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Abstract 

Experiments were conducted to investigate the flame lengths induced by a wall-attached fire 

impinging upon an inclined ceiling, which has not been quantified previously. The flame lengths 

beneath the ceiling were measured in the directions both normal- (x direction) and parallel (y 

direction) to the intersection line of the wall and ceiling for 576 experimental conditions, involving 

various heat release rates, source-ceiling heights and ceiling inclination angles (from -20° to 20°). 

The measured values were found to be essentially different from previous data and correlations for 

fire impingement without wall, and at the same time, have a complex variation nature with 

inclination angle. The flame lengths in the x direction increased, whereas that in the y direction 

decreased with increasing of the ceiling inclination angle. The measured flame lengths were then 

analyzed regarding the buoyancy effect (gravitational component along the ceiling) in two aspects: 

one is due to the change of the impinged flow velocity field distribution over the ceiling and the 

other is due to the formation of corner vortex rotating flow. The flame lengths in either direction 

normalized by the ceiling height (H) was found to be proportional to (Hwall,f-H)/H (reflects the 

fraction of the unburned fuel after impingement) where Hwall,f is the free flame height for the 

wall-attached fire. The effect of the angle was then further accounted for by multiplying (Hwall,f-H)/H 

with (1+sinq )/2 for the flame lengths in the x-direction, and dividing (Hwall,f-H)/H by (1+sinq )/2 for 

the flame lengths in the y-direction. New models were finally obtained to correlate the impinging 

flame lengths in the two directions. This study provides quantitative data and basic understanding of 

the flame length beneath an inclined ceiling induced by wall-attached fire impingement, which has a 

ceiling flow structure essentially different from other impinging configurations reported previously. 

Key words: Impinging flame length; inclined ceiling; wall-attached fire; buoyancy (gravitational) 

component along ceiling; rectangular source. 
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1. Introduction 

The impinging flame length in ceiling jet is an important parameter [1-13] to estimate the direct 

heat flux upon the ceiling and the radiation to flammable objects below the ceiling. The earliest 

experiments to measure the impinging flame lengths was done by You and Faeth [3] for unconfined 

horizontal ceiling using axi-symmetric sources (0.36-7.89 kW). Later, Heskestad and Hamada [4] 

performed experiments for larger heat release rates (92.6-764 kW). They showed that the radial 

flame length was nearly a linear function of the cut-off flame height, Hfree,f-H, where Hfree,f is free 

flame height and H is ceiling height. Recently, the flame length beneath an unconfined ceiling was 

analyzed and correlated by Ding et al. [5]. Wang et al. [6], through numerical simulations, found that 

the flame length normalized by the ceiling height He,f/H was a function of (Hfree,f-H)/H. Some 

experiments were also reported on flame lengths for confined ceiling with fire at the corner [7-9] or 

in a long-narrow (corridor) structure [13].  

The above studies focused on the impinging flame length beneath a horizontal ceiling. However, 

in practice, there are also commonly buildings having inclined roofs [11, 14, 15] for which the 

correlations for horizontal ceiling are not applicable. The only report on impinging flame length 

beneath an inclined ceiling is the recent one by Zhang et al. [11], in which the impinging flame 

lengths for different ceiling inclination angles (0-20°) were measured and correlated for a free fire 

impingement (without wall). We note that there is still no report on the impinging flame length 

induced by wall-attached fires beneath an inclined ceiling, where the inclination angle can be either 

negative or positive (or the ceiling-wall angle can be less than 90° or larger than 90°). The flow 

structure and impinging flame length in this case should be essentially different from that produced 
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by a free fire (without wall), as a result of complex coupling effects of wall-constraint air 

entrainment, corner impinging flow and buoyancy component along the ceiling. 

Therefore, experiments were conducted to investigate the flame lengths induced by 

wall-attached fire impingement upon an inclined ceiling. The impinging flame lengths were 

measured in the directions both normal- (x direction) and parallel (y direction) to the wall-ceiling 

intersection for various heat release rates (HRR), source-ceiling heights and ceiling inclination 

angles. Non-dimensional correlations were proposed to describe these two quantities. 

2. Experiments 

Figure 1 shows the experimental setup. A rectangular mica smooth plate (2 m × 1.25 m) with 

low thermal conductivity of 0.035 W/(m·K) having good heat resistance performance was used to 

simulate the wall, and another one (with the same properties, 2 m × 1 m) simulating the ceiling. Five 

ceiling inclination angles (q ), -20°, -10°, 0°, 10° and 20° were considered. Such ceiling inclination 

angles cover most of the building roof conditions [16].  

For negative ceiling inclination angles (-20° and -10°), three rectangular gaseous fire sources 

with the dimensions L (length) × W (width) 16.88 mm × 16.88 mm, 47.75 mm × 5.97 mm and 142.5 

mm × 2 mm were used, and three source-ceiling heights 0.38 m, 0.475 m and 0.57 m were 

considered. For horizontal (0°) and positive ceiling inclination angles (10° and 20°), four rectangular 

gaseous fire sources with the dimensions L (length) × W (width) 16.88 mm × 16.88 mm, 47.75 mm × 

5.97 mm, 71.25 × 4 mm and 142.5 mm × 2 mm were used, and five source-ceiling heights 0.38 m, 

0.475 m, 0.57 m, 0.665 m and 0.72 m were considered. The fire sources were arranged with longer 

side attached the wall. Propane was used as fuel with supply rate controlled by a flow rate meter 

(0.01 dm
3
/min). The HRRs ranged from 2.23 to 19.64 kW. The flame Froude number 5fFr <  
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(  [17], with d replaced by fire source perimeter 

(2L+2W)) and flame Grashof number 910critGr Gr³ »  (

3

,

2

f wall fT T gH
Gr

n
¥

¥

D
= ) [18, 19], to assure 

that flames were buoyancy-controlled and fully turbulent. u0 is fuel flow velocity at nozzle exit, g 

gravitational acceleration, S air to fuel mass stoichiometric ratio, 0r  fuel density, r¥  ambient air 

density, fTD  mean flame temperature rise, T¥  ambient temperature, Grcrit critical flame Grashof 

number, Hwall,f wall-attached flame height, n ¥  kinematic viscosity. 576 experimental conditions, 

involving various HRRs, source-ceiling heights and ceiling inclination angles, were considered. Each 

case was repeated three times. 

                     

Figure 1: Experimental setup.  

Two digital cameras (DV) with 1920 × 1280 pixels (25 fps) were employed to record the 

impinging flame lengths beneath ceiling. One was parallel to wall (DV#1) to record the flame 

lengths in x direction (normal to wall-ceiling intersection), whereas the other perpendicular to wall 

(DV#2) to record the impinging flame lengths in y direction (parallel to wall-ceiling intersection). 

The impinging flame length was obtained based on the 50% flame appearance probability [11, 20, 

21], from time series flame images recorded by the camera (60 s, 1500 frames) as did in [11, 20, 22]. 
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The corresponding flame height Hwall,f  without ceiling for such wall-attached fire was also measured. 

The temperature profile in the impinged ceiling flow was measured by K-type thermocouples (bead 

diameter: 0.5 mm) with radiation error corrected [23]. 72 thermocouples were installed at 0.015 m 

beneath the ceiling. The locations of 50% of the flame appearance probability were found to be 

consistent with the temperature of about 780-880 K.  

3. Results and Discussion 

3.1 Impinging flame lengths in the two directions 

Figures 2(a) and (b) show the instantaneous photos and the corresponding flame appearance 

probability of flame along the ceiling in the x direction (normal to intersection, Hn,f) for the five 

angles; and Figures 2(c) and (d) show those in the y direction (parallel to intersection, Hp,f). The 

flame length in the x direction increases, whereas that in the y direction decreases, with increasing of 

ceiling inclination angle. This is also well indicated by the quantitative data in Fig. 3.  

 

(a) Typical instantaneous photos of flame along the ceiling in the x direction. 
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(b) Flame length quantification of Hn,f (x direction) based on flame appearance probability contour. 

 

(c) Typical instantaneous photos of flame along the ceiling in the y direction. 

 

(d) Flame length quantification of Hp,f (y direction) based on flame appearance probability contour. 

Figure 2: Impinging flame length quantification in the two directions (burner: 16.88 mm (L) × 

16.88 mm (W); H=0.57 m; QQ =13.39 kW). 

Figure 3 also shows that, for the angle of 0°, the flame length in the y direction is remarkably 

larger than that in the x direction. This could be attributed to that in the y direction the flame extends 

with rotating vortices (marked by blue circle in Fig. 2(a), the flow rotates downward near the wall 

surface) generated in the corner along the intersection (these vortices were also observed in corridor 

fire ceiling corner flows [13]). Due to these vortices, more un-burnt fuel is driven to flow along the 
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intersection in the y direction, resulting in relative longer flame length. The evolution of flame 

lengths with inclination angle described above can be explained by the effect of the inclination angle 

on the un-burnt fuel movement and flow distribution as shown in Figs. 4 and 5. 
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   (a) x direction                         (b) y direction 

Figure 3: Measured impinging flame lengths in the two directions versus heat release rates 

(burner: 16.88 mm × 16.88 mm; H=0.57 m) for various ceiling inclination angles. 

 For negative ceiling inclinations (Fig. 4(a) (-20° or -10°)), the gravitational (buoyancy) 

component along ceiling B1 is against the un-burnt fuel velocity ufuel in the x direction, which 

decelerates and stagnates the un-burnt fuel resulting in a shorter flame length in this direction than 

that for a horizontal ceiling (i.e., q =0°). The buoyancy potential driven by gravitational component 

B1 (towards the corner) will lead more un-burnt fuel flow bending back to the corner (y direction) 

and enhance the rotating vortices that drive more un-burnt fuel flowing along the intersection in the y 

direction. B1 decreases with the increasing of ceiling inclination angle q  (from -20° to 0°) since 

1 sinB B q= . So, the impinging flame length in the x direction increases, while that in the y direction 

decreases, with increasing of ceiling inclination angles (from -20° to 0°).  

For positive ceiling inclinations (Fig. 4(b) (10° or 20°)), B1 is in the same direction as ufuel in the 

x direction parallel to ceiling, which accelerates the un-burnt fuel and hence resulting in larger 

impinging flame length in this direction than a horizontal ceiling (i.e., q =0°). Meanwhile, the 
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buoyancy potential driven by gravitational component B1 drives the impinged flow leaving the 

corner. And it also suppresses the rotating vortices at the corner. One can imagine that when ceiling 

inclination angle becomes very large (i.e., q ®90°), such rotating vortices will be completely 

suppressed. All these result in less un-burnt fuel flowing along the intersection in the y direction. For 

this condition, B1 increases with increasing of ceiling inclination angle q  (from 0° to 20°) since 

1 sinB B q= . So, the impinging flame length in the x direction increases, meanwhile that in the y 

direction decreases, with increase of ceiling inclination angles (from 0° to 20°).  

   

(a) -20° or -10°               

  

(b) 10° or 20° 

Figure 4: Physics of buoyancy effect (gravitational component along ceiling) on the impinging 

flame lengths at negative (a) and positive (b) ceiling inclination angles.  

The effect of B1 on the impinged flow structure hence the un-burnt fuel distribution can be more 
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isotherm gradient in the x direction increases with the decreasing of the inclination angle (0° to -20°) 

which is due to that B1 is against the un-burnt fuel velocity in the x direction. The isotherm gradient 

in y direction increases with the increasing of the inclined angle (0° to 20°, consisted with the 

temperature profiles in Fig. 8 in [24] and Fig. 6 in [25] for unconfined inclined ceilings) as the heat 

flow will be driven to leave the corner by B1 which was also proved by the velocity profile reported 

in Fig. 6 in [25] . This is a new finding which shows that the buoyancy (gravitational) component 

along the ceiling has opposite effect on impinging flame lengths in the two directions.  

 

            (a) -20                   (b) 0                    (c) 20                              

Figure 5: The isotherms (Unit: °C) of ceiling inclination angles -20°, 0° and 20° (burner: 16.88 

mm × 16.88 mm; H=0.57 m; QQ =13.39 kW).  

3.2 Analysis and correlations 

In the previous studies [3-12], there were several correlations proposed for the flame lengths 
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Based on the relation of free flame height with HRR as following [26]  
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Eq. (1) can be rearranged as 

( ), ,0.89e f free fH H H H H= -   (3) 

In [6], the following correlation was proposed, 

( )
0.78

, ,1.13e f free fH H H H Hé ù= -ë û  (4) 

Figure 6(a) presents 
,e fH

H
 against 

,wall fH H

H

-
 (

,wall fH  is the wall flame height without the ceiling,

,wall fH H

H

-
P = ) for the data of this work in x direction for inclination angle of 0°, and those 

measured by Zhang et al. [11] as well as the predictions by Eqs. (3) and (4) for free fire impingement 

without wall (
,free fH H

H

-
P = ). It shows the normalized impinging flame lengths in x direction 

without wall (data in [11] and the predictions by Eqs. (3) and (4)) are significantly larger than the 

present work with wall, which is due to flow rotating vortices in the corner as discussed in section 

3.1. It is found that 
,n fH

H
 is almost proportional to 

,wall fH H

H

-
 for the present study, however, the 

proportional constant is larger as the inclination angle is larger (Fig. 6(b)).  
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Figure 6: (a) Normalized impinging flame lengths in the x direction versus the normalized 

cut-off flame height and comparison with previous data [11] as well as the correlations 

proposed in [6, 9] for free fire impingement without the effect of the wall for horizontal ceiling; 

and (b) for all inclination angles. 

In the impingement region, continuity gives x wallm m m+ =x wallm m mx wallx wa+ mmx wallx wax wa , where xmxm  and wallmwallm  are the mass 

of unburned fuel flow in x direction and opposite direction towards the wall just after impingements, 

mm  is the mass of unburned fuel flow just before impingement. Conservation of momentum in the 

direction along the ceiling gives sinx fuel wall fuel fuelm u m u mu q- = sinx fuel wall fuel fuelm u m u mux fuel wall fuel fux fuel wall fuel fu qm uel wall fuel fuel wall fuel fu , ufuel is velocity at the impingement 

point, and then we have ( )1 sin 2xm m q= +(1 sinxm mx q= (11mm . Then, we further plot the normalized impinging flame 

lengths in x direction 
,n fH

H
 against a modified cut-off wall-attached flame height 

( ) ,1+sin

2

wall fH H

H

q -
 as shown in Fig. 7. The including of factor ( )sin q  is also to account for the 

buoyancy component along the ceiling (affecting the un-burnt fuel distribution after impingement) 

expressed as 1 sinB B q=  as discussed in section 3.1. It is also noted that when the ceiling 

inclination angle becomes very large (i.e., q ®90° or ( )sin 1q ® ), the impinging flame lengths 

,n fH  in x direction should be just approaching Hwall,f-H (as satisfied by 
( )1 sin

1
2

q+
= ). Figure 7 

shows that the data for various inclination angles can be well correlated, 
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It is noted that the rotating vortices in the corner drive more un-burnt fuel flowing along the 

intersection in the y direction, in addition to the impinging and buoyancy effects accounted by above 

term ( )1 sin 2q+ . So, the asymptotic value of Hn,f in Eq. (5) at q = 90° (0.91(Hwall,f-H)) is a bit 

smaller than the rationale value (Hwall,f-H).  
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Figure 7: Normalized impinging flame lengths in x direction versus the modified normalized 

cut-off wall flame height (Hwall,f-H)/H including the effect of ceiling inclination angle. 
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. The data
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inclination angles can be correlated well by (or namely, the combination in LHS of Eq. (6) represents 

the flame surface area for air mass entrainment, which is to be proportional to the amount of the 

un-burnt fuel (RHS of Eq. (6)) for mass/energy conservation) 
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Figure 8: Plot of 
, ,n f p fH H

H H
´

 

against the normalized cut-off wall flame height (Hwall,f-H)/H for 

various ceiling inclination angles.  

Then, based on Eq. (5) and Eq. (6), the impinging flame length in y direction (
,p fH ) can be 

solved as   

 

( ), , 1+sin
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Figure 9 shows that the values of 
,p fH

H
 in y direction predicted by Eq. (7) agree well with the 

measured values for various experimental conditions. It is noted that the asymptote of Eq. (7) at q = 

90° has no physical meaning as there is no flame impingement in this case, that it is non-applicable. 
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Figure 9: Comparison of predicted impinging flame lengths in y direction (Eq. (7)) with 

measured values.  
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4. Conclusions 

This paper investigates the impinging flame lengths beneath an inclined ceiling induced by a 

wall-attached fire. Flame lengths in x direction (
,n fH , normal to wall-ceiling intersection) and that in 

y direction (
,p fH , parallel to intersection) are measured experimentally and correlated based on the 

physical nature of such impinging flow structure. It is noted that due to the gravitational component 

along the ceiling (with inclined ceiling) as well as the rotating vortex flows induced at the wall- 

ceiling junction corner area (wall-attached fire), it results in an impinging ceiling flow structure 

essentially different from that reported previously. The major findings are: 

(1) The impinging flame length in x direction increases, whereas that in y direction decreases 

with the increasing of the ceiling inclination angle. This is due to the opposite effect of buoyancy 

(gravitational) component along ceiling on the impinged flow structure hence un-burnt fuel 

distribution in two directions (Figs. 3-5). 

(2) The ceiling inclination effect on this fire impinging configuration can be well represented by 

buoyancy component along ceiling, or namely, ( )sin q . The normalized impinging flame length in x 

direction 
,n fH

H
 correlates well to 

( ) ,1+sin

2

wall fH H

H

q -
 (Eq. (5) and Fig. 7), while that in y 

direction 
,p fH

H
 correlates well to 

( ), 1+sin

2

wall fH H

H

q-
 (Eq. (7) and Fig. 9).   

(3) The inclination angle has little effect on the product of 
, ,n f p fH H

H H
´  (Fig. 8) because the 

inclination angle has opposite effects on the un-burnt fuel distribution in x direction and that in y 

direction. This value is found to be just a square function of 
,wall fH H

H

-
 (Eq. (6)). 
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Figure captions 

Fig. 1: Experimental setup. 

Fig. 2: Impinging flame length quantification in the two directions (burner: 16.88 mm (L) × 16.88 

mm (W); H=0.57 m; QQ =13.39 kW). 

Fig. 3: Measured impinging flame lengths in the two directions versus heat release rates (burner: 

16.88 mm × 16.88 mm; H=0.57 m) for various ceiling inclination angles.  

Fig. 4: Physics of buoyancy effect (gravitational component along ceiling) on the impinging flame 

lengths at negative (a) and positive (b) ceiling inclination angles. 

Fig. 5: The isotherms (Unit: °C) of ceiling inclination angles -20°, 0° and 20° (burner: 16.88 mm × 

16.88 mm; H=0.57 m; QQ =13.39 kW). 

Fig. 6: (a) Normalized impinging flame lengths in the x direction versus the normalized cut-off flame 

height and comparison with previous data [11] as well as the correlations proposed in [6, 9] 

for free fire impingement without the effect of the wall for horizontal ceiling; and (b) for all 

inclination angles.  

Fig. 7: Normalized impinging flame lengths in x direction versus the modified normalized cut-off 

wall flame height (Hwall,f-H)/H including the effect of ceiling inclination angle.  

Fig. 8: Plot of 
, ,n f p fH H

H H
´

 

against the normalized cut-off wall flame height (Hwall,f-H)/H for 

various ceiling inclination angles.   

Fig. 9: Comparison of predicted impinging flame lengths in y direction (Eq. (7)) with measured 

values. 


