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• For almost 50 years commonly used as one 
of key factors describing the environment in 
fire

• Usually the first thing to exceed the 
limiting/critical value in ASET/RSET analysis

• Maintaining visibility on evacuation routes is 
often defined as one of the goals of smoke 
control systems

• Universally understood by laymen

Visibility in smoke



• Not well explained in theory guides - how 
does it really incorporate Lambert’s – Beer 
theory?

• Gaps in the theory – by universal application 
of so called K-factor (sometimes C) we ignore 
important aspects of evacuation signage 
design

• Problematic in the definition of universal 
tenability criteria, while widely adopted in law 
requirements (do law makers really know how 
this works?)

Visibility in smoke



• It will be used (and possibly 
abused) in VR modelling of 
smoke in ways you cannot 
even imagine – some ideas 
can be taken from the 
validation cases to the right

K. Mcgrattan, S. Hostikka, R. Mcdermott, J. Floyd, C. Weinschenk, K. 
Overholt, Fire Dynamics Simulator User’s Guide, doi:10.6028/NIST.SP.1019.

D. Swensson, Smoke Visibility and Obscuration in PyroSim, available at 
thunderheadeng.com, Original post, 2017-06-19.
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Does this model really work?



Visibility in smoke – what do you mean?

Visibility (m)



Visibility in CFD – how do we calculate it?

ሶ𝑚𝑠
′′′ = Ysoot

ሶQ

ΔHc,eff

1

Variables:

ΔHc,eff − Chosen by user based on limited experimental data

ሶ𝑄 – Chosen by user through educated guess

Ysoot - Chosen by user based on limited experimental data

The emission of smoke into the model



Visibility in CFD – how do we calculate it?
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We know the amount of smoke in every 
control volume of the model in every 
discrete time step



Visibility in CFD – how do we calculate it?

The fact you know the amount of smoke 
in particular areas of your model is not 

yet enough to know the visibility.



Visibility in CFD – how do we calculate it?



Visibility in CFD – how do we calculate it?

ሶ𝑚𝑖
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𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3



Visibility in CFD – how do we calculate it?

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3

Jin (1970)

Jin, T., 1970. Visibility through Fire Smoke (I). Bulletin of 
the Fire Prevention Society of Japan, 19(2).



Visibility in CFD – how do we calculate it?

𝑉 =
1

𝐶𝑠
log 𝑒

𝐿𝑡
𝛿𝑐𝛼𝐸
𝜋

𝛼 =
𝜎𝑠

𝜎𝑠 + 𝜎𝑎𝑏

Variables:

𝐶𝑠 − Extinction coefficient [1/m]

𝐸 – Mean illuminance of illuminating light from all directions [lx]

𝐿𝑡 − Brightness of signs [cd/m²]

𝛿𝑐 – Contrast threshold (0.01 – 0.05)

brightness of sign vs background

𝜎𝑠 − scattering coefficient

𝜎𝑎𝑏 − absorption coefficient

𝐿𝑡 − 𝐿𝑏
𝐿𝑏

≥ 𝛿𝑐

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3

Jin (2002)

Jin, T., 2002. Visibility and Human Behavior in Fire Smoke. In 
SFPE Handbook of Fire Protection Engineering. pp. 2-42-2–53



Visibility in CFD – how do we calculate it?
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𝐿𝑡 − Brightness of signs [cd/m²]
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Difficult to use

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
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Visibility in CFD – how do we calculate it?

C factor for light emmiting:

𝐾0 − initial contrast

𝐾𝑧 − coef. characterizing illumination of the dispersion 
medium

𝛿𝑐 – Contrast threshold (0.01 – 0.05)

Estimation of visibility through comparison with 
results for luminous objects

𝑙𝑠𝑘 − distance between source of light and surface

𝐶 = ln
𝐾0 + 𝛿𝑡 𝐾𝑧 − 1

𝛿𝑡𝐾𝑧

𝑉𝑟𝑒𝑓
𝑉

=

ln
𝐾0 − 𝛿𝑡

𝛿𝑡𝐾𝑧
𝐾0 − 𝛿𝑡
𝛿𝑡𝐾𝑧

+ 1

𝑙𝑠𝑘
𝑉

+ 1

ln
𝐾0 + 𝛿𝑡 𝐾𝑧 − 1

𝛿𝑡𝐾𝑧

𝐿𝑡 − 𝐿𝑏
𝐿𝑏

≥ 𝛿𝑐

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3

Sychta (1997)

Z. Sychta, Contrast Attenuation Coefficient as a Parameter 
Enabling Determination of Range of Visibility in Smoke, 21 
(1997) 205–211.



Visibility in CFD – how do we calculate it?

C factor for light emmiting:
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Visibility in CFD – how do we calculate it?

𝐷 = −
1

𝐿
log 10

𝐼

𝐼0

𝐷 =
𝐾

2.3

𝐾 = 𝐾𝑚𝑚𝑖

Visibility of X 
meters 

measured in 
experiments 
in smoke of K

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3

Jin (1970)

Yamada et al. 
(2004)



Visibility in CFD – how do we calculate it?

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3

Jin, T., 2002. Visibility and Human Behavior in Fire Smoke. In 
SFPE Handbook of Fire Protection Engineering. pp. 2-42-2–53

Yamada, T. & Akizuki, Y., 2016. Visibility and Human Behavior
in Fire Smoke. In SFPE Handbook of Fire Protection
Engineering. New York, NY: Springer New York



Visibility in CFD – how do we calculate it?

𝐼

𝐼0
= exp(−𝐾𝑚𝑚𝑠𝐿)

𝐾 = 𝐾𝑚𝑚𝑖

The experimental and 
numerical Km have to 
be the same for this to 
work

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3

Mulholland, G.W. & Croarkin, C., 2000. 
Specific extinction coefficient of flame
generated smoke. Fire and Materials, 
24(5), pp.227–230



Visibility in CFD – how do we calculate it?

𝐾 = 𝐾𝑚𝑚𝑖

The experimental and 
numerical Km have to 
be the same for this to 
work

𝐾𝑚 = 𝛼𝜆−𝛽

𝛼 = 4.8081𝑚2𝜇𝑚𝑔−1

𝛽 = 1.0088

𝐾𝑚@ 1200𝑛𝑚 = 4.00

𝐾𝑚@ 780𝑛𝑚 = 6.17
𝐾𝑚@ 633𝑛𝑚 = 7.62
𝐾𝑚@ 500𝑛𝑚 = 9.67

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3 Widmann, J.F., 2003. Evaluation of the planck mean absorption coefficients

for radiation transport through smoke. Combustion Science and Technology, 
175(12), pp.2299–2308.



Visibility in CFD – how do we calculate it?

ሶ𝑚𝑖
′′′ = Ysoot

ሶQ

ΔHc,eff

1

2

We use the K values determined through past experimental projects, 
when people were looking through a predefined layer of smoke onto 
signs, and notified if they see them or not.

The density of smoke in the experiments was unknown, or measured 
through transmittance, but we are not certain if this is the same Km 
as we use today in CFD. 

𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
3



Visibility – the timeline of discovery

1970 1980 1990 2000 2010

T. Jin

research

Zone models

Computer models

ASET / RSET

L. Cooper

G. Mulholland’s

research

First fire CFD’s Industrial fire simulator

=> FDS

Specifc ext. coef. 

G. Mulholland

J.F. Widmann’s

research

Last time Liverpool FC 

won Premier League 
(it was actually first division back then)



Visibility – the timeline of discovery

1967
nd
1953
1966
1961
1966
1975

Jin, T., 2002. Visibility and Human Behavior in Fire Smoke. In 
SFPE Handbook of Fire Protection Engineering. pp. 2-42-2–53



Do we base our design on a rough 
estimation? 

It should be a common knowledge that in the current state of 
numerical modelling, the visibility in smoke parameter is just a 

clever mathematical transformation of local mass smoke 
density into something universally understood by stakeholders.



Ideas to make it better



Ideas to make it better

 Improve the understanding of post-processed results



Understand the visibility scale



𝑉 =
K

𝐾𝑚𝑚𝑖,𝑠
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Understand the visibility scale



Understand the visibility scale



Mass density plots – user resistant®, raw data (no submodels required), 
possible to recalculate visibility from them, they show low concentrations 
of smoke – possible dangerous areas

We just need to figure out socially acceptable values of m_S

Visibility Mass density of smoke

Understand the visibility scale



Ideas to make it better

 Improve the understanding of post-processed results

 Promote better evacuation signage through smart 
analysis of CFD results



Evacuation signs and CFD



Evacuation signs and CFD

B.L. Collins, M.S. Dahir, D. Madrzykowski, Visibility of exit signs in 
clear and smoky conditions, Fire Technol. 29 (1993) 154–182. 
doi:10.1007/BF01038537.

T. Yamada, K. Kubota, N. Abe, A. Iida, Visibility of Emergency Exit 
Signs and Emergency Lights through Smoke, (2004) 560–569.



Ideas to make it better

 Improve the understanding of post-processed results

 Promote better evacuation signage through smart 
analysis of CFD results

 Focus on reasons and consequences of smoke flow and 
not on binary assessment criteria



How did the smoke get there?

 The layer has fallen below the height at which the results are 
plotted. 

Mass smoke density at 1.75 and 2.00 m



How did the smoke get there?

 The layer has fallen below the height at which the results are 
plotted. 



How did the smoke get there?

 The smoke naturally recirculates near the vertical partitions, 
and sometimes stays there if no flow forces it to move

Smoke gathering at the wall, within the upper smoke layer



How did the smoke get there?

 The smoke naturally recirculates near the vertical partitions, 
due to forces that move it

Smoke recirculates next to the smoke curtain, 
due to incoming airflow, and eventually 
gathers in an amount, that causes severe 
obscuration and prevents safe evacuation 
from this area.



How did the smoke get there?
 Some amount of smoke remains at a given height due to loss of buoyancy in the 

entraining plume

Smoke gathering after 20 minutes



Ideas to make it better

 Improve the understanding of post-processed results

 Promote better evacuation signage through smart 
analysis of CFD results

 Focus on reasons and consequences of smoke flow and 
not on binary assessment criteria

 Understand the architectural context on the visibility



Architecture and visibility

 The consequences of smoke obscuration are different in different 
buildings



Architecture and visibility

 The consequences of smoke obscuration are different in different 
buildings



Ideas to make it better

 Improve the understanding of post-processed results

 Promote better evacuation signage through smart 
analysis of CFD results

 Focus on reasons and consequences of smoke flow and 
not on binary assessment criteria

 Understand the architectural context on the visibility

 Use user-resistant® assumptions for material data when 
lacking complex data



Safe values of Y_s, HRRPUA

W. Węgrzyński, G. Vigne, Experimental and numerical evaluation of the influence of the 
soot yield on the visibility in smoke in CFD analysis, Fire Saf. J. 91 (2017) 389–398. 
doi:10.1016/j.firesaf.2017.03.053.



Safe values of Y_s, HRRPUA

W. Węgrzyński, G. Vigne, Experimental and numerical evaluation of the influence of the 
soot yield on the visibility in smoke in CFD analysis, Fire Saf. J. 91 (2017) 389–398. 
doi:10.1016/j.firesaf.2017.03.053.

Small change to Y_s 
results in large 
change in ASET

Almost no change in 
ASET with change of Y_s

Recommended 
value



Conclusions

 Visibility modelling is abused as THE tenability criterion 
without in-depth analysis of the consequences of the fire 
related to the spread of the smoke.

 The models used today are based on limited amount of 
experimental data. Safety margins hidden in the method are 
possibly large, and in many cases unnecessary.

 With todays approach, many good solutions are untenable, 
while many terrible solutions pass the quantitative 
assessment.



Conclusions

 Improve the understanding of post-processed results

 Promote better evacuation signage through smart 
analysis of CFD results

 Focus on reasons and consequences of smoke flow and 
not on binary assessment criteria

 Understand the architectural context on the visibility

 Use user-resistant® assumptions for material data when 
lacking complex data



Thank you!
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