z

From RC Qc2 = R
2

Q2
2 for the moment of airflow standstill in airway 3

and

one obtains

(1 + yRe/R2 1)2 Q
e

2 = Qa1
2

1 2 2 12 RC Qe + Ra1 Qa1 2 T ("a A Z

and consequently

The. air quantities Qc and 'Qal are unknown. A safe assumption is to
substitute for QC and Qa1 the total air quantity

Q
t

a Q
n1

+ Qn2 + Qn3
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which normally·flows through the three parallel airways. Under this
assumption no danger of airflow reversal in airway 3 exists when

(+ RC + Ra1 ) (Qn1 + Qn2 + Qn })2 >+ t'a l.Z

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, while passing through the fire, does not change.
Neglect of kinetic energy changes have, under ordinary ventilation
conditions on the derived relations the same effect as an error of
up to 3 ft. in the assumption of 6 Z. If the mass flow of the air
passing through the fire is increased by f % , one has to mUltiply·
the resistance of the airways behind the fire by a factor (1 + [/100)2
Since the size of f is disputed, it is suggest~d this factor be
dropped as an additional safety. The assumption of a constant spe­
cific. wei~ht in the airways can be met by determining these specific
weights from the average temperature

T J T dL
m'" L

The committee condenses its findings into two sets of simple
rules. The first set is easier to apply and has a very high built-in
safety factor. If its application shows instabilities, a check
should be made with the second set of rules. If the instability is
confirmed, an accurate calculation, using a computer is recommended.

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

. 6'aAZ
PLn2 > 4

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

> (a6Z
4

This formula follows from the above derived expression

With
PLn 3 - PLnC = PLn2 ~ PLn1

or

or
1

'-
2

PLn2
=-

2
~

= 2



one obtains
PLnC p
~ + PLn1 ; Ln2

2
. PLn3
+ 2

120

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

2 A Z
Rn1 (Qn1 + Q,n2) >t a~

and no danger of reversal in airway 3 as long as

2 Ii Z
(Rne ·• Rn,) (Q,n1 + Q,n2 + Qn3) > ta~

B) Criteria for airflow reversals developed by BUDRYK

Besides trying to assess the influence of mine fires 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 methods, except for simple networks, can
give only qualitative answers they can be of great importance.
Besides indicating where and in which sequence airflow. standstills
or reversals occur, they can give valuable advice as to how threatened
airways can be stabilized. The practical implications for escape
ways for miners or advance routes for fire fighting teams are ob­
vious.

The best known and widely applied of these methods was developed
in Poland by Budryk. It was recently stUdied by the Commi ttee 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
airway, whose stability is to be investigated or maintained, is the
boundary between the external and internal subnetworks. The external
subnetwork contains all normal pressure sources PR' the internal SUb­
network the fire PI' The path connecting the ai~ay_~t fire over
the intake and return airways with the surface is called main circle,
airways being the part of the main circle are being called branches~
all other airways side branches. As an example, the simple network
used by Hartman (44; fig. 7-10) in his textbook on ventilation has
been 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 main 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 airway,
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 main branches are instable, the side
branches stable. Ascensional and descensional ventilation shall
therefore be discussed separately.

a) Application on ascensional ventilation

The most simple example of a closed ventilation plan,
where a fire in an ascensionally ventilated airway can cause airflow
standstill or reversal, comprises two parallel airways plus pertinent
intake and return airways (fig. 64a). If the fire develops the
natural draft PNf in airway 3, airflow standstill in airway 4 will
occur when

and

If the pressure sources PF and PNf are called PE and PI (fig. 64b),
since they are part of the external or internal subnetworks and if
the resistance of the subnetworks is expressed by

the standstill condition is

Airflow reversal in airway 4 will be avoided for

PE->
PI

it will

PE .-<PI

The means to stabilize airway 4 are consequently to keep PE and RI
as large and PI and RE as small as possible.

With several parallel or overlapping airways and several pres­
sure sources in the external and internal SUbnetworks one has to
modify these relations. Since pressure losses and fan pressures are
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Fig. 63. Transformation of a Ventilation Plan (a) into a Budryk Plan (b)
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energies per unit volume or Dowers per unit volume f10wrate and since
the mesh equations. on which the above stabi1itv crit~r1~ ~re based
are applications of the energy equation, to setting up an ener~y ­
balance suggests itself.

The resistance factor R = PL/Q2 can be considered as a propor­
tionality factor between energy per unit volume (pressure loss) and
volume f10wrate squared, or, with R ~ P

L
* Q/Q3 : p/Q3, . between

power and volume f10wrate cubed. Using the ventilating potential P
one can express the power necessary to provide the f10wrate Q from
point A to point B along an airway with the resistance R and pressure
sources with the individual pressures PF as

«P13 - PA) + l.: pp) Q a P = R Q3

If several air currents qi 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

«PB - PA)~qi +~Ppi qi = P =~Pi =LRi qi
3

Applied to two parallel airways one obtains

«PB - PA)(Q1 + q2) + PF1 q1 + PF2 q2 = R, q1
3

+ R2 q2
3

= P1 + P2

If an airway now is shared by several air currents qi with the total
airflow Qi the required power will depend on the load of the airway
and is

Applied to two parallel airways with a third airway in series (fig.
65b) this is

222
«PA - PB) (q, + q2) + Pp , q, + Pp2 q2 = R1 q, + R2 q2 + R3 Q3 (q, + q2)

= p = P, + P2 + P3

If an equivalent resistance

~Ri Q.2q .
~ .. ~ 1)"

( L qi) 3

and a weighted mean pressure of the pressure sources

LPFi qi
PM = ~ qi
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is introduced, this equation becomes
2

PB - PA + PM - /'~(rqi) ... 0

Applied to the external and internal subnetworks with qE and qI being'
the airquantities qi which enter and leave the sUbnetworks at A and
B one obtains

Airflow standstill is obtained in the critical airway A-B, forming
the border between external and internal sUbnetworks, for PA = PB~

In this case the last two equations again yield, with qE = qI' as
standstill condition

PME ~E
PMI ... ~ I

Since no assumptions concerning the network configuration have been
made, this equation is valid for all networks as long aSPME' PMI'
~Eiand~I have been determined in the indicated way ..

Physically, PME and PMI are the energies per unit volume trans­
ferred by the external and internal pressure sources on qE and qI.

'3<E and 1)?I are the resistances of airways through which, when
exposed to a pressure PME and PMI the air quantities qE and qr ,,-would
flow if all the other airways of the network did not exist.

~ E and'3<I are functions of the network configuration and the air­
way resistances. For the simple case of fig. 64 they coincide with
the resistance factors RE arid RI . Since in this case

qE =l: qE = QE and ~ P
FE

... P
E

one obtains

rPFE qE
PME ... i: qE ... PE

PA - PB + PFE ...~ E QE
2

... PLE ... HE QE
2

or ~ E - HE

AnalogouslY:~I = HI

'3<E and~I are however more difficult to determine if the subnet-
works contain side branches. If for the network shown in fig. 63 the
standstill conditions for airway 2-6 shall be determined (fig. 66a),
one obtains again for the external SUbnetwork

PME ... PEt f6( E ... HE = R1 + R9
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For the internal,subnetwork is

~I=

PL7 + PL10 + PL8

q7,82

~I =

The air quantity q ,which is the air quantity in the airways 7 and
8.when the internal su~net~'Tork i~ ghort c-1 Y"cu"t t.--" at A and B, has
to be calculated by an ordinary network calculation. This is al­
ready unpleasant for little networks like the one under consideration.
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 little sense in using them as auxiliary tools for
the manual Budryk method. This is very true, but the Budryk method,
although it has the capability, is little used for quantitative
predictions. Its real value and importance is that it gives rela­
tively simple and logical rules as how to stahilize certain airways
in case of a fire.

Before these rules are discussed it will be shown how '~E and
~ .

I can be changed. Both are functions which depend on the resistance
of the main branches as well as on the airflow through these main
branches. Simplified: 'O<E and"iR1 become the larger for given pressure
sources PME or PMI the smaller the air quantities qE and qI' 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 1<R 1 has been calculated
(fig. 66b) for the internal subnetwork of fig. 66a.

PI PI Q10
2

Q 2 == Q10 2 QI2
I '

""

1
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Fig. 68. D&.rivation of Budryk Criteria for Descensional Ventilation (23)
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It can be seen that the numerators in this expression con­
tain only resistances of the main branches whereas the denominator
contains the resistance of a side branch. The same result would
be obtained for subnetworks of any size. A prerequisite, however,
is that the airflow 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
sugnetworks can exist. It is difficult to predict how resistance
changes in such bridges effect '3<E or &1 except for the case that
sU9h bridges are a· dominant part of one of the subnetworks. One
should, therefore, not use such bridges for stabilizing measures
but should watch them carefully in case of a fire and, if neces­
sary, seal them.

1) Means for stabilizing an airway

According to BUdryk's equation for air standstill

..
the stability of an airway against airflow reversals can be in­
creased by increasing ~ 1 and PME or by decreasing I~ E and PM1 •
For the following discussion of ~nese choices, a simple example
(fig. 67) shall be chosen (120).

Increase of ~ I .

The optimal method to increase ~I is to install a regulator
R in the airway at fire. Besides increasing '3< I such a regulator
reduces the air supply of the fire and, with the conventional
axialflow fans, increases the fan pressure and therefore PME'

Regulators between a 1-a2, a2-a3 , 8 3-A would increase ~1 too
and consequently have a beneficial effect on the stability of
airway A-B. They would, however, reduce the stability of the
internal side branches located between regulators and p .

I
Regulators in those internal side branches, where the airflow
still maintains its original direction, will increase ~I' They
will, however, increase the air aupply of the fire too and after
a reversal reduce'3{ 1 and the stabili ty of the ai"rway 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 side branches between the fire
and the location of the planned regulators in the main branches
should be opened or removed. .

Decrease of ~ E

~ E can be reduced by decreasing the resistance of the main
branches and increasing the. resistance of the side branches in the
external sUbnetwork. If the main branches are part of other ventila­
tion systems, as is frequently the case with intake shafts, a reduc­
tion of the air quantity flowing through these main branches to the
other ven tilation sys terns will decrease 'a< E 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 increase should, however, be accompanied by a simultaneous in­
crease in ~I since otherwise the air supply of the fire and the fire
intensity is increased, too.

Decrease of PMI

PMI can be decreased by decreasing the intensity 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 ~ffective way
to .accomplish this is a regulator in the airway at fire, which at
the same time increases ~I ' too. It is a measure which is always
correct as long as the formation of explosive mixtures due to exces­
sive throttling is avoided.

---b) Application on descensional ventilation

As discussed above fires in.descensionally ventilated
airways have a tendency to stop or reverse the airflow in the main
branches of a closed ventilation plan. The side branches remain
stable, although they might be filled with fumes.

The stability criteria are different from those for ascensional
ventilation. If in the example of the simple network shown in fig.
68a the airway r E be kept clean of fumes and is, therefore, made the
boundary between external and internal sUbnetworks, standstill in the
airway at fire results in

2
= (~E + r E) 2 PI rE

PI - r E qE PE qE t - =PE ~E+ r E

The airway is clean as long as

PI
(..

r E
PE /(RE + r E
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After the airflow in the airway at fire has been reversed the airway
A-B is threatened by a standstill or reversal next. With the tprms
used in fig. 68b, airflow standstill in airway A-B results in

PI "" (I(R I + r I)

2 2rr qr = r E qE

PE ... (~E + r E) qE2

rE ~I + rr
a

~E+rE rr

The airway r E is clean as long as

it follows that the stability

it follows that the stability of descen~

Since functions I(R E and 1R r can be deri ved for networks of any
size, the above derived standstill conditions are of general validity.
If more than one pressure source is acting in the SUbnetworks, PE
and PI have to be replaced by PME and PMI.

1) Means for stabilizing an airway

From PMI rE
P

ME
.t... ~E + r E

sionally ventilated airways at fire against airflow standstills or
reversals can be increased by increasing PME and r E or by decreasing
PMI . and t&E· ~ r is n,ot. contained in this inequality but regulators
in the airway at the fire will decrease the fire intensity and con­
sequently PMI'

From PMI
PME

of intake airways to a descensionally ventilated airway at fire
against airflow standstills or reversals can be increased by increas­
ing PME' '3<r and rE and by decreasing PMI' '(}{E and rIo

One sees that the necessary means to avoid airflow standstills
or reversals for descensional ventilation are more or less the same as
those for ascensional ventilation. The only difference is that the
resistances of the side branches r E and rI' separating the external
and,internal subnetworks, now have an influence since standstills or
reversals threaten the main branches.

c) Practical example

The fire at the mine Roche-la-Moli~re has been des­
cribed above (fig. ~5) 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
ficient 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 13< (35).

E
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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 sophisticated. It is beyond the scope
of this report to dwell on all of its aspects. It has only been
tried to present its 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 is incorrect, the solution will necessarily
be in~orrect too.

Several possibilities exist for describing ventilation networks
mathematically and each one has certain advantages and disadvantages.
Unfortunately they are quite frequently not properly used by ventil­
ation engineers. Before discussing computer applications it seems
therefore advisable to give a short characterization of the mathe­
matical descriptions.

Ventilation networks are usually considered to be in a steady
state. This is justified since it takes only a short time until a
new equilibrium is reached or a state, which is for practical pur­
poses close enough to the new equilibrium, is 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. being fUlly developed, they can reach a quasi-steady state.
The same applies to the thermal forces exerted by them on the ventil­
ation, although they too can reach a quasi-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 rapidly so
that inertia forces of the air can be neglected and the response of
the ventilation system can be considered as a sequence of equilibrium
states, to which the steady state mathematical description of the
network applies.

Steady state ventilation networks can mathematically be described
by groups of three different types of equations: resistance equations,
junction equations and mesh equations.
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Resistance equations

The resistance equations

dL P Va 2
4 A 2g

are based on Darcy's equation

through the cross
L is consequently·

G v
A

or. with V = --Q-- =a A

where Va is the average velocity of the air flowing
section A. The headloss in an airway of the length

V 2

h L '"' Jf 4p A 2; dL

h !f ---=p~..... v 2 G2 dL
L '"' 8 g A3

For constant airway dimensions A and P and a constant mass flow this
becomes

and if a mean sq~are specific volume

on this
obtains

. 2 1 f 2v = -- v dL and, based
msq L

mean square volume, a resistance factor Ra is introduced, one
as one possible form of the resistance equation

L P
hL ... f 8 g A3

Under ordinary ventilation conditions without excessive volume
changes, such as caused by fires, the approximation

2 2v r- V
msq"" m

v 1 '"' specific volume at beginning of airway

v 2 :II specific volume at end of airway ..

causes only negligible errors. They amount to less than 1% for
shafts of 3000 ft depth for horizontal airways to even less (41).

In the above equations the headloss has the dimension IIheight
of aircolumn ll

• Many ventilation engineers prefer to express head­
losses in equivalent pressures PLS based on a standard specific
weight ts as p ... h *yo..

LS L <l S •

The massflow is equally expressed by an equivalent volume flow QS
based on the same standard specific weight d"s as Qs = G/ ts .
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Wi th this, the re.sistance equation can be written in another form as

L P
PLS == f . 3

8 g A

If instead of the head10ss the pressure loss PL shall be used, one
obtains from

d~ == f P 2 G
2

dL
g A3

v
8

dPL .. f 8
P v G2 dL

g A3

PL '" f
P

G
2 f v dL

8 g A3

and for constant A, P, and G

If a mean specific volume

and if a mean volume flow
introduced

is used, this becomes

and a resistance R is

'p ,.; f . L P
L 8 g A3

Under ordinary ventilation conditions without excessive volume
changes, the approXimations

v~m
and

1
V ,.,­

,." ,

m rm
2

are frequently used

and the resistance equation, based on pressure losses and volume
flows, is written in the form

f LP y.. Q2. RQ 2
PL == 8 g A3 0 m m m

If the air is considered to be incompressible with the specific
weight t 5 the second form of the resistance equation P

LS
= R

S
Q
s

2

and the third form ·PL == R Qm
2 coinc lde.

Junction equations

The junction equations are based on the law of mass conservation.
The mass flow entering an airway or a junction is equal the mass
flow leaving. This is mathematicall expressed as ~ G = 0
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For incompressible air the mass flow G and the volume fl.Qw Q are
related by a constant (' and from r-G = 0 followsr Q. = O.

If the mass flow is expressed by an equivalent volume flbw with a
cons tant t'S one obtains from ~ G = 0 conseq uently 2: Qs = o.

If air of different specific weights is mixed injunctions, as
well l G = 0 as, according to Amagat' slaw, 1.. Q = 0 holds.

If the air changes its specific weight along an airway, however, only
l: G :> 0 is valid, the volum~ f,low follows r. Q :I 0 The

volume flow entering an airway is not equal the volume flow leaving
and in network calculations, based on volume flow, a sUitable allow­
ance has to be made.

When methane, water vapour, compressed air, combustion products
etc. enter an airway between junctions or when leakage leaves it, a
genuine change of the mass flow takes place. This mass flow change
has to be considered'as being caused by a different airway (e.g.
compressed air pipes) joining the airway under consideration or branch­
ing off from it.

As long as only one quantity G per airway is used to des cribe
the mass flow, the equation ~ G = 0 is in every airway auto­
matically satisfied and has to be applied to junctions only, hence
the name.

Mesh equations

The mesh equations are based on the energy equation, which in
the form

dV 2a
v dp +~ + dZ + dhL - dhF • 0

applied to a mesh pr loop results in

f v dp +f dhL - f dhF = 0 or

~ hL - ~ hF - hN = 0

If the heads are converted into equivalent pressures by mUltiplying
them with a constant standard density ts one obtains

2: PLS - ~ PFS - PNS = 0

From the energy equation in the form

dp + -&- dVa
2

+tdZ +t'dhL - t dh
F

= 0

one obtains, applied to a loop, with the close approximation

f L dV 2 :z 0
2g a
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orf~dZ + fr- dh
L - f6dhF ... 0

~ PL - L PF - PH ... 0

If the air is considered to be incompressible ( t = -;- = constant)
one obtains

f v dp = - h
N

= 0 and ft'dZ = - PN ... 0 and wi th the assumption of t"S ... 6'

and PFS = ~F

Summing up, the .three types of equations, describing a vent.ilation
network, resistance-, junction- and mesh equations, can be written
in different forms. If energies are expressed as heads in heights
of air columns and airflows in unit weights they read

h = R G2
L G

r G == 0

i: hL - ~hF - ~ ",-0

. If energies are expressed as pressure heads and airflows in unit
volumes based on standard densities they can be written as

2
PLS '" Rs Qs

lQs '" 0

2. P LS :- ~ PFS - PHS :z 0

If energies are expressed as pressures and airflows in unit volumes,
they can be written as

PL '" R ~2

!.Q=O

r PL - ~PF - PN = 0

The resistance factors in these equations are

2

2·L P
RG '" f v8 g A3 msq

R f
I.P 3

S = 'II'- V
8 g A3 0 S msq

R ... f L P 1
6 g A3 vm

All three possibilities for describing a ventilation network
mathematically have the same justification, all three give the same
results in network calculations and all three are used by ventila­
tion engineers. By far the most popular one is the third possibility;
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the second is preferred where larger density changes occur; the
first one is little used since ventilation engineers seem to dis­
like to work with heads and mass flows. Unfortunately, quite fre­
quently the second and third possibility are blended in an uncorrect
manner.

In applying the third possibility it must be borne in mind that
LQ a 0 is valid for junctions only and that Q can change within

an airway even when no changes in the mass flow take place.~he

specific properties of PN (chapter IV.B.a.) have to be taken into
account too. - ,

If the ventilation network contains
Nb airways
Nj junctions
Nm independent meshes
the network is described by 2 Nbequations:
Nb resistance equations
Nj - 1 junction equations
Nm = Nb - Nj + 1 mesh equations

D) Analog .computers

a) Present use

Since half of the equations describing a ventilation
network, the resistance equations, are square equations, direct
analytical methods can be employed usefully to networks comprising
airways in series and parallel only. Airways in series share all
the same air quantities, airways in parallel all the same head or
pressure losses. Insertion of square equations into other square
equations is thus avoided.

For other more complicated networks approximation methods
have been developed. However, they require so much work that
ventilation engineers in the early 1940'~ began to develop special
analog computers and, after they became available in the mid-1950's,
started to use electronic digital computers for ventilation network
calculations.

Analog computers are physical models and it is not surprising
that flowmodels, working either with water or compressed air have
been used for ventilation 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 is
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 satisfied in electrical networks. Difficulties arise
with the square resistance e~uation, which has to be simulated by
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Voc R 12 (R = airway resistance). These difficulties are
overcome in different ways.

The simplest electric analog computers use linear variable
resistors as airway simulators, whose ohmic resistances ~ are
manually made proportional the product R I. ~e voltage drop
across such a resistor is then V = ~ IocR I 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 v~lues 10 and. sets the resistors on initial

2· ,
values S'0 oc. H 10 • The actual flowing currents II are then
measured, the resistances adjusted to improved settings ~1
{which could for instance be ~ -1L. ( I + I )) and the 'procedure
.. £>1 20 1
1s repeated until further adjustment no longer effects any signifi­
cant changes in I. Analo~ computers of this type were introduced
in Great Britain in 1952 and are in use in most mining countries.
Their advantage is their low price, their disadvantage the con­
siderable amount of manual work necessary for the adjustment of
the resistors. In Belgium and France (97) electrical ancillaries
were developed, which allow the iterative 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 disadvantage 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. In the USA an attempt was made to overcome these diffi­
culties with low voltage tungsten filament lamps, "Fluistors,"
and analog computers using these Fluistors are known as "fluid
network analyzers."(78)

The fact that Fluistors, although built in a progressive
series 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, their exponent n = 1.85 instead
of the wanted 2 in the voltage - current function V = C In, and
their comparatively high price led to the design of two different
types of analog computers. One type, built in the fifties in
Germany and Russia and since discontinued, uses for every airway
simulation an electro-mechanical element called a servomultiolica­
tor, which sets an electrical resistor with the help of a servo­
motor on the product J c<. R I (39). The other type, built since the
late fifties in France, Germany and Japan uses as airway simula­
tions electronic function generators, 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 square equations, every improvement in computing and handling
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speed makes it harder to find enough work for them, except at cen­
tral research and consulting offices.

b) Simulation of mine fires

Mine fires can influence the airflow distribution in
a mine in different ways:
through physical changes of airways;
through the additional mass flow of the combusion products;
through air dentisy changes, whieh in turn effect volume flow and
airway resistance changes and create natural drafts.

1) Airway- and mass flow chan~es

Physical changes of airways can be caused by rockfall,
damaged ventilation doors, regulators and other ventilation equipment.
The possibility of changes of this type depends very much on the
local circumstances and defies a general discussion. They can be
reduced by fireproof 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 th~s acting like valves, some of the electromechanical
and electronical analog computers even prOVide special 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 2 , 0.5% CO, 16% O2 ,
78.5% N2 shall be assumed for oxygen rich timber fires (106) and of
19% C02, 7% CO, 3% H2' 1% 02, 70% N2 for fuel rich timber fires (104).
The calculation 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 Markovic (7) in their experiments measured
8 - 10% mass flow increases, Voskobojnikov (131) 5 - 11%, the Com­
mitte on Mine Ventilation of the ECSC (35) recommends, depending on
fire extension and intensity, 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.

Air density changes occur, contrary to physical airway changes,
without delay after a fire starts. They are, at least during the
first stage of the fire and. frequently during its whole duration, the
main source of ventilation disturbances. Their proper consideration
in fire emergency plans is therefore very important, since emergency
plans try to take the surprise out 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
air than by temperature changes.
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2) Volume flow and resistance changes

Volume flow changes, if they are caused by density
changes, have to be taken into account only in the third of the
three discussed possibilities to describe networks mathematically.
The other two possibilities are based on mass flows. In analog
computers volume flow changes can, in the same way as mass flow
changes, be simulated by a separate path connecting the point where
the changes occur with the surface and adding to or SUbtracting
from the flow. .

If the volume flow changes steadily along an airway it is
usually simulated by a mean flow

Qm = + f Q dL 1:1 + G f v dL -= G vm

in order to keep the number of feed- and draw points and airway sim­
ulationsin tolerable limits. This method requires one feed- and
one draw point per airway. If the volume flow changes are caused
by temperature changes, the equation of state delivers v/T = con­
stant and vm can be determined from

v =~ --!..... f T dL ...~ __1_ rT dL
m T

1
L T2 L

An expression for + fT dL for steady state heat exchange be­
tween air and airway· walls has been derived in chapter III. A.

Another frequently used method is to simulate the influence
of density changes on volume flow and resistance factors simultan~­

ously. This method requires only one feed point or draw point per
airway at either its beginning or end. With the SUbscripts 1 and 2
denoting beginning and end of the airway, the pressure loss in the
airway is

P 1:1 f
L P 1 Q 2 f

L P 1 Q 2 .3!L.- =
L 8 A3 v m 8 g A3 v 1

1 v 1g m

1 Q 2
vm R Q 2 Q 2

vm Q 2
v

L P
• R1 "" R2

--!L
1:1 f ,..

8 g A3 v
2 2. v

2
m m 1 v

1
2 v

2

The volume flow in the airway which receives from its starting
tion the quantity Ql can either at its end or at its beginning
changed to Q2. In the first case the resistance factor has to
equal

junc­
be
be made

L P v m
R = f --

8 g A3 v 1
2

would have with air

R = R. 1

or, if R~ is the resistance factor the airway

of the specific volume vl
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In the second case the resistance factor has to be made equal

R = f L P

8 g A3

Ir the volume flow changes are caused by temperature changes, the
factors

_V m and
Tmcan be replaced by ---­
T,

The method just described is the one used by Voskobojnikov (131)
in deriving equivalent resistance factors (chapter IV. A.). The
Coromi ttee on Mine Ventilation of the ECSC (35) suggests its .use,
too, and recommends in emergency plans an assumption for as.cension­
ally ventilated airways at fire Tm being twice the ordinary temper-
ature since with this value the greatest disturbances occur (chapter
VI. A..b . ) .

The influence of density changes on the 3 different resistan~e

factors, which can be used for network calculations, is obvious from
their definitions.

L PR' = f -=-=--~

G 8 g A3
2

v
msq

L P 3 2
R

S
f

8 g A3 t s vmsq

R ::II f L P 1

8 g A3 v
m

If the density changes are caused by temperature changes the equation
of state yields, with v = constant.

if

2
v 2 1 f T

2 (....:l)2 2
v = (_1)

L
dL = (T~Sq)msq T, T,

v, 1 f v1
Tv ",,-- T dL m

T1m T1 L m

Expressions for Tm and Tmsq
2 have been derived for steady state heat

exchange between ai~~ay 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 mechanical energy and that they can
originate only in loops of the ventilation network. The mechanical
energy provided bv natural drafts, eXQressed per unit weight of air
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-

circulating in tne loop under consideration, is

of the unit weight it is
1

("S

~ = - f v dp

Per equivalent volume

PNS = - 6S f v dp

and per unit volume of the air circulating in the loop under
consideration it is

PN "" - f &'"" dZ

Like fan pressures or heads, natural drafts are simulated by power
sources in electric analog computers. In flow models they could be
simulated by pumps or compressors, but no such simulation has been
reported.

Ventilation networks contain Nm = Nb - Nj + 1 independent meshes
and their complete mathematical description must contain Nm mesh
equations. They are, for the three discussed possibilities to des­
cribe networks

r hL - t= hF - ~ = 0

r PLS ,- 2: P FS - PNS "" 0

~ PL - 2: PF - PH = 0

If the ventilation networks are simulated by analog computers, there
is no difficulty in assigning head- or pressure losses and fanheads
or fanpressures to the pertinent airways. There is however no fixed
location for natural ventilation heads or pressures in a mesh. All
the information the mesh equations provide is about their magnitude,
not the location.

In simulating natural ventilation heads or pressures in analog
computers therefore only one condition has to be met: that the mes~
equations be satisfied. There is no rule on where to olace the power
sources, which represent the natural ventilation heads or pressures.

As an example, fig. 69 a shows the simplified ,isometric ventila­
tion plan of a smaller potash mine (40).· The natural ventilation
heads PNS (mm WG) are indicated for everyone of the seven indepen­
dent mesnes. Fig. 69 band c show two extreme possibilities 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 give the same results in a-network calculation.

The work of finding out how many independent meshes a network
contains and how many mesh equations have to be satisfied is tedious.
Many ventilation engineers therefore consider every non-horizontal
airway as part of an imaginary mesh closed by a corresponding ver­
tical airway, which all meshes have in common, and by connecting
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pressure is

horizontal airways. The common corresponding vertical airway can
either be one or the intake shafts or an imaginary air column of
defined properties, preferably of a constant specific weight or
temperature. Since the natural ventilation head can be approximated
by

hN =·-fv dp x + f T dZ
m

and the natural ventilation

PN = - f t" dZ

the temperature or density chan~es in the connecting horizontal air­
ways are without influence on the size of hN or PN and do not have
to be considered. These horizontal connections do not even have to
exist.

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 fig. 69 a with fig. 69 d shows that the mesh
equations are satisfied.

The comple~ simulation of all natural ventilation heads or
pressures in an electric analog computer requires at least as many
power sources as the ventilation network has independent meshes.
Since most analog computers don't provide this many power sources,
ventilation engineers usually follow two different practices in
their treatment of natural drafts. One practice is 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 natu~al ventilation heads or
pressures by modifying the airway resistances. This latter method
is the more popular one since the measurement of airway resistances
can be accompanied by such large errors that many ventilation engi­
neers prefer to check the accuracy of their results by performing
a network calculation with the measured resistances. The agreement
between the measured and the computer indicated airflow distribution
serves as the criterion for the quality of the measurements. If dis­
agreements exist they are removed by checking and varying the measured
resistances .

. Both methods have serious handicaps. 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, if, as is frequently the case in emer~ency plans, re­
ductions in fanheads or pressures or even fan failures 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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Fig. 69. Different Ways of Simulating Natural Drafts

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 obtained, when in network calculations
all the natural ventilation. heads except for the one of PNS = 35 rom
WG in mesh A-B-D-F-G-L-N-A are neglected wi th the airflows obtained
when all natural ventilation heads have been considered. It must
be admitted that this is a malignant example since the airway D-E
contains a cooling plant. As long as the powerful fan with PFS =
315 mm WG operates, the discrepancies don't seem to be too large,
except for airway E-F. When, however, the fan is stopped the
neglect of the small natural ventilation heads in the underground
meshes precludes useful results (40).

4) Simulation of natural drafts caused by fires

All one has to do in simulating the additional natural draft
caused by fires is to calculate for those meshes, where the fire
has caused density changes, the new natural ventilation heads or
pressures and to incorporate them in network calculations. 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 airways)
and to simulate the additional natural drafts in these meshes by
one additional power source per mesh, located".in the non-horizontal
airway.

Since natural drafts generated by a fire will change the airflow
distribution, an iterative method of successive density and natural
draft pre calculations and ventilation 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 ne~worK ca~cu~a~lons

are based on pressures, the particular nature of PN (chapter IV.B.a.)
has to be considered too. In order to keep the work for the design
of fire emergency plans in tolerable limits, ventilation engineers
are usually content to find, with the help of their network calcu­
lations, the largest noss1ble ventilation disturbances which could be
caused by a fire. The Committee on Mine Ventilation of the ECSC (35)
suggests therefore that an additional natural ventilation head or
pressure based on twice the ordinary air temperatures in this airway
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
investigating the danger of airflow reversals in descensionally
ventilated airways is 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.)

PN "" o. 13 3 Do Z (t - t )
m a

c) Future prospects of analog computer appli"cation

Analog computers have been proven to be very valuable
tools for performing ventilation network calculations. The majority
of them do not, however, allow the complete simulation of all mesh -
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Table 19. Relative Results Obtained by N.etv.ork Calculations wi th:,Neg';

leotion of Natural Drafts (40)

Airflo~ Ratio (%)
Airway Fan Operating Fan Sto'pJ:led

A - B 99.9 99.3
B - C 98.8 98.2
B - D 103.6 155.9
C - D 96.4 76.9
D - E' . 104.4 18103
D - F . 96.1 7"5.7
E - F 164.5 -39.7
F - G 10}.9 . 150.5
c - H 99.8 95.4
E - I 94.5 70.4
H - I 96.) 70.4
I - G 93.3 61.4
H - K 103.6 148.3
I - K 97.2 78.4
G - L 99.4 95.4
K - L 100.3 10:5 .1
L - N 99.9 99.3

Table 20a., Junction Temperatures and Elevations of Mine

Shown in Fig. 10

Junction Temperature' Elevation Junction Temperature Elevation
No of ft No of ft

1 50.0 + 114 38 80.1 -2473
2 66.4 -2462 40 85.6 -2786

16 86.3 -2245 41 82.7 -2185
17 76.5 -2462 42 81.2 -2452
18 64.4 -2463 43 79.2 -2463
21 73~7 -2462 44 75.8 -2466
22 82.2 -1938 45 68.5 -2467
23 80.1 . -2787 46 77.2 -2787
24 78.0 -2785 47 87.3 -2247
25 77.6 -2785 48 ' 68.2 -2465
26 84.5 -2465 52 66.6 -2465
27 82.6 . -1942 54 66.2 -2235
28 85~ 1 -2467 56 80.1 . -2240
35 79.5 -2238 51 19.2 -1943
36 79.3 -2235 58 64.9 + 88
37 66.1 -2466 59 7902 -2239
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equations and their network simulation is therefore 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 fires, with the necessary calculations of mass
flow and density changes, the subsequent introduction of new conduc-
tors and power sourc.es ana the adjustment or a1rway resistances calls
for so much additional work, that most ventilation engineers are
content to detect the maximal ventilation disturbances.

It seems in principle not to be too difficult to develon analog
computers, which are better suited for the simulation of mine fires
and which would not require any manual calculations. Their chances
to compete economically with the electronic digital computers seem,
however, to be extremely slim.

E) Digital computers

a) EXisting programs for ventilation network calculations

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 c'omputers, each at apurchaslng price of between
$50,000 and $100,000 were used in West Germany alone. Their high
cost induced European ventilation engineers immediately to test the
usefulness of electronic digital computers, once the latter appeared
on the market. The first ventilation 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
straightforward 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 flowrates, it is usually re­
ferred to as "the Cross method ll

• Its description can be omitted
since it is contained in nearly all earlier papers on the use of
digital computers for ventilation network calculations.

It became soon obvious 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 iteration methods were
tried (73) the programs which finally emerged in West Germany in
1960 we~e based on the Cross method with the loop selection done by
the computer in 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 to include for accurate
calculations the natural ventilation heads in every loop and to have
the computers calculate these heads from information on temperature and
elevation of every Junction (41, 30). Since then, ventilation net­
work calculations with these programs have become routine for most
German ventilation 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 th~ Cross method, which sacrifice spe~d for considerable
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savings in storage requirements. Programs for ventilation network
calculations for many years have been included in the program li­
braries of computer manufacturers and were freely issued to inter­
ested engineers in other countries. It has been reported (14l) that
in 1969 of the total of 28 West German coal mining companies 18
conducted their ventilation network calculations with the help of
digital computers.

A computer program designed by French ventilation engineers in
1961 (25) is based on the Cross method, too. They report (l13) that
this program could 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 detail. It is
similar to Cross' method of successive apprOXimation by balancing
flowrates (28). In this less known method, to every airway is in­
itially assigned such a pressure loss that the mesh equations are
satisfied. The airflow calculated from the resistance equation
PL ~ R Q2 will ~hen not satisfy the junction equations L Q" D o.
From the deviation obtained for a particular junction a pressure
loss correction6PL for all airways sharing this junction is derived,
which for the simple case of airways without fans would be (76).

2 ! Qi 2 l sien ( Qi) ~ I :~il
b. PL = - ..

~~ L 1
PLi ~ Ri \PLi\ I

The two squareroots make the calculation of~PL and, therefore, the
whole method slow and for this reason it is not much favored.

The new CERCHAR program assigns a ventilation potential P to
every junction and satisfies in this way the mesh equations. If a
junction a has the potential Po and is connected by n airways with
n junctions having the potentials PI' P2' ..•. Pn , the sum of all.
air quantities entering and leaVing this junction is a function of
Po and can be calculated from

=
~ Po - Pi
L"fy=R=(P=i=-=P=O~)I

For one and only one value of Po a Poe one will obtain·~ Q = 0
. Poe

and satisfy the junctlon equation. To avoid the correction of Po with
the above given expression for t:.. PL, which is slow to handle, ~ Q

L Po
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is considered to be a linear function of PO. An improved value Po
can then be obtained from

The advantage of this program is seen in less st~rage requirements
than other programs have. A network of 380 branches with 255 junc~

tions requires only 6000;addresses. A disadvanta~e is a longer com­
puting time and a less convenient preparation of the input data.

Russian ventilation engineers are using the Cross method also
(1). Other iteration methods are tried, however, (34, 130). It is
claimed that several of them (34) have a better convergence than
the Cross method when the latter is not supported by a convergence
accelerating loop selection. They require estimated values for the
airflow distribution, which are not too distant from the real values.
If they are not available, a preliminary network calculation based
on linear relations between head- or pressure losses and air quanti­
ties is recommended.

Although the Cross method was, in 1951 in Great Britain (109),
modified for its application to mine ventilation networks and con­
vergence criteria were established, little work on computer programs
for network calculations became known. In 1964 a program which
still 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 National Coal Board issued
a manual for the users of their computer servilces (88) describing
the then introduced standaro. program I"or ven't~latlon network calcu­
lations. It is, except for the or~anization of input and output
which must accommodate the local conditions, very similar to the
programs used in West Germany and to the program used at Michigan
Technological University, which is later described in more detail.

JUdging from the literature, Japanese ventilation engineers
started to conduct network calculations with digital computers in
1961 (47) and several programs have since b.een 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 it 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 air, water eva­
poration and seasonal surface temperature changes.

In .the USA considerable work was devoted to the design of ven­
tilation network programs by the Department of Mining, Pennsylvania
S_tate University. A first program (46) designed to prove the use~
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fu1ness of digital computers. was described in 1963. An improved
version of this program (126), allowing the inclusion of fan charac­
teristics as second order polynomials was discussed in 1964. Both
programs still reqUire that the assembly of the meshes ~nd 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 initial 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 airways with high resistance factors but also
airways with fans are made to appear in as few meshes as possible.
Natural ventilation pressures can be included as constant pressure
sources in non-horizontal airways. Fan characteristics 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' immediately 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 sources and 3 fans on an IBM 7074 computer in
264 seconds is described, which required 154 iterations.

A new version of the program was describedirt 1970 (138) .. Its
main difference is the introduction of so called fixed quantity air­
ways, which do not follow a parabola PL • R Q2 but the function Q =
constant. The assumption of such airways is a valuable planning
aid and was always a feature in larger analog computers (9,39,124).
Consequently, they were provided in most programs aimed at replacing
analog by digital computers too (30,76).

iThe Department of Mining Engineering, Virginia Polytechnic In­
stitute, in 1968 pUblished a program for ventilation network calcu­
lations under the name VPI-OCR-Ventsim Program (16). It is based on
the Cross method also and prOVides several possibilities not contained
in other programs, such as calculation of friction factors, regula­
tor dimensions, fan speed and blade positions for a minimum horse­
power. The mesh assembly is, however, done in a unique way, whose
quality is 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 airways
remaining, undup1icated, constitute a loop. To support this pro­
cedure the input data for the airways must be entered in an order
which indicates these paths, otherwise "detrimental over1ao" can
occur with the result that the junction equations for certain junc­
tions are violated. It can happen that an airway is not inc'luded
in a loop in which aase a warning message is printed out and the
user has to decide whether this airway should or should not have
been included.

Apart from the inconvenience of: helping the computer to trace
paths by suggesting them manually, this method of mesh assembly
seems to have serious deficiencies. For a network calculation mesh
eq~ations for all independent meshes which exist in the ne~work and
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whose number is Nm = Nb - Nj + 1 have to be used, otherwise the
mathematical description of the network is incomplete and a solu­
tion is impossible. The fact that each airway is included in at
least one loop does not guarantee that all independent mesh equations
have been established. The fact that airways are not included in
loops always indicates that the mathematical description of the net-
work' is incomplete and one should not proceed with the calcula-
tion. The possibility 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 this 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 this isa type of network calcula­
tion very often ~sed in coal mines, it is not capable of determining
airflow distributions. They are prescribed and enforced with
regulators.

Michigan Technological University has used, since 1967, a pro­
gram which is based on the programs of German ventilation engineers
and, as mentioned above, is very similar to the standard program of
the British NCB issued in 1967. Because it did not constitute a
genuine 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 written to suit Michigan Tech needs and facilities. 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 author feels, however, that the Michigan Tech
program offers certain advantages, which make it 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 airways,. fixed quantity airways, cons tant
pressure fans, and fans operating on a characteristic described by
a polynomial. Besides 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 is poor, new primary branches are calculated with values
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for Q, which have been obt:ained by the computer in the meantime.
Fans are made secondary branches and there is no li~itation in their
number. The necessary number of iterations rarely exceed.s 10 - 20,
even in large networks.

is for this plirpose approximated by (30,88)1 T dZ

n 2" (T s

The natural ventilation heads can be calculated by the computer
from information- on temperature and elevation of every junction.
The formula

ts
PNS "" -T­

m

where n = number of airways in loop

T ,Z = temperature and elevation of starting junction of air­
s s

ways in loop

Tf,Zf "" temperature and elevation of finishing junttion of air-

• ways in loop

This approximation assumes a linear change of temperature with
elevation. If this is not the case, intermediate junctions can be
introduced. Network calculations can be performed with and without
consideration of the natural ventilation heads by the computer. If
preferred, the natural ventilation can be simulated by fictitious fans
in non-horizontal airw~ys, 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 engineer 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 if the input data are complete and, as fat 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, in order to keep a log ,of
what has been done, prints these changes together with the results
of the network calculation out.

If only the order of magnitUde or tendencies of the results are
of interest, the network calculation can be performed without con­
sideration of natural ventilation head~ or fan characteristics to
increase the speed. Fan characteristics, once read into the computer,
ate stored and not erased if momentarily not used. This facilitates
the comparison of different fans for a certain ventilation job.

All fixed quantity airways can be converted into regUlar airways
with the resistance they had in the last network calculation. This
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Table 2Gb. Network Calculation for the Mine Shown in Fig. 7G I .Both Fans Working

r·:EGULAR AIRWAYS

AIRwAY FROM
..... 7 ...5 2.

PRESSURE LOSS
._. 3 ...7.62 ~

0.3~3
0.397
0.448

..... 0.0.12 _ __" __ .
0.088
0.934
0.512
0.• 003 .
0.399
0.217
2.588

...0.• 7.86
3.960
0.143
0.800

.2. Q 9.4
2.992
1.123
0.001
0 •.313 ..
0.084

/1.149
0.094

.0 ...1.19. ._ ...
0.312
0.312
0.324

. ·.o~.if6
0.485
1.436
1.247
7. •.2.4.5 .
5.225
0.778
O.OOg
0 •..193
0.936
1'.007
0.042

.0 • .96.8
0.9AB
0.320
0.320

. . 0 .•. 088
11.482

7.905
1.843

PRESSURE LUSS
. 6_.0.22,_.... .... _, __ . .

TO TYPE RESISTANCE AIRFLCW
58· .. · 0 .O.•.3SS._._·--... .32.3..1-l8.
57 I) O.ll72 233695.
56 0 0.854 68139.
52 a 0.156 16947q.
~L ... 0 ... .. 0.048_ .....__ ... ..A9325 •.

46 0 0.360 49325.
54 0 1.06~ 93599.
59 0 1.260 63759.
59 0 1..385 __ .!f3.80 •.
56 a 3.630' 33168.
1R 0 2.400 30053.
47 0 18.360 37?4R.
16._ IL 5 • 5. 7.2._ 3.15.4.8 •.
17 0 4.324 95698.
18 0 0.479 124535.
21 a 2.307 58891.
22. .. 0., 18.8.8. Z33... ., .3..982.
22 0 9.923 54909.
27 0 3.239 58891.
27 0 4.000 1292.
260 .3.• 712........ , 2..8 825 .•
28 0 1.108 27533.
28 0 474.065 4924.
2~ 0 0.B21 3374B.
24 .0 .. .. , 1 •.43J.__..__..__ . 2.8.825....
23 0 124.385 5005.
23 U ?500 23819.

4 0 3.900 28H25.
., 4A~. '.6. " __ ...2. 041,-=-=~-.:--:.~:~3.2.4:·5.f.

43 0 2.285 46050.
44 0 77.702 . 13~q3.

'57 a 14.000 2QS40.
5 7_ 0.. . __.2.0 • .1.102...... .._ ...6.0 18 3 •
56 0 6.265 91327.
36 0 2.966 51215.
43 a 3.500 5106.

......36 0 4.•.9 3..l. _._... .4- 1,) 1.L2 •.
42 0 4.~65 45278.
41 0 41.490 15576.
41 0 Q.475 29701.

... __ 40.0 ...'. L3.3L5____ ... 2.69.01.
40 0 1234.019 2800.
~8 0 14.500 14851.
38 0 14.500 14851.

....37 .._ ..0 __ _.0 9.2.5_..__ _ .. 29:7.0.1.
58 a 441.000 16136.
56 0 46.882 41063.
48 a 5.450 58150.

----- "FTxT5'-'QUA'NT((Y"-AfR-~rAYS-"- '"

TO TYPE RESISTANCE AIRFLCW
4..8.. ,... .'::.L '" '" ...... ,....43....91J3__..._.~._..., ~. __354.4S.•

F RU":i
57
:;'6
59

1
52

3
4e
?4
47
47
52
16
17
18

1
2

21
21
22
26

4
26
25
46
25
24
24

.2}....
28
44
52
54
27
36
43
42
42 .
41
4tJ
40
38
38
37
37

1
1

52
1 7

AIR~AY

1
2
3
4
5.
6
8
q

. 10
11
12
13

.14
15
16
17

.18
19
20
21

. 22
23
24
25

.. 26
27
28
29
31
32
3S
36

... 37
38
40
41

.42
43
44
45
lib.

47
48
49
5.0
51
52
55

,'...., AJ.RWAY FRO M
61 58
62 18

FANS

T.Q ....TYPI::: .....J:LKS.IL..£R£ S S.L...4.LR E LO W,.
1 1 1 0 .·0 00 :13 q 8 54 •
2 1 4.000 58891.

,
THE.I- D.LL OW.lNG FAN.CHARACI£BJ~T l£..S.,AR.L_Sl.D.RED. __ . .__ ' """" _.. ..

A I RWA Y Q • P Q P Q P
61 100000. 13.10 200000 •. 13.20 2&0000. 12.32

.....62. ... _.... 20QOO. _, ...._..3....6"O~_. .. _._. __4DQ.O'O_... 3.lL.9.L ....... _._ .. 55.00..0.... ... _. .4..._Q_8......_~__
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THE FULLOWING t>1R\OYSHA.VE.J3.t:ENCH.ANGEu ......•

AIRWAY FROM TC TYPE RESISTA~CE AIRFLOW
1 57 58 0 0.032 400000.

_ 2 5657... . O... .._.. _D. 02-±_ .._~ .30QOOO •.

N~W NO OF AIRWAYS ~1 NEW NO OF JUNCTIONS ~2

RE GUlAR.-A tHY/A.Y5.

LOSSAIRWAY
1

.. 2
3
4
5
6
8
9

·10
..11
12
13
14
15
16
17
18
19
20
21
22
.23
24
25
26
27
28
Z9
:>1
.32
35
36
37
38
40
41
42
.43
44
45
46
.47.
48
49
50
51
52
55

FROM
57
56
59

1
52

3
48
54
47
47
52
16
1 7
18

1
2

• 21
2 l
22
26

4
26
25
46
25
24
24
23
2ti
44
52
54
27
36.
43
42
42

.41
46
40
38
38
37
37

1
1

52
1 7

--"

TO TYPE RESISTANCE A1RFLCW
58 0 0.032 3h6334.

.57 0 ..... _... 0.024 26B34q.
56 0 0.854 781~O.
52 0 0 • 156. . 102 1 33 •

3 0 0.048 58960.
46. __ 0 __ .0.• 300.. . .. ~896C •.
54 0 1.066 103705.
59 0 1.200 73090.
59 0 1.3R5 '1050.

{~ g ".- ·'··~':'~6g ~~gH:
47 0 Ifl .•·3f-043072.
160 5.572 43072.
17 04.324 111328.
10 0 0.479 13 0 348.
21 0 2.307 61947.
22 0 1883.233 4l85.
22 0 9.923 57761.
270' :'l- • 239 '6 l'H 7 •.
27 0 4.000 5423.
2~ 0 3.772 34880.
28 0 1.10B 2945A~
28 0 "474.065 5915.
25 0 0.821 407Q5.
24 a 1.437 34880.·

2
2

3
3 0 ... ' .. --l2.45 ••. ".3'

C
k 05.. .6059.o .., 2 A6.21.

~ 0 3.S00 348BO.
44 0 2.04 7 35.3.7?,~.

._43 ...-,_o._ ... _.~__ ...2..21l5_.. _. ..5 L716.
44 0 77.702 16344.
57 0 14.000 30615.
57 0 20.002nB70~

56 ... 0 .._--6.265 .104730.
36 0 2.qA6 586Q7.
43 0 3.500 6981.
36 Q 4.q31 46833.
42 () .. _.4.565 .. _ 53014.
41 0 41.490 18165.
41 a O.47~ 34e~o.
40 0 13.<75 31564.
.40 ..._.0.._:.....1.234...019._. __. . .. 3286 •.
38 0 14.~OC 17425.
38 O. 14.500 17425.
37 () , O.99~ 34t3';1).
58 .. O.. _e._.4.ld.OO.-Q 155'35.
56 0 40.882 47458.
48 0 ; 5.45 C 6'825(' •

...EIXED_.QU.AN I U.Y...AJRwAY S.

PRESSURf.
O.42C:J

.. 0.113
0.521
0.576
0.017
0.125
1.140
0.673
0.004
0.525

·0. 2T6··
:'1.406
1.034
5.359

·0.030
0.885
3.308
3.3lt
1.2'43
0.012

~ O. 4SC:J
O.09h
1.058
0.137
0.175
0.457
0.457
0.474
0.256

.....0.611
2.076
1. 312
9.078
6.1372
1.022
0.017
1.045
1.283
1.36')
0.058
1.3?3
1.333
0.440
0.440
O. 121

10.711"­
10.'5~9
2.539

AIRWAY FROM
7 52

TO TYPE
48 -1

RESISHNCE
6S.071

ATRFLCI­
3544 <;.

PRE.SSURE: LOSS'
8.177

AIRWA'r FROM
.61 58
62 1e

F tiNS

TC ~YPE Cl·NST. PRESS. AIRFLOW
. L .. 1..... _... _..._ ..LQ..O.OQ_. ._3819.LB •..

2 1 4'.·000 6·1047.

rAN PRESSURE
.10.711 .

4.068

i

1

THE FULLOWING FANCHAR~CTE~tSTICS ARE. STeREO
I'A l'R" wAY . (; ~"- ,- ---- -----p- ._,-- .-... -, -' ---f.f------------ p----. --'-' - -----0--·--- --' ---"--p' ."- _.~ .----.~. ··~-i

61 10JJOO. 13.10 200000. 13.20 280000. 12.32 I
62 20000. .3.bU t,.~~~~ •._. _3~:'7 ... __ 5~?UO.~._.... ~...._O." .. _...__..... ..I
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Table 20d. Network Calculation for Reduced Temperatures in Intake Airways

'_.' __ . __-RLGULllR.A 1 R WA y'S

, ,' .. - ..

ELEVATICN
_____ 114.& • .
-2467.. '
-24b?
-24t:~.
",24 66-e- '--"
-7.787-
-2465.

TEMPERATURE
32.00
5Q.30
73.50
5Q.30
58.90. __
73 .00
5A.90

JUIIIO I UN
1
3

17
18
37
'to
52

AIRWAY FRJM
7 52

TO
48

AIRWAY
1
2
3
4
5

__ 6
B
9

10
11
12
13
14
15
16
17
18
J. 9­
20
21
22

-23
24
25
26
27­
28
29
31
32
35
36
37
38
40
41
42
43
44
45
46
47
48
49
50
_51
52
55

FRDM
":J7
56
59

1
52

3
48
54
47
't7
52
10
1.7
18

1
2

21
21­
22
26

4
26
25
46
25
24
24
23
28
44
52
54
27
36
43
42
42
_41
46
40
3F1

_ 38
37
37

1
r

52
17

TO . rVoPl RESIST~NCE AIRFLCW
58 0.032 375730.
57 _ -_.U ._0.024. _275262._
560 u.854 79873.
52 0 0.156 199793.

3 0 0~048 6127~.
4/;J u .D.360:- 61273.
5~ 0 1.066 105d75.
590 1.260 - 745'70.:
59 JJ -1. :',1;5 5303.
56 - .0_. 3.630_ _.. 38875.
13 0 2.400 37271.
47 0 l8.'~O 44179.
16 0 5.572 4417S.
17 __ 0 .4.;24 __ 114605.
18 0 0.479 13985,.
21 0 2.307 62521.
22 0 lSSS.233 4223.
22'__0 _._9.923 58298.
27 0 3.23<; 62":J2L
27 0 4.000 _6642.
26 0 3 • 77 2 3'6 3-6"3 •
28 0 ___ _ 1. 108 29121.
2"8 0- 4Tli.0f>5 6'1'61"
2 5 00.8? 1 42 5'23 :'
24 Q 1.43736363.
23 _.0 ..12.tt. 385 .. ' _ 6323.
23 0 5.500 )0039.

4 0 3.900 36363.
44 0 2.047 ~5SA?~

t-~ -.g--- ---'--7~:~ 61---' rtg~~·:·
57 0 14.000. 31306.
57 0 20.-002 69162.
56. _.0___ ._.6.265 .. _. _..._.1.016.68.
36 0 2.066 60328.
43 0 3.500 7487.
36 0 4.931 47341.
42 .0__ 4 .. 56 ":J.. 54828.
41 0 41.490 18749.
41 O. 0.475 36079.

. 40 0' 13.375 32677.
40 _.0. 1234.01S_.._.3402.
38 0 14.50C 18040.
3 8 0 l.'•• .':; 'J 0 18 0 40 •
-37 0 0.9::l5 36079.
58 Q.. .4ALCJoo._ 1.5446.
56 0 46.882 48~47.
4A 0 5.450 70427.

. £1 XED _QUA1'JJ ITY_..Al F.'r!AYS _-.._._

TYPE PESISTANCE AIRFLOW
-1 69.3 0 1 3544S.

PRESSUPE LOSS
0.452
0.H2
0.545
0.623
a.Olf!
O.13~
1.1 Q5
0.701
0.004
"0.549
0.333
3.<;83
1.088

_5.. 6.79
0.937
0.902
~.367
3,,372
1.266
0.018
0.4°<:;

_0.OS8
1.799
0.14tl
'J.190
0.497
o. l~ 96
0.516
0.264
0.638
2.235
1.372
9.568
7.26.3
1.07 0

0.020
1 .105
1.372
1.459
0.062
1.428
.1.428
0.472
0.472
0.130

10.521
11. 186

2.703

PRESSURE LOSS
8.720

AIRWAY FROM
61 5_8
62 18

-- -·FA-"JS------··· -- .

TO TYPE crNST. PRESS. AIRFLOW FAN PRESSU~E
L_ 1.... ._10.• 00..0 _ __ 3':1 11.75. .10 .• 521
2 1 4.000 62521. 4.067

, THE FOLLOWING FANCHARACTE~ISTICS ARE STORED
l~_. AI R'~AY - a--p .-'--' ."-'. -·-'r·------- ----15-·--------- - ''--0· .. -.. _.p'. ------. --.--

61 1UOOOO. 13.10 2000(\0. 13.20 2.qOOOO~ 12.32
62 20000. 3.60 '10000. 3.97 55000. 4.0tJ

~- -- ---- ------_._._-------_._.~-----
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Table 20e. Network Calculation for ·the Case of a Failure of Both Fans

._' ..__ -0 :. ~",,-:,,~ ' _ :_ ,-,

lHE FOLLOWING t>lRWt>YS' HAVE BEENCH/INGED··. >',

AIR r> AY FR (H~ . - TC, - -H-P. f .'o,---.R.E5. 1ST A1:>..C. S .. -_.U.R Hew _
61 58 1· . ". a 0.010 15000C •.
62 . 18 2. 00.010 15000.

I'-4E W NO OF Al RW AY 5... -.51 ..... _ NUL..NCL,O E_--lUl.\lC..I~OKS 32

REGULAR AIRWA'1S

I
.-J
J
"r

AIR.~AY

1
2
3

_' 4
5
O'
7
B
9

10
11

·-12
13
14
15

-16
17
18
19

-20
21
22
23

.24
25
2.6
£7

.28
29
31
32

-35
36
37
38
40
41
42
43

_44
45
40
47

48
49
50
51

._ 52
55
61
6<:

F RiJ M. .. TC~_!YP_L_._.US 1.5 TANC.L .AlJl.F LCW _ P.RES SURE. .LOS-S.._ .
57 5a':' -0 0.032 145267. 0.06,0,
56 57 .... a 0.024 107 0 69. 0.02,0,
59 56. 0 0.854 31938. 0.087

1 . 52- --_ ..0_. ...:.. 0.1:56... .. B.18 74. . .......0.105
52 3 0 0.048 30b94. .0.005

3 46 0 0.360 30694.·0.034
52 ::48 0 69.390 .1368H..J.300

.48 .. 54. .- 0-- '" .--·1.0.6."- -- 4 06 96. _.. o. 177
54 59.' I) 1.26029655. 0.111
47 . 590 1.3,0,5 22H3.. 0.001
4 7 560 . 3 • 6 3a 155 5'4 • I) • aRfl

·52 18 0 ---.2.4~O-.... __.11083. .0.029
16 47 0 1 B. 360 n 837. 0.584
17 16 0 5.~72 17A37. 0.177

--18 17 0 4.324 44846.. -0.870
1 13 .... 0 __0.41.9._. .. 489R9·. __ ~·.0,,1l5

2 21 0 2.307 15227. 0.053
21 22 0 18Bfl.233 1026. O.IS9
21 22 0 <).923 14201. 0.200
22 27.0 .-' 3.2305.--:...... -'-'-.:1522.7.-._,...:..0 eO 75
26 27 0 4.000 . 11031. 0.049

4 26 0 3.772 tS63U. 0.131
26 28 0 lolO? ,7·599. 0.006
~5 . 28-.. C _. .4_74.065. . _ .. 3089.. 0.452
46 25 0 a.H21· 2.171.9. 0.039
25 24 0 l.l,:n 1863C.' 0.050
2~ 23 0 t2l,.3H5 3243. 0.131

.. - 24..23. . 0. --.. - 5.500 ... .:.1:5387.. . . .. 0.130
23 4 0 I 3.900 18630. 0.135
28 44 0 2.0411068A,. 0.023
44 43 D 2.2~5 1~053. 0.074
52_ .44.. .0. __ ._ .. >- .77 .702... ,. __,.:73 65. . _.. _0.421 .
54 57 0 14.000 11041. 0.171
27 _ 57 0 20.002 26257. 1.379
36 56 0 6.t65 4143~. 1.076

-- 43 36._ .._.o __.~. 2.•,966·__ . ._ 22.8.86. 0 •.155
42 43 0 3.500 4833. O.OOR
42 36 a 4 .931 1 H547. O. 110
41 42 0 4.565 23380. 0.250
~8 -··~t--g _.~. __ 4~: t-i~-_._-- -'-'-1246'~: ..g: 6f6 ...
38 40 0 13.375 13047. 0.228
38 40 0 1234 •.~lS .... __._ ... ~32..~ _ ...__ .__C.~2_~_

- .. 37....._.. 38 U .. ..l.~~.DC______.1Z.o3. ..0.075
37 38 0 14.50C 7203. 0.075

1 37 0 0.995 14405. 0.021
1 580 044'1,.00,0 -.6RR.. -0.021

.. 52 .. 50_ 0 _ .:46 .• 8.82 __.... 190'15. .1•.701
"17 48 05.450 2700g. -J.398
·58 1 0 0.010 144578. 0.021
18 2 0 0.010 15227. 0.000

NE ThO RK CL1f\;TA INS N'O--F-li([, aU tlNTiTY/IYFfWAYS"'--­

NETWURK CONTAI~S NC FANS

... -.' i

I

i AIRWAY Q r Q POP
l .6.1 _.LOO')OO.. 13_.10 .....200.0.00. 13.20 . __ 280000,--.12.3.2

~~~ -_-_-_~_z_.__.._- ._._2_0_~_Q_Q_~_-_-_._3_._~_.c_. 4_0_0_0_0_-_.__._~_.~q_7 55000. _~~_
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is a valuable aid since the conversion is an ,absolute necessity
for emergency plans. The program provides, furthermore, for a
stated number of copies of the output as are usually needed for re­
ports written by the ventilation engineer.

The Michigan Tech program does not contain any provisions for
the determination of airway 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 calc~lations

for a small network comprising 49 airways and 2 fans will be given.
Fig. 70 shows the isometric 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 for the junctions,
from which the natural ventilation heads are determined. This list
is not printed out with every single network calculation, only changes
are printed. Table 20 b shows the results of a'network calculation,
when both fans are working according to their fan characteristic.
and the airways have the indicated resistance factors. For the re­
sults in Table 20 c it has been assumed that the buntons in the ven­
tilation shaft have been removed and the resistance of airways 1 and 2
has consequently decreased. Table 20 d shows how a drop of the sur­
face temperature from 50.0 to 32.0oF and the subsequent temperature
changes in the intake airways effects the ventilation. And· Table 70
e shows the airflow distribution when at this surface temperature
both fans fail. Note that the fixed quantity airway 7 has been con­
verted into a regUlar airway. The 3 points indicated 'for every
stored fan characteristic serve to identify the characteristic
only. The stored number of points is usually 5 - 10 per fan.

b) Simulation of mine fires

All three methods discussed in chapteriVI.C. to describe ven­
tilation networks can be used for ventilation network calculations
with digital 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 is frequently
favored in network calculations with analog computers is not too ad­
vantageous, since it reqUires a consideration of density changes
as well for the volume flows as for the resistance facts. Moreover,
if correctly applied, the calculation of the natural ventilation pres­
sure is not easy since it is considerably influenced by pressure
loss and fan pressures. The compromise between the methods 1 and 3,
method 2, which is 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 suited for digital 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
~ity changes. All of them use pressure and volume flow units and
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only a few (129) contain any special provisions to accommodate the
volume flow changes with air density. The terminology used is gen­
erally that of the 3rd method. As long as the air density changes
are not too large, the errors resulbing 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 influence of mine
fires on ventilation systems are to be investigated. In any case,
there is no reason not to apply correct formulas when their use is
as easy as that of the wrong ones.

2
v msq

L P

Only the second method to describe ventilation networks will be
discussed for fire emergency plans, since the author feels that this
is the best suited method. It uses three types of equations, the
resistance equation

PLs' • RS QS
2

the junction equations

and the mesh equations

l PLS - 'i Pps - PNS "" 0

. ""i th PNS .. - t s f v dp ~
~s
Tm

f T dZ

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 changes has become known so far,
but if they can be described mathematically there is no difficulty
in including them in a network calculation.

Increases in mass flow can be simulated in digital computers in
the same way as in 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 qUite fre­
quently neglected as an additional safety factor has been discussed.

Volume flow changes due to density changes do not have to be
considered since the network description is based on mass flows.

Resistance factors are proportional to the mean square specific
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volwne

2 , f v 2 dLv msq .: -"1"

of the air in the airway under consideration. As discussed iruchapter
D.b.2 the latter can be expressed by

v 2 . . 2
v 2 == (+) -L' JT2 dL = (Tv,) (T ) 2

msq , . . 1 msq

Although a mathematical expression for Tmsq
2 , at least under the

assumption of a steady state heat exchange between air and airway
wall, is easy to derive (chapter III.A.), no computer program with
automatic adjustments of the resistance factor:::; has become known.
T· 2 is either obtained from charts and manually fed into the com­
p~!~r or the increase ~f the resistance factor by fires~ the thrott­
ling effect, is neglected altogether as an additional safety factor.
Frequently, for fires in non-'horizontal airways, the throttling
effect is contained in the data used for the simulation of the
natural draft in this airway.

Almost all newer comouter programs contain provision for con­
sideration of natural drafts but several require that these be
calculated manually and the pertinent program descriptions give no
gUidelines on how to do it. If, as here recommended, the second
method of network description is used, the correct way to calculate
the natural draft is to employ the formula

PNS ~ - l's l v dp

The pre calculation of t, v, and p is cumbersome and possib Ie only
when the pressure distribution in the network is known. Computer
programs, which calculate the natural draft from input data prefer,
therefore, with few exceptions (3, 141), the approximation

ts
T

m
f T dZ

This approximation is especially handy when natural drafts developed
by mine fires are to be considered since it is not too difficult
to make halfway reasonable assumptions on the temperature changes
caused by the fires. Computer programs working with this approxi­
mation found immediate application for fire emergency plans. The
temperatures are obtained from charts as functions of airway 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 practice
th~" p:j.r- accustomed to from the analog computers. Manuallv prepared
charts of heads or pressures developed by fires as functions of the
air 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 9roper~

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 it sensible, a precalcula~

tion of fire properties. That such a superimposed iterative proce­
dure for network calculations and temperature pre calculations shows
a reasonable convergence is proven by the fact that a similar program
for ordinary ventilation conditions needed reportedly (3) only 2 - 3
cycles until a satisfying result was achieved.

c) Concluding 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 their 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 countrie~ to investigate routinely the influence of mine
fires on the ventilation system of mine.s and to work out fire emer­
gency plans. Since they were written for planning purposes under
ordinary ventilation conditions, they need considerable support by
manual calculations for the simulation of fires. The full potential
of digital computers has in this respect not yet been exploited.

It seems possible without excessive work to adjust existing pro­
grams to the simulation of ventilation 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
this adjustment for use of those programs which already contain an
automatic consideration of natural drafts based on temperatures.
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