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a b s t r a c t 

A Horizontal Channel Apparatus (HCA) has been employed to investigate opposed flame spread over solid 

fuels in reduced buoyancy environments, which would be encountered at the diminished gravitational 

levels on extraterrestrial surfaces (e.g., the partial gravity on the Moon and Mars) as well. With a scaling 

analysis, the characteristic buoyant flow velocity in HCA is well correlated to the channel height and the 

Rayleigh ( Ra ) number. The experimental results show that, without forced flow, the flame spread rate 

and flammability in HCA can be correlated with those at different gravity levels by using Ra number, in- 

dicating HCA may have the ability to simulate the burning characters in partial gravity. Together with the 

Reynolds ( Re ) and Ra numbers , which signify the role of forced and buoyant flow, respectively, the flame 

spread rates and the map of flammability of the solid fuel obtained in the current HCA experiments are 

determined. Furthermore, four distinctively different flame spread patterns are found at various channel 

heights and opposed-flow velocities once the width of the cellulosic sample is extended. Likewise, the 

map of flame spread patterns is governed by the Re and Ra. It is further found through the examinations 

of the time average of the mass-loss rate that as long as Ra is below a critical value, the opposed flow 

in terms of Re mainly determines the oxygen transportation, while the reduced buoyancy in terms of Ra 

mainly contributes to the bifurcations of the potential hydro/thermal instabilities. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Flame spread over solid combustibles is inherently a reacting 

oundary flow with low speed [1] , in which the hydro and thermal 

ynamics determine its global characteristic, e.g. flame spread rate 

nd flammability boundary. The bulk ambient flow involved in the 

ame spread could be either buoyancy-driven convection, mechan- 

cally driven advection, or mixing convection of both. Specially, as 

t is always fully developed in the open terrestrial environment, 

he buoyancy-induced flow determines the heat and mass transfer 

s studied previously [2–7] . Nevertheless, in the microgravity (Mg) 

nvironment, the almost eliminations of the buoyancy-driven flow 

nable the observations of flame spread near the quenching limit, 

n which the distinctively different burning characteristics are re- 

ealed [8–11] . 
∗ Corresponding author at: 15 Bei-Si-Huan-Xi Road, Institute of Mechanics, Chi- 

ese Academy of Sciences, Beijing 100190, China. 

E-mail address: sfwang@imech.ac.cn (S. Wang). 
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In addition to the microgravity environment, the buoyancy- 

riven flow can also be significantly suppressed in confined 

eometry, once the corresponding Rayleigh number ( Ra ) is below 

he critical value. The horizontal narrow channel apparatus (NCA) 

s designed based on this principle. Ivanov et al. [12] used NCA to 

nvestigate the flame spread over nonmetallic-material and found 

hat the flame spread rates of different materials measured from 

he NCA correlate well with those obtained from Mg experiments. 

lson et al. [13] used the same apparatus to investigate the solid 

uel burning behaviors and their experimental results showed that 

0-mm height NCA can capture the essential features of flame 

pread in the microgravity, indicating the NCA can functionally 

imulate microgravity conditions. Zik et al. [14–16] proposed the 

CA to suppress the buoyancy induced by the smoldering combus- 

ion. They successfully observed the same “fingering” instability 

attern as those observed in microgravity experiments in space 

 13 , 17 ]. The size of each “finger”, as well as their in-between gaps,

re excellently correlated with the Péclet number. Zhang et al. 

18] found that once half of the sample width is larger than the 

xygen diffusion length, the flame will break into flamelets due to 
. 

https://doi.org/10.1016/j.combustflame.2022.112008
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2022.112008&domain=pdf
mailto:sfwang@imech.ac.cn
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Fig. 1. Schematic of the opposed flame spread in the HCA. 

i

s

a

w

s

a

i

e

(

fl

a

h

c

A

2

h

l

l

t

t

n

d

R

w

s

d

fl

a

g

b

o

o

i

t

t

s

[

L

w

fl

h

g

L

he oxygen shortage. Wang et al. [19] investigated the quenching 

imit instabilities of concurrent flame spread by employing the 

CA. Two kinds of instabilities are identified, namely finger in- 

tability and traveling wave instability. The oxygen concentration 

etermines which kind of instability prevails the flame spread. 

mong a variety of investigations with NCA on influences of 

hermally thin/thick material [19–25] , the heat loss [26] , and fire 

uppressants [27] have been thoroughly examined. 

The above studies mainly focus on the flame spread behav- 

or in which the buoyancy-driven flow is almost eliminated. How- 

ver, when the buoyancy-driven flow is not thoroughly but “partly”

uppressed, the flame spread may behave quite differently. Such 

uoyancy-reduced environments would be encountered at the di- 

inished gravitational levels on extraterrestrial surfaces (e.g., the 

artial gravity on the Moon and Mars). To investigate the burning 

haracteristics at partial gravity conditions, Sacksteder and T’ien 

28] (abbreviated as SA94 hereafter) conducted downward flame 

pread in a parabolic-trajectory airplane. It was found that the 

ame spread rates show the non-monotonic variation with the in- 

reased gravity and the lowest oxygen concentration to sustain the 

ame spread is at 14%, lower than that recorded in the Mg and 

errestrial experiments [ 8 , 10 ]. This experiment indicates that there 

ould be a higher fire risk in the buoyancy-reduced environment. 

The channel with a height of 10 mm is often used to investi- 

ate the burning characters in buoyancy-suppressed environments. 

owever, the buoyancy level will be increased with the channel 

eight. That means if a horizontal geometry whose characteristic 

ize is neither “narrow” nor sufficiently “large”, the flame spread 

ithin may be similar to those at partial gravity conditions. To dis- 

inguish from the NCA, such horizontal geometry with expanded 

ertical length scale is proposed as the “Horizontal Channel Appa- 

atus” (HCA) by this study. 

Once the buoyancy-driven flow is enhanced in the HCA com- 

ared to those in the NCA, more complicated hydro and thermal 

ynamics are involved. For instance, if there is forced flow in the 

orizontal channel, the flame spread in the HCA is determined by 

he strong coupling between the buoyancy-driven flow, and the 

orizontally advective boundary layer flow, e.g. the Oseen flow as- 

umed by deRis [29] and other boundary flow such as [ 2 , 30 ] stud-

ed. In addition, even regardless of the flame spread dynamics, 

uch complex thermal-advective boundary layer flow involve dif- 

erent flow instability as well as their transitions to each other. 

or instance, the Rayleigh-Benard-Poiseuille (RBP) flow occurs in 

 similar horizontal geometry as the HCA, in which the thermally 

onvective flow driven by heated bottom plate concur with the 

orced advective flow with Poiseuille velocity profile. It was well 

nown for the hydro/thermal dynamic community that for the RBP 

ow, the flow structures/pattern would transfer from the longitude 

olls whose axis is parallel with the flow direction to the trans- 

erse rolls whose axis is orthogonal to the flow and temperature 

radient direction, under the competitions between the convective 

nd advective flow, namely, Rayleigh number and Reynolds ( Re ) 

umber [31] . Analogously, if the channel height of the NCA is in- 

reased so that the convective flow induced by flame is no longer 

egligible, the enhanced competition between the convective and 

dvective flow may also incite distinctively different flame spread 

attern from the “fingering” instability near the quenching limit 

ay arise as well. The potential different flame spread patterns 

ithin HCA will be reported later by this study. 

To investigate flame spread behaviors in reduced buoyancy en- 

ironments, this study designs a HCA with the channel height 

anging from 5 mm which is lower than the typical 10 mm height 

CA [ 13 , 18 , 20 , 25 , 26 , 32 , 33 ] to 100 mm where the flame geometry

s far away from the channel wall. Such a range of channel height 

llows this paper to extend the buoyancy in terms of Ra from the 

rder of 10 3 where the diffusive flame spread near the quench- 
2 
ng limit exists to the order of 10 7 ∼ 10 8 where the typical flame 

pread on terrestrial environments occurs [ 34 , 35 ]. Correspondingly, 

 “reduced buoyancy environment” for the flame spread refers to 

here the buoyancy induced by the flame varies within such Ra 

pectrum. 

This paper is organized as follows. The scaling analysis, which 

ims to correlate the buoyancy-driven velocity in the partial grav- 

ty environment and the HCA, is presented in §2, followed by the 

xperimental procedures described in §3. The global characteristics 

the stable flame spread rates and the map of flammability) of the 

ame spread over narrow samples in the HCA are reported in §4.1 

nd §4.2. §4.3 demonstrates the different flame spread patterns be- 

aviors as well as the map of their effective regions in terms of the 

hannel height and opposed flow velocity, alternatively, Ra and Re . 

t last, the conclusions are made in §5. 

. Scaling analysis: the dependence of buoyancy on channel 

eight 

Two parameters are proposed to characterize the buoyancy 

evel in the HCA. The first is the characteristic buoyant flow ve- 

ocity V b , which is derived from the momentum balance during 

he stable flame spread. The second is the Rayleigh number Ra , a 

raditional yet universal governing parameter to describe the phe- 

omena related to thermal convection. For the flame spread, Ra is 

efined as: 

a = 

g( T f − T ∞ 

) L 3 c 

T ∞ 

ναg 
(1) 

here L c represents the characteristic length scale. For the flame 

pread in the HCA, L c = L is appropriate based on the traditional 

efinitions used in the hydro/thermal dynamic community . For the 

ame spread in partial gravity environments, L c is estimated by V b 

s will be shown later. As both V b and Ra could associate the local 

ravitational acceleration g with the channel height of the HCA , 

ased on V b and Ra it is likely to correlate the global characteristics 

f the flame spread in partial gravity environment and the HCA. 

Figure 1 schematically delineates the opposed flame spread 

ver solid fuels involving several characteristic length scales, that 

s, L f represents the flame height and L q represents standoff dis- 

ance or quenching distance. Assuming the heat conduction from 

he gas to solid phase predominately results in the preheat of the 

olid fuel, the length scale in the solid phase L s is estimated as 

36–38] : 

 s ∼ αs 

V f 

(2) 

here αs is the thermal diffusivity of the solid fuel and V f is the 

ame spread rate. Assuming the energy balance between gaseous 

eat conduction and convection results in the preheat zone of the 

as phase, L g is estimated as [36–38] : 

 g ∼ αg 

V g + V f 

(3) 
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Fig. 2. The correlation of V b between Eq. (11) and experimental data from the HCA. 

The solid line denotes Eq. (11) and the scattered points refer to the measurements 

of V b,HCA based on Eq. (9) . 
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here αg and V g are the thermal diffusivity and the opposed 

ow velocity of the gaseous mixture, respectively. In the environ- 

ent without forced flow, only buoyancy-driven flow is produced, 

herefore V g = V b , where V b is the characteristic velocity of the 

uoyancy-driven flow. Based on experimental results, V b is usu- 

lly one order larger than V f in purely buoyancy-induced opposed 

ame spread, V f could be neglected [39] . As a result, L g,b , which

ndicates L g only associated with the buoyancy, is estimated as: 

 g,b ∼
αg 

V b 

(4) 

or the vertically opposed flame spread in the buoyant flow, the 

omentum balance in the vertical direction satisfies: 

g V 

2 
b ∼ ρg βg( T f − T ∞ 

) L g,b ∼ ρg βg( T f − T ∞ 

) 
αg 

V b 

(5) 

here ρg represents the density of the gas phase, β represents the 

oefficient of volumetric expansion, T f and T ∞ 

represent the flame 

nd ambient temperature, respectively. Thus, an estimation of V b 

s: 

 b ∼
[
αg βg( T f − T ∞ 

) 
]1 / 3 

(6) 

hich agree with the estimations of V b in [ 8 , 28 , 36 , 39 , 40 ]. 

For the opposed flame spread in the HCA, the limited channel 

eight not only suppresses the buoyancy-driven flow but also sub- 

ues the development of the flame itself via geometrical suppres- 

ion and heat loss to the channel wall [ 18 , 26 , 41–43 ]. If the chan-

el height L is less than L q , there is no space for gaseous reaction

nd therefore flame spread is no longer sustained. Such extinction 

s a result of spatial suppression when L < L q corresponds to the 

quenching limit” of the opposed flame spread as reported in pre- 

ious studies on the flame spread with the NCA [ 13 , 18 , 24 , 44 ]. If

 is sufficiently large so that the geometrical suppression of the 

ame no longer exists, V b within the HCA is almost as same as 

hose in the open space. That is to say, the buoyancy-driven flow is 

ully developed, therefore the corresponding opposed flame spread 

n the HCA behaves equivalently as those in the open space. Based 

n the fully developed buoyancy-driven flow, an upper channel 

eight L open satisfies when L > L open , V b,HCA = V b,open where the 

ubscripts “HCA” and “open” represent the HCA and open environ- 

ent, respectively. For the channel height satisfying L q < L < L open , 

he flame geometry is more or less confined. Particularly, the heat 

oss from the flame to the channel wall would further reduce the 

ffective flame height in the HCA, that is, L f < L - L q . On the con-

rary, there is always ample space for the pyrolysis of the solid fuel, 

hat is to say, L q remains the same in the HCA compared to that in

he open environment. Consequently, it is proposed in this paper 

hat the effective length scale L b,HCA in which the buoyancy-driven 

ow is developing satisfies: 

 b,HCA ∼ L − L q ∼ L − αg 

V f 

(7) 

eplacing L g in Eq. (5) with L b,HCA yields: 

g V 

2 
b,HCA ∼ ρg βg( T f − T ∞ 

)(L − L q ) ∼ ρg βg( T f − T ∞ 

) 

(
L − αg 

V f 

)
(8) 

here V b,HCA represents V b in the HCA. Therefore, V b,HCA is esti- 

ated as: 

 b,HCA ∼
[
βg( T f − T ∞ 

) 

(
L − αg 

V f 

)]1 / 2 

(9) 

nlike V b in Eq. (6) , V b,HCA is associated with measured V f . Together

ith Eqs. (6) and (9) , the velocity of the buoyancy-driven flow in 

he open environment and the confined HCA could be correlated 

ith V b : 

 b ∼
[
αg βg( T f − T ∞ 

) 
]1 / 3 ∼

[
βg( T f − T ∞ 

) 

(
L − αg 

V f 

)]1 / 2 

(10) 
3 
ith Eq. (10) , the correlations between V b,HCA in the current HCA, 

nd V b in the SA94 could be obtained. The property values for cal- 

ulations are listed in Table 1 . Based on Eq. (10) , V b,HCA in the HCA

equire individual measurements of V f , which inherently include 

he influences of the solid phase length scale L s . Therefore only 

cattered points are obtained for V b,HCA . 

To test the effectiveness of Eq. (10) , two thermally thin fuels, 

apkin and dictionary paper are selected. The area density of the 

apkin is very similar to those reported in SA 94, while the area 

ensity of the dictionary paper is 14 g/m 

2 larger than that of the 

apkin paper. By setting an undermined constant c BC in the follow- 

ng form: 

 b = c BC 

[
αg βg 

(
T f − T ∞ 

)]1 / 3 = V b, HCA = 

[
βg 

(
T f − T ∞ 

)(
L − αg 

V f 

)]1 / 2 

(11

he correlated results are shown in Fig. 2 . Good correlation is ob- 

ained for the napkin paper whose area density is very close to the 

ne reported in SA94, while deviations occur for the dictionary pa- 

er whose area density is larger, especially for the range of NCA 

here L = 12 and 14 mm. Such deviations are attributed to the 

nherent incompatibility between g/g e and L in the partial gravity 

nvironment and buoyancy-suppressed environment. To solve this 

ssue, further modifications are needed. 

To harmonize the role of g/g e and L , in describing the buoyancy, 

he non-dimensional quantity Ra is proposed. For the HCA, the 

haracteristic length scale L c to define Ra is appropriately selected 

s the channel height, inheriting the convection from the heat 

ransfer community. As none of the characteristic length scales 

entioned in Fig. 1 are clearly reported by SA94, the correspond- 

ng L c , as well as Ra , need to be indirectly estimated. When the op-

osed flame spread is stable, the different length scales related are 

lways geometrically similar, so that L c ∼ L g. Based on Eqs. (4) and 

6) , L c is related to V b as: 

 c ∼ L g ∼ αg 

V b 

∼ αg [
αg βg( T f − T ∞ 

) 
]1 / 3 

(12) 

ccordingly, Ra corresponding to the experimental results from 

A94 could be estimated based on L c . Together with Ra directly 

btained by channel height L of the HCA, the flame spread within 
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Table 1 

Parameter values for calculations. The values corresponding to the gas phase are chosen at the vaporization temperature T v = 618 K. 

Properties Symbols Values Units References 

Area density ρarea 8.5 g/m 

2 –

Thermal diffusivity of gas phase αg 8.06 × 10 −5 m 

2 /s [45] 

Emissivity ε 0.85 – –

Thermal conductivity of gas phase λg 4.79 × 10 −2 W/m/K [45] 

Stefan–Boltzmann constant σ 5.67 × 10 −8 W/m 

2 /K 4 –

Viscosity ν 5.54 × 10 −5 m 

2 /s [45] 

Heat capacity of solid phase c s 1063 J/kg/K [5] 

Gravitational acceleration on earth g e 9.81 m/s 2 –

Flame temperature T f 1500 K [46] 

Vaporization temperature T v 618 K [5] 

Ambient temperature T ∞ 300 K –

Fig. 3. The correlation of V b with Ra . The solid line denotes V b in SA94 and the 

scattered points refer to the measurements of V b,HCA . 
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CA could be correlated with those from SA94, as shown in Fig. 3 .

Compare to Figure 2 , the Ra correlation significantly improves 

he incompatibility issue of the dictionary paper. This is be- 

ause the discrepancies for different thermally thin fuels are in- 

erently included in the characteristic length scale L c ∼ αg / V b 

αg / [ βg( T f − T ∞ 

)(L − αg / V f )] 1 / 2 inside the definition of Ra . A 

light deviation is still found when Ra < 25,0 0 0 ( L < 15 mm),

hich is perhaps ascribed to the enhanced role of radiations that 

re not considered in the current scaling analysis. Nevertheless, 

uch Ra range is below the “buoyancy-reduced” environment and 

s more close to the “buoyancy-suppressed” environment such as 

CA. Hence, based on Fig. 3 , the Ra correlation is sufficient to cap-

ure the essential flame spread behaviors at the buoyancy-reduced 

nvironment. The effectiveness of Ra correlation will be constantly 

emonstrated in the following context, along with the other effec- 

ive dimensionless governing parameter Re in a mixed convection 

nvironment. 

. Experiments 

As schematically shown in Fig. 4 , the HCA employed in this 

tudy consists of a rectangular horizontal channel and an inlet flow 

upply section. The ambient atmosphere of the O 2 /N 2 mixture is 

chieved via two mass flow controllers (Alicat Scientific, type MC), 

hich separately specify the mass flow rate of the pure oxygen 

nd nitrogen flow. After sufficient mixing of pure oxygen and ni- 

rogen flow within an ample mixing chamber, the O /N mixture 
2 2 

4 
ow through an alumina chamber, in which a honeycomb gas dif- 

user and a contracting section are set up to ensure the unifor- 

ity of the oxidizer flow before it enters the HCA test section. 

he test section is a rectangular quartz channel with lateral sides 

ealed. The length and width of the channel are 900 mm and 

60 mm. The distance between the sample and the contracting 

ection is about 500 mm which is long enough to have a fully 

eveloped flow. The height of the HCA channel is adjustable in 

he range of 5 ∼ 100 mm so that a two-dimensional flow is ob- 

ained as the channel width is more than 3.6 times its maximum 

eight. 

The solid fuels for tests are napkins whose area density is 

.5 g/m 

2 as listed in Table 1 . For each test, the sample fu- 

ls are tapped to and sufficiently stretched by the frame of the 

tainless steel sample holder, which assures the effective area 

f the fixed sample fuel. The narrower samples with 35 mm 

idth and the wider samples with 200 mm are used in the 

xperiments. The lengths of the test fuels are all 255 mm. 

he igniter, which is a resistance of 4 ohms under 24 V as 

he igniter is switched, is placed at the downstream end of 

he sample holder to provide uniform ignition on the test 

uels. 

The experimental procedures for each test are as follows. For 

reparations, the fixed and stretched sample fuel on the sample 

older was well adjusted, so that the test sample was horizontally 

ymmetric to the central line of the channel and in the middle 

lane of the top and bottom plates of the HCA. Once the O 2 /N 2 

ixture gas flow with desired mass fractions for oxygen and ni- 

rogen is initialized and fully developed within the test channel, 

he igniter was switched on. Only for the purely buoyant flow 

nvironment tests, after the full development of the O 2 /N 2 mix- 

ure flow, the gas supply was shut off and the outlet of the chan- 

el was immediately sealed for several minutes to ensure the es- 

ablishment of the desired ambient before the ignition. The ig- 

iter was turned off as long as the flame was completely spread 

way. The entire ignition and flame spread process were recorded 

y two digital video cameras (Sony DCR-TRV 900E and Nikon 

7200, with a frame rate of 25 fps) at both top and side of 

he HCA. 

All cases include three to five repeated tests to guarantee re- 

iability and obtain an average value. Based on the analysis of 

ame images, the flame spread rates are calculated according 

o the spread track in the center of the overall flame/flamelet 

dge. The relative errors of oxygen concentration, channel heights, 

nd sample area densities are estimated at ±1%, ±1%, and 

5%. The precision of flow controller precision is ±1%, provid- 

ng a precision of ±2% for the gas flow velocities in the forced 

ow experiments. Depending on the ambiguity of the flame 

osition, the measurement error of the flame spread rate is 

5%. 
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Fig. 4. Schematic of the experimental system. Top: side view; bottom: top view. Unit: (mm). 

Fig. 5. (a) The flame spread rates (b) the flammability limit boundary as a function of L and g / g e . For flame spread (extinctions), the square (cross) and circle (asterisk) 

points denote the results from the HCA and SA94, respectively. 
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. Results 

.1. Buoyancy-controlled flame spread 

Figure 5 (a) presents the experimental results for the flame 

pread rates in purely buoyant flow as a function of L from the 

CA and g/g e from SA94 with the ambient oxygen concentration 

xed at X O2 = 21%. Two critical channel heights are observed in 

ig. 5 (a). As V f is almost constant at L > 30 mm, the buoyancy

s no longer suppressed by the HCA geometry. Accordingly, such 

pper critical channel height is defined as L open . Corresponding to 

he “quenching limit”, the other critical channel height L q , below 

hich the flame extinguishes, is also observed. For the napkin pa- 

er, L q is 9 mm. The existence of L q is also validated in other stud-
5 
es, e.g., Wichman et al. [24] reported L q = 10 mm for the ash-

ess filters, with a slight difference compared to L q = 9 mm in the 

urrent study. In addition to two critical channel heights, the non- 

onotonic tendency between V f and g / g e reported in SA94 and be- 

ween V f and L for the HCA are observed. 

Figure 5 (b) shows the flammability map of the flame spread 

ver the napkin paper within the HCA, as a function of the am- 

ient oxygen concentration X O2 versus L and g / g e . The accuracy of 

imit oxygen concentration in parabolic flight is only 1%, mainly 

ue to the limitation of experimental conditions. However, the 

xygen concentration in normal gravity is easier to adjust and a 

ore concise flammability map can be easily obtained. Therefore, 

t seems that the flammability map in HCA is more sensitive to the 

hange of oxygen concentration. In general, the “U” shape flamma- 
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Fig. 6. The (a) dimensional flame spread rate in Fig. 5 (a) and (b) flammability boundary in Fig. 5 (b) as a function of Ra . 
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ility boundary reported in SA94, whose original form is the varia- 

ions between X O2 versus g / g e , is also similar to the variations be-

ween X O2 versus L obtained from the HCA experiments. Especially, 

he lowest oxygen concentration X O2 ,lim 

on flammability boundary 

or the HCA is about 14% at L = 17.5 mm, which is almost same as

 O2 ,lim 

= 13.5% at g / g e = 0.05 ∼ 0.1 for thin cellulosic tissues re-

orted from SA94 [28] . Such X O2 ,lim 

= 14% does not exist in open-

pace environment [28] whose X O2 ,lim 

is 15.6% and in NCA [44] and 

icrogravity environment [ 8 , 10 ] whose X O2 ,lim 

is 15%. The well- 

orrelated flammability boundary as well as X O2 ,lim 

= 14% implies 

hat the HCA can reproduce the flammability map, which is the 

ther global characteristic of the opposed flame spread over solids. 

To unify the role of L and g/g e in representing buoyancy, Ra cor- 

elations as proposed in Section 2, are applied to the flame spread 

ates and the flammability boundary in previous Fig. 5 , in which 

he flame spread rates for both fuels are made by dividing ex- 

erimental data with the theoretical flame spread rate from DeRis 

29] : 

 f = ρarea V f 

c s ( T v − T ∞ 

) √ 

2 λg ( T f − T v ) 
(13) 

here T v , T f , and T ∞ 

represent the temperature of the vaporiza- 

ion, the flame, and the ambient atmosphere, ρarea represents the 

rea density of the fuel, c s is the specific heat of the solid phase,

g is the thermal conductivity of the gas phase. The values of pa- 

ameters for calculations are listed in Table 1 . Overall, good corre- 

ations are obtained as shown in Fig. 6 . For the flame spread rates

 Fig. 6 (a)), noticeably, the critical Ra where extinction occurs is at 

he order of 10 3 as same as the classic critical Ra = 1700, where

he hydro-thermal dynamics are completely suppressed and give 

ay to thermal conduction [ 14 , 47 ]. Based on similar magnitude 

rder of Ra , near the quenching limit, the buoyancy induced by 

ame spread is also completely suppressed by the HCA. The sup- 

ressed buoyancy further leads to insufficient oxygen transporta- 

ion to sustain the flame spread, which is why the quenching limit 

ccurs in the HCA. With the gradual increase of buoyancy in terms 

f increased Ra , the oxygen transportation is also enhanced, so that 

 f increases with Ra and therefore L and g/g e. Once Ra further in- 

reases to the degree where L c = L open , the flame is no longer sup-

ressed by the geometry as suggested before, therefore the buoy- 

ncy in the HCA ceases increasing further and becoming relatively 

table. In contrast, for SA94 where the buoyancy could further in- 

rease via increased g/g e , the flame spread is subject to the effects 

f chemical kinetics. The stable buoyancy in the HCA and increas- 

ng buoyancy for the SA 94 is the reason why there exist certain 

ifferences when Ra > 15,0 0 0 in Fig. 6 (a) and (b). Based on the
6 
imilar dependences of buoyancy on Ra , the flammability bound- 

ry, though slightly different from Fig. 5 (b), is well correlated with 

a . 

The successful Ra correlations shown above convincingly indi- 

ate that the HCA can create the reduced buoyancy environment, 

t least for the opposed flame spread over thermally thin fuels. 

his is reasonable, as Ra unifies the influences of L and g in their 

ontributions to buoyancy. As long as the governing Ra is at the 

ame level, the same thermally convective flow pattern would al- 

ays occur, regardless of whether the thermal convection is in- 

uced by the reduced geometrical size or the reduced gravitational 

nvironment. 

It should be noted that the flame spread rates in HCA are not 

ompletely the same as that in HCA, mainly due to the following 

easons. Firstly, the buoyant flow direction is different in two sets 

f experiments. The flame spread horizontally in HCA, but down- 

ardly in parabolic flight. The different buoyant flow directions 

ill result in some differences in the heat transfer from the flame 

o the solid fuel. Secondly, due to the existence of the top wall, it 

ill cool the flame in HCA. However, the chamber in SA94 is much 

arger, which will not cool the flame. HCA can give a general trend 

f flame spread in reduced gravity and it is necessary to conduct 

ore reduced gravity experiments to obtain more accurate data. 

n general, the agreeable correlations of the overall non-monotonic 

ariations between V f and V b , strongly suggest that the HCA can 

eproduce the global characteristics of the opposed flame spread 

ate at the different gravitational environments, at least to a satis- 

actory degree. 

.2. Flame spread under combined effects of buoyant and forced flow 

Figure 7 (a) and (b) show the flame spread rates as a function of 

he opposed flow velocity V g and the Reynolds number Re within 

he HCA of different heights. Re is defined as: 

e = 

V g L 

ν
(14) 

ollowing the tradition from the hydro/thermal dynamics commu- 

ity. The V f ∼ V g results of thermally-thin cellulosic fuels whose 

rea density is 10 g/m 

2 obtained in Mg experiments [10] are also 

ncluded for comparison. The flame spread rates are corrected by 

he area density. The data in SA94 are excluded as it only involves 

he flame spread in purely buoyant flow. 

When L ≤ 8 mm (solid points in Fig. 7 ) the non-monotonic 

ariations between V f and V g are obtained, with the flame spread 

ates in HCA varying around those from the microgravity experi- 



C. Wu, Y. Xiao, S. Wang et al. Combustion and Flame 240 (2022) 112008 

Fig. 7. Flame spread rate as a function of (a) V g and (b) Reynolds number in the HCA with different heights. The microgravity data from [10] are also included for comparison. 

The solid points indicate the V f ∼ V g variations that could correlate with the trend of microgravity data, while the void points indicate the V f ∼ V g variations that deviate 

from the trend of microgravity data. 
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ents [10] . The early ascending stage where V f increases with V g 

s V g < 150 mm/s, is mainly attributed to the enhanced mixed 

onvection as forced convection is introduced and augmented. Yet, 

he buoyancy is still subdued, e.g. , at L = 8 mm Ra = 4499 is still

t the same order of 10 3 as those in the NCA. At such suppressed

uoyancy level, the wall heat loss, as proposed by [42] , are also 

mportant in the overall energy balance. As V g further exceeds 

50 mm/s, the forced convection dominates so that the residual 

ime of the flame is less than the necessary chemical reaction 

ime [4] , as a result, V f decreases with V g . 

When L > 8 mm, the V f ∼ V g variations deviate from those 

ith L ≤ 8 mm and the Mg experiments [10] . Especially, at 

 = 10 mm, though the non-monotonic tendency remains, the 

aximum flame spread rate V f, max occurs at V g = 40 mm/s, with 

ts magnitudes about twice of those at L ≤ 8 mm and larger than 

 f, max at quiescent HCA in Fig. 5 , at forced convection environ- 

ent at Mg [ 8 , 10 ], NCA [44] and reported in SA94 [28] . In other

ords, V f, max with L = 10 mm at V g = 40 mm/s perhaps is the

aximum flame spread rate among all reduced buoyancy environ- 

ents, strongly indicating the most promotive environment for op- 

osed flame spread yet the most hazardous environment for fire 

afety. 

At L = 15 and 20 mm, the ascending variations are further 

eakened, indicating that the overall V f ∼V g variations are simi- 

ar to those from Fernandez-Pello et al. [4] at normal gravity con- 

itions. Likewise, a similar tendency repeat when we further ex- 

end L beyond 20 mm, therefore L open = 20 mm is suggested at 

 mixed convection environment, smaller than L open = 30 mm in 

urely buoyant flow ( Fig. 5 ) due to apparent enhanced mixed con- 

ection. 

The deviations of V f ∼V g behaviors at L = 10–20 mm and os- 

ensible increasing magnitudes V f are attributed to unique flame 

tructures determined by the hydro and thermodynamics. Fig. 8 

hows the side view images of typical flame spread at L = 5–

0 mm and fixed V g = 5 mm/s, with corresponding Ra and Re de-

oted. At L = 5 mm ( Fig. 8 (a)), the flame on the top of the sample

older is so weak that the flame front appears partly symmetric, 

hich is similar to previous studies under buoyancy-suppressed 

nvironment (e.g. NCA [44] and Mg condition [ 8 , 10 ]) and there-

ore indicates the buoyancy within is severely suppressed. As L in- 

reases to 10 ∼15 mm ( Fig. 8 (b) ∼(c)), the top flame gradually grows

trong than its downside counterpart, with its tail curling towards 

he flame spread direction. Particularly, at L = 20 mm ( Fig. 8 (d)),
7 
he “rolling flame” as marked by the red circle is developed simi- 

ar to the appearances of concurrent flame spread. Because of such 

olling flame structures, more unburnt fuels are exposed to the ex- 

ended flame region and are further pyrolyzed to provide more va- 

orized fuel to sustain such a robust flame. Hence, the presence of 

uch rolling flame structure at partly suppressed buoyancy envi- 

onment is the reason why V f at L = 10–20 mm is significantly 

arger in previous Fig. 7 . Meanwhile, we also observed that the 

olling flames structure is more sensitive to V g at L = 10 mm, that 

s also why also in Fig. 7 , non-monotonic V f ∼ V g variation seems 

ore obvious than those below L = 10 mm. 

From the view of hydro-thermal dynamics, such rolling flame 

ould also be considered as a single transverse vortex structure, 

hich is similar to the transverse roll structures of the RBP flow. 

nalogously, Ra = 8788 ∼ 29,659 at L = 10 ∼ 15 mm is also in 

he same range where the transverse roll structures appear in the 

BP flows [ 4 8 , 4 9 ]. Hence, we suggest the rolling flame is the direct

onsequence of the partly suppressed buoyancy. Of course, in the 

BP flows the heat source usually refers to the entire or majority of 

he fixed bottom boundary, therefore a series of transverse vortex 

olls are created. In the current flame spread in the HCA, the heat 

ource is limited to the flame and pyrolyzed fuel region, so that 

nly a single vortex structure, that is, the rolling flame is observed. 

he dynamical heat source region is also the key difference of the 

ame spread from the RBP flow, nevertheless, the governing role 

f Ra and Re should be the same, which will be further confirmed 

n section 4.3. 

At last when L = 20 ∼30 mm, the upright flame agrees with 

hat we usually observed on the ground. It is also found that the 

ame is no longer suppressed by the channel wall at L = 30 mm, 

hus the characteristic length scale and corresponding Ra become 

elatively stable at the order of 10 6 . This is also why the ascending

tage of V f ∼ V g no longer exists in the previous Fig. 7 . 

A unique extinction boundary for the HCA, as shown in 

ig. 9 (a), consists of L and V g at fixed ambient oxygen concen- 

ration X O2 = 21%. Figure 9 (b) transfers L ∼ V g into dimension- 

ess Ra ∼ Re form. As the opposed flow velocity V g is introduced, 

he quenching height L q , below which the flame extinguishes, also 

ecreases with increased V g . The maximum quenching height is 

 mm in Fig. 9 (a) corresponds to that in the buoyant flow en- 

ironment as shown in Fig. 5 , therefore defined as L q, max . As V g 

ncreases, the quenching height L q decreases along the flammabil- 

ty boundary until 2.5 mm, below which the flame extinguishes 
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Fig. 8. Side view flame images in HCA at various channel heights. 
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egardless of V g. Such lowest quenching height denoted as L q, min 

n Fig. 9 (a) and (b), agrees with the one reported from previous 

tudies on the NCA [24] . As a result, the overall flammability area 

s bounded between L q, max and L q, min . The corresponding critical 
Fig. 9. The flammability boundary as a function of (a) channel heigh

8 
a q, max and Ra q, min for L q, max and L q, min , as shown in Fig. 9 (b), is

406 and 562. 

When L is close to the L g , the space for the gaseous reaction is

ot enough and the cooling effect of the wall surface is gradually 

ignificant, which will lead to the quenching limit. When the op- 

osed flow is introduced into the channel, the characteristic gas- 

hase length L g ∼ αg / V g will decrease with the increased gas 

ow velocity, and the flame can be survived at L q due to sufficient 

xygen supply. Besides, the previous study shows that the cool- 

ng effect of the wall is decreased with the velocity [42] . These 

actors together promote flame spread. The increased flow velocity 

ill decrease gas-phase length so that the flame spread is accel- 

rated. However, when V g is sufficiently large, the residence time 

f the fuel vapor/oxidizer mixture in the flow may approach or 

ven be lower than the chemical reaction time, and the flame will 

e blown off. Thus, there is a limit channel height L q, min that the 

ame cannot spread at any forced flow velocity. 

.3. Flame spread patterns 

Previous experimental studies showed that when the flow ve- 

ocity is near the quenching limit [13] and the sample width 

s wider than the oxygen diffusion length [18] in buoyancy- 

uppressed conditions, the uniform flame will break into flamelets. 

o investigate the effects of buoyancy on the flame spread pattern, 

he width of the sample will be extended significantly from 35 mm 

o 200 mm in this subsection. 

In general, as L and V g increase and depart from the quenching 

imit, the appearances of the flame spread in the HCA always tran- 

it from the feeble “fingering” instability near the quenching limit 

o the continuous and robust flame edge. Distinctively different 

ame spread patterns 1 ∼ 4, as shown in Fig. 10 , exist in the tran-

itions. The flame spread pattern 1 is the well-studied “flamelets”

r “finger” instability near the quenching limit with NCA, as shown 

n Fig. 10 (a). The track of split flamelets spread form the “finger”

hape, which is the result of thermally diffusive transportation of 

he oxidizer [ 13 , 14 , 18 ]. 

The flame spread pattern 2, which occurs once the oxygen 

ransportation via buoyancy is enhanced with increased L , involved 

istinctively different mechanisms as shown in Fig. 10 (b). Unlike 

attern 1 where a single flamelet usually occurs somewhere away 

rom the edge of the sample holder, in pattern 2 the flame spread 

nly occurs near the edge of the sample holder. The only existence 

f the flame near the edge indicates certain flow structures are 

imited near the edge. Though not shown here, once the buoyancy 
t L and flow velocity V g as well as (b) Ra and Re for the HCA. 
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Fig. 10. The typical images and the tracks of flamelets of flame spread patterns 1 ∼ 4. 
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ithin the HCA is further increased with L , the two edge flamelets 

xtended their width towards the central marginal regions, even- 

ually joining together to become the continuous flame edge. 

The flame spread pattern 3, whose typical image is shown in 

ig. 10 (c), involves similar appearances of flamelets as pattern 1. 

evertheless, the flamelets in pattern 3 spread in parallel with 

ach other and barely bifurcate like those in pattern 1. The overall 

ame spread in pattern 3 behaves more vigorously than patterns 1 

nd 2. 

The flame spread pattern 4, as shown in Fig. 10 (d), appears to 

e a corrugated and bounded group of flamelets, as indicated by 

lmost burnt solid fuel after the flamelets passed by. Nevertheless, 

ifferent from the continuous flame edge, each flamelet in pattern 

 is still identifiable so that the overall flame fluctuates during its 

preading. 

Similar to the flame spread rate V f signifying the intensity of 

he stable flame spread in §4.1, a global property is needed to in- 

icate the quantitative influences of Ra ∼ Re on the flame spread 

attern, in addition to the phenomenal identifications based on 

he flame spread appearances only. Zik [14] employed the width 

f “fingers” and their in-between gaps to describe the influences 

f the lateral oxygen transportation and the geometry of the “fin- 

ering” instability and successfully correlated them with the Péclet 

umber Pe . Nevertheless, unlike the “fingering” instability near the 

uenching limit, the width of flamelets, as well as the gaps in- 

etween, are not stable for the flame spread pattern 2 ∼ 4. The 

verage mass loss rate ˙ m could serve as a statistically global prop- 

rty to indicate the overall intensity of the flame spread, defined 

s: 

˙ 
 = 

ρarea ( A 2 − A 1 ) 

	t 
(15) 

here A 1 and A 2 respectively represent the area of the burned 

ample at the initial and final time, 	t represents burning time. 

ith Eq. (15) , the map of ˙ m corresponding to the patterns 1 ∼
 could be established. The average mass loss rates have signifi- 

ant differences under different flame spread patterns, as shown 

n Fig. 11 . 

The agreeable correlations between ˙ m and Re are shown in 

ig. 11 (a), in which ˙ m for patterns 1 ∼ 4 are unified. As: 

 e = Re · Sc (16) 

here Sc = ν/ D represents the Schmidt number, Re is directly as- 

ociated with Pe , which was employed by Zik [14] as the govern- 

ng parameter for the “fingering” instability. Once Sc is stable, Re 

s proportional to Pe . As a result, good correlations between ˙ m and 
9 
e is also expected. As ˙ m indirectly indicates the ratio between the 

ame and the sample width based on its definition in Eq.(15), the 

orrelations between ˙ m and Re in Fig. 11 agree with the successful 

orrelations between the width of the “finger” and Pe reported by 

ik [14] . The good correlations observed in Fig. 11 also suggest that 

he advective transportation of the oxidizer in terms of Re or Pe is 

till the dominant mechanism that determines the intensity of the 

ame spread. 

Based on the correlations via Re , ˙ m asymptotically increases 

ith increased Re. Yet, such ascending variations cease at 

 = 15 mm ( Ra = 29,659), in which almost constant ˙ m with abso-

utely dominant magnitudes over those at L < 15 mm is observed, 

ndicating that once L ( Ra ) reach critical value, the advection of the 

xidizer in terms of Re have little influences on ˙ m . Coincidentally, 

uch critical value of L = 15 mm ( Ra = 29,659) also corresponds to

he channel height where the maximum stable flame spread rate 

ccurs as reported in §4.1, indicating the most favorable reduced 

uoyancy environment for the flame spread may be responsible for 

he transitional behavior of ˙ m . 

The variations of ˙ m as a function of Ra are shown in Fig. 11 (b).

everal branches are bifurcated from the concentrated regions near 

he critical Ra = 29,659 where Re is independent of ˙ m and split 

urther with increasing gaps as Ra decreases. Because all flame 

pread patterns are unified via the correlations of Re in Fig. 11 (a) 

et are distinguished via the correlations of Ra in Fig. 11 (b), the 

ifurcations as Ra decreases from the critical Ra = 29,659 strongly 

uggest that the role of reduced buoyancy is to invoke different 

ame spread patterns, which is similar to the role of Ra in deter- 

ining the instabilities of the RBP flow. 

Together with Ra and Re , the map of flame spread pattern 

 ∼4 (directly denoted by the symbols from “1” ∼ “4”) and the 

ontour of ˙ m are plotted in Fig. 12 . The effective regions of the 

attern 1 ∼ 4 are bounded by the extinction boundary indi- 

ating the quenching limit and the transitional boundary indi- 

ating the continuous flame edge. As individual regions of the 

atterns 1 ∼ 4 and the contour of ˙ m are well distinguished 

y Re ∼ Ra , once again Re ∼ Ra is proved to be the govern- 

ng parameters for the flame spread within the HCA, and there- 

ore the overall flame dynamics are mainly dominated by the 

ydro and thermal dynamics. Nevertheless, as the area of the 

ame is dynamically coupled with the oxygen transportation, 

he flame spread in the HCA includes more instability modes, 

amely, the patterns 1 ∼ 4, compared to the RBP flow which 

nly involves a stable heated area and thereby two types of 

nstabilities. 
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Fig. 11. The time average mass loss rate ˙ m as a function of (a) Re and (b) Ra . The symbols “1” to “4” represent the flame spread pattern 1 ∼ 4. 

Fig. 12. The contour of ˙ m and F loss as a function of Re and Ra . The magnitudes of ˙ m and F loss are indicated in different colors, as indicated by the palette. 
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Furthermore, radiative heat loss plays a significant role in flame 

pread issues compared to the RBP flow, especially when the flame 

preads near the quenching limit. Near the flame leading edge, the 

ame conduction is balanced with the radiative heat loss from the 

uel surface to the ambient and the sensible energy to preheat the 

uel. The energy balance at the surface of fuel can be expressed as: 

˙ 
 cond, f = c s ˙ m ( T v − T ∞ 

) + εσ (T 4 v − T 4 ∞ 

) L g w (17) 

here w is the sample width, w = 200 mm; L g is assumed to equal

o pyrolysis length, L g = 2 mm. The heat loss ratio is defined as

13] : 

 loss = 

εσ (T 4 v − T 4 ∞ 

) 

c s ˙ m ( T v − T ∞ 

) / ( L g w ) + εσ (T 4 v − T 4 ∞ 

) 
(18) 

The F loss as a function of Re and Ra is plotted in Fig. 12 (b). It

an be seen that the heat loss ratio is increased with the decrease 

f Re at the given Ra . Near the extinction limit, the heat loss ra-

io is above 70%, which agrees with microgravity experiments for 

he ashless filter [13] . Note that even when Ra increases to the or-

er of 10 4 where the buoyancy is reduced rather than suppressed, 

ear extinctions F loss still reach above 70%, indicating the radiation 

eat loss remains the crucial contributor to the quenching limit. 

he reduced role of radiation heat loss in a buoyancy-reduced en- 

ironment could also be the reason why the limit oxygen concen- 
10 
ration in Fig. 6 is lower than those at buoyancy-suppressed envi- 

onments such as Mg condition and NCA. Nonetheless, because of 

he enhanced buoyancy, the regions of F loss = 0.5–0.8 (green area) 

ecome thinner and occur at smaller Re = 0 ∼2 at Ra ∼10 4 . In fact, as

he majority of buoyancy-reduced environments belong to the cyan 

r yellow area where F loss = 0–0.5, the role of the radiation heat loss 

s remarkably compromised. This could be considered as an impor- 

ant feature of the flame spread in the buoyancy-reduced environ- 

ent. Moreover, different flame spread patterns further complicate 

he role of radiation heat loss. For instance, we find that in gen- 

ral the pattern 2 involves less F loss than pattern 3 when Re is the 

ame, which also agrees with Fig. 12 (a) where pattern 2 involves 

arger ˙ m than pattern 3. Therefore, the specific flame spread pat- 

erns must be considered when one analyzes the energy balance 

or the buoyancy-reduced environment. 

. Conclusion 

As the extension of the NCA in terms of channel height L , 

he HCA is employed to investigate the opposed flame spread 

ver the solid fuel under suppressed buoyant flow conditions. The 

lobal characteristics including flame spread rates and flammabil- 

ty boundary along with the flame spread patterns were examined, 

ithin the HCA with channel height L and opposed flow velocity 

 g , namely, different Ra and Re . 
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The scaling analysis and correlations exhibit that the charac- 

eristic buoyant flow velocity V b and associated Ra derived from 

he parabolic flight experimental results reported in SA94 could be 

ell correlated with those from the current HCA experiments, in- 

icating the reduced buoyancy environment induced by the partial 

ravity and the HCA are governed by the same mechanisms. Based 

n the good correlations of V b and Ra , excellent agreement of flame 

pread rates and flammability between SA94 and the current study 

re also obtained. Also, a special flammability map built by L and 

 g , alternatively, Ra versus Re , defines the effective regions where 

he buoyancy induced by the flame spread is suppressed. The ex- 

inction boundary corresponding to the quenching limit is also sig- 

ificantly extended from the previous studies based on the NCA 

nd Mg experiments. The special “rolling flame” structures, which 

re similar to the transverse vortex rolls in the RBP flow, are ob- 

erved when Ra is at the order 10 3 ∼10 4 . Such unique flame struc- 

ures lead to the deviations of V f ∼ V g behaviors in the buoyancy- 

educed environment compared to those at buoyancy-suppressed 

ne such as NCA and Mg condition. 

Once the sample width is extended, four distinctively unsta- 

le flame spread patterns are found within the transitional regions 

rom the thermal-diffusive “fingering” instability to the continuous 

ame edge. The unique features of these four patterns as well as 

heir transition to the continuous flame edge are analyzed. Further 

xaminations of ˙ m suggest that Re is the main governing parameter 

f the flame regions in terms of ˙ m , while Ra is the main governing

arameter that determines the transitions among the flame spread 

atterns. Nevertheless, the influences of Ra and Re only exist in 

he effective regions where Ra < 29,659. Near the quenching limit, 

he radiation heat loss remains important in energy balance for 

he buoyancy-reduced environment when Re is small. Nevertheless, 

he overall contribution of the radiation heat loss in the buoyancy- 

educed environment is significantly reduced. Furthermore, the dif- 

erent flame spread patterns also involve different F loss . 
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