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Abstract. Smoke deposition from a hot smoke layer onto wall surfaces was studied
in a hood apparatus using polymethylmethacrylate, polypropylene, and gasoline as
fuels. Based upon prior analysis by Butler and Mulholland, the smoke deposition was

expected to be dominated by thermophoresis. The deposited smoke samples were col-
lected on glass filter paper attached to the hood wall and the mass per unit area of
smoke deposited was measured gravimetrically. Measurements were made of quanti-

ties required for the prediction of thermophoretic smoke deposition. The smoke
deposition measured in the experimental program was well predicted by the ther-
mophoretic smoke deposition equation. The thermophoretic smoke deposition equa-

tion was found to be suitable for predicting smoke deposition onto wall surfaces
exposed to fire environments.
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1. Background

Flaming fires generate smoke particles as a result of incomplete combustion. The
primary particles are spheres of approximately 30 nm diameter and the long chain
agglomerates are between 100 nm and 10,000 nm (0.1 lm to 10 lm) [1]. The term
smoke in this work is defined as the smoke aerosol or condensed phase compo-
nent of the products of combustion. While smokes can be dominated by liquid
aerosols (e.g. smouldering fires and flaming wood fires), the smokes studied here
were black carbonaceous smokes typical of flaming fires.

Smoke deposition is the process in which smoke particles collect on solid sur-
faces. This process will decrease the concentration of smoke in the gas since parti-
cles are lost to the surface. Smoke deposition is of significance with respect to the
creation of property damage, slowing smoke detection, and forensic smoke
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pattern analysis. Five smoke deposition mechanisms have been identified in fire:
thermophoresis, diffusion, sedimentation, inertial impaction, and turbulent diffu-
sion [1]. Based upon the analysis of Butler and Mulholland [1], smoke deposition
on wall surfaces exposed to fire environments is expected to be dominated by
thermophoresis.

Thermophoresis is the transport of smoke particles by a thermal gradient.
Thus, thermophoretic smoke deposition occurs as a direct result of convection
heat transfer to a surface. A common example of thermophoretic smoke deposi-
tion is the blackening of a cold metal knife immersed in a candle flame. The
temperature gradient established between the flame and the metal knife drives
the carbon particles produced in the combustion process towards the knife,
where they deposit.

Most research in the area of smoke has been focused on smoke as a dispersion
of particles in the air that obscures vision [2]. Butler and Mulholland reviewed the
characteristics of smoke aerosols in fire [1]. They present the current state of
knowledge about smoke aerosol phenomena that affect smoke toxicity: smoke
generation, fractal structure of smoke, smoke deposition via thermophoresis, sedi-
mentation, and diffusion, and smoke agglomerate growth through coagulation and
condensation. Ciro et al. [3] used a thermophoretic smoke deposition model based
on previous analytical works [4, 5] to successfully predict smoke deposition on a
cold rod placed in a pool fire. In Ciro’s work, smoke deposition was sufficiently
large that the physical thickness of the deposited layer could be measured directly.
However, in most cases of interest the smoke deposition, the deposited layer is
sufficiently thin that cannot be readily measured.

Computer fire models have not taken smoke deposition into account. Gottuk
et al. [6] showed that smoke deposition in the plume impingement area and the
ceiling jet was up to 40% of the smoke produced by the fire. This was found to
substantially affect the gas phase optical density in the ceiling jet and the response
of smoke detectors. Hamins et al. [7] found that predictions of optical density
using FDS were consistently high (over 35%). Floyd [8] developed thermophoretic
and turbulent diffusion smoke deposition models within FDS and performed trial
calculations of these experiments which achieved better agreement with the
data [9].

The goal of the present work is to develop methods for quantifying smoke
deposition and use these methods to validate a thermophoretic model of smoke
deposition on wall surfaces. The smoke deposition measurement method devel-
oped is gravimetric measurements on glass filter paper pinned to the wall surface.
The gravimetric method provides a direct measurement of smoke deposition. The
experimental program was carried out in a hood apparatus in which a hot smoke
layer was formed. Measurements required to predict thermophoretic smoke depo-
sition were implemented in the hood apparatus. The apparatus is described in the
following section. The smoke deposition results and comparisons with the ther-
mophoretic model are presented subsequently.
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2. Experimental Apparatus

The hood apparatus was designed to collect the hot smoke layer produced by a
burning fuel sample [10]. The hood apparatus consisted of a steel frame
(0.6 m 9 0.6 m 9 0.9 m high) with walls of inorganic fibreboard (see Figure 1).
Thermal conductivity of the fibreboard material varies from 0.06 to 0.18 W/m K
for the temperature range of 400�C to 1,000�C [11]. An exhaust plenum on the
right side of the main chamber (0.45 m 9 0.45 m 9 0.31 m) (L 9 W 9 H) was
connected to an exhaust duct. The exhaust plenum kept the smoke layer interface
at an elevation below all measurement points. Smoke was collected on wall moun-
ted glass filters at two heights (54 cm and 76 cm from the base of hood).

The vertical temperature profile in the hood was measured by a thermocouple
tree located at the left corner (10 cm from each wall) of the hood apparatus using
24 gauge, bare bead, K type thermocouples (not shown in Figure 1). Thirty-six
thermocouples were installed on the thermocouple tree with 2.5 cm spacing. Total
and radiative heat fluxes were measured using Schmidt–Boelter gauges next to
each glass filter (19 cm and 14 cm from the filters as shown in Figure 1). Optical
density of the layer was measured by a laser extinction measurement (wavelength
632.8 nm) across the hood at the same elevation as the glass filters (18 cm from

Figure 1. Front view of hood apparatus and the measurement equip-
ment. The smoke layer is shown as the shaded region inside the hood
and exhaust plenum.
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the filters). The exhaust rate was measured using an orifice meter and the exhaust
rate was controlled via blower speed control.

Figure 2 shows the exhaust duct configuration and instrumentation. Exhaust
flow rate calculations were performed based on ASME PTC 19.5-2004 code [12].

Pressure difference was measured across the orifice plate at pressure taps located
at 10 cm upstream and 2 cm downstream of the orifice plate. Mass loss rate for
the fuel was measured by a balance with capacity of 1,000 g and 0.1 g resolution.
Measurement of O2, CO2, and CO concentrations of the exhaust were made at the
end of the exhaust duct. Exhaust samples were extracted (30 cm from the orifice
plate as shown in Figure 2) and sent to the gas analyzers. O2, CO2, and CO con-
centrations were used along with the exhaust rate to calculate the heat release rate
and heat of combustion.

Smoke was sampled from the hot layer at a known flow rate and used to deter-
mine the gas phase mass specific extinction coefficient. A glass particulate filter
(Fischer brand filter grade G6) was placed at 76 cm above the hood base and
5 cm away from each wall in the left corner. The glass filter 42.5 mm in diameter
was supported in an Aluminium filter holder (SKC, model 225-4704) as shown in
Figure 1. The extraction rate of 4.6 L/min was controlled by a flow meter, which
was connected to a pump. The mass of smoke collected on the pumped filter was
measured at the end of each test.

3. Test Procedure

A variety of fuels, polymethylmethacrylate (PMMA), polypropylene (PP), and gas-
oline, was burned in the hood apparatus in order to study the smoke deposition.

Figure 2. Exhaust flow set up and measurements.
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These fuels have different smoke yields, and gasoline was chosen as an accelerant.
In order to study the fire size effect on the smoke deposition, fuel sample sizes were
varied to generate various fire sizes. Also, different fuels have different smoke yield
which result in different smoke deposition. Different sample areas were used for
each fuel to vary the fire size (0.09 to 3.40 kW). Test duration (1,100 to 4,500 s)
was changed by increasing the thickness of the fuel samples. Sample dimensions
were similar to samples used in the cone calorimeter (�0.1 m) so that the flames
are unsteady laminar flames. For each fuel 80 tests were performed in the hood
apparatus. For each test, there is a transient condition associated which is the time
that the fuel sample is ignited till the flame is fully developed. The transient condi-
tions for all the fuel are significantly short compare to the steady state conditions,
except for the PP. PP needs to be converted to liquid phase first and then the flame
gets fully developed.

Experimental data were collected using a National Instruments data acquisition
chassis. The National Instruments hardware was interfaced with Labview 8.1 data
acquisition software. The data acquisition system was set to a sampling rate of
1 Hz. Data collection was continued until the fuel sample was completely burned,
all the properties were back to ambient conditions, and there was no evidence of a
smoke layer in the hood apparatus.

4. Gravimetric Smoke Deposition Measurement Method

Fischer brand Grade G6 glass filters were used as smoke deposition wall targets.
The diameter of the filters was 90 mm and their thickness was 0.32 mm. Glass fil-
ters were used in this research because they resist temperatures up to 600�C. Cera-
mic filters were evaluated but were highly susceptible to fiber mass loss, which
masked the weight gain of smoke.

Glass filters were placed in the filter holders and installed on the hood wall
after weighing them with the high accuracy scale (0.1 mg resolution) prior to each
test. The sample line filter and wall filters were collected after each test. These fil-
ters needed to be handled carefully to assure the integrity of the gravimetric mea-
surements. The filters were recovered when they were hot. Testing verified that
there was no measurable amount of water in the sample, so the mass gain is prop-
erly interpreted as smoke deposition. The range of smoke masses found during the
testing was 0.29 to 2.5 mg.

Glass filters were mounted on a sample holder constructed of inorganic fiber-
board wall material (HD Duraboard) with a metal frame around it. The metal
frame was made of galvanized steel with a thickness of 0.8 mm. The filters were
mounted on the sample holders using 8 small pins (10 mm long) around the cir-
cumference of the filter. These pins kept the filters in place and the pins were flush
to the wall material. The filter needs to be flush to the wall material in order to
avoid smoke deposition on the wall material beneath the glass filter and to main-
tain good thermal contact of the filter with the wall material underneath the filter.
The installation method is shown in Figure 3.
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5. Thermophoretic Deposition Model

Thermophoresis smoke deposition is dependent on thermophoretic velocity and
smoke concentration. The thermophoretic smoke deposition velocity [13, 14] is
given by:

Vth ¼
ð0:55Þg

qT
dT

dx

� �
ð1Þ

where g is the air viscosity and q and T are the air density and temperature at
film temperature. Film temperature is the average between the wall and gas tem-
perature at the location. dT/dx is the gas phase temperature gradient at the sur-
face. The constant coefficient, 0.55, can be derived from the formulation as
presented by References [15] or [16]. Measurement of the thermal gradient is dis-
cussed in detail in the data reduction section

The total amount of smoke deposited on the surface is calculated by multiply-
ing the thermophoretic velocity Vth by the smoke concentration, Cs(t) and inte-
grating over the duration of the test:

_m00 ¼ VthðtÞCsðtÞ

m00 ¼
Z t

0

VthðtÞCsðtÞdt
ð3Þ

6. Data Reduction

The following measurements were performed in order to calculate the thermal gra-
dient at the surface. Total heat flux ( _q00total) at the level of each glass filter was

Figure 3. Front and back side of the filter holder.
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measured by using a Schmidt–Boelter heat flux gauge and radiative heat flux
( _q00rad) was measured by a Schmidt–Boelter radiometer. Convective heat flux ( _q00conv)
was calculated as the difference:

_q00conv¼ _q00total� _q00rad ð4Þ

Convective heat transfer coefficient (h) is given by:

h =
_q00total� _q00rad
Tgas�Twater

ð5Þ

in which it has been assumed that the surface temperature on the Schmidt–Boelter
heat flux gauge is at the water temperature that was used to make the heat flux
gauge’s surface temperature constant. Water runs through the heat flux gauge and
keeps the surface temperature on the gauge constant (water temperature). The
average convective coefficient of heat transfer varies between 5 W/m2 K and 8 W/m2 K
over the course of the tests. This value was calculated by averaging the data over
the steady state portion of each test.

The thermal gradient can be determined by equating the convective and con-
ductive heat flux at the surface of the heat flux gauge. kair is the air conductivity
at the film temperature.

dT

dx
¼ hðTgas � TwallÞ

kair
ð6Þ

Tgas and Twall were measured with a set of thermocouples that were installed next
to each filter. The wall thermocouple measures the surface temperature next to the
filter and the gas temperature measures the gas temperature 1 inch away from the
surface. The smoke was well mixed that the bulk properties of the air are being
used for it except at the location very close to the wall. The temperature profile
was linear from the thermocouple in the gas to wall direction which was measured
for set of tests.

By replacing the convective heat transfer coefficient from Equation 5, thermal
gradient is derived as follow:

dT

dx
¼ ð _q

00
total� _q00radÞðTgas�TwallÞ
ðTgas � TwaterÞkair

ð7Þ

Measured average thermal gradients varied between 2,000 C/m and 11,000 C/m
over the course of the tests. The average thermal gradient values are presented to
give a representation for the thermal gradient value change and are not used in
the calculations. These values were also averaged for the steady state portion of
each test. Instantaneous values for the temperature gradients were used at each
time step in order to calculate the thermophoretic velocity.

By employing the thermal gradient derived in Equation 7, thermophoretic
velocity is determined as follows:
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Vth¼
ð0:55Þg

qT
ð _q00total� _q00radÞðTgas�TwallÞ
ðTgas�TwaterÞkair

ð8Þ

Smoke deposition based on thermophoresis is the integral of the product of the
thermophoretic velocity and the smoke concentration.

m00¼
Z t

0

Vthðt)Csðt)dt ð9Þ

Thermophoretic velocity was determined by Equation 8. Smoke concentration (Cs)
can be obtained from a measurement of optical density in the hot layer:

Cs ¼
OD

rs;g
ð10Þ

where rs,g is the gas phase mass specific extinction coefficient. By using the ther-
mophoretic velocity equation, smoke deposition per unit area is predicted as:

m00 ¼
Z t

0

ð0:55Þg
qT

ð _q00total� _q00radÞðTgas�TwallÞ
ðTgas�TwaterÞkair

� �
OD

rs;g

� �
dt ð11Þ

For each test, the analytical smoke deposition prediction is compared to the gravi-
metric measurements on the filters.

7. Gas Phase Mass Specific Extinction Coefficient

The gas phase mass specific extinction coefficient (rs,g) was determined in each test
for PMMA, gasoline, and PP. Smoke was extracted through a particulate filter at
the high laser elevation (76 cm from the base of hood) using a pump at a known
flow rate (4.6 L/min). Flow rate was corrected for changes in temperature between
the sampling location and the flow meter. The extracted smoke was collected on a
glass filter. By knowing the optical density history over the test of the smoke and
measuring the mass collected on the glass filter, gas phase mass specific extinction
coefficient was determined as shown in Equation 12, where m is the mass of the
extracted smoke collected on the glass filter, OD is the optical density, _V is
the extraction flow rate from the pump and the temperature ratio corrects for the
temperature difference between the pump and the extraction point. The optical
densities (extinction values) are measured by using a He–Ne laser and detector
devices.

rs;g ¼
1

mcollected

Z
ðODÞ _V ðTambient

Tg
Þ dt ð12Þ
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Gas phase mass specific coefficient was determined for each test and averaged for
each fuel. Table 1 shows the experimental gas phase mass specific extinction coeffi-
cient. These values were very close to gas phase mass specific coefficient values
recommended by Mulholland and Croarkin [17].

8. Thermophoretic Smoke Deposition Model Validation

Surface smoke mass density data for PMMA, gasoline, and PP were compared to
the predictions of the thermophoresis model. Smoke deposited on each filter was
measured gravimetrically and predicted using the thermophoretic model. Eighty
tests were performed for validation of the thermophoretic model. Total heat flux,
radiative heat flux, gas and wall temperature, and optical density were used in the
thermophoretic deposition model. Average measured rs,g values presented in
Table 1 were used. Figure 4 shows the optical density, gas and wall temperatures,
and mass per unit area rate histories for a PMMA test. The mass per unit area
rate has been calculated based on Equation 11.

In order to have an indication of these properties for each test, an average
property will be presented for the aforementioned properties. Each property has
been averaged over the test duration to give an indication for the values for each
property, these averaged values are not used in the smoke deposition calculations.
Figure 5 shows the same properties for a gasoline test. Test duration was 2,500 s
for the PMMA test shown in Figure 4. The average temperature gradient for this
test was 6,400 (�/m) which was calculated based on the heat fluxes and the gas
and wall temperatures. The average optical density was 0.67 (1/m). The properties
at each time step were integrated over the test duration (2,500 s) as shown in
Equation 11 and the total mass per unit area was calculated (0.0047 mg/cm2).

Next figure (Figure 5) shows the same properties for the gasoline test.
The optical density history plot for a gasoline test shows a significant increase

in the values from a PMMA test; however the wall and gas temperatures for the
gasoline test are slightly lower than for a PMMA test.

The optical density and temperature profiles and the smoke deposition rate per
unit area for PMMA and gasoline follow the same pattern. The difference in the
smoke deposition is due to the difference between the smoke yields for PMMA
and gasoline is reflected in the optical density plots. The temperature plot for

Table 1
Measured Gas Phase Mass Specific Extinction Coefficient for PMMA, PP,
and Gasoline Tests and Comparisons with Mulholland and Croarkin [17]

rs,g (m
2/g) PMMA rs,g (m

2/g) Gasoline rs,g (m
2/g) PP rs,g,Mulholland (m2/g)

Range 7.5–8.5 7.4–8.4 7.4–8.4 7.6–9.8

Average 8.12 7.91 7.90 8.7

Standard deviation 0.29 0.31 0.29 1.1

Wall Smoke Deposition 403



Figure 4. History plots for optical density, gas and wall tempera-
tures, and mass per unit area rate for a PMMA test.
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Figure 5. History plots for optical density, gas and wall tempera-
tures, and mass per unit area rate for a gasoline test.
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Gasoline shows a double peak. This is due to the ignition method which was used
for Gasoline. Gasoline was burned in a 2 inch diameter cylinder. After 500 s, the
flames gets to the fully developed condition and that is the reason for the jump in
them temperature profile.

Figure 6 is a presentation of optical density, wall and gas temperatures, and
smoke deposition per unit area rate for a PP test. Optical density plots show s
that the optical density is close to zero for the first 2,000 s. Polypropylene needs
to be melted completely and gets into liquid phase and after that the flame for the
PP test starts getting fully developed. Temperature plot shows a sudden increase
in the temperature and then drop, the sudden increase is for the period which pro-
pane torch was held over the PP sample.

Figure 7 shows the predicted thermophoretic smoke deposition versus measured

(gravimetric) deposition for PMMA, PP, and gasoline.
m00

predicted

m00
measured

has been calculated

for each data point and the averaged value for this parameter is the slope (0.98).
The low and high bounds (�14%) in figure are calculated based on two standard

deviations of
m00

predicted

m00
measured

. On average the model under-predicts the measurement by

2%, indicating that the thermophoretic model predicts the smoke deposition very
well. This validates the thermophoretic model as an accurate model to predict
smoke deposition to walls exposed to hot smoke layer environments in fires.

To provide a sense of the general importance of smoke deposition in a hot layer
situation, the smoke deposition as a percentage of the total smoke produced was
estimated. For all the PMMA, PP, and gasoline tests the deposition per unit rate
was averaged for the low and high filter locations. This value was multiplied by
the surface area of the hood apparatus to estimate the total estimated deposition.
Based on measured smoke yield for each fuel and the fuel’s initial mass, the total
generated smoke was calculated. From the total smoke produced and the esti-
mated total deposited smoke, the deposition percentage on the surface was esti-
mated. Table 2 shows the range and the average values for the deposition on the
surface area of the hood apparatus.

9. Conclusion

In this work gravimetric measurements of smoke deposition on walls were success-
fully made using glass filters mounted on the wall surface. Predictions of ther-
mophoretic smoke deposition were made through measurement of smoke
concentration and thermal gradient at the wall surface. The thermophoretic model
successfully predicted the gravimetrically measured smoke deposition on the walls
exposed to a hot smoky layer. In our prior investigation of fires against walls, the
thermophoretic smoke deposition model successfully predicted wall smoke deposi-
tion due to an exposing fire source [9]. The present work and the prior work [9]
show that thermophoresis is the dominant smoke deposition mechanisms for wall
surfaces in fire, whether the fire is directly against the wall or the wall is exposed
to a hot, smoky layer. For high wall temperatures smoke oxidation needs to be
considered [18]. Other smoke deposition mechanisms are expected to contribute to
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Figure 6. History plots for optical density, gas and wall tempera-
tures, and mass per unit area rate for a PP test.
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floor and ceiling surfaces. Additional research is required for these surface orienta-
tions.

Optical smoke properties were measured for PMMA, PP, and gasoline. These
results were in agreement with the values recommended by Mulholland and
Croarkin [17].
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