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Figure 1.8 Planar, curved, and wrinkled flame. The area of the flame increases as the
flame becomes wrinkled because of instabilities and turbulence effects. The laminar
burning velocity and turbulent burning velocity are related as S, Ay eq = StA, Where
S, =laminar burning velocity, S; =turbulent burning velocity, A is the area of the planar
flame, and Ay, ieq = SUrface area of the turbulent flame.

present and the flame is always distorted and may not even be one contiguous
surface.

Finally, a note on the case with a propagating flame in a confined enclosure
(either completely confined or with a vent as shown in Figure 1.7c) is warranted.
In this case, the laminar burning velocity S; will increase as the temperature of
the unburned gas increases with compression and decreases with an increase in
pressure as shown in Figure 1.9a,b. However, the influence of pressure is not signif-
icant given the range of pressure increase observed in building explosion accidents
because the buildings cannot withstand high pressures. For example, as discussed
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Figure 1.9 (a) Laminar burning velocity (cm/s) vs. pressure (atm) and (b) Laminar burning
velocity (cm/s) as a function of unburned gas temperature T, (K). Source: Adapted from
Zabetakis [7].
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earlier, a brick wall fails at an overpressure of 0.14 atm. The consequent reduction
in burning velocity is only 5-10% and can be ignored (Figure 1.9a). However,
unburned gas temperature, T, can easily increase to 700K, thereby causing an
increase in the burning velocity by nearly three to four times (Figure 1.9b).

Example 1.2 A stoichiometric mixture of methane-air at 298 K and 1 atm initially
isignited in a closed spherical vessel. Evaluate the adiabatic flame temperature. Also,
evaluate the final pressure inside the vessel. Compare the result with adiabatic flame
temperature for methane-air flame propagation in a tube that is open at both ends.

Solution

The solution to this problem requires the student to go through Appendix A covering
basic chemistry and thermodynamics necessary to solve many problems discussed
in this book. For methane-air mixture in a closed vessel, the adiabatic flame temper-
ature is evaluated using the first law of thermodynamics (see Appendix A), which
can be simplified to state that there is no change in internal energy between reactants
and products, as there is no heat loss (adiabatic). Thus,

Uu= Ub

where U is internal energy, and subscripts u and b represent unburned reactants
and burned product gasses, respectively. The stoichiometric reaction for methane is
shown below:

CH, + 2(0, + 3.76N,) —— CO, + 2H,0 + 7.52N,
Internal energy of unburned gas can be written in terms of enthalpies as:
Uu,=H,-p,V=H,—n,RT,
= ) mh; —RT Y n, = [1(~=74831) +0 + 0] — 8.314
X298 X (1+2+2X%3.76)
= —100895kJ

where H is the enthalpy, n is the number of moles, R is the universal gas constant,
and T is the temperature.
Internal energy of burned gas:

U, = H, — p,V = H, — n,RT,,
= Y. —=RT Y n,= Y ni(h, +C,(AT) = RT ) n,
= [1(—393 546 + 56.21(T, —298) + 2(—241 845 + 43.87(T,—298))
+7.52 % (0 + 33.71(T,—298))] — 8.314 X T,, X (1 + 2 + 2 X 3.76)
= —877 236 — 118 440 + 309.9 X T},
Equating the internal energy, we get T, =2887 K. It should be noted that the val-

ues obtained using GASEQ [3] and NASA CEA are 2587 and 2586 K, respectively.
Figure 1.10 shows snapshots from GASEQ and NASA CEA. The calculated value of
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Figure 1.10 Snapshots of GASEQ, Source

:Morley [3], Gaseq and NASA CEA code by NASA

[18] for calculating constant volume flame temperature and composition for a methane-air

reaction at stoichiometric conditions.

2887 K is higher than the numerical solvers because of the assumptions involved in
the calculation: (i). Constant specific heat for species, and (ii) complete combustion
of fuel to form CO, and H,O as products.

The final pressure is evaluated as P,

=1x 2887

o8 = 9.7 atm. This value as

- Ty
—PuXT—

obtained from GASEQ and NASA CEA is about 8.9 atm.

For flame propagation in a tube open

atboth ends, the adiabatic flame temperature

is evaluated at constant pressure. By using first law of thermodynamics, enthalpy of
the reactants and products remains the same. Hence,

H, =H, => [1(=74831) + 0 + 0] = [1(—393546 + 56.21(T,—298))

+2(—241845 + 43.87(T,—

298)) + 7.52 X (0 + 33.71(T,—298))]

Hence, T, =2317 K. The value obtained from GASEQ is 2225 K. Again, this value is
lower because we did not account for the variation of specific heat with temperature
and dissociation of product species (mostly conversion of CO, to CO). Figure 1.11
shows a snapshot of the GASEQ code using adiabatic temperature and composition

at constant pressure this time.
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Figure 1.11 Snapshot of GASEQ, Source: Morley [3], Gaseq, adiabatic temperature, and
composition at constant pressure for a methane-air reaction at stoichiometric conditions.

Example 1.3 A stoichiometric propane-air mixture is contained in a spherical
cloud initially at 300 K. Evaluate the flame speed considering a spherical flame front
as shown in Figure 1.7a.

Solution
Flame speed (S;) is given by Eq. (1.10) as

Here, the unburned gas temperature is T, =300 K. Using Table 1.1, the laminar
burning velocity of propane-air at stoichiometric (S;) =46 cm/s, and the temper-
ature of burned gas is assumed to be the adiabatic flame temperature given as,
T,=T,3=2257 K for propane-air mixture. The adiabatic flame temperature can
also be calculated using GASEQ [3] or NASA CEA [18] at constant pressure for a
propane-air cloud at stoichiometric conditions.

For a planar flame front,

Af
A=Ay =>——=1.
! . Arn
Thus, flame speed S; = % X 46 = 346.07cm/s ~ 3.5m/s.

Note that it is assumed that there is no pressure build up. If the propane-air mix-
ture were confined, then pressure would increase and unburned gas temperature
would increase because of compression. The influence of decrease in laminar burn-
ing velocity with pressure (Figure 1.10a) and the increase in laminar burning velocity
with temperature (Figure 1.10b) will need to be included to obtain an accurate solu-
tion. These influences are further explored in Chapter 3.
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Figure 1.12 Flame propagation in a tube with (a) open ends, and (b) nozzle exit.

Example 1.4 Consider propagation of flame in a 2 cm horizontal tube open at both
ends with a stoichiometric mixture of propane and air at 1 atm and 300K initially.
The planar flame propagates from left to right as shown in Figure 1.12a. Evaluate
the velocity of burned gas and velocity of the flame with respect to the tube for the
following exit conditions:

(i) Exit “e” shown in Figure 1.12a is open to the atmosphere at 1 atm, and V,, =0
(ii) Exit “e” is a convergent nozzle of 0.2cm diameter opening as shown in
Figure 1.12band V, # 0.

Assume that pressure of the burned gasses is at atmospheric = 101 325 Pa for both
exit conditions.

Solution

i. Figure 1.12a shows the velocities with respect to the tube, namely, the burned
gas velocity (V;,), the unburned gas velocity (V,,), and the flame velocity (Sf). The
subscripts u and b represent unburned and burned gas, respectively. For solv-
ing the problem, we will convert to a flame-fixed coordinate system as shown
in Figure 1.13. We do this because we can easily write down the conservation
equations of mass, momentum, and energy. Thus, if the coordinate system is on
the flame (Figure 1.13), the unburned gasses approach the flame at the laminar
burning velocity S, , and burned gasses have a velocity of U.

Further, for propane-air mixture at stoichiometric proportion, S; =46cm/s
(Refer Table 1.1). From Figure 1.13, we can write:

U, =S;+V,,
SL =Sf—Vu

Assuming 1D flame propagation, the equation for conservation of mass (conti-
nuity equation) can be written as:

d(pu)
= 0 => pu = constant
dx P
Stationary flame Figure 1.13 Burned and unburned gas
e velocities with the coordinate system on the
Up Us=S. flame.
Burned «— -«— Unburned

»
X
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Momentum conservation can be written as:
dp + pu@ =0
dx dx

since % = 0, pu = constant, and the momentum conservation equation can be

rewritten as:
d(P + pu?)
dx
Thus, the equations that have to be solved simultaneously are:

=0 => P + pu® = constant

p,U, = ppU, (Continuity)
P, + p,U; = P, + p,U} (Momentum conservation)
P, = p,RT,, P, = p,RT, (Equation of state)

In these equations, U, =S; =46cm/s, or the velocity of the unburned gasses
approaching normal to the flame. The unburned gas temperature is T, = 300K
and the temperature of burned gas is the adiabatic flame temperature,
T, =T,y =2257 K for propane-air stoichiometric mixture. R is the gas-specific
constant that can be evaluated approximately using molecular weight of nitrogen
as it is the abundant species on both reactant and product side.

8.314J/mol-K
28 kg/kmol

Since there is no pressure build up, the pressure of the burned gas can be assumed
to be P, =1 atm. Hence, burned gas density, p,, can be evaluated as:

R= =297]1/kg-K

P, 101325

2 = ——%_ —0.151kg/m?
RT, 297x2257

Pp =

As aresult, the unknowns are p,,, U,, and P,. Using continuity equation and the
momentum equation:

P (p, U, )? P 1/ P 2
P+|—=|U=P+ —*=>P, +—U,=P,+—| =—=U, ),
u (RT) u b P u'l RT U b 2 RTM u

u

P27 S \° ST
Py+—24(=%) -P(1+=% | =0,
pp \RT, RT,

2 2
101325+ P2 —1 ( 0-46 ) —p, (14224 )
(0.151) \ 297 x 300 297 300

The quadratic equation can be solved for P, giving,

P, =101326.6 Pa.

Observe that the unburned gas pressure, P, equals 101326.6 Pa, which is slightly
more than the burned gas pressure, which is at atmospheric (101325 Pa).

. . P
However, the pressure difference is very small and o= %265:; = 0.99.

In general, % <1 is the case for all deflagrations. This can be proved using
the Hugoniout curve explained in combustion textbooks [19], and hence
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deflagrations are sometimes called as expansion waves. Note that this is opposite
to detonations, which are compression waves where % >1.

Coming back to the problem, since P, is almost equaul to atmospheric pressure
at the Exit “e,” and the exit is not confined by a nozzle, the velocity at the
exit V,=0cm/s, pertaining to quiescent unburned reactants. As a result,
Sp =S, =46 cm/s. The laminar burning velocity is thus equal to the flame speed
in this case.

The unburned gas density can be evaluated as:

_ Py 101326.6
RT, ~ 297 x 300
Observe that p,, is much more than the burned gas density. The burned gas veloc-

ity is

Pu = 1.14kg/m”’.

U = U, 1.14x0.46 347m/s
PR 0.151 ' :

The velocity of burned gas with respect to tube can now be calculated as:
V, =U, - S; =347 - 046 =3.01m/s,

Similarly, the velocity of the unburned gasses with respect to the tube is equal to:
V,=8;—S, =046—-046=0m/s.

The solution shows that with both sides of the tube open, the flame speed is the
same as the burning velocity and equals 46 cm/s. Further, the expansion of the
burned gas because of combustion causes the burned gas to leave the tube at a
velocity that is an order of magnitude higher and equal to 3.01 m/s. We will now
examine what happens with the restriction on the unburned side with a nozzle
in part (ii).

ii. When the unburned gasses vent through a convergent nozzle, they are restricted.

In this case, the unburned gas velocity in lab coordinate system (V) can be eval-
uated using continuity and momentum conservation between unburned gas and
Exit “e” (at 1 atm).

AV, = pA,V, (Continuity)

AL AL

P, + =P, +

(Momentum conservation)

Here, A, is the cross-sectional area of the tube and A, is the cross-sectional area
of the Exit “e” as shown in Figure 1.12b. The ratio of the two areas equals:

A 2x2 4,
A, 02x02 '

e

Assuming that the passage of the unburned gas through the nozzle causes no
density changes, p, ~ p,. Thus,

AV, =AV,
AV, |
Ve = A_u =A Vu'

e



1.4 Mixture Concentration - Definition of Flammability Limits

Substituting for V, in the conservation of momentum,

AL
2
VZ[(A*)* = 1] = 2[P, — P,]

P, + =P, +—[AV]2

2P, - P 2(101327 Pa — 101325 P
( ) \/(03 a 035:11)21_7cm/S

pul(A*)2 — 1] 1.4 %(1002 -1

Hence, the unburned gas velocity in the tube is V', =1.7 cm/s.

In this case, velocity of flame =S, = S; +V,, =46+ 1.7=47.7 cm/s with respect to
the tube. Moreover, the velocity at nozzle exit =A*Vu =170 cm/s.

Velocity of burned gas with respect to the tube=V,=U,—S;=3.47—
0.477 =3 m/s.

The pressure difference created because of the slightly higher pressure on the
unburned side drives the flow out of the nozzle. In the tube, the flame speed, Sf,
increases by 1.7 cm/s to compensate for this flow out of the nozzle. The most impor-
tant aspect is the fact that the pressure on either side of a flame in a deflagration is
such that the pressure on the unburned side is higher. This difference is necessary
to cause the flow of unburned fresh fuel toward the flame.

1.4 Mixture Concentration - Definition of Flammability
Limits

Figure 1.14 shows that the laminar burning velocity of methane-air flame varies
with equivalence ratio, whereby it is maximum for an equivalence ratio slightly
greater than 1, but for lean and rich mixtures its value drops.

In fact, at less than ~1/2 stoichiometric, or more than ~3 times stoichiometric, it is
not possible to sustain a self-propagating flame. Such values of @ _; , or @ .. establish

35
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Figure 1.14 Laminar burning velocity of methane-air premixed flame at different
equivalence ratios. Measurements were performed at the Worcester Polytechnic Institute
(WPI) combustion laboratory using the cone angle method.
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the flammability limits of a fuel-air mixture. Since S; is a function of composition,
initial temperature, and pressure, a flammability limit can be defined as the limit
of one of these quantities beyond which a fuel-oxidizer mixture cannot be made to
burn. The flammability limits are usually tabulated in codes and standards [9] and
standard textbooks [20] and are shown in Table 1.1 for some practical fuels of inter-
est. Extensive tabulation can be found in Coward and Jones [21] and Zabetakis [7]
based on experiments performed by the Bureau of Mines in 1950-1965. An interest-
ing point to note is that lower flammability limit (LFL) is independent of O, /N, ratio
in air. For example, if all the N, is replaced by O,, the LFL will not change. This is
because both O, and N, have the same specific heat, and thus the heat of combus-
tion transferred to either gas will lead to the same reaction temperature. The upper
flammability limit (UFL), on the other hand, depends strongly on the concentra-
tion of O, in air, since this limit is caused by an excess of fuel, i.e. by a deficiency of
oxygen. Bartknecht [22] has also shown that the relative humidity has a perceptible
influence on the width of the flammability range, with the widest range observed in
extremely dry mixtures.

Figure 1.15 shows a spherical vessel [ASTM E681-09] for measuring the UFL and
LFL of vapors and gasses. The gas mixture is contained in a 51 borosilicate spher-
ical glass vessel with a cover clamp, which is held down by light springs. There is
provision for gas inlet and air inlets in the cover clamp. The uniform mixture of
gas or vapor is ignited by an electric spark from the stainless steel electrodes, and
the upward and outward propagation of the flame away from the ignition source
is noted by visual observation. The concentration of the flammable component is
varied between trials until the composition that will just sustain propagation of the
flame is determined.

Flammability limits are of practical interest in safety considerations because mix-
tures outside of these limits can be handled without concern for ignition. For most
practical applications, the flammability limits can be correlated using the heat of

Air inlet

Sample inlet

~ Igniti Aat 15 kV
Hold-down springs _- Ignition power (30 mA at 15 kV)

Cover clamp

Rubber stopper

Insulated chamber

(27.8 cm x 27.9 cm x 30.5 cm)
5-1 borosilicate glass flask
(22.2 cm diameter, 30.5 cm high)

——, Electrodes i
(0.3-0.5 cm diameter)

AL AL L AL AL L LY

— Spacer

Figure 1.15 ASTM standard test method for measuring upper and lower flammability
limits of gasses and vapors. Source: Adapted from Zabetakis [7].
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combustion as shown by Suzuki and Koide [23, 24]

LFL = —3.42

+0.569AH, + 0.0538AH,% + 1.80

c

UFL = 6.30AH, + 0.567AH,? + 23.5 (1.13)

Equation (1.13) is an empirical relationship considering 123 organic materials con-
taining carbon, hydrogen, oxygen, nitrogen, and sulfur. The heat of combustion AH,
is in kJ/mol and the LFL and UFL are in vol% of fuel in air.

Adding an increasing quantity of inert gas or a noncombustible mixture can also
lead to a critical concentration causing a no-flame propagation. This is usually
expressed in terms of a limiting oxygen concentration (LOC) and is based on the
concentration of inert that needs to be added to prevent ignition of a combustible
gas-air mixture. The efficiency of the inert gas is based on the quantity of heat
transferred during the flame propagation and ensuring that this heat is absorbed
without causing further reaction to sustain flame propagation.

Example 1.5 Estimate the LOC for butane (C,H,,).

Solution
The LFL for butane is = 1.9% by volume. The overall chemical reaction of butane at
stoichiometric condition is

C,H,, + 6.50, — 4CO, + 5H,0

The LOC can be estimated as:

moles fuel moles O,
total moles |, ; | moles fuel

= 1.96TS = 12.4vol%0,

LOC:[ ]
stoichiometric
Thus the combustion of butane can be prevented by adding an inert until the oxy-
gen concentration is below 12.4%.

1.5 Minimum Ignition Energy (MIE) and Auto Ignition
Temperature (AIT)

Some energy has to be input initially to initiate a chemical reaction. The MIE is the
minimum energy input required to initiate combustion. Many hydrocarbons have an
MIE of 0.25 mJ. This is low enough to cause ignition by electrostatic discharges due
to fluid flow and static electricity. Walking across a rug on a cold winter day initi-
ates a static discharge of around 22 mJ. An ordinary spark plug has a discharge of
25mlJ. Thus, given a flammable gas mixture, ignition is relatively easy. For a dust-air
mixture, the MIE is significantly higher and can exceed 1000 mJ in some cases mak-
ing ignition of dust clouds more energy intensive compared to gas clouds. We will
discuss this further in Chapter 8.

MIE decreases with an increase in pressure. The pressure is the net force that gas
molecules are exerting when they collide with a container’s walls. High pressure
means more collisions per second of gas molecules on the container and/or each
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Figure 1.16 ASTM standard test method for measuring minimum ignition energy. Source:
Adapted from Mitu et al. [10]/American Chemical Society.

collision is occurring with a greater force. Thus, gas molecules in a high-pressure
condition are moving about very fast and therefore have higher energy. This means
they will need lesser energy from an ignition source to react. The MIE is related to
the burning velocity by MIE = l;—:[Tf- — T,], where k, is the thermal conductivity
of the unburned gas, T is the flame temperature, and T, is the ambient temperature.

The standard test method for MIE is shown in Figure 1.16 [ASTM E582-07].
A stainless steel spherical vessel with inner diameter of 12.45cm (4.9") is
used. The gasses enter the vessel through tangential ports to enhance mixing
through the induced swirl. Thin 3.175 mm (1/8") stainless steel rods are used as
electrodes and the applied voltage is increased such that a spark occurs. The flame
initiation and propagation can be observed through a sight glass that is provided to
ensure visual access.

The autoignition temperature is different from the MIE and denotes the minimum
temperature at which a gas mixture will react spontaneously without the presence
of a spark. It depends on the concentration or equivalence ratio of the gas mixture,
pressure, flow condition, initial temperature, and the presence/absence of a catalyst.
The ignition of vapor is also possible by adiabatic compression. For example, vapors
in a gasoline engine ignite when compressed to a temperature that exceeds AIT creat-
ing engine knock. Several large accidents have been caused due to flammable vapors
sucked into the intake of air compressors. Example 1.6 adapted from Crowl and Lou-
var [25] illustrates this mode of ignition.

Example 1.6 A lubricating oil has an AIT of 400 °C. Compute the compression
ratio required to raise the temperature of air to the AIT of this oil. Assume an initial
air temperature of 25°C.

Solution
T = por=D/r
= p=T1r/0"D
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Therefore, compression ratio should be kept below 17.3 X 14.7psia = 254 psia.

Lubricating oil in piston-type compressors is always found in minute amounts in
the cylinder bore. Compressor operations must always be kept below the AIT of the
oil to prevent explosion.

Exercise Problems

Due to a high-pressure steam hose breakage, air above a hexane fuel layer is com-
pressed by 12 times ambient pressure of 1 atm. If the autoignition temperature
of hexane is 487 °C (760 K) what should be the temperature of the ambient to
ensure no autoignition.

A full propane cylinder from a camp stove leaks its contents of 1.021b (0.464 kg)
intoa 12’ x 14’ x 8’ (3.66 m x 4.27 m X 2.44 m) room at 20 °C and 1 atm. After a
long time, the fuel gas and room air are well mixed. Is the mixture in the room
flammable?

What volume of air is required to burn stoichiometrically 1 mole of propane gas,
with the initial air at 25 C and with a pressure of 0.98 bar. If the pressure equals
2.2 bar, what is the volume?

What will be the most effective diluent to an explosive mixture of H2 to lower
or prevent explosion possibility: Carbon Dioxide, Helium, Nitrogen, or Argon?
Arrange in order of effectiveness.

Consider propagation of flame in a 2 cm diameter horizontal tube open at both
ends with a stoichiometric mixture of propane and air at 1 atm and 300 K ini-
tially. The planar flame propagates from left to right as shown in Fig. 1.12a.
Evaluate the velocity of burned gas, and velocity of the flame with respect to the
tube for a convergent section of 0.2 cm diameter opening at the burned side of
the tube. Assume that pressure of the unburned gases is at pressure of 101327 Pa.

Nomenclature

Smaonax
<=

Area (m?)

Orifice discharge coefficient ()

Specific heat at constant pressure (J/kg K)
Specific heat at constant volume (J/kg K)
Expansion ratio % ~ ? ~8(-)

Entalpy per unit mass (J/g)
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Thermal conductivity (W/m K)

Mass (kg)

Number of moles (—)

Pressure (N/m? or Pa)

Radius of spherical enclosure (m)
Universal gas constant (8.314 J/mol K)
Gas constant for a specific gas %V J/kgK)
Reynolds number (—)

Laminar burning velocity (m/s)
Turbulent burning velocity (m/s)
Unburned gas burning velocity (m/s)
Flame speed (m/s)

Temperature (K)

Velocity (m/s)

Turbulent intensity (m/s)

Internal energy (J)

Volume (m?)

Width (m)

Mole fraction (-)

Mass fraction (-)

NXESQRESLLnnmRE YT TS 3 E

Greek Symbols

p Density (kg/m?)

p Multiplication factor in Eq. 1.2 to account for flame acceleration because of
turbulence and instabilities (—)
Equivalence ratio (—)

y Ratio of specific heats (C}, /C,,)

Subscripts
aoro Ambient
ad Adiabatic
b Burned

e Exit

f Flame

i Initial condition
min Minimum
max Maximum
N Normal

t Total

u Unburned
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Other Notations

AIT Auto Ignition Temperature (K)

LFL Lower Flammability Limit (vol %)
Loc Limiting Oxygen Concentration (vol %)
MIE Minimum Ignition Energy (mJ)

MW Molecular Weight (g/mol)

UFL Upper Flammability Limit (vol%)

AH, Heat of combustion (J/kg)

c
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