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Abstract. A novel multi-wavelength densitometer was built for the purpose of con-
tinuous and simultaneous measurements of light obscuration in smoke layers, concur-

rently in five bands (k = 450 nm, 520 nm, 658 nm, 830 nm and 980 nm). This device
was used for determining transmittance and visibility in smoke parameters of a
smoke layer from the fire of 1.00 dm3 of n-Heptane in a 0.33 9 0.33 m tray located
in a test chamber (9.60 9 9.80 9 4.00 m3). The performance of the device was com-

pared with a commercial Lorenz densitometer at 880 nm. Significant differences in
measured value of transmittance were observed between the different sensors – from
65% at 450 nm (blue light), 80% at 658 nm (red light) to 95% at 980 nm (IR). The

visibility in smoke, estimated following the theory of Jin for light reflecting signs
(K = 3), ranged from 7.5 m (blue light) to 12 m (red light) and for the light-emitting
(K = 8) signs from 18 to 32 m, respectively. The performed experiment has con-

firmed the applicability and added value of multi-wavelength measurements of light-
extinction in fire experiments. The device was sensitive to temperature variations and
requires active cooling and careful warm-up prior to experiments, to reach the expec-
ted sensitivity.
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1. Introduction

Optical properties of fire smoke are in the focal point of the fire science, highly
relevant to both physical experiments and computer modelling of fires. The obscu-
ration of light by smoke is usually presented in the form of a ‘visibility in smoke’
parameter. In performance-based analyses for fire safety engineering of buildings,
the visibility in smoke is often the first tenability criterion that exceeds its thresh-
old value [1], in consequence shaping the fire safety solutions in the building. The
smoke obscuration also influences the visibility of evacuation signs, the response
to the information on the signs, behaviour and the movement speed of people
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who are evacuating [2]. Finally, low visibility in smoke will be one of the critical
challenges that firefighters face when performing rescue operations.

Despite the profound relevance of visibility in smoke to the fire safety engineer-
ing, the existing theory of visibility in smoke was criticized as oversimplified,
based on a limited range of experimental results and highly sensitive to user-de-
pendent properties [3]. Even though multiple studies were performed to improve
the existing theory to include for more diverse visibility of various evacuation
signs (e.g. [4, 5]), the conventional approach is still the simplest model introduced
by Jin [6]. This model is based on a limited number of experiments (primarily
from the 1960s and 1970s) on the obscuration of monochromatic light by
homogenous cold smoke [7, 8]. The development of this model was summarized in
[2, 9].

To better understand how light is obscured by the fire smoke and its implica-
tions on the performance of evacuation lighting and signage, it is essential to rec-
ognize the effects of polydisperse smoke (non-homogenous) on polychromatic
light. This assumption is a significant improvement in the precision as compared
to the traditional approach, but also resulting in higher complexity of the prob-
lem. To enable future research under these conditions, we have developed a novel
construction of a smoke densitometer, that may be installed directly within a
smoke reservoir and measure smoke extinction concurrently in five wavelengths.
In this paper, we discuss similar developments in the past, the construction of the
device with particular technical challenges that were faced in the development
phase, calibration and exemplar use in an n-Heptane compartment fire experi-
ment.

1.1. Obscuration of Light in Smoke Layers

The obscuration of light passing through a medium is often described with
Bougher-Lamber-Beer law (Eq. 1). The ratio of light intensity measured at a tar-
get in obscured conditions (I), to the light intensity measured with a clean optical
path (I0) is the transmittance (s). The light obscuration depends on three ele-
ments: specific light extinction coefficient (rs), the mass density of smoke (m) and
the length of the optical path (l). Another common way to present the light
extinction of the smoke is the natural logarithm of s, which is called the obscura-
tion density (OD) and is presented in [dB/m].

s ¼ I
I0

¼ e�rsml ð1Þ

It was recognised that this application of the Bougher-Lambert–Beer law has
many limitations emerging from the preliminary assumptions of the law [3],
among which: (a) it should be used for monochromatic light, (b) it should be used
for single or parallel light sources, (c) the light absorption is considered dominant
over light scattering effects. Despite above mentioned profound limitations, this
relation is still commonly used to determine the light extinction in fire smoke. Sig-
nificant simplification in the practical use of this method was introduced by unify-
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ing the value of the specific light extinction coefficient (rs) for flaming combustion,
with a value of

rs = 8.7 m2/g (± 1.1 m2/g) [10]. This value was determined based on seven
studies involving 29 fuels, for light wavelength k = 633 nm. A major implication
of determination of a nearly universal value of rs was enabling to determine the
mass concentration of smoke based on light extinction coefficients. This universal
value was widely adopted in engineering tools of fire science, among them the
most popular CFD code FDS [11]. Other values of rs can be found in literature
and engineering guidance – e.g. the value of 4.7 m2/g used in the design of visibil-
ity conditions in road tunnels [12] or other values of rs reviewed by [9].

In [13], the value of rs was discussed as a function of light wavelength. This
was done by investigating a large batch of measurements of specific light extinc-
tion coefficient in wavelengths ranging from UV (385 nm) to far-IR (10 600 nm),
with corresponding values of rs from 12 m2/g to 1 m2/g respectively. The value of
rs decreased with increasing wavelength. A least-square fit to the experimental
data was found (Eq. 2), with R = 0.98675. However, it must be emphasized that
this fit applies to stoichiometric and overventilated combustion [13].

rS ¼ 4:8081k�1:0088 ð2Þ

As the rs asymptotically grows with the decreasing wavelength, the differences in
rs in the lower end of the visible spectrum are profound, which was confirmed in
qualitative result analysis of some experiments on the visibility of evacuation
signs, e.g. [9, 14, 15] or research on the applicability of free space outdoor optic
connectors in foggy weather [16]. As the value of rs can differ significantly within
the visible spectrum, it is obvious that the light obscuration through the smoke at
different wavelengths will take different values. In fact, past research was focused
on exploiting this optical characteristic of smoke for remote analysis of character-
istic smoke diameter, as summarized in Sect. 1.3.

1.2. Multi-Wavelength Smoke Densitometers in the Literature

Differences in the obscuration of light at different wavelengths were often con-
nected to the distribution of particle sizes of the smoke [15, 17, 18]. As the particle
size distribution depends on the properties of burning material and the conditions
in which the combustion occurs, this approach was considered for remote identifi-
cation of burning fuel.

Jin [15] has considered the impact of light obscuration at a different wavelength
on the visibility of evacuation signs. He has recognized that the extinction coeffi-
cient in short wavelengths is larger than for long wavelengths and that the differ-
ence between them is also a function of time. The difference diminishes as an
effect of coagulation of smoke particles. The particle size of 1 lm was proposed as
the boundary above which the wavelengths stops being an important factor for
visibility. He has calculated the ratios of the visibility in red light to the one of
blue light, for smouldering and flaming polystyrene, flaming wood and flaming
kerosene.
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Dobbins and Jizmagian [18] proposed two methods to determine the mean size
of polydispersed dielectric spheres, first of which was the determination of a single
spectral transmittance together with knowledge of particle concentrations. This
approach is similar to how smoke obscuration effects are determined with Bough-
er’s law. The size of polystyrene particles used in the experiment (0.126–1.305 lm)
was close to the size distribution of soot particles commonly found in fire smoke
[19]. For a polydispersion of known concentrations, they were able to compute
the particle sizes with one transmittance measurement, following a revised version
of Lambert–Beer law from their previous work [20].

Cashdollar et al. [17] proposed to use a white light source and a compact three-
wavelength detector assembly to determine the average particle size and mass con-
centration of smoke. They have used the Mie theory and Dobbins revised Bough-
er’s transmission law [18] to calculate sizes and concentrations. The beam
separation was obtained with two cube beamsplitter filters, centred at wavelengths
450 nm, 630 nm and 1000 nm (nominal bandwidth 10 nm). The light intensity was
measured with silicon photodiodes and the entire assembly was mounted in one
small casing (8 cm 9 10 cm 9 5 cm). The smoke obscuration was measured at an
optical path of 0.1 m, within a gas sampling test section connected to a fire-tun-
nel. For wood fire smoke log-transmission ratios were: ln s(1000 nm)/ln
s(450 nm) = 0.25; ln s(1000 nm)/ ln s(630 nm) = 0.47 and ln s(630 nm)/ln
s(450 nm) = 0.54. These ratios allow for determination for mean particle sizes. A
reasonably good agreement was found between these measurements and two other
sizing methods (transmission electron microscopy and ionization-type particulate
detectors). Authors emphasized that this device may be used in field experiments.

Uthe [21] did investigate the applicability of multi-wavelength LIDAR method
to remotely determine extinction coefficient measurements and mean particle sizes
of aerosols. The experimental study was performed with 14-wavelength transmis-
someter. Ten different wavelengths between 390 and 1640 nm, as well as 3900 nm,
were produced with Zirconium arc-lamp; wavelength 3390 nm with a He–Ne laser
and 10,600 nm with a CO2 laser. The light intensity was measured by photodiodes
(Silicone, Germanium, PbSe or HgCdTe) behind narrow-band optical filters. The
facility consisted of a long (10 m) aerosol chamber with a cross-section of
0.50 9 0.50 m, to which compressed air with different dusts was supplied. Ratios
of extinction between the transmittance measured at 1 045 nm and 514 nm were
presented as a function of Saurer mean diameter for submicron particles, allowing
for identification of the aerosol type. They have concluded that a single laser sys-
tem (Nd:YAG 1060 nm) and its first harmonic (530 nm) would be useful to evalu-
ate particles of sizes< 1 lm. For particles with sizes greater than 1 lm, the ratio
of extinction coefficients at 1045 and 514 nm converges to value of 1.2 and is no
longer sensitive to particle size. A similar conclusion was drawn in [9] where it
was stated that as the particle sizes increases, the integral optical property of the
soot cloud approaches that of monodisperse particles and particle sizes are no
longer important. This is somewhat similar to the observations of Jin [15].

Limitations of optical transmission to the determination of the particle sizes
were investigated by Swanson et al. [22]. They have discussed the underlying the-
ory and presented the derivation of the Bougher-Lambert–Beer law, as well as the
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theory of Mie and the radiative transport equation (RTE). The application of
Bougher-Lambert–Beer law was verified in a scattering environment and the Hod-
kinson’s findings related to the restriction of aperture related to scattered light
were emphasized. A method of determination of the particle sizes with two mea-
surements of transmittance was validated for monodisperse polystyrene particles
with a size of 0–1 lm. Aspey et al. [23] have further improved this method using
High-Level Synthesis (HLS) approach and polychromatic LED. They have investi-
gated the spectral change in transmitted polychromatic light, which was used to
determine Mie scattering parameters in a wood smoke in the function of time. It
was observed that for the wood smoke forward scattering of blue wavelength is
approximately three times that for the green detector and the red detector mea-
sured negligible forward scattering.

The use of multi-wavelength light transmission was also proposed by Wilkens
and van Hees [24] to improve the research capabilities of a cone-calorimeter [25].
This implementation would allow for determination of the mean particle diameter
of the smoke produced in the calorimeter, through non-intrusive light transmis-
sion measurement. They have reviewed the methods of smoke identification used
in the conventional standardized fire testing apparatus and performed theoretical
considerations on the limitations of the proposed tool and also in-depth discus-
sion of previous developments. An apparatus similar in the concept was built by
Chaudhry and Moinuddin [26]. A sealed box was used as a combustion chamber
to burn different materials and the smoke was further transported into five sepa-
rate light chambers. These chambers were equipped with transmittance measure-
ments with specific wavelengths 275 nm, 365 nm, 405 nm, 620 nm and 960 nm.
Both absorbed (measured at angle 0�) and scattered (at angle 90�) light were
recorded. A Random Forest machine learning algorithm was trained based on the
experimental results, in order to predict the burning material based on the mea-
surements at these five wavelengths. The overall success rate of the algorithm was
96.6%–97.5% showing the high applicability of this method. For some materials
such as cardboard and polystyrene, the success rate was lower, respectively 60.3%
and 59%. The difficulties with the use of this approach were associated with
obtaining meaningful results for both scattering (at a certain angle) and absorp-
tion.

Another recently developed approach was done with tomographic reconstruc-
tion of an image of LED, captured with a digital camera through a smoke layer.
By comparing the predicted and observed shape and light intensity of the LED,
the smoke layer opacity could be reverse engineered. This approach could be used
for multi-wavelength observations, as typical LEDs consist of red, green and blue
diodes [27].

Summarizing previous efforts it was found, that the past use of multi-wave-
length optical transmittance meters was limited to the determination of the mean
diameter of smoke particle size and consequently, the type and source of the
smoke. Most of the devices constructed were connected to bench-scale apparatus
(boxes, tube burners, smoke tunnels). The Cashdollar’s apparatus [17] was meant
to be used in field experiments, although such use was not reported in the litera-
ture. The limitation of the proposed solutions was (1) requirement to know the
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mass density of smoke or (2) need for high accuracy of the transmittance mea-
surements, which excludes the use of this type of apparatus in field experiments.
The direct measurements in compartment scale fire experiments are needed as the
optical properties of smoke generated in small and large scale may not necessarily
be the same [28]. It is possible to samples the gas from smoke layers, although as
Wilkens [24] stated, this would be considered an intrusive approach. Furthermore,
following findings of Jin [15] an Aspey [23], the properties of smoke will change
with time and that could distort the size of smoke particles and the light extinc-
tion measurements in consequence.

For our future research on the visibility in smoke in compartment fires, valida-
tion studies for computer models and smoke obscuration effects on evacuation
lighting and signage we are interested in the differences of light transmittance
through smoke-layers in full-scale experiments, rather than properties of smoke
generated in bench-scale apparatus. To fit our purpose, the tool used to measure
the light transmittance would have to (a) be mounted directly within the smoke
layer, (b) be able to measure the transient change of the transmittance in real-time
and (c) allow for result comparison with the existing body of measurements from
EN 54–7 test chamber [29], such as one used in [30]. For this purpose, the most
promising solution was to construct an optical densitometer based on laser diodes
and photo-diodes, that could be mounted within a single casing and share the
same optical path. The sources cannot interfere with each other and the interfer-
ence from the fire source and other light sources (such as emergency lighting)
should be limited by aperture, narrow-band filters and internal structure of the
receiver. Following these limitations, we have constructed a densitometer that con-
sists of five separate sets of laser—photo-diode couples within one casing, with
their light extinction recorded simultaneously over an identical optical path. The
sets differ by their specific wavelength and in our case these were: 450 nm (blue),
520 nm (green), 658 nm (red), 830 nm (IR) and 980 nm (IR).

2. Development of the Multi-Wavelength Densitometer

2.1. The Prototype Design

Two prototype multi-wavelength densitometers were constructed based on com-
mercially available 50–100 mW lasers. The list of system components is given in
Appendix A. As in [31], the device was built to be installed in a hot smoke layer;
thus, the construction of the device was designed to allow for easy replacement if
an element is damaged. Five different lasers were installed within one casing, each
connected optically with a photodiode behind a matching optical cut-off narrow
band filter on the opposite side of the device. A micro alignment system was used
to target the laser beam directly on the photodiode. The device was built on a
rigid aluminium structure. The laser and photo-diode casings were connected to
an external cooling apparatus (cold air), which was controlled with a thermostatic
controller to maintain a constant temperature within the box. Photodiodes were
connected to five signal amplifiers, built within the receiver casing, which were fur-
ther connected to the data acquisition system. The measurements at all five wave-
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lengths are performed simultaneously and share the same timeline. The prototype
device and general scheme of operation are shown in Fig. 1. The internal build
and details of the device are shown in Fig. 2. The calibration data obtained at a
thermal equilibrium (26 �C) is shown in Appendix B. With the exception of two
data points (520 nm and 658 nm at s � 0.5) in range of s from 0.2 to 0.8 the
device had a calibration error of less than 10%, which for a prototype device we
consider as sufficient to evaluate the concept of multi-wavelength densitometry.

The first prototype device had a length of 0.92 m and was built to match the size
of the accredited Lorenz densitometer used in the laboratory, allowing direct com-
parison between the prototype and existing densitometer. An alternate variant of
the densitometer was constructed with a longer optical path (2 m) and additional
mounting mechanism. This mechanism allows for automated lowering and rising of
the densitometer within a test chamber. This capability will be used in future to
capture the obscuration density gradient within a small box (2 9 2 9 1 m).

2.2. Thermal Stabilisation of the Device

A possible practical problem with measuring the optical properties of smoke with
laser-based densitometer is the thermal drift of lasers. The intensity of light emit-
ted by the laser changes with its temperature. In consequence, the ratio of mea-
sured and initial light intensity stops being dependant only on the optical
properties of smoke. In order to minimize influence of this factor we have fit the
densitometers with an air based cooling system, that was steered by a thermostatic
controller, set for an operating temperature of 26 �C. The laser and photo-diode
casings were insulated from the hot smoke layer with a layer of mineral wool
(5 cm, 120 g/m3). If the temperature inside the box exceeded 26 �C, a low-velocity
air supply pumping cold air (8–13 �C) was enabled, to cool the interior and main-
tain the temperature at 26 �C. Multiple variants of air supply velocity and temper-
atures were tested. Supply of air at too high velocity has caused vibrations of the

Figure 1. The general overview of the multi-wavelength optical
densitometer with its auxiliary components – the data acquisition
system and set of calibration filters.

Multi-Wavelength Densitometer for Experimental Research 2689



laser unit, which interfered with the light intensity measurements. Supply of colder
air has caused higher temperature gradients, which resulted in unpre-
dictable changes in the light intensity.

The device must have been pre-heated for approx. 90–150 min before each
experiment, for the laser temperature to stabilize. Once the thermal stability of the
lasers was reached, the values of light intensity (further considered as our I0) were
saved. The illustration of measurements performed in the pre-heating period is
shown in Fig. 3. In the first 45 min of the warm-up period, the lasers heat up with
different speed. Thermostatic device is first triggered at approx. 10th minute and
since approx. 40th minute it works continuously. After 45 min the thermal stabi-
lization is obtained and further changes of light intensity are insignificant.

3. Experimental Setup

To confirm the applicability of the device for research on compartment fires we
have performed an experiment involving an n-Heptane pool fire, known as the
TF-5 fire, in a standardized EN 54–7 [29] test chamber with dimensions of
9.60 9 9.80 9 4.00 m3 (Fig. 4). This experiment was in principle a recreation of
an experiment published previously in [3]. The test rig is built from a steel struc-
ture, with gypsum plasterboards. The compartment is closed from the exterior,
but is not airtight. During the experiments we have observed no smoke in the hall
where the compartment is placed. This lead to an assumption that the compart-

Figure 2. The internal structure of the multi-wavelength optical
densitometer along with images showing construction details of
particular parts of the device.
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ment is sufficiently sealed from exterior and no significant exchange of gasses
occurred between the compartment and exterior during the experiment.

Before the experiments the densitometer was calibrated following the procedure
described in [31]. The details of the calibration are given in Appendix B.

A fuel tray with dimensions of 0.33 9 0.33 m2 was filled with 1000 ml of n-
Heptane and placed on top of a scale. The mass-loss rate measurements were used
to determine the Heat Release Rate, following the assumption that the Heat of
Combustion value is Hc = 44,400 kJ/kg. No ventilation was used in the experi-
ment (the compartment was sealed). The obscuration density was measured with
the prototype densitometer and an accredited optical densitometer (Lorenz,
k = 880 nm) of the chamber, located next to each other, Fig. 5. Temperature
measurements were performed with thermocouples (type K 1 mm Ni–Cr, extended
uncertainty 0.3%) directly above the source of the fire and next to the optical den-
sitometers. The thermocouple readings were not corrected for radiation. Addi-
tional measurements included light intensity of evacuation lighting as well as the
spectrogram of the light of one of the lighting points. These measurements were
performed for a parallel experiment and are out of the scope of this investigation.

4. Results

4.1. HRR and Smoke Temperature

Three n-Heptane TF5-type fires were performed in the experimental chamber. The
burnout time varied between 320 and 350 s. As the fuel was burning out at

Figure 3. Raw data (voltage) measured on the photodiodes during
the pre-heating phase of the experiment.
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slightly different times, some significant differences between experiments were
observed in measured mass loss rate towards the end of the experiments. As those
differences may skew the optical measurements, only the first 300 s of the experi-
ment were taken into account in quantitative result analysis. The average Heat
Release Rate (HRR) of the fire was approx. 87 kW, with a peak value of approx.

Figure 4. General view (upper) and a sketch (bottom) of the test
chamber with the indication of the localization of the optical
densitometers.
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117 kW in the 200th second of the experiment. The individual HRR curves for
each experiment and a mean curve are shown in Fig. 6.

The measurements of the temperatures are shown in Fig. 7. The temperature
evolution followed the growth and decay of the fire, with a peak value at approx.
200th second of the experiment. After 300 s the temperature of the smoke layer
was decaying. The peak temperature measured was 101 �C and 63 �C directly
above the fire and near the densitometers, respectively. The variability of the tem-
perature measured at the densitometers was smaller than for the central point
directly above the fire.

The view of the course of a single experiment is shown in Fig. 8. At the
moment of ignition the chamber is free of any smoke, with visible two rows of
evacuation lighting lamps and a small reflecting sign in the top-left corner. As the
fire develops, a smoke layer forms under the ceiling, which can be identified by a
‘‘cone’’ of light under the lamps. After approx. 3 min, the smoke is so dense, that
the reflective sign is no longer visible by the camera. A the end of the experiment,
the depth of the smoke layer is approximately half of the height of the compart-
ment.

4.2. Smoke Obscuration

The measurements of the smoke obscuration at different wavelengths are shown in
Fig. 9. As expected, the lowest transmittance was observed for shortest wave-
length (k = 450 nm, blue light), while the highest transmittance was observed for
the IR lasers (k = 880 nm and 980 nm). All lasers of the multi-wavelength densit-
ometer show similar trends (in terms of peaks and lows) of the transmittance mea-
sured, while the Lorenz densitometer shows a more flat-out curve, which may be a

Figure 5. Close up view of the mounting location of the multi-
wavelength optical densitometer.
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Figure 6. HRR estimation based on the mass loss measurements in
the experiment and the mean HRR value.

Figure 7. Temperature measured under ceiling directly above the
fire, next to the optical densitometers and at the floor of the
compartment. Bold lines represent the mean value measured and
shaded areas represent the standard deviation of the measurements
in three experiments.
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result of internal averaging within the densitometer controller. It also must be
noted that the measurement of the light obscuration with the red (k = 658 nm)
laser was fully successful only in the first experiment. In further experiments, this
laser failed after approx. 180 s into experiment and further measurements from
this laser were discarded.

The scatter of results obtained with multi-wavelength densitometer is larger
than for the Lorenz device, however that may be as well attributed to the higher
sensitivity for smoke obscuration measurements at lower wavelengths (450–
658 nm) than at the IR band. In fact, the prototype densitometer at k = 980 nm
has shown similar scatter as the Lorenz densitometer. In the visible spectrum, the
value of the transmittance measured by the red (k = 658 nm) laser at the end of
the experiment is approx. 80%, while for green (k = 520 nm) and blue
(k = 450 nm) it is 70% and 65% respectively.

Figure 8. Stills from a recording of one of the experiments in chosen
time-steps.
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The value of transmittance may be used to calculate the light extinction coeffi-
cient, which following the theory of Jin [7] (Eq. 3) can be expressed as the visibil-
ity in smoke.

V ¼ K
lnð II0Þ

ð3Þ

Figure 9. Results of transmittance measured in experiments. Bold
lines represent mean values and shaded areas represent standard
deviations of the measurements in three experiments. Plot (e)
represents the transmittance measured with accredited Lorenz
densitometer.
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A plot of visibility for the K = 3 (light-reflecting signs) is shown in Fig. 10 and
for K = 8 (light-emitting signs) on Fig. 11. As observed, the difference between
visibility estimation is significant in the visible band. In the case of light reflecting
signs, the visibility for blue light at the end of the experiment is approx. 7 m,
while for red it is 12.5 m and for IR at k = 880 nm, it is 25 m. The difference
expressed in visibility in smoke [m] is even larger for light-emitting signs (K = 8),
with measured values of respectively 18 m, 32 m and 65 m. As the tenability crite-
rion is usually a single sharp value (e.g. 10 m [2]), the wavelength sensitivity may
be an important factor to consider.

4.3. The Role of Particle Size Distribution

As identified in the literature review (Sect. 1.3), the ratio of light extinction coeffi-
cients for different wavelengths is related to the particle size distribution. As
shown in [21] this may be used to identify the type of material being burnt. A the-
oretical considerations of relation between particle size and light scattering and
extinction are given in [9] and a practical application idea in [26].

The smoke in our experiment was from an n-Heptane pool fire. The n-Heptane
fire smoke characteristics are known from similar tests in a chamber of the same
type, as discussed by Keller et al. [32]. They have used a scanning mobility parti-
cle sizer (SMPS) that can classify the particles according to their electrical mobil-
ity by means of an electrostatic classifier and counts them optically. A single scan

Figure 10. Visibility in smoke for light reflecting signs (K = 3) for
various wavelengths measured in the experiments. Bold lines
represent mean values and shaded areas represent standard
deviations of the measurements in three experiments.
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takes approx. 55 s, which for a transient phenomenon (n-Heptane combustion)
introduces some unavoidable bias. To limit this bias, the measurement was repe-
ated five times within each experiment. The particle size distribution obtained for
n-Heptane fire is shown in Fig. 12a. Particle generation in flaming combustion of
n-Heptane in a similar setup was also measured by Li et al. [33]. They have used
Fast Particulate Spectrometer (DMS500) to record particle number concentration
and distribution. A particle distribution curve was determined for many tray sizes,
including a 33 cm tray similar to the tray used in our research. For easier compar-
ison with the results of [32], the results of this study were redrawn on Fig. 12b fol-
lowing the same scale.

The multi-wavelength densitometer shown in this paper could be possibly used to
identify the ratio of extinction coefficients between different wavelengths of the
device, as shown in Fig. 13. Such a comparison was performed in the past, as
reported in literature, eg. by Uthe [21], who received ratio between light extinction
at wavelength of 1045 and 514 nm of 0.25 for rosin smoke (mean particle diameter
below 100 nm). In our case, the value obtained by comparing the extinction at 980
and 450 nm for n-heptane smoke (with assumed particle distribution as on Fig. 12)
converged at 0.19. Another comparison may be made with the data of Jin, who
measured ratios between blue and red of approx. 1.2–1.4 for polystyrene, which is
close to the value measured in the initial phase of our experiment. Despite the
shortcomings in the precision of the developed apparatus, these approximations
indicate that there is potential in remote sensing the particle distribution size with
our apparatus. This could be improved, if instead of simple ratio of transmittance

Figure 11. Visibility in smoke for light-emitting signs (K = 8) for
various wavelengths measured in the experiments. Bold lines
represent mean values and shaded areas represent standard
deviations of the measurements in three experiments.
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more advances algorithms are used to investigate the light transmission at different
wavelengths, as suggested in [26]. Furthermore, more data on particle size distribu-
tion is required, in order to calibrate such a measurement.

5. Conclusions

Visibility in smoke is among the key tenability criteria used by modern Fire Safety
Engineering. It is paramount to the design of evacuation signage and lighting and
is one of the most critical factors that need to be addressed during firefighting
operations. Despite the profound meaning of this parameter for fire safety, the
dependence of the light extinction in smoke on the wavelength of light is rarely
taken into account in research or engineering. Most of the modern research is
referring to the visibility in the red light band, while light commonly used in
buildings is polychromatic and usually covers the whole visible spectrum.

To allow for the future research on the light extinction in smoke layers, we have
constructed a multi-wavelength densitometer, capable of measurements in five bands:
blue (k = 450 nm), green (k = 520 nm), red (k = 658 nm) and IR (k = 830 nm
and k = 980 nm). We have performed three experiments with flaming combustion of
n-Heptane (also known as the TF-5 fire) based on EN 54–7 [29]. We have measured
significant differences in light transmittance and visibility in smoke layers for different
wavelengths. In the visible light band, the transmittance measured in same conditions
was from 65% (blue light) to 79% (red light). The smoke obscuration expressed as
visibility in smoke for light reflecting signs was 7 m (blue light) to 12.5 m (red light).
The transmittance and visibility in smoke for the IR band were significantly higher.

Figure 12. Particle distribution (number concentration of particles
dw/d Log dp, [#/cm3]) in function of particle diameter (dp) in an n-
Heptane fire of a similar size, in a compartment with similar
dimensions to the one in the current study. a is reproduced from [32]
and b is redrawn from [33]. On a the time refers to the start of
measurement and one full measurement takes approx. 1 min.

Multi-Wavelength Densitometer for Experimental Research 2699



Furthermore, as indicated in the literature the ratios between the light extinc-
tion coefficient are related to mean particle diameter of the smoke, which means
device as shown in here could be used to remotely identify the smoke properties.
However, more precise extinction measurements, a method to account for scatter-
ing and possibly a database with reference values may be required to make this
approach robust. Alternatively, as shown in [26], machine learning approach

Figure 13. Measured extinction coefficient ratios for different
devices used in the experiment.
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could be used to identify the smoke based on transmittance values at different
wavelengths, rather than specific ratios between the measurements.

The multi-wavelength densitometer may be a useful tool in research focused on
the visibility in smoke, validation of numerical models of smoke obscuration and
research on evacuation signage and lighting. Our future research will include mea-
suring the light extinction in smoke layers from different materials and types of
combustion (flaming, smouldering, pyrolysis) and estimation of the light extinc-
tion of emergency lighting sources.
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Appendix A: List of System Components

The components of the system were:

� 20 channel data logger type Graphtec GL840 Midi Logger;1

1 The trade names used in this study are given to allow for reproduction of the results presented in the
paper, and are not an endorsement by the Authors or recommendation of the particular type or make of
the devices.
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� Lasers with the following characteristic:

� 450 nm, 50 mW;
� 520 nm, 50 mW;
� 658 nm, 80 mW;
� 830 nm, 100 mW;
� 980 nm, 50 mW

� Five photodiodes OSRAM type IR PIN; TO5; 850 nm; 400 – 1100 nm; 55�;
THT; 2nA, type BPX61;

� 25 mm circular bandpass optical filters, with peak transmittance at 450 nm,
520 nm, 656,3 nm, 830 nm and 1000 nm.

Additionally, five photodiode amplifier systems were built using the following
elements:

Modular switches;

� Modular symmetric power supply unit (± 15 V) and a power supply unit 15 W,
12 V, 1.25 A (shared);

� Symmetric transformer 2 9 15 V;
� Microcircuit LM 725;
� Potentiometer;
� Resistors (100X—100kX);
� Ceramic capacitors (100, 220, 500 pF);
� An electrolytic capacitor (4,7 lF).

Figure 14. Frame for mounting the optical filters for the calibration
process and the view of an example filter.
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Appendix B: System Calibration

The densitometer calibration was performed following the procedure previously
described in [31]. The calibration was performed on a thermally stabilized unit, at
26 �C. A calibration filter holder was built on the bench of the densitometer, as
shown in Fig. 14. The structure allowed for secure fixing of the different filters
and blocking of a particular beam of light. The filters used in this process were a
set of four SCHOTT� optical filters:

� NG11, d = 1.12 mm;
� NG11, d = 2.45 mm;
� NG4, d = 1.08 mm;
� NG4, d = 1.86 mm.

The transmittance of the filter at a given wavelength is known and shown in
Fig. 15.

For each measurement point, we have compared the measured value of trans-
mittance (I/I0) with the expected value based on the filter characteristic (Fig. 16).
For most of the calibration points, the measured error was less than 10%. For
some points, the measured error exceeded 10%. Notable outlier points are for
520 nm and 658 nm wavelength at the transmittance between 0.5 and 0.6, which

Figure 15. Internal transmittance of the calibration filters,
calculated with a tool provided by the manufacturer (https://www.sch
ott.com/advanced_optics/).
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had 13.88% and 14.40% error. These values of transmittance are at the expected
lower end of the range of the transmittance in smoke layers measured in the test
chamber. This observation was taken into account in the investigation of the
results of experiments.
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