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Backgrounds

* Tienetal. [1] and T'ien [2] developed a theoretical
model to study the near-limit flame in the stagnation
point boundary layer of condensed fuel.
* Gas-phase conservations of mass, momentum, energy,
and species and one-step second-order gas-phase
reaction are considered. \
* The solid pyrolysis follows the Arrhenius law. \ /
* Assumptions include constant Prandtl and Schmidt \\ "
number and unit Lewis number, ideal gas, constant - r
specific heat, and constant product of density and S_— -
viscosity.
* Gas-phase radiation is neglected. vy
* One-dimensional solid temperature and the solid A
phase reaches the steady-state conduction-convection
energy balance.
* Modelin this study is extended from T’ien [2]

[1] J. S. T'ien, S. N. Singhal, D. P. Harrold, and J. M. Prahl, Combustion and extinction in the stagnation-point boundary layer of a
condensed fuel, Combustion and Flame, Vol. 33, pp. 55-68, 1978.
[2] J. T'ien, Diffusion flame extinction at small stretch rates: the mechanism of radiative loss, Combustion and flame, Vol. 65(1), pp.

31-34, 1986.
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Backgrounds

Introducing the Howarth—Dorodnitsyn transformation:

€
n =55 ls pdy s = [y Pelteueredr
where € = 1 for axisymmetric flow
€ = 0 for two-dimensional flow
The conservation equations become:

fIII +ff” — [(f )2 ]
(1/Pr)8” +f9’ qw
(1/SOY)" + fY! = Now
where i = F 02, COZ,H20

w = DYpYpe E/® and D = =2

1+ea

The energy balance at the solid surface follows:

I Cs 4
W= ~fuPr (6, —=+1)+56}
p
- oesTS (e 1/2
where S = _Ae (;)
—f = (= 1/2
fu = o) 2exp(~ 22)
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Backgrounds

Olson and Ferkul [1] studied the
microgravity material flammability
boundary of PMMA rods in BASS-I|
usinga7.6cmx7.6cmx 17 cm flow
duct in the Microgravity Science
Glovebox aboard the International
Space Station and complementary
5.18s drop tower tests

The minimum occurs at a stretch
rate of 8 — 12 s! and oxygen
concentration of 13.5%.
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# 1SS stable flame
_ X ISS quench
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[1] S. L. Olson, and P. V. Ferkul, Microgravity flammability boundary for PMMA rods in axial stagnation flow: experimental
results and energy balance analyses, Combustion and Flame, Vol. 180, pp. 217-229, 2017.
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Backgrounds

PMMA Flammability Map 17% Oxygen

e Johnston [1] mapped the 4-cm-
Exponential (22C bulk temperature)

diameter PMMA sphere flammability
boundary in terms of the conductive 45 Tseries1

heat loss into the solid interior using : E @ o) B

. ~
the NASA Zero-G Facility 5.18s drop £ O O :0%
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[1] M. C. Johnston, Growth and Extinction Limits: Ground Based Testing of Solid Fuel Combustion in Low Stretch
Conditions in Support of Space Flight Experiments, Ph.D. dissertation, Case Western Reserve University, 2018. ASE
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Objective and Approach

The planned microgravity experiment Growth and Extinction Limit (GEL) is
designed to study the material flammability and extinction of thermally thick
solid with an emphasis to quantify the effect of conductive heat loss into the
solid interior by measuring the in-depth temperature profile.

To obtain a more detailed understanding of the extinction phenomena, the
one-dimensional axisymmetric stagnation-point diffusion flame model

developed by T’ien (1986) is expanded to account for the excessive heat loss
into the solid beyond the steady burning state.
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Model Configuration — Gas Phase

1 9(rpu) n 0(pv) _ 0

Continuity . 3y
ou su\ _  6p d ( 6u)

Momentum p (u o + vay) =% + 9y “ay

. dY; ay; 0 ( aYi)
Species puU—- + pv 3y — 9y pD 3y + N;w

where = F, 02, COZ, H20, NF = _1, NOZ = _192, NC02 = 22, NHzO =0.72

Ener uc oT 1 pve oT _ 0 (AT 0 ~11, A~

gy PUCY 5 T PV dy ~ ay Cp ay) oy a2y dr T aw

Two-flux gas-phase radiation model (consider non-scattering gray media):

Al _ A+ A —
Qr =9 —(q
1dgt .4 A
a0 T4 = (qp
2K dy
1 dg~ ~—

where K = C - kp, C = —0.0346 — 0.152In( " x;, dy) [1], and
Kp the Plank mean absorption coefficient k,, = p, - (XCO2 “Kp,co, ¥ Xn,0 Kp,HZO)

[1] J. Rhatigan, H. Bedir, and J. T'ien, Gas-phase radiative effects on the burning and extinction of a solid fuel, Combustion and
Flame, Vol. 112, pp. 231-241, 1998. 7

(1)
(2)
(3)

(5)

(6)
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Model Configuration — Solid Surface

Energy Balance 4, M = L2 + "L + G,y (7)
ady g aylg ’

For semi-infinite thick solid, the steady state energy balance:

_ 0T 92T
PsTCs E As ay2 =0 (8)

y=0 on moving surface, 7 is the steady surface regression rate ("’ = p¢7), bars denotes steady state

From (8): Ag Z_; =m"cy(T, — T) (9)
S
From (7): Ag g—; = r?l”[cs(’l_"w —T.)+ Z,] + Gy out (Steady State) (10)
g
22 a2
S S
Define W =—2 = Vs (dimensionless excessive conductive heat loss) (11)
ASEL
From (7): 1LE = (1+W)m'"c(T, — Ty) +m"' L+ 4§, (Transient) (12)
9 9y s\Uw r,out
g
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Flame Structure at a Representative Case
(a= 75571, P, = latm,Y,, = 23.1%)

7 1.8
b T R temperature, W=0
6 ST AN temperature W=1.58 1.6
: ! ‘|| ‘\\ ----- u velocity, W=0 1.4
v oy u velocity W=1.58
] B
t o \\ ----- reaction rate W=0 12 b5
= 4 AN reaction rate W=1.58 1.0 «
5 N N\ fuelw=0 °
3 \ AT - 0.8 [,
P 1 —~— fuel W=1.58 ~—
< > 'l‘ - v~ oxygen W=0 0.6 N
= - - Oxygen W=1.58 0.4
1 = ====== . 0.2
O 1 L 1 1 1 0.0

distance from surface (mm)

* Flame standoff distance decreases to increase the convective heat input to the
solid when near extinction.

* Flame becomes fatter (reaction width increases) when near extinction.

* Slightly more fuel vapor and oxygen are left over at the flame standoff distance

when near extinction. ASE
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Flammability Boundary — ¥ vs a (B, = latm,Y,, = 23.1%)
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 The dimensionless excessive conductive heat loss (V) increases with the stretch rate on the
guenching branch but decreases with the increase of stretch rate on the blowoff branch.

* The maximum W equals to 1.58 with a stretch rate of 7.5 sL.

* The conductive heat loss into the solid interior at the solid surface increases with the stretch
rate on the quenching branch but increases and then decreases on the blowoff branch.
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Flammability Boundary — ¥ vs a (P, = latm)
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* The material flammability boundary enlarges with the increase of oxygen concentration.
* The stretch rate of maximum dimensionless excessive conductive heat loss (W4 ) slightly
increases with the oxygen concentration.
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Flame Profiles along the Flammability Boundary
(P, = latm, Y, = 23.1%)

Gas Phase and Solid Surface = = Profiles at the Maximum Reaction
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* Reaction intensity and hence the maximum flame temperature
S, increase with stretch rate.
—rlewetl e Flame standoff distance decreases with the increase of stretch rate.
* Mass burning rate at the solid surface increase with stretch rate.
* On the blowoff branch, more fuel vapor is left over in the reaction
zone and taken away to sides by the convection flow.
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almost invariant.
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Flame Profiles along the Flammability Boundary
(P, = latm, Y, = 23.1%)
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Dimensionless Maximum Reaction Rate (P, = latm)
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* |tis the ratio of convection time to the reaction time.
* |t has the classical Damhkoler number character.
) * ltis of the order 1, but slightly increases with oxygen mass fraction.
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Heat Transfer Analysis (P, = 1latm,Y,, = 23.1%)
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e Radiative heat loss is important on the quenching branch. It
explains up to 46% of the total heat generation from

Yo, = 23.1%

A (110/) 106 combustion.
a S . . .
* Net enthalpy flow to sides increases with stretch rate. ASE
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Flammability Boundary — Y, vs a (P, = 1latm)
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* The classical U-shape flammability boundary is a function of excessive conductive
heat loss into the solid interior.
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Thank you!
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This slide is only used to generate the plots and will be removed in the final version.
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