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Besides internal factors like fire growth and its smoke properties, smoke visibility is influenced
by external factors like view direction and path curvature. However, the two external factors
are not included in the simulation of in Fire Dynamic Simulator (FDS). To make up for the
gap, this paper explores the extinction coefficient of smoke based on path curvature, and
discusses the affordance of road signs from the perspective of path curvature and view
direction, creating a new equation for visibility. The author also compared the visibility values

of the new equation and the FDS model. Finally, the new expression of smoke visibility was
illustrated through an example of sign design in curved segment. The research results provide
a valuable reference for the design of signage system for evacuation in the fire environment.

1. INTRODUCTION

Smoke visibility is defined as the maximum distance that an
observer can identify the direction sign and emergency sign
through the smoke in the fire environment [1-3]. Often
evaluated on Fire Dynamics Simulator (FDS), smoke visibility
is influenced by external and internal factors [4, 5]. The
internal factors are the focus of relevant research, including
fire growth and smoke properties like toxicity, opacity and
sublethal effect. The smoke properties reduce the visibility and
hinder the evacuation in fire environment [6-15].

Kang [16] pointed out the inconsistency between the above
definition and the FDS simulation: the definition indicates that
smoke visibility is path-dependent, but the FDS model does
not solve the visibility based on the line-of-sight (LOS), and
developed a smoke model that evaluates visibility directly as
a line integral. Kashef et al. [17] discussed the difference in
smoke visibility between fire scenes in a roadway tunnel,
revealing that the fire scenes in curved segment have higher
smoke optical density (SOD) and lower mean visibility than
those in straight segment. Fu et al. [18], Lujak et al. [19], Blin
[20], Gibson [21] explored the interaction between occupants
and signage system in building environment, highlighting the
necessity to improve the affordance of current emergency
guidance signs. Fujii et al. [22] carried out two experiments on
the visibility of a direction sign and three emergency signs
through fire smoke, and derived the expressions of each sign
relative to visible distance, smoke density and the acute yaw
angles with view direction.

Kashef et al. [17], Fu et al. [18], Fujii et al. [22] also
suggested that path curvature has an impact on visibility, and
the view direction may affect the affordance of road signs.
However, these two external factors of visibility are not
included in the FDS modelling. To make up for the gap, this
paper explores the extinction coefficient of smoke based on
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path curvature, and discusses the affordance of road signs from
the perspective of path curvature and view direction, creating
a new equation for visibility. The author also compared the
visibility values of the new equation and the FDS model.
Finally, the new expression of smoke visibility was illustrated
through an example of sign design in curved segment.

This study discusses smoke’s extinction coefficient with
path curvature, and sign’s affordance with path curvature
coupled with view direction, and then obtains a new visibility
equation. Comparison of visibility values between the new
equation and FDS model is done, too. Finally, an application
example of the new smoke visibility is illustrated for designing
sign in a curved region.

2. FIRE GROWTH AND ITS SMOKE PROPERTIES

A turbulent ensemble of combustion reactions might evolve
into a fire with the temperature up to 1,500-2,500K, producing
energy at 108 W/cm? per unit volume.

Because few chemical reactions are complete, the
combustion in fire is often incomplete under various
conditions. Many products of imperfect combustion could be
generated, namely, carbon monoxide (CO), hydrogen (H),
hydrogen cyanide (HCN) gas, hydrogen chloride (HCI) gas,
and soot, which is predominantly carbon (C). Smoke is
produced through the decomposition and combustion of
materials in the fire environment. The main components of
smoke are different types of particles, ranging from solid
fragments, liquid droplets to solid fragments coated with liquid
or pitch. The smoke is toxic and corrosive, making the fire
zone less visible.

The incompleteness and smoke intensity of a fire reaction
are determined by measurement. The yield of a combustion
product can be computed by [23]:



mass of spcies i

yield of combustion product i, y, =
mass loss of sample

Taking the fire on a wooden crib for example, the chemical
composition of wood was assumed as CH1.700.72-0.74No.000-0.002,
and the relevant data were extracted from ASTM E2058-19,
Standard Test Methods for Measurement of Material
Flammability Using a Fire Propagation Apparatus (FPA) [5].
Then, the combustion reaction of the fire can be expressed as:

CH, 047, Ng o +1.02121(0, +3.76N, )
—>0.964679CO0, +0.003655CO +
0.848241H,0 +0.035184C, ;H, , +3.838558N,

Thus, the actual yields of combustion products can be
obtained as:

Yoo =0.004, Yoo, =1.30,
yield of total gaseous hydrocarbon, y,. =0.001,
ysmoke = 0015 .

3. HUMAN VISION AND COGNITION IN FIRE

SMOKE

For human eyes, the wavelength of visible light falls in the
range of 380-780 nm. The visual information of brightness,
graphs, colors, motions and visibility are acquired based on
light intensity, light intensity distribution, wavelength, photo-
movement and visible distance, respectively [24, 25].

The direction and emergency signs for evacuation are
important tools for fire protection. Familiarity with these signs
is critical to the successful evacuation in the fire environment,
and must be improved through intense publicity and training.
It is a challenge to recognize the information of these signs
through fire smoke. In fact, the recognition is under the
combined effect of the actual smoke yield of combustion
reaction and the emptying rate of the smoke. To cope with the
challenge, a multimodal approach could be adopted to
recognize the context of each sign, the evacuation behavior
and smoke properties (Figures 1-3 [26]), where C; is the
extinction coefficient.
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Figure 1. Visible distance of light-reflective coating
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Figure 2. Visible distance of self-luminous sign
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Figure 3. Evacuation speed in gases of different properties

As shown in Figures 1-3, the visual distance of light-
reflective coating material and self-luminous sign decreases
with the growing smoke density; under a special smoke
density, the visual distance of light-reflective coating material
is positively correlated with its light reflectivity, and that of
self-luminous sign has a positive correlation with the incident
light intensity; it is easier to evacuate in nonirritant gas than in
irritant gas, and the evacuation speed in irritant gas quickly
drops to the walking speed of the blind.

4. EXTINCTION COEFFICIENT OF SMOKE BASED
ON PATH CURVATURE

During the SOD measurement using a smokemeter, the
smoke visibility (m) can be calculated by [4, 5]:

c
VIS == )

S

where, C falls in 5-10 for a self-luminous sign and 2-4 for a
light-reflective sign; C; is the extinction coefficient.

4.1 Path-dependent extinction coefficient
In FDS modelling, the smoke visibility is simulated by

formula (1), and the extinction coefficient is computed based
on the composition of the smoke [5]:

Cs = Km (psYs) (2)



where, Kn is the mass specific extinction coefficient (default
value: 7,600m?/kg); p.Y, is the density of smoke particles
(kg/md).

According to Bouguer’s law [16, 27, 28], the light intensity
decreases with the smoke propagation, and the extinction
coefficient can be evaluated by [26]:

1. exp(—C, xL) (3)

Iy

where, L is the path length of light; I is the emergent light
intensity; lo is the incident light intensity; Cs is the extinction
coefficient.

Because the extinction coefficient varies along the LOS [16],
formula (3) can be rewritten to compute the path-dependent
extinction coefficient [16]:

4)

0

|L=exp(_Lcs (s)dsj
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4.2 Influence of path curvature on extinction coefficient

Kashef et al. [17] conducted four full-scale fire tests in a
tunnel section, which extends from CH 17+00 (east opening
of Tube A) to CH45+00 (west opening of Tube C) (Figure 4a).
The first two fires were simulated in the straight segment at
CH28+50, and another two fires in the curved segment at
CH36+00. To minimize the visible smoke and heat release rate
(HRR), the fire tests were conducted using a clean combustion
propane system (power: IMW). The ventilation plans for the
four tests are listed in Table 1. The test results show that the
SODs of the fires in the curved segment were greater than
those in the straight segment (Figures 4b-c).

Kashef et al. [17] also carried out seven FDS simulations
for fires at the centerline of the tunnel at CH28+31 and
CH36+53. The fire on a 30MW gasoline pool was modelled to
simulate a bus or truck on fire. The ventilation plans for the 7
simulations are listed in Table 2. The simulation results show
that the fires in the straight segment had better mean visibility
than those in the curved segment (Figures 5a-b).

\

Straight region

Average prevailing wind speed 0.3 m/s west-east
Four 1 MW fire tests were conducted, two in each location

Figure 4. (a)The tunnel section; (b) The fire environment in straight segment; (c)The fire environment in curved segment
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Table 1. The ventilation plans for the four fire tests

Ventilation plans Activated fans

Operation mode

Total mass flow rate (kg/s)

CF1
CF2
WF1
WF2, WF3
CF1
CF2
WF1
WF2, WF3
WF4
WF6
WF7
WF8
WF5
WF9
WF4
WF6
WF7
WF8
WF5
WF9

CH28SCA

CH28SCB

CH36SCA

CH36SCB

Supply
Supply
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Supply
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust

-64.38
0.0
26.48
102.51
107.29
80.47
26.48
102.51
-66.01
31.08
31.52
51.80
38.70
64.45
39.60
31.08
31.52
51.80
38.70
64.45

Table 2. The ventilation plans for the FDS simulations

Ventilation plans Activated fans

Operation mode

Total mass flow rate (kg/s)

CH28SCA CF1
CF2
WF1
WF2, WF3
CH28SCB CF1
CF2
WF1
WF2, WF3
CH28SCC CF1
CF2
WF1
WF2, WF3
CF3, CF4, CF5
CH28SCD WF1
WF2, WF3
CF3, CF4, CF5
CH36SCA WF4
WF6
WF7
WF8
WF5
CH36SCB WF4
WF6
WF7
WF8
WF10
WF5
CH36SCC WF4
WF6
WF7
WF8
WF10
WF5
CF3, CF4, CF5
WF2, WF3

Supply
Supply
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Supply
Supply
Exhaust
Exhaust
Supply
Exhaust
Exhaust
Supply
Supply
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Exhaust
Supply
Exhaust

-64.38
0.0
26.48
102.51
107.29
80.47
26.48
102.51
-64.38
0.0
26.48
102.51
-112.84
26.48
102.51
-112.84
-66.01
31.08
31.52
51.80
38.70
39.60
31.08
31.52
51.80
3151
38.70
39.60
31.08
31.52
51.80
3151
38.70
-112.84
102.51

4.3 Extinction coefficient based on path curvature

Let s and 9 be the arc length and the central angle of a
curved segment (Figure 6). Then, the path curvature can be

described as K = — and alsoas K == Wlth R being the radius
of the circle of WhICh the arc is a part

Based on the Kashef et al. [17] data on the SOD and mean
visibility, the extinction coefficient based on path curvature

can be expressed as:
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C, (K)=C,, xexp(K)

()



where, Cs¢ is extinction coefficient in the straight segment; K
is the path curvature in the curved segment.

Formula (5) shows that, if the extinction coefficient in the
straight segment is a constant Csc, then the extinction
coefficient in the curved segment, whose curvature is K,
should be multiplied by a large coefficient, at the same fire
growth and smoke properties.

Figure 6. The arc length and the central angle of a curved
segment

5.SIGN AFFORDANCE BASED
CURVATURE AND VIEW DIRECTION

ON PATH

According to the general rules for evacuation, direction and
emergency signs must be installed in indoor and building
environments.

5.1 Definition of sign affordance

Fu et al. [18], Lujak et al. [19], Blin [20], Gibson [21]

defined the affordance of an object/space and that of a corridor:

The affordance of an object/space refers to an attribute
providing the observer/user with insights into its use or
purpose. The affordance of a corridor stands for the

appearance suggesting that the corridor is a viable egress route.

Drawing on these definitions, the affordance of a sign can
be considered as an attribute enabling the observer to
recognize the evacuation information of the sign. Obviously,
the sign affordance is positively proportional to the C value in
formula (1). For simplicity, the affordance of a sign is assumed
as equal to C in this research.

5.2 Influence of view direction on sign affordance

, Sign

: , g A
R Q\ 40 \
§ o NN aoe AT\ 70° ey
~/30 \DE0 A0 /80
HER 1 t ‘ 4
ew
direction ¢ 4 b 4

&
v

b 130

|

|
g
T B

~‘\

¥

Figure 7. (a) Acute yaw angle of each sign with view
direction, (b) Size of direction sign and emergency sign (mm)
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Fujii et al. [22] tested the influence of view direction on the
visible distance of signs. The test subjects are a group of 20-
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year-old college students with visual acuity more than 1.0. The
direction and emergency signs (Figure 7) were placed in a
14.8m>14m>2.5m (L>XW>H) test room. The acute yaw angle
of each sign with view direction and its area perpendicular to
view direction are listed in Table 3.

During the tests, the extinction coefficient was adjusted to
the preset value based on the SOD collected by a smokemeter.
Fujii et al. [22] derived the expressions of each sign relative to
visible distance, smoke density and the acute yaw angles with
view direction, indicating that the visible distance of a sign is
positively proportional to its area perpendicular to view
direction under the specified SOD.

Table 3. The acute yaw angle of each sign with view
direction and its area perpendicular to view direction

09 0 30 60 70 80
BxLxcosm?x102) 1690 1460 0.845 0578 0.293

5.3 Sign affordance based on view direction

In a curved segment with path curvature K, the acute yaw
angle of a sign varies along the view direction (Figure 4a). Let
B, L and 4 be the height, length and acute yaw angle with view
direction of a sign, respectively. Then, the sign affordance has
a positive correlation with its area perpendicular to view
direction:

C:BxL=C':BxLxcosé (6)
where, C has the same meaning as that in formula (1).

As shown in formula (6), the larger the area of a sign
perpendicular to view direction, the better the affordance of
the sign. Hence, the sign affordance in the smoke visibility of
formula (1) can be modified as:

C'=Cxcosd @)

In a curved segment, the sign may be installed to fit the arc
of the curve (Figure 6). Let B and @ be the height and acute
yaw angle with view direction of a sign, respectively, and 9
be the central angle of the curved segment. Then, the length of

the sign can be derived as s = % x 9, and the area of the sign
perpendicular to view direction can be obtained as:

A:BX%XQXCOSQ (8)
Hence, formula (7) can be rewritten as:
C'=C><£><i><.9><00549. (7)
L K

6. NEW EQUATION FOR VISIBILITY BASED ON
PATH CURVATURE AND VIEW DIRECTION

The preceding sections have discussed the extinction
coefficient based on path curvature (formula (5)), and
examined the sign affordance based on both path curvature and
view direction (formula (7)). On this basis, this section devises
a new equation for visibility, and compares the visibility of the
new equation with that of the FDS model.



6.1 The new equation

Combining formulas (1), (5) and (7), a new equation for
smoke visibility can be obtained based on path curvature and
view direction:

VIS, =cos€xexp(-K)xC£

s,C

©)

where, C has the same meaning as that in formula (1); Csc is
extinction coefficient in the straight segment; K is the path
curvature in the curved segment; 8 is the acute yaw angle with
view direction of a sign.

If the sign is installed to fit the arc of a curved segment
(Figure 6), formula (9) can be rewritten as:

VIS,

l><i><3><cos:9><exp(-K)><L
L K C

s,C

©)

where, C has the same meaning as that in formula (1); Cs. is
extinction coefficient in the straight segment; K is the path
curvature in the curved segment; 6 is the acute yaw angle with
view direction of a sign; 9 is the central angle of the curved
segment; L is the length of the sign.

6.2 Equation verification

The smoke visibility computed by the new equation was
compared with the data in Kashef et al. [17] and Fujii et al.
[22].

(1) Comparison with the smoke visibility in Kashef’s
research

Under the prerequisites in Kashef’s research, the parameters
were set as: 6=0°, C=3, K=0.02 in straight segment, K=0 in
curved segment, Cs=0.21/m. The smoke visibilities of the new

equation and Kashef’s research are compared in Table 4 below.

Table 4. Comparison of smoke visibilities of the new
equation and Kashef’s research

Straight segment  Curved segment
Vlssimulated 15m Im
VIS, cn 15m 0.98m
VISnew
—— =1 <1

VIS

Table 5. Comparison of smoke visibilities of the new
equation and Fujii’s research

Direction sign  Emergency sign

VIS, edicted 7.727m 11.515m
VIS, ew 3.711m 3.711m
VISpnew

Ui . <1 <1

Vlspredicted

As shown in Table 4, the smoke visibility of the new
equation was no greater than that simulated. The new visibility
is more correct than the simulated, especially in the curved
segment, because the FDS simulation ignores the path
curvature.

(2) Comparison with the smoke visibility in Fujii’s research

Under the prerequisites in Fujii’s research, the parameters
were set as: #=30°, C=3, K=0, Cs=0.71/m (level 1 in Test 1),
direction sign BxL=0.148mx0.174m, and emergency sign
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BxL=0.150mx0.730m. The smoke visibilities of the new
equation and Fujii’s research are compared in Table 5 above.

As shown in Table 5, the smoke visibility of the new
equation was smaller than that predicted by Fujii. There are
two possible reasons for the difference. First, the coefficients
in Fujii’s prediction equations are inferred from the test data,
which may contain statistical errors that suppress the
prediction accuracy. Second, the new equation includes
external factors like path curvature and view direction, making
the prediction more precise. Of course, more external factors
should be considered to further improve the accuracy of the
new equation: the emergency sign is longer than the direction
sign, but their visibilities predicted by the new equation were
the same.

7. DISCUSSION

The new smoke visibility defined in formula (9) is
influenced by path curvature, the SOD, the sign affordance,
and the acute yaw angle of the sign with view direction.

7.1 Influencing factors of smoke visibility

The interplays between the curvature of light path and the
view direction of the sign should be regulated, in order to keep
the smoke visibility constant under specified SOD and sign
affordance:

(1) In a curved segment, the path curvature K is large, and
the acute yaw angle with view direction ¢ should be small
enough to keep the smoke visibility constant under specified
SOD and sign affordance.

(2) In a straight segment, the path curvature K is small, and
the acute yaw angle with view direction ¢ should be large
enough to keep the smoke visibility constant under specified
SOD and sign affordance.

7.2 Difference between the smoke visibilities of the new
equation and the FDS model

Suppose Cs in formula (9) is equal to Cs in formula (4), and
the radius of the circle of which the arc is a partis R. If 0 <

K< % holds for the specified radius of the circle, then 0 <
0 < % Then, the difference between the new visibility VIS,
and that of the FDS model VISrps can be defined as:

diff =VIS,,,, ~VISq5s| 2 0 (10)

The diff values in the following cases are summarized in
Figure 8. Obviously, the new visibility is generally much
smaller than that simulated by the FDS model.

Case 1. In a straight segment, K=0, 8 =0, diff=0 and
V]Sngw: V]SFDs.

Case 2. In a straight segment, K=0, 0 < 6 <%, dif>0 and

VIS,e<VISeps for any @ in (o, ﬂ .
Case 3. In a curved segment, 0 < K < %, 6=0, diff>0 and

VISnew<VISrps for any K in [O, %} .

Case 4. Inacurved segment, 0 < K < %, 0<o< % diff>0



and  VIS,ew<VISrps for any two-tuples (6,K) in
T 1
0,= (x| 0,= 1.
2 R
30 Ed iz Casel,
VIS, ¢ =VISs0s
25t
2°r
E
S1sh
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Figure 8. The differences in the new visibility and that of the
FDS model
8. APPLICATION OF THE NEW SMOKE VISIBILITY

In the light of Figure 8, the ratio between VIS,., and VISrps
can be expressed as:

ISy _q
FDS

ratio = (11)

If ratio=1 and the sign length is L, then VIS,e.=VISrps
according to formulas (7), (9) and (11). The result implies the
Case 1 above.

If ratio=1 and the sign is installed with a length of s to fit
the arc of the curved segment (Figure 6), then VIS,..=VISrps
according to formulas (7°), (9°) and (11). The result implies
Case 5 above.

Case 5: VIS,ew=VISrps, ratio=1, and the interplay between
the central angle of the curved segment 9 and path curvature
K can be restricted by:

%:K xexp(K) (12)

where, L is the chord length of sign length s (Figure 6).

Equation (12) implies that, for a specified chord length L of
the sign, the sign length s is positively proportional to path
curvature K. This correlation provides a concise criterion for
the sign design (Figure 9) in curved segments:

EZexp (12)

>=exp(K)

Because the FDS model ignores view direction and path
curvature (formula (1)), the maximum value of the new
visibility is achieved in Case 5 (formula 5). To reach this value
in a curved segment with path curvature, the sign is usually
installed to fit the arc of the curved segment (Figure 6). Figure
9 explains how to design the sign length at a specified path
curvature: To obtain the same visibility, the length of a sign

with a specified height B must be changed to s=L xexp(K) at
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a curved segment (K>0).
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Figure 9. A concise criterion for sign design in curved
segments

9. CONCLUSIONS

The smoke visibility is not only affected by internal factors
like fire growth and its smoke properties, but also influenced
by external factors like view direction and path curvature.
However, the popular simulation tool for smoke visibility, the
FDS, has not included the two external factors into its model.
To make up for the gap, this paper discusses the extinction
coefficient in fire smoke based on path curvature, and
examines sign affordance from the perspectives of path
curvature and view direction, creating a new visibility
equation. The new equation shows that the two external factors
both suppress smoke visibility in a fire zone.

The smoke visibility obtained by the new equation was
compared with that simulated by the FDS model. The
comparison shows that the new smoke visibility is generally
smaller than that of the FDS model. Because the FDS model
ignores view direction and path curvature, the maximum value
of the new visibility is the visibility in FDS model in case5. To
reach this visibility, the direction and emergency signs should
be installed to fit the arc of the curve, in a curved segment with
path curvature K>0; the length of the signs must be changed to
s=Lxexp(K).

The future research will explore deeper into the visibility in
fire smoke. More influencing factors will be introduced to the
research, such as the ceiling height.
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