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ABSTRACT 

The influence of passageway fires on ventilation 
flows was investigated in three horizontal fire tun­
nels: 1. a laboratory-scale fire tunnel network, 
2. a small-scale fire-plume tunnel, and 3. a large­
scale simulated mine gallery. Wood was used in the 
first and third tunnel and qas-burners were used in 
the second one to generate passageway fires. Ex­
perimental measurements included gas mass flow rate, 
velocity, temperature and pressure in the passageways 
and exhaust fans. The overall and local effects of 
the fires were investigated by comparing these meas­
urements obtained before and during the fires. Re­
sults show that a passageway fire essentially increases 
the flow resistances of the passageways of a tunnel 
flow network by virtue of volatile fuel mass injection 
and high combustion temperatures. The ventilation air 
flow rate is consequently throttled to lower values 
than that before the fire. At severe throttling, 
reverse flow occurs. Conditions for reverse flow are 
characterized by two Froude numbers based on gas 
velocity and density upstream of the fire, and height 
of the passageway. The Froude numbers and the char-· 
acteristics of the passageway fire are necessary to 
analyze mine ventilation/fire interaction and to pre­
dict mine ventilation patterns during fires. 

INTRODUCTION 

As a fire develops in a passageway of an under­
ground mine, it interacts with ventilation air flow 
and generates aerodynamic disturbances in the ventila­
tion flow . The interaction and disturbance may lead 
to drastic changes in the ventilation flow pattern, 
such as throttling of air flow and backing up or re­
verse flow of hot gases and smoke from the fire into 
the ventilation air stream. Such effects not only 
complicate fire-fighting procedures but also present 
extreme fire hazards in propagating toxic fumes and 
gases far away from the fire. 

In the present work, the influence of passageway 
fires on ventilation air flows is studied in three 
hori zontal fire tunnels: (1) a laboratory-scal e model 
tunnel network, (2) a small - scal e fire -plume tunnel, 
and (3) a large-scale simulated mine gallery . Gas mass 
flow rate, velocity, temperature, and pressure were 
measured before and during the fires in the passage­
ways of the three tunnels. These measurements were 
used to investigate the flow coupling process among 
the fires, the ventilation flows and the exhaust fans, 
fire throttling effects , and reverse flow phenomena. 
Results suggest ed techniques for predicting changes in 
vent i l ation flow owing to passageway fires . 

* Faculty Member, Department of Mechanical Engineering, 
University of Pittsburgh, Pittsburgh, PA, USA. 
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EXPERIMENT 

Model Tunnel Network 

Schematic layouts of the model fire tunnel network 
and instrumentation are shown in Figs. 1 and 2. De­
tails of the design, instrumentation and operati on of 
the tunnel have been given by Chaiken et a11,2 and 
Lee et a13. Briefly, the tunnel network consisted of 
a 0.3 m x 0.3 m (cross section) x 10 m (length) fire 
duct in parallel with a 0.25 m (diameter) bypass duct. 
The ignition section of the fire duct was lined on 
four walls with 0.3 m (height) x 0.15 m (width) x 
0.03 m (thickness) oak slabs to fonn a 0.99 m long 
wood loading as an ignition source for the wood lining 
in the test section. The test section was lined on 
two side walls and the cei ling with oak slabs of 
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Schemat ic of model tunnel network : 
A. Pl an vi ew of tunnel network. 
B. Vertical cross-section of 

fire duct and side view of 
tunnel network. 
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FIGURE 2. Instrumentation of fire duct in 
tunnel network. 

similar size to form a 6.2 m long fuel lining. The 
ignition and test sections were separated by an in­
sulation gate to ensure thennal and flow isolation of 
the two sections before fire testing of the wood lin­
ing in the test section. 

A typical fire experiment was started by initially 
establishing steady burning of the wood lining in the 
ignition section . During this time period, ventila­
tion air passed through the ignition section into the 
bypass duct. After several minutes of steady burning 
in the ignition section, the ventilation air was 
directed from the ignition section into the test 
section of the fire duct by closing and opening of 
the gates in the two ducts. Through such procedures, 
the wood lining in the test section was exposed to 
the ignition source in a controlled manner. After an 
ignition delay time, flame propagated downstream into 
the test section; subsequently, the entire fire duct 
became fully inflamed. During the fire, ventilation 
air flow rate, fire duct exhaust gas flow rate, and 
gas temperature and pressure of the tunnel network 
were measured. Exhaust fan speeds were kept constant 
as well as varied to study various degrees of fire 
throttling and reverse flow. 

Small-Scale Fire-Plume Tunnel 

A schematic layout of the fire-plume tunnel and 
instrumentation is shown in Fig. 3. Details of the 
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FIGURE 3. Schematic of fire-plume tunnel 
and instrumentation. 

design and operation of the tunnel have been given by 
Wargo4. Briefly, the tunnel was 0.4 m (height) x 
0.3 m (width) x 4.9 m (length) and made of Marinite. 
A fire on the floor was simulated by means of a hot 
gas plume rising from three premixed gas burners 
located below the floor of the tunnel. Gas volumetric 
flow rate and air to gas ratio of the burners could 
be varied to generate a "fire" of various intensities. 
Ventilation air flow rate was controlled by a variable­
speed blower located at the tunnel entrance. By vary­
ing the fire plume intensity and ventilation air vel­
ocity, various degrees of fire throttling and reverse 
flow at steady flow conditions were generated. De­
tails of the stratified reverse flow upstream of the 
fire plume were investigated by means of velocity and 
temperature measurements at nine locations showh in 
Fig. 3. 

Full-Scale Simulated Mine Gallery 

The overall objective of the full-scale mine gal­
lery fire tests** was to investigate the hazards of 
timber-set fires and recorrmend fire· safety guidelines 
to MSHA (Mining Safety and Health Administration) and 
to the mining industry. One of the areas of investi­
gation was the effect of fire throttling on ventila­
tion air flow. 

Figs. 4 and 5 show an overview and a schematic of 
the gallery facility. Details of the gallery con-
struction and operation have been reported by Buckley 
et a15-7. Basically, the gallery was a T-shaped 

FIGURE 4. Photograph of large-scale simulated 
mine gallery. 
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FIGURE 5. Schematic of mine gallery. 

** Performed by Factory Mutual Research Corporation, 
Norwood, Mass., USA. 
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concrete/brick structure with two passageways of 2.4 m 
x 2.4 m (cross section) x 46 m (length). One passage­
way was horizontal and the other one partially sloped 
at a 12.5 degree angle. Various numbers of Douglas 
fir timber sets of 0.15 m x 0.15 m (cross section) x 
2.4 m (length) were positioned on the two side walls 
and ceiling of the test section of the horizontal 
passageway. Number of timber sets used was based on 
a timber loading density a, defined as the exposed 
timber surface area (3 sides) per unit flow area of 
the passageway (excluding the floor). Tests were 
perfonned with a= 20, 40, and 80%. In the ignition 
section of the passagewai, various numbers of 0.051 m 
x 0.051 m (cross section) x 2.4 m (length) Douglas fir 
wood boards were positioned vertically, close to the 
two side walls. One 0.5 MW premixed gas burner on 
each side wall was used to iqnite the wood boards. 
The combination of the wood boards and gas burners 
served as the ignition source for the timber sets 
downstream in the passageway. The ignition source 
intensity could be varied by varying the number of 
wood boards from 8 to 48. Ventilation air velocities 
up to 3 m/s were supplied by a constant-speed"blower 
with adjustible blades. 

In a typical fire test, an initial cold flow air 
velocity was selected and set first. The gas burners 
then ignited the wood boards in the ignition section. 
Subsequently, the timber sets were ignited and fire 
propagated downstream toward the exit of the passage­
way. During the fire, flame spread rate, and gas 
velocity, temperature and composition were measured 
in the five measurement stations indicated in Fig. 5. 

RESULTS AND DISCUSSION 

Model Tunnel Network 

Prior to each fire experiment, cold flow character­
istics of the single fire duct, the parallel fire and 
bypass ducts, and the exhaust fan were established. 
These flow characteristic curves are shown in Fig. 6. 
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FIGURE 6. 

KEY ... -... _ Fa,c,,w 

_JD_ ,-,. ..,., anes 

.......1l!J- -r .. anc1 
bJ'PGSS ClJCI ones 

e • Wood Mftin9 in 
qwta\ sKtion 

A.B;--H Cdd - .......... 
OA--·i Hot ,..,_ cotdtion 

IOO 200 300 400 500 

EXKAUST GAS MASS FUlW RATE ti.., e/1« 

Flow characteristics of tunnel 
network and exhaust fan during 
cold and hot flows. 

To investigate the overal.l effect of the wood fire on 
the tunnel ventilation flow, hot flow characteristic 
curves during the fire were obtained for the single 
and parallel ducts, and the fan. These curves were 
generated by measuring the tunnel exhaust mass flow 
rate and the corresponding fan pressure (or total 
tunnel pressure drop) at various fan speeds after the 
wood fire became fully developed. These hot flow 
characteristic curves together with the cold flow 
curves are shown in Fig. 6. The cold flow character­
istic fan curves were displaced downward during the 
fire owing to the presence of high temperature gas 
at the fan. The cold flow curves of the single fire 
duct and the parallel fire and bypass ducts were 
shifted toward the left during the fire. These re­
sults suggest that the wood fire introduced additional 
overall flow resistances to the tunnel network. The 
development of a fire at a constant fan setting of 52% 
is used to illustrate these results in more detail in 
Fig. 6. Point A in Fig. 6 corresponds to the equilib­
rium cold flow condition between the fire duct and the 
fan at 52% setting. As the burning of the ignition 
section was established, the fire duct exhaust mass 
flow rate decreased along the hot flow 52% fan curve 
to point a'. When the fire became fully developed, 
the fire duct exhaust mass flow rate further decreased 
to point a, which was the equilibrium hot flow con­
dition between the fire duct and the fan. Thus, the 
fire duct exhaust mass flow rate decreased from point 
A to point a as the fire developed. Similar decreases 
in exhaust mass flow rate were obtained for other 
fan speeds, e.g., point E to point e for 40% fan set­
ting as shown in Fig. 6, etc. 

Local effects of the fire that contributed to the 
overall effect on the ventilation flow were investi­
gated by measuring gas mass flow rate, velocity, 
temperatures, and pressure at six stations: l -
entrance to fire duct at room condition, 2 - entrance 
to wood lining in ignition section, 3 - exit of wood 
lining in test section, 4 - conmen exit of fire and 
bypass ducts, 5 - entrance to exhaust fan, and 6 - fan 
exit. Fig. 7 shows the changes in the pressure drops 
of the fire duct from cold flow to hot flow as the 
wood fire developed at a constant fan setting of 52% 
(see also Fig. 6). It is seen that the available 
pressure head generated by the fan 6P65 and the pres­
sure drop downstream between the end of the fire zone 
and the fan entrance 6P35 , remained relatively con­
stant from cold to hot flow as the fire developed. 
Similarly, the avatlable pressure head for the flow 
between the duct entrance and the exit of the fire 
zone 6P1 3 was also relatively unchanged. However,6P13 
was mostly dfssipated in the fire zone as indicated 
by the opposing paths of 6P12 and 6P23 . Such changes 
in the pressure drops in and upstream of the fire zone 
from cold to hot flow indicate the presence of an ad­
ditional flow resistance in the fire zone that throt­
tled the ventilation air flow. Similar changes in 
pressure drops from cold to hot flow for other fan 
settings were also measured. Results are shown in 
fig. 8. 

The pressure drop measurements are analyzed using 
the following pressure drop equation for duct flow: 

*** 

2 *** 
6P = f (4"-) (fr) (1) 

Upper-case letters refer to cold flow condition 
and lower-case letters refer to hot flow con­
dition, e.g. V versus v. 
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Changes of gas mass flow rates and pres­
sures in fire duct of tunnel network from 
cold to hot flow at constant fan setting 
of 52% (see Fig. 6). 
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duct 1n tunnel network from cold to hot 
flow at different fan settings (see Fig.6). 

where f is the duct surface friction coefficient; 
pis the gas density; Vis the gas velocity; Lis the 
duct length; and Dis the duct hydraulic diameter. 
Eq. (1) can be rearranged to express 6P in terms of 
mass flow rate M: 

6P = RM2 (2) 

where 
(3) 

The variable R can be interpreted as the flow resist­
ance of the duct, which is proportional to f and gas 
temperature. From Eqs. (2) and (3), comparison of 
6P and R between hot and cold flow gives 

2 
Q2. = (.!:.) (!!!.) 
6P R M (4) 

(5) 

where the subscripts hand c refer to hot and cold 
flow, respectively. Therefore, the change in pressure 
drop for the same mass flow rate is due to the changes 
in the wood surface friction coefficient and gas den­
sity. Measurements of gas mass flow rate, pressure 
and temperature tn the fire duct, were used to com­
pute the ratios of hot flow resistance to cold flow 
resistance r/R, based on the same fan.setting and 
the same duct exhaust mass flow rate me, across the 
air inlet duct, the fire zone, and the exhaust duct. 
Results are shown in Tables 1, 2, and 3. All ratios 

TA8l..E 1 • Collpar1son of now restsunce of the 1ir intake 
duct brtt.een cold 1nd hot nows . 

told n""" Hot flow 
fin setting 

I 

Hot now 
•12••a6 

ao Hz0/(9/sec)2 
R12 sx106 R12,rl06 qz/R12,s '1zlR12,r. 

ao Hzd/9/sec) 2 
a, Hz0/(g/sec) 2 

20 S.29 3.92 3. 93 I.JS I.JS 

2S s.o 3 .83 3 . !M 1.42 1.38 

30 S.4S 3.86 3 .84 1.41 1.42 

40 S.84 '.l . 96 3.99 1.47 1.46 

so S. 18 3.90 3.96 1.33 1.31 

60 S. S6 3.92 S.68 1.42 0. 98 

70 S. 17 ~.02 S.44 1.29 0.9S 

• R1z,s .nd R12 ,• •rr the cold flow r-eststanct'S at the SUIE' fan setting and at the 

sHie ventil1tion 1ir 111:ss flow nte as hot flow. resoectively (,ee n 9.e ) . 

TABLE 2 • Caap&rtson of flow r-es1sU:nce of the fire zone 
between cold and hot nows . 

Hot now Cold fl~ 
Hot now 

fen sttt1r19 
I 

r-23xuf R23 5xl0
6 

Rz3 ,_.xto6 
r23tRzJ,s rzj!rzJ ,

11 
CII "z0/(g/s.ec)2 CII Hzd/(g/sec)2 C11 H20/(g/ sec)2 

20 7.61 1.31 1.29 S.81 

2S 7.30 1.02 1.22 7 . 16 

30 6. S7 1.03 1.18 6. 38 

40 6. 37 0 .922 1.12 6 . 91 

so 6.24 0 . 917 1.03 6.81 

60 6 . 40 0. 896 0 . 942 7 . 14 

70 6.4S 0.830 O.!MO 1.17 

• RzJ , s 1nd 11.zl.• •rt Ur cold flow restslinccs at the SMle fin setting and U 

the sae duct uhlus t a,ss flOIII rite .u hot flow, r-esJ)Kthely (stt Ftg.8 ) . 

S.90 

S.98 

S. S7 

S.69 

6.06 

6.79 

6.86 



452 2nd MINE VENTILATION CONGRESS 

Hot now 
f•n setting 

1 

20 

25 

30 

40 

so 
60 

70 

TABLE 3 - CD11P1rfson or now resistance of the exh1ust 
duct bebrttn cold •nd hot fll*S . 

6. 54 

7. 11 

7 . 08 

7 . 91 

8 . 45 

8 . 57 

8 .86 

4. 93 

5 . 15 

5.13 

5 .32 

5 .36 

5 . 41 

5. 5 

5 . 13 

5. 06 

5 .37 

5 .58 

5.~ 

5.33 

5. 19 

1.33 

1.38 

1.38 

1.49 

1. 58 

1.58 

1.61 

1.27 

1.41 

1.32 

1.42 

1.58 

1.61 

1. 71 

• R35 , s and R3 s,.:i are the cold flow re s i stance-. at t ~ saine fan set t i ng and a t 

the s a:r~ duct uhaust snas s flow rate as hot flow, respect ively (see f i g. 8 ) . 

of r/R are larger than one, owing to the additional 
flow resistance introduced by the fire. The largest 
increase in flow resistance was in the fire zone, 
i.e., r23/R23· Both r23tR23 and r35/R35 increased 
as the fan speed or the exhaust mass flow rate in­
creased. This is because higher fan speeds increased 
ventilation air flow rate, which in turn intensified 
the fire and increased the gas temperature. On the 
other hand, upstream of the fire, as the ventilation 
air m~ss flow rate ma increased, r12;R12 based on . the 
same ma between cold and hot flow aecreased. Th1s 
is because the temperature field upstream.of the fire 
approached room condition for increasing ma. 

The pressure drop across the fire zone was in­
vestigated in detail using Eqs. (1)-(5). Results 
are shown in Table 4. It is seen that the friction 

TABlE 4 - CC*!Pir1son of ~ surface frict i on coefftctent 
betwttn cold and hot flows 

Hot flow 
fan ;etting o,loh (.apz3/tr.P23 ); (fhftcl5 (11p23ttiPz3 ); (fh/fc)• (o,/oh)/{fh/fc)• 

20 3.11 4 .87 1.87 5.69 1.83 1.70 

25 3.28 4.81 2 . 19 5.95 1.81 1.81 

30 3. 5 4 . 37 1.82 6.09 1. 74 2. 01 

40 3. 7 4 .23 1.86 6.46 1.85 2.0 

50 3.83 4 . 13 1.79 6 . 48 1.69 2. 27 

60 3. 93 3.76 1.76 6. 9 1.76 2.23 

70 4.07 3. 95 1.90 6. 84 1.68 2 .42 

Subscr-i pt s and m refer to ccwnpari sons between hot and cold flow value s at 
constant fa n s peed and constant duct exhaust mass flow rate, respectively 
( see fig . 8). 

coefficient increased by about 80% from cold to hot 
flow. The increase is mostly likely due to the large 
cracks developing on the wood surface during pyrolysis . 
Since gas density Ph decreased as me increased, the 
effect of gas expansion at high temperatures on APz3 exceeded that of the surface friction at htgh exhaust 
gas flow rates. These effects are indicated by tne 
values of the ratio (Pc/Ph)/(fh/fc) in Table 4. In 
addition to the changes inf and pas sources for the 
increase in AP during the fi're, physical plockage of 
the fallen wood char on the duct gas flow also con­
trtbuted additional pressure drops, especially in the 
later stage of the fire. Such additional pressure 
drops are shown in Fig. 8. 

As mentioned before, the ventilation air flow was 
throttled by the mass and heat generated by the fire. 
At severe fire throttling, hot gas and smoke from the 
fire backed into the ventilatton air flow, forming a 

stably stratified reverse flow of hot gas along the 
ceiling above the colder ventilation air flow. The 
gas velocity Vt at 0.36 m upstream of the fire and 
0.05 m below t he duct ceiling were measured and used 
as an indication of reverse flow. The velocity Vt 
was correlated with ' the local Froude number Fri at 
0.36 m upstream of the fire and the Froude number Fra 
far upstream (room condition) of the fire. These 
Froude numbers are defined as 

and 

Fri= [H(Pb-Pt)/Pb]/(v6/g) 

Fra = gH/v; 

(6) 

(7) 

In these expressions, His the tunnel height (0.3 m); 
Pb and Pt are the gas densities on the duct floor and 
cei~ing, respective~y, where Vb and Vt are measured; 
v0 1s the gas velocity at the same distance from the 
f1re as Vt, and at 0.05 m from the duct floor; g is 
t~e gravi!ational acceleration constant; and va is the 
a1r_veloc1ty far upstream. Ba~ically Fri is the local 
ratio of buoyancy head of the hot gas from the fire 
to the ~inetic head of the ventilation air; and Fra is 
the ratio of buoyancy head of the f i re to the kinetic 
head of the ventilation air far upstream. The density 
ratio between the fire and the ventilation air has 
been neglected in Fra for simplicity . The Froude 
numbers are used as criteria for reverse flow. Re­
sults in Fig. 9 show that reverse flow occurred at an 
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Fire throttling and reverse flow me~;e­
ments in fire duct of tunnel network: 
A. Chances in ventilation air velccity from 
cold to . hot flow and corresponding Froude 
number~, B. Gas velocities upstream of (vb 
and Vtl and in (vg) the fire and local 
Froude nul'1bers, ( . ~as densities upstream 
of fire. 
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air velocity of about 0.5 m/s, corresponding to a 
local Fri of about 1 and Fra about 10. More detailed 
study on reverse flow in terms of velocity and temper­
ature distributions upstream of the fire were carried 
out in the fire-plume tunnel. Results are presented 
in the next section. 

Fire-Plume Tunnel 

Since the processes in the model tunnel network 
were transient in nature, the fire-plume tunnel was 
constructed to study reverse flow under controlled, 
steady-state conditions. Figs. 10 and 11 show typical 
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one reverse flow in fire-plume tunnel. 

QI 

• . z ,. 
... 
i 
::, 

Q4 0 Q4 

S,atiaol 

~ .,.~A::..l~~......._..1-_._.c:,,,.~_1_~:3:,,,_._.,_i_:,,,.i......_J'-"'-~......_._, 
0 

" z 
:; 
w 
" 
~0~5070 

w SJarion I 

" z 
~ .. 
60.1 

.z 

Ill 

Q40Q4 0.400.4 
GAS VELDCITY 'I• ,nh 

S1ation 3 St01iorll 

30 ,so ro 
' Station I 

112 
3 L...J..J......L........,'-----e!e30~50~70,,L.-.-1.....L...L....-'--,zo.i,..::...._.,_-40,--, L....l......_.J_......J.....J 

FIGURE 11 . 

GAS TEIIPERAT\JRE T1, "C 

Velocity and temperature measurements of 
two reverse flows in fire-plume tunnel. 

velocity and temperature profiles at various measure­
ment stations for three stratified reverse-flow 
lengths. These three reverse flow conditions were 
generated using a constant burner setting but dif­
ferent ventilation air velocities as shown in the 
figures. It is seen that the gas tempera tu res riear 
the ceiling of the tunnel were higher than those near 
the floor, and the gas velocities of the top hot layer 
were in opposite direction to those of the ventilation 
air near the floor . Except for station l near the 
fire plume, the gas temperatures and velocities of the 
ventilation air near the floor were quite uniform. 
Such temperature and· velocity distributions charac­
terized the stably stratified reverse flow upstream of 
the fire plume. The top hot gas layer which extended 
in both upstream and downstream directions, was fed 
by the fire plume generated by the gas burners. The 
flow structure in the vicinity of the plume (station 1: 
was basically three-dimensional owing to flow inter­
actton between the rising hot plume and the forced 
ventilation air flow. However, upstream in the 
stratified reverse flow region, the flow structure 
was essentially two-dimensional,~ evidenced by the 
movement of the smoke particles injected through the 
cetling near the fire plume. 

As shown in Figs. 10 and 11, the thickness of the 
reverse flow layer o gradually decreased from the 
fire plume toward the end of the reverse flow. Near 
the end of the layer, the velocity changed quite 
abruptly to zero, generally within a distance of 
2-3 o. The length of the reverse flow i was quite 
sensitive to the ventilation air velocity v and 
varied inversely to it as expected. Both iaand o 
increased as va decreased. 

The reverse flow measurements in Figs. 10 and 11 
are corr~lated usi~g the two Froude numbers Fri and 
Fra previously defined. Results are shown in Fig. 12. 
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NONDIMENSIONAL LENGTH OF REVERSE FLOW,..t/H 

Variation of reverse flow length with 
respect to Froude numbers Fri and Fra . 

Except for the longest layer (not shown in Figs. 10 
and 11) which extended beyond station 9 in the test 
section of the tunnel, Fr1 decreased with the dis­
tance from the fire plume, indicating a decreasing 
buoyancy head of the hot layer as compared to the 
kinettc head of the ventilation air. As expected, a 
larger initial value of Fri correlates with a longer 
reverse flow length. Of all the four reverse flow 
lengths, values of Fri were all greater than, or of 
order of 1.0 upstream of the reverse flow near the 
fire plume. Such values are consistent with the 
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results obtained earlier in the fire duct of the 
model tunnel network. 

As indicated in Figs. 10 and 11, the ventilation 
air was heated as it approached from the tunnel 
entrance to the fire plume . Consequently, the venti­
lation air velocity increased from Va to vb near the 
fire plume. In a real mine fire situation, Va i s 
often more accessible for measurement than vb. There­
fore, it is more convenient to use Fra, which is 
based on va, as a criterion for reverse flow. It is 
seen from Fig. 12 that reverse flow began to occur 
when Fra was of an order of 10. This is again con­
sistent with the results obtained in the fire duct of 
the model tunnel network. As expected, reverse flow 
length increased as Fra increased or Va decreased. 

In general, the results from both the fire-plume 
tunnel and the model tunnel network give approximately 
the same criteria of Fr1 = 1 and Fra = 10 for reverse 
flow. The range of density p in the tunnels covers 
from 1.18 to 0.3 kg/m3 which may exist in passageway 
fires in mines. It should be recognized that the 
Froude number Fra is based on the air velocity Va 
during a fire. As shown previously, the cold flow 
air velocity Ya is throttled to Va during a fire. 
The amount of throttling is a function of fire inten­
sity and flow characteristics of the tunnel network 
and the fan. To avoid reverse flow, it is important 
to be able to predict the value of Ya before a fire 
so that the corresponding Va during the fire will be 
high enough to suppress reverse flow. Such a task 
requtres flow network analysis of the passageways 
ut i liz i ng the criteria of Fr1 and Frq as presently 
determined · and the characteristics of the fire. Such 
an analysis for the model tunnel network has already 
been performed for the model tunnel network by 
Lee et a13 . 

It should be further recognized that the criteria 
of Fr1 and Fra for reverse flow as determined should 
be verified in large-scale passageway fires to demon­
strate their practical utility . Such large-scale 
fires are discussed in the next section . 

Simulated Mine Gallery 

Some of the results on fire throttling from the 
timber-set fire tests in the large-scale simulated 
mine gallery are shown in Table 5 (more complete 

TABlE S • Kass flow rates before and duri ng tflllber•s.et · 
tes ts In the siaihttd • ine g, llery. 

~ht>er lo,dt nq "• .. "g "t .. ~.JM. °''"• ldens l t y a , : k9/ s kg/s k9/s kg/ s k9/ s . . 

20 8. 4 4.9 2.22 0. 776 7.89 0.583 0.939 
18 . 5 13 .0 2.23 1.21 16. 4 0. 703 0.886 

40 9 .0 4 .8 2.26 0 .593 7.65 0. 533 0.85 
17.6 12 .6 2. 29 0.924 15.8 0. 716 0 .898 

BO 9.0 4 . 5 2.28 1.95 8. 13 0.5 0. 97 
19. l 11 .5 2.27 1.94 15.7 0 .602 0.822 

results will be presented by Croce et all). Results 
in Table 5 are given in terms of cold and hot ventil­
ation air mass flow rates MA and ma,.respectively, 
mass flow rate :from the two burners m, fuel mass 
generation rate from timber sets mi, ind hot flow 
gallery exhaust mass flow rate me(me = ma+m +mtl · 
These measurements were made during active iurning 
of the timber sets for three values of timber-set 
loading dens i ty a of 20%, 40% and 80%. For each a, 

two values of Ma, corre~ponding to ventilation air 
velocities of 1.5 m/s and 3.0 m/s, were used. 

It is seen from Table 5 that M was throttled to 
lower values of ma owing to the ffre . The amount of 
decrease was as h1gh as ~0%. The degree of fire 
throttling decreased as.Ma increased for a fixed a. 
This is because higher Ma decreased the gas temper­
ature owing to oxygen-rich burning of the fire. On 
the other hand, it was found previously that higher 
~a increased the gas temperature and fire throttling 
in the model tunnel network owing to fuel-rich burn­
ing of the fire . Gallery exhaust mass flow rate 
decreased during the fire as expected. The decrease 
was due to the increased flow resistance of the 
gallery generated by the fire. 

Hot flow ventilation air velocity va necessary to 
suppress reverse flow in the full-scale gallery was 
estimated using the critical Froude number Fra of 10 
determined in the two small-scale fire tunnels. 
Value of v was calculated to be 1.5 m/s . Test re­
sults in t~e gallery show that reverse -flow occurred 
at Va= 1.5 m/s6 . The cold flow air velocity Va was 
throttled to approximately 0.5 Va with va about 
0.7 m/s, a value lower than 1. 5 m/s. Such comparison 
between the small- and large-scale fires indicates 
favorable utility of using Fra as a criterion for 
reverse flow. However, it should be noted that more 
detailed study on reverse flow in large-scale passage­
way fires and flow analysis of reverse flow are 
necessary to demonstrate the Froude number scaling 
concept and to elucidate the basic phenomena of re­
verse flow. These studies are presently underway at 
the Pittsburgh Research Center. 

CONCLUSION 

The present study demonstrates the complex inter­
action among a passageway fire, ventilation air flow, 
and the fan in a tunnel flow network. The study is 
particularly applicable to ventilation and fires i n 
underground mines. It is the heat and mass addition 
from the fire into the ventilation gas stream that 
disturbs the cold flow equilibrium operating con­
d;-tion of the network . The disturbance results in 
an overall i ncrease in the flow resistance of the 
network and leads to throttling of the ventilation 
air iTI a moderate fire situation and reverse flow in 
a serious situation . Such changes in the ventilation 
flow pattern in a mine could result in an extremely 
hazardous situation. The changes can be predicted 
only by means of a thorough flow network analysis of 
the entire flow system that includes fire character­
istics in terms of fuel mass inject ion rate and com­
bustion temperatures, and reverse flow criteria such 
as the Froude numbers as input information to the 
analysis. The concepts and findings reported in this 
paper should find application in establishing guide­
lines for planning and control of ventilation flows 
in the event of mine fires. 
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