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ABSTRACT OF THE DISSERTATION  

Formation of Superfog from Wildland Fire – Theoretical and Physical Modeling 

by 

Christian Justin Bartolome 

Doctor of Philosophy, Graduate Program in Mechanical Engineering 

University of California, Riverside, December 2014 

Dr. Marko Princevac, Chairperson 

 

Smoke from prescribed burns can occasionally cause significant reduction in 

visibility on highways in the southern United States.  Visibility reduction to less than three 

meters has been termed “superfog” and initial conditions for its formation have been 

developed previously.  Accurate characterization and prediction of precursor conditions 

for superfog is needed to prevent dangerous low visibility situations when planning 

prescribed burns.  It has been hypothesized that extremely hygroscopic cloud condensation 

nuclei from the smoldering phase of a fire can produce a large number of droplets smaller 

in size than in naturally occurring fog producing superfog conditions at relatively low 

liquid water content.  A thermodynamics-based model for fog formation was developed.  

Laboratory generated superfog measured by a Phase Doppler Particle Analyzer determined 

that mean droplet radius was 1.5 µm and the size distribution could be modeled as a log 

normal distribution.  Experiments in an environmentally-conditioned wind tunnel using 

longleaf pine needle fuel beds provided visibility, heat flux, temperature, humidity, and 

particle production data for model verification.  Numerical modeling was used to 

approximate the growth of a superfog boundary layer with lwc (liquid water content) values 
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of 2 g m-3 or greater in the Superfog Analysis Model (SAM) which successfully predicted 

previous superfog events. 
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1. Introduction  

1.1 Superfog Occurrences 

Prescribed burns are a common tool used by wildland managers to reduce 

hazardous fuel accumulations, enhance wildlife habitat, and stimulate plant regeneration 

(Waldrop and Goodrick, 2012).  In 2011, an estimated 8.18×106 ha were treated with 

prescribed fire in the United States, 2.62×106 ha were burned for forestry purposes in the 

southern U.S. (Melvin, 2012). Smoke management for prescribed burning has long been a 

concern because of the potential  impacts on air quality and visibility (Mobley, 1976).  In 

rare cases a combination of smoke and fog has crossed over major roadways leading to 

visibility less than 3 meters, a condition known as superfog (Achtemeier, 2008, 2009) 

resulting in traffic accidents.  In January 9, 2008, on the I-4 in Polk County Florida, a 

superfog event resulting from a nearby prescribed fire caused a 70 car pileup which resulted 

in 5 fatalities and 38 injuries.  In 2011 wildfires caused low visibility events resulting in 

numerous highway closures over a 3 month period at the Great Dismal Swamp National 

Wildlife Refuge.  There were isolated vehicular accidents caused by low visibility despite 

the best efforts of highway management.  In December 2011 marsh wildfire smoke caused 

superfog conditions leading to a major car pileup on the I-10 in New Orleans, LA.  The 

accident caused 2 deaths and 61 injuries.  In January 2012 a superfog event formed with 

smoke from a nearby wildfire on the I-75 near Gainesville, FL.  The pileup included 7 

semi-trucks and 12 cars.  This tragic incident claimed 10 lives and left 21 injured. 
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1.2 Previous Research on Superfog 

Superfog has been studied extensively by Dr. Achtemeier of the USDA Forest 

Service (FS) (Achtemeier 2001, 2003, 2008 and 2009).  His previous work has examined 

the effects of mono disperse droplet formation on the visibility with respect to size and 

number of droplets (Achtemeier 2009).  He tabulated smoke temperature and humidity 

measurements for smoldering tree litter in the field (Achtemeier 2008).  He used simple 

thermodynamic modeling to approximate condensation conditions (Achtemeier 2008).  He 

has also worked on projects involving tracking smoke and fog travel in evening hours 

guided by drainage ditches (Achtemeier 2003). 

Superfog is currently hypothesized to form during the smoldering phase of a 

wildland fire in the night hours (Achtemeier, 2006).  Due to its relatively lower heat output, 

the smoldering phase can be more prone to Superfog formation and as such will be given 

major attention in this report in comparison to the flaming phase.  The smoldering phase 

releases primarily water vapor and particles that can act as cloud condensation nuclei 

(CCN) (Achtemeier, 2006; Aurell and Gullett, 2013; Bertschi et al., 2003; Geron et al.,  

2013, Hallette et al., 2007). Water vapor results from the combustion reaction, vaporization 

of water from live and dead fuels due to surface heating, and from ambient moisture of air 

(figure 2.1).  Mixing between the cool ambient air, hot water vapor, and cloud condensation 

nuclei (CCN) will lead to condensation into droplets (Asa-Awuku et al., 2009).  Based on 

the temperature and water content of the smoke source and ambient air entrained into the 

smoke, Superfog will either form or fail to occur as determined by the thermodynamics of 

the mixture (Achtemeier 2008).  The presence of numerous droplets in air causes extreme 
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light scattering, thereby reducing visibility (Tang 1996).  Visibility is strongly dependent 

on the size distribution of particles and the number concentration of droplets.  Empirical 

measurements of naturally occurring fog suggest that liquid water content values of 5 g m-

3 are required to form Superfog (Elderidge 1971, Nebuloni 2005, Podzimek 1997). 
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2.  Theoretical background 
The two main products from a smoldering phase of a prescribed burn that contribute 

to Superfog events are water vapor and particulates.  Water vapor that arises from 

combustion of fuel and surface heating of moist soil condenses onto smoke particulates in 

the cooler atmosphere.  This condensation can be enhanced if the ambient air is also humid.   

The droplets, which are the result of condensation on smoke particles, scatter light thus 

decreasing visibility.  The main Superfog ingredients are schematically presented in Figure 

2.1.   

 

Figure 2.1. Main Superfog ingredients.  Moisture is released as a product of combustion, 

and water evaporation from fuels and soil.  Particles that result from combustion readily 

became Cloud Condensation Nuclei (CCN).  Water vapor from fire and ambient condenses 

on newly formed CCN leading to Superfog. 

Ambient Moisture 

Superfog 

droplets 

CCN 

Combustion 

particulates 

Live and dead fuel 

moisture vaporization 

Vapor from smoldering 

combustion reaction 
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2.1 Thermodynamic model 

 

Figure 2.2. A simple thermodynamics model considers a mixture of cold ambient air with 

hot smoke resulting from the fire. 

 

A major factor in cloud, fog, and superfog formation is the amount of available 

liquid water.  There are several mechanisms that lead to fog formation: 1) radiation 

(Duynkerke, 1990), 2) advection (Nakanishi et al., 2006), 3) mountain and hillside upslope 

(Naboulsi et al., 2008), 4) ice (Kumai, 1981), 5) freezing (Farzaneh et al., 1990), and 6) 

steam fog (Currier et al., 2012). The superfog phenomena is most similar to steam fog.  In 

a steam fog, cold air masses flow over a water body with water vapor over the surface and 

this water vapor condenses due to thermodynamic processes.  Smoldering fuels provide 

source of water vapor in a superfog.  The water vapor available is based on the saturation 

vapor pressure relation (2.7), this equation shows an exponential increase in ability to 

maintain water vapor with increasing temperature.  If there is sufficient moisture available, 

liquid water results when the air mass produced by smoldering mixes with colder ambient 

air and condenses.  Then the liquid water content (lwc) strongly depends on the final 

temperature and saturation vapor pressure of the mixture.  A mass balance of water vapor 

as a result of perfect mixing of a warm, humid air mass with a cool, dry air mass yields: 

Cool Ambient Air 

Smoke 

Mixture 1 3 

2 
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332211 wmwmwm   (2.1) 

where m indicates the mass of air and w indicates the mixing ratio.  Subscripts 1, 2 and 3 

refer to ambient air, hot air above the fire (smoke) and mixture, respectively. The mixing 

ratio is a measure of water vapor mass and is commonly given as water vapor concentration 

in grams of water vapor per kilogram of dry air mass.   

The energy equation for cases where water vapor condenses can be written as  

fTTTmTmTm  332211
 (2.2) 

where T1 and T2 are the temperatures of the ambient and smoke conditions respectively, 

ΔT is the temperature change due to latent energy released during condensation, and Tf is 

the final mixture temperature. The quantity T3 is an initial weighted average estimate of 

the mixture temperature calculated as 

21

2211
3

mm

TmTm
T






 (2.3) 

The change in temperature dT due to the released latent energy is calculated as 

 
p

fg

sat
C

h
wwT  3

 

(2.4) 

where wsat is the saturation mixing ratio, hfg is the latent heat of vaporization for water, and 

Cp is the specific heat capacity of water.  It is important to note that the saturation mixing 

ratio is a nonlinear function of temperature.  The conservation equations were cast in a 

form suitable for iterative solution as:  

    033 
p

fg

satff
C

h
wwTTTf

 

(2.5) 
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Noting that the latent energy and heat capacity do not depend on temperature the derivative 

function was obtained 

   sat

p

fg

f w
dT

d

C

h
Tf 1'

 

(2.6) 

For the dependence of the vapor pressure of water as a function of temperature we adopted 

Lowe’s (1976) polynomial function given as   

6

6

5

5

4

4

3

3

2

210)( TaTaTaTaTaTaaTps 
 

(2.7) 

Here ps is the saturation vapor pressure in millibars, T is the temperature in degrees Celsius, 

and a0-a6 are experimentally determined fit coefficients given in Table 2.1. 

Table 2.1. Lowe’s vapor pressure coefficients for Equation 2.8. 

Coefficient  Value 

a0 6.107799961 

a1 4.436518521e-1 

a2 1.428945805e-2 

a3 2.650648471e-4 

a4 3.031240396e-6 

a5 2.034080948e-8 

a6 6.136820929e-11 

 

The saturation vapor pressure, ps, is converted to the saturation mixing ratio wsat as 

1000
-1013.25

.622

s

s

sat 



p

p
w  (2.8) 

In this form, the saturation mixing ratio has units of grams of water vapor per kilogram of 

dry air.  Using the Newton Raphson method the iterative equation can be written as 
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(2.9) 
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Where the superscript i is the iteration of calculation.  The excess mixing ratio is expressed 

as 

)(3 fsl Twww   (2.10) 

where wl is the excess liquid mixing ratio and ws(Tf) is the saturation mixing ratio at the 

final mixture temperature.  The excess liquid mixing ratio can be related to the liquid water 

content as 

alwlwc   (2.11) 

where ρa is the density of air. 

Table 2.2 summarizes comparisons between the thermodynamic models with and 

without consideration of latent heat when measured conditions (Achtemeier, 2008) are 

used as the input. 



9 

 

Table 2.2. Final mixture temperature and liquid water content predicted by two 

models, with and without incorporation of latent heat.  Measured smoke 

temperatures and mixing ratios from Achtemeier 2009.  The reported ambient 

condition was used for all smoke comibinations. 

Measured Conditions – 

Model Input 

Model Without Latent 

Heat Consideration 

Model With Latent Heat 

Consideration 

T1 

 

w1 

 

T2 

 

w2 

 

T3 

 [oC] 

 lwc3 

 [g m-3] 

T3 

 [oC] 

lwc3 

[g m-3] 

34.8 34.7 15 6.2 24.9 1.24 25.15 0 

42.1 52.0 15 6.2 28.6 5.28 30.45 0.92 

41.2 47.2 15 6.2 28.1 3.51 29.20 0.53 

46.4 61.7 15 6.2 30.7 6.99 33.02 1.11 

40.3 46.7 15 6.2 27.7 3.86 28.98 0.65 

54.1 93.9 15 6.2 34.6 16.6 39.46 2.31 

45.8 60.1 15 6.2 30.4 6.67 32.63 1.07 

62.5 134.3 15 6.2 38.8 28.19 45.42 3.08 

 

Results in table 2.2 indicate that with the inclusion of latent heat, energy balance 

predicts significantly less lwc content available for fog formation.  Extrapolation based on 

empirical models (Fisak, 2006) a lwc of 6.1 [g m-3] would be sufficient to produce Superfog 

(Vis=3m).  The top 2 cases of lwc cases were taken to be the upper limit, 2.0 [g m-3], for 

the production of superfog.  Thus, the next logical step was to examine the role of droplet 

size distribution impact on visibility. 

2.2. Relationship of lwc and Visibility 

A sensitivity test was conducted to investigate the impact of different distributions 

of droplet sizes on final visibilities.  For this purpose, the liquid water content was 

calculated as 

 lii rnlwc 
 3

3

4
 (2.12) 
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where ri is the radius of particle, ni is the number density of particles of size ri, and 𝜌𝑙 is 

the density of water. 

The visibility is related to the extinction coefficient , via (Kunkel, 1984) 



)02.0ln(
Vis  (2.13) 

Here the limit of contrast is expressed as the constant 0.02.  The extinction coefficient is 

calculated as 

 2),( iiie rnrQ 
 

(2.14) 

where Qe is the extinction efficiency (calculated via Mie theory as function of both size ri, 

and wavelength of light l).  In Figure 2.3 a plot of the extinction efficiency is presented for 

four wavelengths.  We see that droplets with radii less than 1 micrometer can have 

extinction efficiencies near 4, compared to the larger droplets of extinction efficiency 2.  

For droplets with radii larger than 2 micrometers, the extinction efficiency oscillates around 

a value of 2. 
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Figure 2.3. The extinction efficiency for four wavelengths of light as a function of water 

droplet radius. 

 

We see that both liquid water content and visibility are strongly dependent on the 

size distribution and number concentrations of the droplets formed. For a lognormal droplet 

size distribution (Podzimek, 1997) the distribution of droplet sizes can be expressed as 
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Thus the liquid water content, and extinction coefficient , can be expressed in the 

following integral forms: 

drrnrlwc

r

r

l )(
3

42

1

3

 


 (2.16) 

where r is the radius of particle, r1 is the smallest droplet size limit, r2 is the largest droplet 

size limit,  n(r) is the probability density function for the droplet size distribution, and 𝜌𝑙 

is the density of water.  The extinction coefficient (Nebuloni, 2005) is calculated as 


2

1

2)(),(

r

r

e drrrnrQ      (2.17) 

All integrals were evaluated using ten-point gauss quadrature (Golub et al, 1969).  In the 

numerical experiments, for given lognormal parameters, particles are added until the test 

visibility is reached (eq. 2.16).  The number of droplets is noted and used to compute the 

lwc (eq. 2.17)   Numerical experiments were conducted for the parameter ranges given in 

Table 2.3. 
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Table 2.3 Experiment conditions in the numerical tests to determine sensitivity 

of Vis, lwc, and droplet size distribution. 

Experiment Vis [m] rg  Lwc ntotal 

1 3 1 1.3 1.3 76017 

2 3 1 1.5 3.55 49466 

3 3 1 1.7 6.32 26632 

4 3 1 1.9 7.95 17131 

5 3 2 1.3 3.05 27213 

6 3 2 1.5 6.2 14391 

7 3 2 1.7 8.23 9811 

8 3 2 1.9 9.21 8026 

9 3 3 1.3 4.79 12564 

10 3 3 1.5 7.77 7604 

11 3 3 1.7 9.18 6037 

12 3 3 1.9 9.82 5516 

13 3 4 1.3 6.28 7250 

14 3 4 1.5 8.79 5077 

15 3 4 1.7 9.78 4490 

16 3 4 1.9 10.21 4367 

17 3 5 1.3 7.53 4833 

18 3 5 1.5 9.5 3837 

19 3 5 1.7 10.18 3657 

20 3 5 1.9 10.5 3713 

21 3 6 1.3 8.55 3541 

22 3 6 1.5 10.03 3121 

23 3 6 1.7 10.49 3143 

24 3 6 1.9 10.7 3285 

25 3 7 1.3 9.37 2776 

26 3 7 1.5 10.42 2663 

27 3 7 1.7 10.75 2799 

28 3 7 1.9 10.89 2989 

29 3 8 1.3 10.06 2294 

30 3 8 1.5 10.75 2352 

31 3 8 1.7 10.94 2546 

32 3 8 1.9 11.03 2765 

33 3 9 1.3 10.61 1966 

34 3 9 1.5 11.04 2128 

35 3 9 1.7 11.13 2360 

36 3 9 1.9 11.15 2593 
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37 3 10 1.3 11.05 1732 

38 3 10 1.5 11.24 1953 

39 3 10 1.7 11.25 2207 

40 3 10 1.9 11.25 2453 

41 5 1 1.3 0.78 45610 

42 5 1 1.5 1.83 16334 

43 5 1 1.8 2.88 7541 

44 5 1 1.9 3.77 4352 

45 5 2 1.3 1.83 16334 

46 5 2 1.5 2.88 7541 

47 5 2 1.7 3.77 4352 

48 5 2 1.9 5.52 4812 

49 5 3 1.3 2.88 7541 

50 5 3 1.5 4.66 4562 

51 5 3 1.7 5.27 3046 

52 5 3 1.9 5.71 2306 

53 5 4 1.3 3.77 4352 

54 5 4 1.5 5.27 3046 

55 5 4 1.7 5.71 2306 

56 5 4 1.9 6.02 1873 

57 5 5 1.3 4.52 2904 

58 5 5 1.5 5.13 2126 

59 5 5 1.7 5.64 1672 

60 5 5 1.9 6.02 1373 

61 5 6 1.3 1.3 5.13 

62 5 6 1.5 1.5 5.64 

63 5 6 1.7 1.7 6.02 

64 5 6 1.9 1.9 6.36 

65 5 7 1.3 5.64 1672 

66 5 7 1.5 6.25 1598 

67 5 7 1.7 6.45 1411 

68 5 7 1.9 6.6 1273 

69 5 8 1.3 6.02 1373 

70 5 8 1.5 1.5 6.45 

71 5 8 1.7 1.7 6.6 

72 5 8 1.9 1.9 6.75 

73 5 9 1.3 6.36 1179 

74 5 9 1.5 6.65 1043 

75 5 9 1.7 2.13 29678 
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76 5 9 1.9 3.72 8636 

77 5 10 1.3 6.65 1043 

78 5 10 1.5 6.75 1173 

79 5 10 1.7 6.78 13230 

80 5 10 1.9 6.76 1473 

81 10 1 1.3 0.39 22805 

82 10 1 1.5 1.07 14839 

83 10 1 1.7 1.9 7990 

84 10 1 1.9 2.39 5142 

85 10 2 1.3 0.92 8167 

86 10 2 1.5 1.86 4323 

87 10 2 1.7 2.47 2948 

88 10 2 1.9 2.76 2406 

89 10 3 1.3 1.44 3770 

90 10 3 1.5 2.33 2281 

91 10 3 1.7 2.76 1817 

92 10 3 1.9 2.95 1656 

93 10 4 1.3 1.89 2181 

94 10 4 1.5 2.64 1523 

95 10 4 1.7 2.95 1354 

96 10 4 1.9 3.08 1315 

97 10 5 1.3 2.26 1452 

98 10 5 1.5 2.87 1158 

99 10 5 1.7 3.07 1102 

100 10 5 1.9 3.23 990 

101 10 6 1.3 2.58 1068 

102 10 6 1.5 3.02 941 

103 10 6 1.7 3.17 949 

104 10 6 1.9 3.23 990 

105 10 7 1.3 2.84 841 

106 10 7 1.5 3.14 803 

107 10 7 1.7 3.25 846 

108 10 7 1.9 3.03 691 

109 10 8 1.3 3.03 691 

110 10 8 1.5 3.23 705 

111 10 8 1.7 3.29 765 

112 10 8 1.9 3.31 830 

113 10 9 1.3 3.26 896 

114 10 9 1.5 3.18 590 
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115 10 9 1.8 3.3 637 

116 10 9 1.9 3.36 712 

117 10 10 1.3 3.36 526 

118 10 10 1.5 3.38 587 

119 10 10 1.7 3.41 669 

120 10 10 1.9 3.4 740 

 

With the known available liquid water content from thermodynamic analysis (Table 

2.2) and desired visibility of 3m for Superfog, a sensitivity study was conducted on the 

relationship between equations 2.14, 2.16, 2.17 and 2.18.  To satisfy these coupled 

equations various lognormal size distributions for the droplet aerosols were investigated.  

Results from these analyses are presented in Figure 2.4. 

Relationships between the liquid water content and the geometric mean for three 

iso-visibilities are presented in Figure 2.4.  For the desired Superfog visibility and known 

available liquid water content (2 g m-3) the relation suggests that the droplet size 

distribution should have a geometric mean radius of 1 μm or less.  

The number density of droplet aerosols vs. geometric mean was also investigated 

(Figure 2.4b) for different visibilities.  Assuming the droplet size distribution to have a 

geometric mean of 1m or less, then the number density for the fog should be of the order 

of 105 or greater [# cm-3].   

For a set visibility, impact of distributions variance on liquid water content and 

number density was investigated (Figure 2.4c). It can be seen from the plot that an increase 

in geometric standard deviation dramatically increases the liquid water content necessary 

for superfog formation by including larger diameter particles.  For viable lwc values and 
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distributions with mean geometric radius less than 1 µm the size distribution spread could 

not be larger than =1.3.  

For droplet distributions centered about 6 µm or greater, the number of droplets 

formed seemed insensitive to  (Figure 2.4d).  However at smaller sizes the number density 

necessary for superfog formation g values plays a greater role.  For viable liquid water 

content values and distributions with mean geometric radius less than 1 µm, the standard 

deviation of the distribution may not be larger than 1.3 (Figure 2.4d) in order to achieve 

the number density required for superfog visibility (7.5×105) (Table 2.3).  

Based on this sensitivity study it is concluded that the number of CCN and droplet 

size distribution are key components to the formation of Superfog for reasonable (realistic, 

achievable in the field) liquid water contents (lwc <2 [g cm-3]). To achieve this, it is 

important to have size distributions with geometric mean radius less than or equal to 1m.  

We also see that the number of particles necessary to have extremely low visibilities and 

low lwc is in the order of millions of particles per cubic centimeter.  Estimates of Holle 

(1971) and Egan et al. (1974) suggest that CCN produced by a gram of wood fuel is capable 

of producing 6 ×1010 particulates per gram of fuel consumed, thus over satisfying needs 

suggested by the sensitivity study.   
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Figure 2.4. Results of visibility, lwc, and droplet size distribution sensitivity study. 

Relationship between lwc and geometric mean radius for iso-visibilities of 3, 5 and 10 

meters (a).   Relationship between number density of droplets and particle radius for iso-

visibilities of 3, 5 and 10 meters (b). lwc vs mean geometric radius for visibility set to 10 

meters and geometric standard deviation, σ, ranging from 1.3 to 1.9 (c).  Droplet number 

concentration vs mean geometric radius for visibility set to 10 meters and geometric 

standard deviation, σ, ranging from 1.3 to 1.7 (d). 

 

Podzimek (1997) measurements modal droplet sizes larger than the sensitivity 

study suggests.  It is this reason the presence of high concentrations of CCN are crucial to 

the formation of Superfog.  In the next section a study of Kohler theory and CCN impact 

on droplet growth.  

2.4. 2D Boundary Layer Model 

The combination of a boundary layer model and thermodynamic model was 

considered to investigate the dispersion of water vapor, lwc, and heat.  The height of fog 
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formation could be calculated using this method.  The advection diffusion equation is the 

base of the boundary layer model and in its differential form is expressed as 

z
K

zx
u

t 















 
 (2.18) 

where   is any transported property in 2D space, x is the downwind direction and z is the 

vertical direction, t is time and K is the eddy diffusivity.  The stable boundary layer velocity 

profile, u, is expressed as a logarithmic profile (Cimorelli et al, 2005) 
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where u* is the friction velocity, k is the Von Karman constant, z0 is the roughness length, 

and L is the Obukhov length.  Here we focus on the transport equations of temperature, T, 

water vapor v, and lwc. 

dz

T
K

zx

T
u

t

T 














  (2.20) 

z

v
K

zx

v
u

t

v


















  (2.21) 

lwc
z

K
z

lwc
x

ulwc
t 
















 (2.22) 

The advection diffusion equations are solved by using an implicit finite difference method 

(Meerschaert et al. 2004)expressed in terms of a generic transport variable  as 
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 (2.23) 

where the subscript i indicates a downstream grid point, subscript j indicates a position of 

vertical grid point, superscript n indicates an iterative count, u is the downstream velocity, 



20 

 

and k is the eddy diffusivity.  A simple representation of points of interest of the finite 

difference equation is given in figure 2.  

 

Figure 2.5. Numerical Node point location  

The finite element equation was further simplified to the form 
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where the quantities α and β are defined as 
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The finite difference equation is further simplified using eqations 2.29-2.31 and solved 

using a tri-diagonal matrix solver. The discretized equation is: 
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The coefficients aj, bj, and cj are defined as 

2
1


jja   (2.29) 

2
1


jjb   (2.30) 
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The method to solve the differential equation is essentially well formulated, and we 

require boundary conditions to solve the problem.  The first boundary condition is a zero 

flux at the top of the boundary layer where the inversion layer prevents further transport in 

the vertical direction (Equation 2.32).  The second boundary condition is a constant flux of 

heat and vapor from the ground level where smoldering fuels contribute (2.33).  For the 

solution, it is assumed that the heat and vapor flux is evenly distributed throughout the 

downwind distance of the model. 

Constant heat flux from ground surface  

z

v
Kqmass



  (2.32) 

Where  is the vapor concentration  

z

T
KCq pheat




   (2.33) 

pC
K




  (2.34) 

Here  is the thermal diffusivity and K is the eddy diffusivity.  This system of equations is 

the structure of the SAM.  The necessary inputs for this model are: vapor and heat flux, 
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surface temperature, temperature gradient, relative humidity, friction velocity, Obukhov 

length, and roughness length. 

2.5. Water Vapor Flux Approximation 

The water vapor produced from a smoldering fuel bed was approximated using 

stoichiometry.  Assuming that wood fuels can be expressed as C6H9O4 (Bryam 1959, Ward 

2001 and Parmar 2008).  The balanced complete combustion equation for this hydrocarbon 

is 

OHCOOOHC 222596 1824254   (2.35) 

The mass of the hydrocarbon is estimated by 

fmc
mm fuelOHC




1

1
596

 (2.36) 

where 
596 OHCm is the mass of the hydrocarbon, fuelm  is the mass of wet fuel bed, and fmc is 

the fuel moisture content.  The mass of water vapor produced from combustion is 

approximated through stoichiometry to be 

5965962
55.0, OHCOHCOH mm    (2.37) 

where 
5962 , OHCOHm is the mass of the water produced by combustion of the hydrocarbon.  The 

water vapor contributed from vaporization of the water contained in moist fuels is 

calculated using the equation 

fmc

fmc
mm fuelonvaporizatiOH




1
,2

 (2.38) 
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where onvaporizatiOHm ,2
 is the mass of water vapor contributed by vaporization.  Assuming all 

fuel moisture evaporated, the water vapor produced from the combustion of the fuel bed 

can be expressed as 

onvaporizatiOHOHCOHtotalH mmm ,,,0 259622
  (2.39) 

where totalHm ,02
 is the combined mass of water vapor produced from fuel bed.  Figure 2.6 

plots the estimates water vapor produced by the fuel bed after combustion normalized by 

fuel bed mass.  From this analysis we can see that if a dry fuel without having no fmc, then 

the water vapor produced from combustion alone will be 55% of the original fuel bed mass 

(Equation 2.37).  We also can see that the addition of fmc increases the total water vapor 

being produced.  The contributions from combustion and evaporated fmc are balanced just 

above 60% fmc. 
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Figure 2.6. The total water vapor production from combustion and fuel moisture 

evaporation as a function of the fuel moisture content. 

 

3.  Experiments 

3.1 Small Fog Chamber 

3.1.1. Small Fog Chamber Description 

The theoretical and numerical modeling presented in Section 2 delineated the 

sensitivity of fog formation on several parameters.  Guided by these results I decided to 

first design a small and simple setup for initial tests before investing in modifications of an 

existing large wind tunnel. A number of experiments were conducted in a small acrylic 
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chamber to test the viability of Superfog formation.  The test chamber was designed based 

on the thermodynamic model schematic in Figure 2.2.  Schematic for the mixing chamber 

is presented in Figure 3.1. 

This simpler experimental setup, was made first to get a feel for controls range and 

precision necessary to produce fog and the various measurements of numerous properties 

associated with formation of fog and visibility.  

 

Figure 3.1. Schematic of Superfog box chamber 

The “superfog chamber” (Figure 3.2), was designed to simulate the interactions of 

two air masses with different temperatures and relative humidity, similar to field 

conditions, through controlled mixing.  During experiments, both the cool and warm air 

masses were pumped through separate ducts into the 60 cm ×60 cm × 90 cm superfog 

chamber for mixing.  The chamber was constructed of transparent acrylic material for 

visualization. Inlet aluminum ducts were 15.3 cm inner diameter with variable speed duct 

fans to force air masses into the chamber at the desired flow rates.  The outlet duct was 

20.3 cm in diameter.   The cold air duct was cooled by liquid nitrogen forced through three 
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1.3 cm diameter copper coil heat exchangers (Figure 3.3).  An electronic heater was used 

in the heated air duct.  Two additional inlets were added to the heated duct for injection of 

water vapor from a humidifier and smoke particles (CCNs) from burning wooden sticks, 

leaves or paper.  Omega Digital vane probe anemometers and Campbell Scientific 

HMP45C temperature and relative humidity sensors were placed at each of the two inlet 

ducts and on the chamber exhaust (Figure 3.3).  Temperature and relative humidity data 

were collected at 1 Hz and stored on a Campbell Scientific CR3000 data logger.  As 

discussed in Section 2.1, the liquid water content and the visibility depend on both the 

number concentration and the size distribution of droplets.  A TSI Phase Doppler Particle 

Analyzer (PDPA) was used to measure the size distribution and number concentration of 

droplets formed through condensation in our test chamber.  The fog formed was transported 

down 2 meters of exhaust ducting to the PDPA measurement area.  

 

Figure 3.2 Superfog transparent acrylic mixing chamber 
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Figure 3.3.  Photograph of the inlet ducts to the acrylic mixing chamber.  Locations of 

main parts, including cool air heat exchanger, vapor inlet, CCN inlet, fans, anemometers, 

temperature and relative humidity sensors (HMP45C), are marked. 

 

3.1.2. Small Fog Chamber Measurements 

Initial set of measurements consisted of taking pictures of fog formation events 

within the chamber using a digital camera under various inlet conditions.  Figure 3.4a 

provides a base visibility and depth of vision prior to the fog formation experiment.  An 

image taken during a fog formation experiment is given in Figure 3.4b.  In the photo the 

background cabinets and labeling on them are no longer visible.  The orange chair which 

is 1 m away from the chamber can barely be seen; the metal arm rests is visible but the 
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color is undetectable.  The top warm air duct’s visibility in the experiment photo is 

greatly diminished although it is only 0.4 m from the front side of the superfog chamber.  

 

Figure 3.4. (a) The left pane presents the Superfog box mixing chamber volume before 

warm and cool air masses are mixed. (b) The right pane presents the Superfog chamber 

during a fog formation experiment causing visibility to dramatically decrease limiting the 

clarity of background cabinets, the orange chair, and top inlet duct. 

 

These visualizations (Figure 3.4) provided decent qualitative measure of fog 

formation based on the decrease of visibility but needed quantitative results.  A method to 

approximate the visibility based on presented relations between droplet size distribution 

and number concentrations was developed in Section 2.  However, a particle size 

distribution within the chamber was needed as an input.  A TSI Phase Doppler Particle 

Analyzer (PDPA) was deployed to measure the droplet size distribution and number 

concentration of fog formed within the mixing chamber.   

The experiments compared two cases of mixing air masses.  In the first case a warm 

air mass of 32oC and 96% humidity was combined with a cooler air mass of 8oC and 99% 

humidity.  In the second case a warm air mass of 27oC and 61% humidity was combined 

with a cooler air mass of 11oC and 98% humidity.  In each of the two cases 5 replications 

b) a) 
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were conducted. The case conditions are given in Table 3.1.  Five repetitions were made 

for each experimental setting.  The temperature and relative humidity of both inlets and the 

outlet were sampled at 10 Hz and stored in CR5000 Campbell Scientific data logger.  

Mixed exhaust was ducted to the PDPA system for sampling.  Figure 3.5 presents the 

PDPA results for all 10 runs.  The conditions and measurements were averaged for the 5 

repetitions of each experiment.  The averaged particle size distribution and lognormal fits 

for both experiments is given in Figure 3.6.  

Table 3.1. Superfog mixing chamber experimental parameters for PDPA Measurements  

Case 

 

Warm Air Mass Cold Air Mass Mixture lwc  

[g m-3] 

ntotal 

[# cm-3] 

V 

[m] T [oC] RH  T[oC] RH T[oC] RH 

1 32.2 96.1 8.1 99.1 17.9 >100 5.5 49000 3.5 

2 27.0 61.8 11.1 98.1 14.9 >100 2.0 20000 4.5 
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Figure 3.5. Plot of PDPA measurements for the 10 total experimental runs in the superfog 

chamber 
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Figure 3.6. Average droplet size distribution measured from the fog test chamber 

experiments (case 1 and 2), the fit lognormal distribution (r=1.5m, σg =1.8), and 

experiment lognormal distribution fit (r=1.2m, σg =1.8). 

 

The mode of the measured and expected theoretical distribution is similar in the 

range between 1 and 2 m (Figure 3.6).    The geometric standard deviation was larger than 

expected.  The experiments resemble a lognormal distribution with rg=1.2 or 1.5, and =1.8 

(Figure 3.6). By analysis the fogs generated in the lab were capable of forming near 

superfog visibilities.  As discussed in section 2.2, the larger droplets can greatly reduce 

visibility but greatly increase liquid water content needed.  In our experiments these higher 
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lwc  values were observed.  For case 1, where a near superfog visibility was observed, the 

lwc measured was over two times greater than our expected 2 g m-3 expected.  The 

measured size distribution had larger  values leading to the introduction of larger particles 

requiring more lwc. 

3.2 Wind Tunnel 

A wind tunnel (Figure 3.7) located at the U.S. Forest Service PSW Research Station 

in Riverside, CA was originally designed to examine flame spread from a surface fuel into 

an elevated crown fuel (Lozano, 2011; Tachajapong et al., 2009).  The tunnel was modified 

to control temperature and humidity by adding refrigeration and water vapor production 

units (Princevac et al., 2013).  These modifications altered the flow pattern so wind velocity 

was measured on a grid using a hot-wire anemometer to determine the new velocity 

profiles.  The wind tunnel was open-topped so that natural buoyancy of hot gases was not 

impeded.  Glass doors in the 2 m × 1 m × 1m test section permit viewing from the side in 

the visible spectrum but block viewing from the side in the infrared spectra.  Low flow 

velocities from 0 to 2 m s-1, temperature from 0 to ambient C, and relative humidity from 

10 to 100 % can be achieved within ±5 %. 
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3.2.1. Wind Tunnel Description 

 

Figure 3.7. (a) Simple schematic of the wind tunnel and instrument locations.  (b) The 

photograph shows the viewing side, plumbing and glycerol storage for wind tunnel’s 

climate control system. (c) The photograph shows the preparation side of the wind tunnel 

where tank walls are doors that opens for preparation and placement of fuel bed.  The 

preparation side photo also shows the water heater used to generate water vapor to control 

the ambient relative humidity within the wind tunnel. 

 

Modifications to the wind tunnel specific to this project included the addition of 

ambient temperature and humidity control.  The incoming air temperature is cooled by 

custom made copper heat exchanger and air conditioning system designed and 

manufactured by, Mr. Gary Long from A + AIR Corp.  Working fluid through the heat 

exchanges is glycerol.  Glycerol is cooled by an industrial air conditioning unit outside the 
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burn building.  Schematic of the cooling system is given in Figure 3.8.  To enable longer 

experimental duration and lower temperatures, a glycerol storage tank was added.  During 

the preparation stage the glycerol was circulated through the heat exchanger and the storage 

tank until the temperature of glycerol was below -5oC.  For the experimental runs, the cool 

glycerol was recirculated through the heat exchanger installed in the wind tunnel.  Pictures 

of the main parts of the cooling system are given in Figure 3.9.  Humidification for the 

wind tunnel is produced using a water heater.  The water vapor was injected inside the 

tunnel via set of nozzles (Figure 3.10) after the heat exchanging element.  A relative 

humidity sensor is placed downstream of the nozzles.  The release of moisture from nozzles 

is controlled by a regulator to maintain desired relative humidity. 

 

Figure 3.8. Schematic of the wind tunnel temperature control loop.  In the cooling stage, 

in the morning of each experimental day, the valve was set to allow glycerol to flow 

between the storage tank and cooling unit.  During the experiments the flow was redirected 

from the glycerol storage tank to the wind tunnel heat exchanger.  
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Figure 3.9. a) Photo of the glycerol cooling unit located outside the burn building, b) the 

glycerol storage tank located inside the burn building,   c) side view of the heat exchanger  

The pump speed is controlled by an air temperature sensor directly downstream of the heat 

exchanger.  Pump speeds are modulated to maintain the desired ambient air temperature 

for the experiment.   

 

 
Figure 3.10. (a) Water vapor is released by nozzles horizontally at the bottom and 

vertically through the middle directly after the air cooling heat exchanger.  (b) Water heater 

located outside the wind tunnel provides heating and storage of water for wind tunnel 

humidification. 

a) b) c) 

a) b) 
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3.2.2 Instrumentation Description 

Numerous instruments were used to quantify the properties of the smoke and fog 

formed in the wind tunnel.  A Campbell Scientific sonic anemometer CSAT3 was used in 

the early experiments to quantify the temperature and vertical velocity fluctuations to 

estimate of the heat flux from the smoldering fuel bed.  Fourteen Omega Type-K (Chromel 

Alumel) thermocouples were used to create vertical and downwind surface temperature 

profiles.  The Campbell Scientific HMP45C temperature and relative humidity sensors 

used in the test chamber experiments were also used to sample smoke characteristics.  To 

obtain the CCN concentration produced by the smoldering smokes, a TSI DustTrak was 

used for sampling 1m particulate matter (PM1).  A long wave infrared (IR) FLIR camera 

was used to measure the temperature of the fuel bed.  Temperatures measured from IR 

camera are presented in Table 3.3.  Hukseflux RC01 heat flux sensor was also used to 

measure the heat from smoldering fires.  A custom visibility senor was developed to 

measure visibility through smoke.  Some instruments are outlined in the following sections. 

3.2.2.1 Sonic Anemometer CSAT3 

The  CSAT3 has a 10 cm vertical measurement path.  3D velocity and temperature 

were sampled at 10 Hz and stored by CR5000 data logger.  The CSAT3 uses a FW05 fine 

wire thermocouple (12.7 m diameter).  Offset error in vertical direction is within 4.0 cm 

s-1.  Figure 2.1 presents photographs of the CSAT3 deployed for measurements (a) and 

close up (b). 



37 

 

 

Figure 3.11.  Campbell Scientific sonic anemometer (CSAT3).  The photo on the left 

shows the implementation of the CSAT3 device.  The photo on the right shows a larger 

image of the CSAT3 and signal converter box. 

 

3.2.2.2 Heat Flux sensor 

RC01 radiation and convection heat flux sensor was used to measure the heat from 

smoldering fires (Figure 3.11).  The RC01 uses the combination of two heat flux sensors.  

The first is covered by gold reflector, thus sensitive only to convective heat transfer.  The 

second is the black panel which is sensitive to both convective and irradiative transfer.  The 

RC01 has an external thermocouple to measure surrounding air temperature.  This device 

allowed us to measure convective and radiation heat transfer from the smoldering fuel bed.   

a) b) 
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Figure 3.12. Hukseflux RC01 heat flux sensor (www.huksefluxusa.com) 

3.2.2.3 Temperature and Relative humidity sensors  

Fourteen k-type thermocouples were used to create vertical and downwind surface 

temperature profiles.  Five thermocouples were used in smoke measurements (Figure 3.13).  

The Campbell Sci HMP45C temperature and relative humidity sensors used in the test 

chamber experiments were also used here to sample smoke temperature and relative 

humidity. 
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 Figure 3.13. The HMP45C temperature and relative humidity deployed with k-type 

thermocouples to measure smoldering smoke temperature and relative humidity  

 

 

 

Figure 3.14. Thermocouples are placed along the down wind direction and vertically above 

the fuel bed to measure temperature profiles of smoldering smoke. a) Upwind view of wind 

tunnel where undergraduate students prepare pine needle fuel bed and thermocouples.  b) 

View of the thermocouples from preparation side of the wind tunnel. 

 

Since the thermo couples will be used to measure the temperature of the flowing gases, 

radiation heat loss to the surroundings must be considered (Brohez et al., 2004 and Roberts 

b) a) 
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et al., 2011).  The energy balance of convection to the thermocouple and radiation losses 

can be expressed as 

   44

 TTTTh sensorsensorg    (3.1) 

Where h is the convection coefficient, Tg is temperature of the gas, Tsensor is the 

temperature of the thermocouple, T∞ is the temperature of the suroundings,  is the 

emissivity of the sensor, and  is the Stephan Boltzmann constant. To express the heat 

transfer around the tip of the thermocouples Whitaker’s equation was used for flow around 

small spheres (Brohez et al., 2004).  

  4.0666.05.0 PrRe6.0Re4.02 Nu   (3.2) 

Where Nu is the Nusselt number, Re is the Reynolds number, and Pr is the Prandtl number 

defined as 

k

hd
Nu   (3.3) 



Vd
Re  (3.4) 




Pr  (3.5) 

Where d is the diameter of the thermocouple, k is the thermal conductivity of the sensor, V 

is the velocity of the flow,  is the kinematic viscosity of the gas, and  is the thermal 

diffusivity of the gas.  A convergence scheme can be found for known sensor temperature 

to solve for actual gas temperature.  Using these methods, a calibration curve is developed 

for known gas temperature and what the expected thermo couple reading.  The expression 

for heat transfer can be written as 
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 44)(  ThTThTTf gassensorsensorsensor   (3.6) 

and a convergence technique like Newton Raphson can be used to solve for the zeros of 

the equation.  Temperatures for gas flow were investigated between 0 to 1000oC.  Ambient 

temperature of 30oC was used for T∞. 

A summary of the variables used are Table 3.2 and a plot of the calibration curves for the 

0.5 mm diameter thermocouples used is in Figure 3.15.  Since radiation heat transfer is 

dependent of the fourth power of the temperature we see that the radiation impact greatly 

distorts temperature readings at higher temperatures. 

Table 3.2. Summary of parameters used in thermocouple correction 

Parameter Value 

 1.205 kg m-3 

Cp 1.005 × 10-3 kJ kg-1 K-1 

k .0257 W m-1 K-1 

 15.11 × 10-6 m2 s-1 

Pr 0.713 

 0.8 

 5.6703 × 10-8 W m-2 K-4 
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Figure 3.15. Plot of measured temperature vs temperature loss. (a) Plot of temperature loss 

over 0-800oC measurements. (b) Plot of temperature losses focusing on the lower 

temperatures between 0-200oC measurements 

 

3.2.2.4 Particulate Sampling 

TSI DustTrak Aerosol Monitor (Figure 3.16) measures particle concentrations of 

PM10, PM2.5, and PM 1.0.  DustTrak uses a laser photometer with 90o light scattering.  It 

can measure concentrations from 0.001 to 100 mg m-3.  To measure CCN concentration 

produced by the smoldering smokes TSI DustTrak sampled PM1 concentrations by 

accessory filter eliminating larger size particles. 

a) 

b) 
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Figure 3.16. TSI Dust Trak (www.tsi.com) 

3.2.2.5 Visibility sensor 

 

Figure 3.17. Schematic of custom visibility meter 

We custom designed a visibility sensor to quantify the visibility through the 

resulting fog in each experiment (Figure 3.18).  A schematic for the sensor design is in 

Figure 3.17.  The visibility meter deploys the Beer-Lambert law to calculate the extinction 

coefficient, β, of the medium through which the laser passes as   
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(3.7) 

where It is the power measured at the optical transducer in the smoke and fog, Io is the 

power measured in clean air, d is the distance between the laser source and optical 

transducer, and β is the extinction coefficient of the fog.  In this setup the laser head is 10 

cm from power meter transducer.  Using the visibility meter, the extinction coefficient can 

be determined.  The visibility can be calculated using the solved extinction coefficient and 

equation 2.13. 

 

Figure 3.18.  Photo of implemented visibility meter and actual laser beam.  (a) The 

photograph shows visibility meter at the exhaust end of the wind tunnel.  (b) The 

photograph visibility meter located above a smoldering fuel source without crosswind.  

 

3.3. Experimental Set 1: Smoke Measurements 

Longleaf pine (Pinus palustris Mill.) needle fuel beds with varying configurations 

and moisture content were used in the wind tunnel.  Relative humidity and temperature of 

the ambient air were kept constant during an experimental run and changed over the 

experiments to identify conditions for superfog formation.  The temperature and humidity 

a) b) 



45 

 

were measured at several locations to study the evolution of the fog, and the visibility was 

determined using a custom designed instrument that measured laser light transmission 

based on Beer-Lambert law.  Through experimentation, we have identified combinations 

of environmental and fuel conditions that would replicate Superfog visibilities.   

Three different sets of experiments were conducted: 

(1) Experiments to determine smoke properties,  

(2) Experiments for superfog formation,  

(3) Experiments to measure smoke boundary layer development. 

Smoke measurements focus on characterizing the smoke properties such as 

temperature, humidity and heat flux.  Superfog formation experiments investigate various 

combinations of fuel bed moisture content, ambient wind, temperature, and humidity 

conditions to form or not to form superfog. The boundary layer experiments were 

conducted to validate the new model for smoke plume growth. 

The first set of experiments conducted was used to determine the smoke properties 

from burning longleaf pine needles: temperature, humidity, CCN concentration and heat 

flux.  The fuel was placed into a wire mesh cylinder (Figure 3.21a).  Fuel bed masses 

ranged from 200-500 grams.  These initial experiments were conducted in still air.  After 

ignition, fuel bed fire characteristics occurred in the following sequence: flaming, 

flaming/smoldering, and full smoldering phases (Figure 3.21b).  Instrumentation was 

deployed after full smoldering phase begins to prevent damage to the instrumentation due 

to the high heat during the flaming phases (Figure 3.21c and Figure 3.22).  All 



46 

 

measurements were recorded by the CR5000 data logger except the DustTrak, because it 

has internal memory storage. 

To create different fuel moisture contents in the experiments the pine needles were 

soaked in water prior to the experiment (Figure 3.19a). 

 

Figure 3.19. a) Pine needles are soaked for short period of time between 1 and 5 minutes 

to achieve different fuel moisture content values. b) In the first configuration pine needles 

are placed into the wire mesh fuel bed configuration.  Wire mesh fuel container 0.3 meter 

in diameter and .3 meter height.  c) In the second pine needle configuration pine needles 

are spread over the entire space of the burn platform within the wind tunnel. 

 

A sample of pine needles is taken from each experiment and is stored in a bottle for 

later fuel moisture content analysis (Figure 3.20a).  The mass of each bottle is known before 

use and is subtracted from the total mass of bottle with fuel.  Fuel moisture content is 

measured by first weighing the mass of the bottle with the fuel sample.  Next, the bottle is 

placed into an oven with lid open (Figure 3.20b).  After 24 hours, the bottle is weighed 

again.  The difference in mass is the water evaporated from the pine needles.  Fuel moisture 

content, fmc, is measured using the formula 

 

d

dw

m

mm
fmc


  (3.8) 

a) b) c) 



47 

 

where mw is the mass of wet fuel and md is the mass of dried fuel. 

 

Figure 3.20. a) Fuel samples are taken of the treated fuel beds used in experiments.  b) 

Fuel sample bottle are placed in oven and heated for 24 hours to evaporate water. 

 

In experiments described in smoke measurements and superfog formation 

experiments 400 gram fuel beds were used in a cylindrical wire mesh.  The diameter of the 

mesh container is approximately 0.33 meters, having area of 0.07 m-2.   The 400g fuel bed 

can produce 220 to 310 g of water vapor depending of fuel moisture content contributions.  

In general fuel beds in the experiments conducted smoldered for approximately 30 minutes.  

In the measurements using the wire mesh container the smoldering fuel bed produces water 

vapor flux is approximated to be 1.6-2.4 g m-2 s-1.  The water vapor flux approximations 

were used in the 2D boundary layer model.  

a) b) 
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Figure 3.21.  After the fuel bed is prepared it is ignited.  It goes through a) the flaming 

phase, b) the combination of flaming and smoldering, and c) smoldering phase.  To prevent 

damage by flame, instruments are placed into the smoke when fuel bed has reached full 

smoldering phase. 

 

a) c) b) 
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Figure 3.22. Placement of radiation heat flux, visibility, particulate matter, temperature 

and humidity sensors for smoke measurements. 

 

The first parameter measured from smoke was the sensible heat flux.  The CSAT3 

was located 1 meter above the fuel bed.  Figure 3.23 shows the results for 9 experiments.  

The time zero is the start of measurements during the smoldering phase.  Measurement 

phase is cut off at time where fuel bed is extinguished and no longer producing smoke.  We 

can see from measurement results that initially smoldering convective heat flux can be as 

high as 3.5 kW m-2.  As time continues smoldering produces heat flux of 1 kW m-2 before 

ceasing to combust. 

The heat flux was also measured by the RC01 sensor.  As before, time zero is the 

time of implementation of instrument 1.5m above smoldering fuel bed.  Five experiments 

are presented in Figure 3.24 showing the measured convective and irradiative heat transfer.  

We see that both convective and irradiative fluxes are generally below 0.5 kW m-2.  Spikes 
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early in the plot can be attributed to flames that may from time to time appear as small 

pockets of the fuel bed re-ignite. 

The particulate concentration was measured for 5 experiments.  Initial time zero 

begins at time of instrument implementation.  There are great fluctuations of concentration 

of PM1 between 10 and 180 mg m-3 which is the saturation value for our instrument. 

Visibility through the fog created from these experiments was measured using our 

custom visibility meter.  Examples of power meter recordings for two of the experiments 

are given in Figure 3.25.  If we take a look at Figure 3.25 for experiment 30, we see that 

the initial power value is around 60mV and it approaches 40mV in the presence of smoke.  

Using equation 3.1 we can see that the extinction coefficient of the smoke formed in 

experiment 24 to be 4.05 m-1.  We can determine the visibility to be 0.96 m by use of 

equation 3.2. 

Measurements of fuel bed temperature, smoke temperature, smoke humidity, 

visibility and fuel moisture content are summarized for 10 experiments in Table 3.3.   
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Figure 3.23. Sensible heat flux results of smoke above fuel bed using measurements from 

CSAT3 anemometer.  

 

a) b)  

 

Figure 3.24.  a) Convective and b) irradiative heat flux measurement 1.5m above a 

smoldering fuel bed using RC01 sensor. 
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Figure 3.25. Voltage signal from optical power meter for experiments 30 and 32. 
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Table 3.3. Summary of smoke measurements 

fmc [%] Vis [m] Tfuel bed [
oC] Tsmoke[

oC] RHsmoke 

28 1.7 205±20 61±20 30±20 

29 3.2 312±30 66±35 30±20 

41 0.9 153±15 66±25 30±20 

20 0.9 50±5 71±20 25±20 

25 0.4 205±20 61±20 25±20 

7 0.4 312±30 50±10 25±20 

39 1.2 101±10 30±2 40±2 

24 2.5 205±20 64±18 13±8 

12 1.0 312±30 50±5 10±2 

30 0.8 101±10 61±5 9±4 

28 1.7 153±15 45±5 9±4 

 

The measurements conducted in the smoke measurement section provided us with smoke 

parameters to use inputs into the 2D boundary layer dispersion model. 

 

3.4 Experiment Set 2: Controlled Superfog Formation  

The goal of Superfog Formation Experiments is to build upon smoke measurements 

by introducing and controlling cross wind, ambient temperature, humidity and fuel 

moisture content in order to form Superfog.  First we recreated conditions from known 

Superfog events: 

(1) I-4 in Polk County, FL on January 9 2008,  

(2) I-75 near Gainesville, FL on January 31, 2012,  

(3) Dismal Swamp, VA in 2011. 

We designed experiments to investigate temperature and humidity conditions in vicinity of 

observed temperature and humidity from these historical events. Table 3.6 summarizes the 



54 

 

test conditions used in the experiments.  Figure 3.26 is a schematic of the setup used for 

these experiments. 

In the controlled superfog formation experiments, ambient air temperature, relative 

humidity, and fuel moisture were controlled.  The ambient temperature and relative 

humidity used for this set of experiments inside the wind tunnel test section ranged from -

1.0 to 15.15 degrees C and 60-95%, respectively.  The environmental controls maintained 

temperature and relative humidity within (±2%)  The experimental range included the 

previously mentioned superfog events in Florida and the Great Dismal Swamp fire.  Pine 

needle fuels were soaked to increase moisture content.  The fan and climate control system 

was activated after the fuel bed was placed.  Wind speed was maintained at 0.5 m s-1.  The 

wire mesh fuel bed was then ignited. 

   

 

Figure 3.26. Simple schematic of Superfog Formation Experiments setup. 

From our experiments, smoke formed more readily when the fuel bed is in a piled 

up orientation instead of being spread throughout the wind tunnel floor.  In the tightly 
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packed configuration less oxygen is allowed to react, thus decreasing combustion rate.  

This produces a lower intensity and longer lasting smoldering.  For this reason we chose 

to use the same wire mesh used in the smoke measurements for the fuel bed shape.  In the 

incidents occurring in Florida, which resulted in the major car pileup in the early morning 

hours prior to sunrise, wind speeds were recorded to be near zero (wunderground.com).  

Low wind velocities were also recorded during the I-10 event in New Orleans, Louisiana 

in 2011.  The smoke had traveled from burn areas to freeways at some small velocity.  

Consequently, for the wind tunnel experiments we used very low wind speeds.  Speed 

controller for wind tunnel’s fan was set to 26.7 Hz producing wind velocity of 

approximately 0.5 m s-1.  This wind velocity was used for all the experiments.  This velocity 

was chosen as the lowest velocity that our wind tunnel is capable of maintaining without 

major fluctuations.  The low wind velocity allows sufficient time for vapor to condense in 

the cool surrounding air allowing Superfog to form within the length of our wind tunnel.  

If the Superfog forms under this velocity it would definitely form and for lower wind 

velocities.  Temperature and humidity sensors were located downwind of the fuel bed.  The 

custom visibility meter was placed at the exit of the wind tunnel.  A photo of an experiment 

from the viewing side of the wind tunnel is presented in Figure 3.25. 
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Figure 3.27. Viewing side of wind tunnel during a Superfog formation experiment. 
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Table 3.4. Summary of Superfog formation experiments 

Experiment T∞ [oC] RH∞ fmc Tsmoke,avg[
oC] Vis[m] 

11 4.44 80 35 16.7 3.4 

12 3.33 85 35 14 1.28 

13 10 87 45 16 1.24 

14 12.78 76 48 20  

15 16.11 90 45 24 0.38 

16 4.44 90 39 8 0.62 

17 7.22 94 37 12 0.26 

18 5 93 41 16 0.59 

19 1.11 93  10 0.50 

20 0 92 39 9 1.9 

21 .56 92 12 9 0.97 

22 5.56 65 40 12 .29 

23 5 67 46 10 .32 

24 6.67 76 41 16 .27 

25 10 80 38 8 1.27 

26 7.22 79 38 19 .29 

27 10 94 41 15 .67 

28 14 69 10 21 .84 

29 10 80 40 20 .23 

30 12.8 75 44 16 .23 

 

3.4.1. Experimental Procedure 

On experiment days, glycerol would be cooled and water heated for humidity 

production in the morning hours.  The climate control system in the wind tunnel can 

produce temperatures as low as -5 degrees Cahrenheit less than the local ambient 

temperatures.  This gave us the lower limit of temperature for experiments on any given 

day.  Desired ambient temperature and humidity values within the tunnel are chosen and 

values set into the wind tunnel controls.  Pine needles were treated by water bath to increase 

their fuel moisture content (see Section 3.2.2.6).  400g treated pine needles were weighed 

and placed into the wire mesh container.  Excelsior, 50g, was added to the fuel bed to assist 
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in ignition.  After the fuel bed was set in place, the fan and climate control system was 

activated.  Fan speed was set to maintain 0.5 m/s wind speed.  The glycerol flow valve was 

adjusted to allow flow between the storage tank and the wind tunnel heat exchanger only.  

Pump speed was automatically modulated by the speed controller to maintain desired set 

temperature for that experiment.  The humidity control loop was turned on and the desired 

humidity was set.  Nozzles within the tunnel release water vapor as needed to adjust the 

humidity.  Measurements of air and vapor temperature used to provide feedback for the 

tunnel climate controls were independent from our temperature measurements of smoke.  

After the desired conditions inside the wind tunnel are met, the fuel bed was ignited.  Data 

logger recorded readings from the instruments throughout the day.  Time of ignition, start 

of smoldering phase, and end of experiment was recorded for later analysis.  Experiments 

were also recorded by a video camera.  The experiment checklist is given below.  Duration 

of major experimental steps is summarized in Table 3.5.  For more detailed instructions on 

use of wind tunnel please see Appendix A. 

Table 3.5. Duration of major experimental parts 

Procedure Duration 

Glycerol cooling and water heating stage 2-4 hours 

Water immersion treatment for pine needle fuel bed 2-10 min 

Steady target temperature within wind tunnel 5-20 min 

Ignition to smoldering phase 2-10 min 

Smoldering phase 10-40 min 

 

A summary of experimental temperature ranges is given in Table 3.4 and Table 3.6.  

Experiment numbers are placed in the table corresponding to the wind tunnel temperature 

and humidity.  Highlighted regions indicate climate conditions corresponding to known 
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weather conditions associated with Superfog formation.  The fuel moisture content values 

for fuel beds are summarized in  

Table 3.7.  The measurement results for smoke temperature, humidity, and visibility are 

provided in tables Table 3.8, Table 3.9, and Table 3.10 respectively.  Smoke temperature 

was 10-15 degrees Fahrenheit higher than ambient conditions throughout the experiments.  

In photographs taken from the experiments (Figure 3.28) a dramatic difference in the fog 

thickness is apparent when fuel moisture content is increased while temperature and 

humidity are kept constant. 
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Table 3.6. Superfog Formation Experiment Summary 

T [oC] -1.1 1.7 4.4 7.2 10 12.8 15.6 

RH [%]               

60               

65     E22 E26       

70       E24   E37 E28d 

75     E23/E26 E10d/E24 E25 E30 E15 

80     E11 E25 E29 E14   

85     E12   E13     

90     E16 E17       

95 E20/E21 E19 E18 E27 E27     

Note:  Experiments are named as ‘E’ followed by the experiment number.  Highlighted 

combinations of temperature and humidity indicate conditions from the actual Superfog 

occurrences.  Blue highlighted cells represent conditions during the I-4 disaster in 2008.  

Orange cells represent conditions during the Dismal Swamp fires.  Red highlighted areas 

represent conditions during the Gainesville incident in 2012. 

 

Table 3.7.  Summary of Superfog Formation Experiment fuel bed fmc values [%] 

T [oC] -1.1 1.7 4.4 7.2 10 12.8 15.6 

RH[%]               

60               

65     40 43       

70       40    9 

75     44 10/41 38 44 44 

80     35 38 40 48   

85     35   45     

90     39 37       

95 39/12  41 41 41     

 

Table 3.8. Summary of averaged smoke temperatures [oC]  

T [oC] -1.1 1.7 4.4 7.2 10 12.8 15.6 

RH[%]               

60               

65     12 15       

70       16     21 

75     10/15 20/16 16 20  24 

80     16.7 16  16 19.5   

85     14   16     

90     8 12       

95  9 10  16    15      

 



61 

 

Table 3.9. Summary of averaged smoke humidity measurements [%] 

T [oC] -1.1 1.7 4.4 7.2 10 12.8 15.6 

RH[%]               

60               

65     70 41       

70       40     23.5 

75     65/41 40/40 40   40 

80     60 40   50   

85     70   60     

90     107 80       

95 100  100           

 

 

Table 3.10. Experimental visibility results [m] 

T [oC] -1.1 1.7 4.4 7.2 10 12.8 15.6 

RH[%]               

60               

65     0.29 0.29       

70       0.27     0.84 

75     .29/.29 3.44/.27 1.27   0.38 

80     3.44 1.27      

85     1.28   1.24     

90     0.62 0.26       

95  .23 .23            
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Figure 3.28. Left photo shows light smoke forming from the pine needle fuel bed under 

ambient temperature of 41oF, 76% relative humidity, and 7 % fuel moisture content. In the 

right photo, Superfog forms from the pine needle fuel bed under ambient temperature of 

43oF, 88% relative humidity, and 40% fuel moisture content. 

 

3.5. Experiment Set 3: Boundary Layer Growth 

The third set of experiments conducted in the wind tunnel was used for comparison with 

the numerical 2D boundary layer model introduced in Section 2.  Figure 3.29 shows a 

simple schematic of the setup in the wind tunnel for the boundary layer experiments.  The 

fuel beds in these experiments were spread out over the floor of the wind tunnel.  The 

average fuel bed thickness was 10 to 13 cm (just below the surface thermocouples).  

Thermocouples were arranged horizontally and vertically every 21 cm over a horizontal 

distance of 260 cm and a vertical distance of 180 cm (Figure 3.30).  Digital video was taken 

during the experiments. The range of temperature, relative humidity, and fuel moisture 

content used in the boundary layer experiments are presented in 
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Table 3.11. Only Experiment 8 was conducted using dry untreated dry pine needles.  All 

other experiments used wet needles prepared as above. 

   

Figure 3.29. Schematic of wind tunnel arrangement for boundary layer experiments. 

 

Table 3.11. Location of thermocouples 

Thermocouple 

Number 

Downwind 

Position [cm] 

Vertical 

Position [cm] 

1 75 13 

2 97 13 

3 119 13 

4 139 13 

5 163 13 

6 181 13 

7 202 13 

8 218 13 

9 239 13 

10 260 13 

11 181 33 

12 181 52 

13 181 68 

14 181 89 
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Figure 3.30. Photograph taken during a boundary layer experiment from the preparation 

side of wind tunnel shows the smoldering fuel bed and thermocouple locations circled in 

red. 

 

A similar procedure was used for boundary layer experiments as for the Superfog 

formation experiments.  The main difference between the two sets of experiments was the 

fuel bed shape.  While in the Superfog formation experiments we used smaller, circular, 

fuel bed, for the boundary layer growth investigation we used a rectangular fuel bed spread 

along the wind tunnel.  This was the best way to match the model formulation and realistic 

field conditions.  The downwind temperature profiles for the 8 experiments averaged over 

the smoldering phase are presented in Figure 3.31.  Since results from Superfog formation 

experiments (Section 3.4) show that the fuel moisture content is a major parameter in 

determining smoke thickness we varied the fuel moisture content while keeping other 

parameters constant for boundary layer growth experiments.  Experimental fuel moisture 

is given in Table 3.12.  Only Experiment 8 was conducted using dry untreated pine needles 
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thus producing higher temperatures.  Temperatures did not increase with downwind 

distance due to short length of test section (Figure 3.31).  Over larger distances smoldering 

heat flux will accumulate downwind and increases in temperature at the surface level.  

Figure 3.32 provides the vertical profile of temperatures measured 181 cm downwind of 

the leading edge of the fuel bed.  We see a formation of a stable boundary layer in the wind 

tunnel.  Measurements of temperature gradients ranged from 24 to 30 oC m-1 (Figure 3.32).  

These vertical temperature gradients taken from measurements were used in the boundary 

layer model. 

 

Table 3.12  Fuel moisture content for boundary layer experiments.  Ambient conditions 

are kept at 15oC and 80% humidity 

Experiment fmc [%] T∞ [oC] RH [%] 

1 43.25 12.80 45 

2 41.58 13.54 34 

3 40.43 11.84 45 

4 35.97 13.42 52 

5 43.25 12.47 30 

6 39.01 15.26 52 

7 36.79 12.79 52 

8 9.02 26.6 35 
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Figure 3.31. Averaged temperature of each thermocouple during smoldering phase taken 

at a height of 13cm.  
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Figure 3.32. Averaged smoldering phase vertical temperature profiles for boundary layer 

experiments taken at a distance of 181 cm. 

 

It is very difficult to replicate superfog forming conditions in the wind tunnel with 

the spread fuel bed configuration used in the boundary layer growth experiment because 

the availability of oxygen causes most of combustion to occur in the flaming phase leaving 

little for the smoldering phase, as opposed to the fuel bed inside a cylindrical wire mesh.  

For this reason, to compare the model results with the experiments we focused on the fog 

conditions that correspond to the liquid water content of 0.1 g kg-1.  This liquid water 

content corresponds to a visible formation of smoke however not as visually impeding as 

Superfog that must have at least 2.0 g kg-1 of liquid water content.  The model creates 

detailed liquid water content fields.  The model can then be validated for the 0.1 g kg-1 
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liquid water contents.  Table 3.13 summarizes the experimental parameters that were used 

as model inputs for validation. 

 

Table 3.13. Experimental settings for model validation  

Model Input Value 

Vapor flux 1.6 x 10-3 g m-2 s-1 

Heat flux 1.0 W m-2  

Friction velocity 0.1 m s-1 

Monin-Obukhov Length 100 m 

Roughness height 0.01 m 

Surface Temperature 11.84oC (Experiment 4) 

12.79 oC (Experiment 7) 

Vertical Temperature Gradient 24.20 oC m-1(Experiment 4) 

26.05oC m-1(Experiment 4) 

Ambient Relative Humidity 45% (Experiment 4) 

52 % (Experiment 7) 

 

We see that the smokes produced in the experiments are within the model prediction 

heights (Figure 3.33 and Figure 3.34).  Since the model is able to reproduce the 

experimental boundary layer height we deployed it to predict past field occurrences of 

superfog. 
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Figure 3.33. Boundary layer experiment 4 photograph from video footage overlapped with 

model comparison.  Model predictions for fog heights with liquid water content 0.1g kg-1 

are presented in blue.  A polynomial fit of the model predictions is provided in red. 

 

 

Figure 3.34. Boundary layer growth experiment 7 photograph from video footage 

overlapped with model comparison.  Model predictions for fog heights with liquid water 

content 0.1g kg-1 are presented in blue.  A polynomial fit of the model predictions is 

provided in red. 
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4.  Boundary Layer Model Predictions for Field Incidents 

After obtaining key inputs from smoke measurements and validating the boundary 

layer growth model, the model was deployed to predict the occurrence of Superfog for the 

I-4 disaster and the Gainesville incidents.  A summary of the model input values used for 

the boundary layer model is presented in Table 4.1. The simulation results are presented in 

Figure 4.1 and Figure 4.2 for I-4 and Gainesville, respectively.  The blue curve represents 

a polynomial fit of the model data.  The red curves are fit of of x1/2 dependence with 

distance x.  Based on a criterion of lwc greater than 2.0 g kg-1, we see that in both cases 

superfog forms up to a meter high within 30m of fuel bed.  If the fuel bed is continuously 

smoldering for longer distances, the superfog will continue to grow.  We see that the growth 

of superfog follows x1/2 dependence, and the superfog depth can be expressed as:   

5.0Cxh      (4.1) 

where x is the downwind distance from the leading edge of the continuous fuel bed and C 

is a coefficient.  The values for coefficient C are 0.175 and 0.2 for I-4 and I-75 superfog 

events, respectively.  Using eq. 4.1 one can forecast growth of the superfog layer with 

distance over the fuel bed.  In cases where the growth of the Superfog is observed to be 1 

meter high over 30 meters of fuel, the constant C should be taken to be approximately 0.18.  

In cases where Superfog grows to 0.5 meters over 30 meters of fuel the constant C should 

be taken to be approximately 0.09.  For cases where Superfog does not grow above 0.5 m 

high over 30 m of the fuel bed, extreme visibility loss is not at height of driving.  However 

depending on lwc values at driving height, lowered visibilities will be in effect.     
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Table 4.1. Model Inputs 

Model Input Value 

Vapor flux (qmass) 1.6 x 10-3 g m-2 s-1 

Heat flux (qheat) 1.0 W m-2  

Friction velocity (u*) 0.1 m s-1 

Monin-Obukhov Length (L) 100 m 

Roughness height (zo) 0.01 m 

Surface Temperature (Ts) 1.66 oC (Gainesville 2012) 

20 oC (I-4 2008) 

Vertical Temperature Gradient 3 oC km-1 

Ambient Relative Humidity (RH∞) 60% (Gainesville 2012) 

95 % (I-4 2008) 

 

 

Figure 4.1.  Boundary layer model prediction of growth of Superfog using weather 

conditions surrounding the I-4 disaster in 2008.  Superfog defined to be anywhere where 

liquid water contents are greater than 2.0 g kg-1.  Over the course of 30m Superfog grows 

to a height of 1 meter.  Here C=0.175. 
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Figure 4.2.  Boundary layer model prediction of growth of Superfog using weather 

conditions surrounding the morning of the Gainesville incident in 2012.  Superfog defined 

to be anywhere where liquid water contents are greater than 2.0 g kg-1.  Over the course of 

30m Superfog grows to a height of 1 meter.  Here C=0.2. 
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5.  Conclusion 

A greater understanding of Superfog and the physics associated with its production 

have been attained.  Numerical and physical models and experiments to understand the 

formation of extremely low visibility smoke becomes Superfog.  We have produced a 2D 

boundary layer model which is validated by laboratory experiments and is capable of 

predicting historical Superfog events. 

Thermodynamic modeling has allowed us to estimate fog formation or the lack of 

fog formation through mixing air masses with varying moisture contents.  Using the 

Thermodynamic modeling we were able to determine realistic lwc values (2 g kg-1) 

available from smoldering smoke to produce superfog.  We have done sensitivity studying 

of the relations of liquid water content, droplet size distribution and visibility.  Droplets 

with diameters similar to the wavelengths of visible light have reduced visibility twice as 

effectively compared to larger size droplets.  Given lwc available is 2 g kg-1, then droplets 

need to have radius of 1m or smaller to be able to create Superfog visibility.  Droplet 

distributions with geometric standard deviations greater than 1.3 lead to the inclusion of 

large droplets decreasing the efficiency of the volume of water to interrupt light.  Droplet 

concentrations of 105 cm-3 are required to form Superfog.  Literature suggests there is 

always sufficient CCN produced from biomass burning to produce this concentration.   

Numerical, 2D boundary layer model has been formulated and includes 

thermodynamic processes to condense water vapor to form fog.  Experiments were 

conducted to measure key parameters associated with smoldering smoke.  Controlled 

epxeriments showed the ability to form superfog in the wind tunnel under various 
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temperature, humidity and fmc combinations.  Superfog in these experiments appeared 

when ambient temperatures were less than 4oC, humidity over 80%, and fmc values of 40% 

or greater.  It has been shown through experiments that the fmc plays a crucial role in the 

quality of superfog produced.  The fuel moisture content allows more water vapor to be 

included into the smoke from combustion and vaporization.  Boundary layer growth 

predictions made by 2D model were verified with experiments.  The model can predict 

historic superfog events using observed weather information from the I-4 in 2008 and the 

I-75 in 2012.  The model can be used to predict possibility of superfog events in future. 

There are also other warning indicators for superfog being developed.  The 

Superfog Index (Achtemeier, 2013 and Weiss, 2013) uses multiple possible source smoke 

properties (temperature and humidity) and combines with ambient meteorology data to 

predict likelihood of a superfog event.  Similarly there has been focus on Turner Stability 

(Curcio, 2013) on finding favorable conditions for superfog.  The advantages of the 

dispersion approach for the SAM model is the details in smoke vapor and heat fluxes as 

well as flexible meteorology to calculate a detailed boundary layer growth of the superfog.  

All of these methods there still require future comparison and validation with real superfog 

events. 



75 

 

Table 5.1. Summary of Parameters Likely to produce Superfog 

Parameter Superfog Conditions 

Droplet size < 1 m 

CCN concentration 105 # cm-3 

lwc >2 g kg-1 

Ambient temperature <40oF (4.44oC) 

Ambient Relative humidity >80% 

fmc >40% 

Wind velocity <1 m s-1 

 

5.1. Recommendations for unknown Superfog prediction tool inputs 

Land managers may not have all the parameters needed to run the newly developed 

Superfog prediction tool. This section gives some recommendations for approximations 

that can be used in the Superfog prediction tool when the actual measurements are absent. 

Most commonly the vapor flux will need to be approximated.  Vapor flux is produced from 

combustion reaction, vaporization from live and dead fuels and from soil.  Dense fuels such 

as tree stumps and bushes can have vapor fluxes of 1.5 g m-2 s-1.  Packed pine needles and 

tree litters have vapor fluxes of 0.5 g m-2 s-1.  Open grass can produce vapor flux 

approximately 0.1 g m-2 s-1.  These suggestions should be doubled for fuel moisture 

contents over 40% or fuel is on moist ground.   

Unless a tower with temperature measurements at different heights is located close 

to the site the temperature gradients will have to be approximated.  Based on literature and 

our experience, during stable nighttime hours reasonable vertical temperature gradients are 

near 3oC per kilometer. 
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The friction velocity is a measure of the shear stress.  Unless sonic anemometer 

flux measurements or velocity measurements at different heights are available the friction 

velocity can be approximated to be 10% of the mean wind velocity. 

The Monin-Obukhov Length characterizes the atmospheric stability.  Common 

values to use for nighttime stable conditions are 100 meters.  For extremely stable 

conditions 20 m can be used (very cold nights with no winds).  For less stable conditions 

values of 1000 meters can be used (warm cloudy nights with some wind).   

The roughness length characterizes surface conditions affecting the wind velocity 

profile near the surface (Cimorelli et al., 2005).  It is based on the fuels and obstacles in 

the burn area.  In a forest area the roughness length should be taken to be 1 meter.  For low 

crops and bushes, roughness lengths should be taken to be 0.25 meters.  For open terrain 

with mostly grass 0.03 meters is suggested. 

Although the above recommendations are acceptable, more precise formulations 

for model inputs based on readily available measurements are needed.  The model input 

recommendations are summarized in Table 5.2.  Instructions for model use are given in 

Appendix B. 
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Table 5.2. Recommended Superfog software inputs 

Model input parameter Description  Recommended values if 

unavailable 

Heat Flux [W m-2] Heat produce by smoldering 

fuel bed 

1 W m-2 

Water Vapor Flux 

[g m-2 s-1]  

Water vapor produced from 

smoldering fuel bed 

1.5 [heavy loading  

(thick bushes)] 

0.5 [moderate fuel loading 

(grass and tree litters)] 

.1 [light fuel loading (grass)] 

* Double values if fmc>40% or 

on moist ground 

Surface temperature [oK] Ambient ground level 

temperature 

274-350 oK 

Temperature Gradient 

[oK m-1] 

Temperature changes of 

stable ambient atmosphere 

with height 

3x10-3 oK m-1 

Ambient Humidity [%] Ambient relative humidity 50-95% 

Friction velocity [m s-1] Shear velocity 10% of current wind speed 

Obukhov Length [m] Atmospheric Stability 20 m [cold  & low wind 

velocity] 

100 m  

1000 m [warm & cloudy night] 

Roughness length [m] Roughness height based on 

fuel bed height 

1 m [forest] 

0.25m [low crops] 

.03m [open flat terrain mostly 

grass] 
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7.  Appendix A: Wind tunnel environmental control system manual 

 

System Start Up 

Note:  Steps 1-4 need to be completed at least one hour prior to the start of testing. 

Step 1: Turn Breakers on in the electrical panel (Main, Chiller & Pump, Control Circuit, and 

Humidifier).  See Figure 1. 

 

Figure 7.1. Electrical Panel 

Step 2: Push green “Run” button on pump controller inside control panel.  See Figure 2. 

 

Figure 7.2. Pump Controller. 

Step 3: Make sure that the pump discharge valve to the chiller coil is set to the proper position, 

and that the temperature controller is set for at least 40 °F.  See Figures 3 and 4. 
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      Figure 7.3. Pump Discharge Valve.         

 

  Figure 7.4. Temperature Controller. 

 

Step 4: Hold the chiller ON/OFF button until the chiller turns ON.  See Figure 5. 

 

Figure 7.5. Chiller ON/OFF Button. 

Step 5: Hook water hose to water spigot.  Purge all the air out of hose, then hook hose to   

Humidifier Filter, connected to the water filter, using the quick disconnect fitting.  

Turn water on.  See Figures 6 and 7. 
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            Figure 7.6. Humidifier Filter (left), Spigot (center), and Water Heater (right). 

Step 6: Once chiller has cycled off and the humidifier is up to temperature, the system can be 

set for a test condition. 

Step 7:  Set Temperature Controller for desired temperature.  See Figure 4. 

Step 8:  Turn chiller off.  Press and hold the ON/OFF button until chiller turns off.  See 

Figure 5. 

Step 9:  Open large main line valve to chiller coils and close small valve to outside chiller unit.       

See  Figure 7 for valve positions.  

 

Figure 7.7. Discharge Valves in Test Operating Positions. 

Step 10:  Plug in fan controller and set fan to frequency (in Hz) corresponding to desired wind 

speed (in meters per second).  Do not turn fan on.  See Figure 8. 
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Figure 7.8. Fan Controller. 

Step 11:  Set humidifier set point to 80% RH.  Turn on humidifier control switch.  Turn on 

humidifier purge switch for 10 seconds.  Look for steam at purge point.  Turn off 

purge switch and control switch.  Set humidity controller to desired humidity. 

   

Figure 7.9. Humidifier Control Switch (left), Humidifier Control (center), and Humidifier 

Purge Switch (right). 

Step 12:  Start Fan by pressing “Run” button on fan controller.  See Figure 8. 

Step 13:  Turn on humidifier control switch.  See Figure 9. 

Step 14:  Monitor ambient temperature and relative humidity in wind tunnel via temperature 

controller and humidifier control seen in Figures 4 and 9, respectively.  Once desired 

conditions are achieved, set fire in a safe manner. 
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Run test for as long as desired conditions are maintained by system.  System should hold set 

for at least five minutes, maybe longer, depending on outside weather conditions. 
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Procedure for Re-Testing 

Step 1: At the completion of a test, shut off humidifier control switch and fan controller. 

Step 2: Open discharge valve to chiller and set the discharge valve to the evaporator coils to 

the marked position.  See Figure 10. 

    

Figure 7.10. Discharge Valve to Chiller Coils (left) and Discharge Valve to Chiller (right). 

Step 3: Set temperature controller to 40 °F. 

Step 4: Turn chiller ON. 

Step 5: Wait until chiller cycles off.  This may take 20-60 minutes, depending on outside 

weather conditions. 

Step 6: Repeat Steps 6-14 from previous section to complete another test. 
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Shutdown Procedures Following Test Completion 

Step 1: Shut off humidifier control switch and fan controller. 

Step 2: Shut off pump controller by pushing the red “STOP” button.  See Figure 2. 

Step 3: Flip breakers in the power panel to OFF position (Chiller/Pump, Control Circuit, and 

Humidifer). 

Step 4: Shut off water to humidifier and disconnect hose from humidifier and from spigot.  

Store hose in pan next to humidifier. 

Successful completion of these steps will result in full system shutdown. 

 

Contact Information 

For any procedural or service related questions, please call: 

Gary Long at (909) 821-6359 

A+ Air Corp. 
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8.  Appendix B: Developers Version: SAM   Installation and 

Deployment Guide 
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1. System Requirements 

The Superfog Analysis Tool requires a workstation with MATLAB package.   

2. Installation 

2.1 First Time Running the Superfog Analysis Tool 

First run MATLAB on your machine.  An example of the MATLAB home screen is 

shown in figure 1. 

 

Figure 8.1. Matlab home screen 

  



91 

 

In the command window, we will run “guide” (figure 2).  

 

Figure 8.2. Run “guide” in the Command Window 

This will open the MATLAB GUI quick start (figure 3).  Go to the “Open Existing GUI” 

tab.  Click on “Browse…” to locate the directory containing the Superfog Anylysis Tool.  

Then open the SFRungui.fig. 

 

Figure 8.3. Selecting the file location of SFRungui.fig file 
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This will open the MATLAB GUI for the SAM.  Note: This screen will not run simulations 

of the SAM software.  The next step is to press the play button highlighted in figure 4. 

 

Figure 8.4. MATLAB GUI creation screen 

This will open the usable form of the SAM (figure 5).  This concludes the first time 

installation of the SAM.  In future uses of this application, “SFRungui” may be run from 

the command window.  The “Current Folder” on the home screen must be in the same 

directory the SFRungui is located. 

 

Play Button 
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Figure 8.5. Superfog Analysis Model workspace 

3. SAM Input Variables 

The SAM has 3 major categories of input variables: Smoldering Properties, Ambient 

Conditions, and Surface Meteorology.  The input variables include: vapor flux, heat flux, 

surface temperature, relative humidity, friction velocity, Obukhov length, and surface 

roughness.  The editable variables can be changed in the white text boxes next to variable 

descriptions.  This section will describe the variable inputs and suggestions if inputs are 

unknown. 

Although the above recommendations are acceptable, more precise formulations for model 

inputs based on readily available measurements are needed.  The model input 

recommendations are summarized in table 5.1.  After variables are chosen click on the 

“Start” button on the SAM. 
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3.1 Water Vapor Flux 

Most commonly the vapor flux will need to be approximated.  Vapor flux is produced from 

combustion reaction, vaporization from live and dead fuels and from soil.  Dense fuels such 

as tree stumps and bushes can have vapor fluxes of 1.5 g m-2 s-1.  Packed pine needles and 

tree litters have vapor fluxes of 0.5 g m-2 s-1.  Open grass can produce vapor flux 

approximately 0.1 g m-2 s-1.  These suggestions should be doubled for fuel moisture 

contents over 40% or fuel is on moist ground.   

 3.2 Heat Flux 

Heat flux measurements have been made for smoldering fuels at the USDA Forest Service 

PSW Research Station in Riverside, CA.  Measurements from Huskeflux RC01 sensor 

indicate smoldering fuels produce up to 1 kW m-2.   

 3.3 Surface Temperature 

The surface temperature of the site may be taken from local weather station or any 

temperature measurements readily available. 

 3.4 Temperature Gradient 

Unless a tower with temperature measurements at different heights is located close to the 

site the temperature gradients will have to be approximated.  Based on literature and our 

experience, during stable nighttime hours reasonable vertical temperature gradients are 

near 3oK per kilometer. 

 3.5 Relative Humidity 

Humidity measurements from local weather station or airport are ideal.  In the absence of 

data humidity values are generally between 60-80% can be substituted.  
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3.6 Friction Velocity 

The friction velocity is a measure of the shear stress.  Unless a sonic anemometer flux 

measurements or velocity measurements at different heights are available the friction 

velocity can be approximated to be 10% of the mean wind velocity.  For wind speeds less 

than 1 m/s, friction velocity is suggested to be 0.1 m/s. 

 3.7 Obukhov Length 

The Obukhov Length characterizes the atmospheric stability.  Common values to use for 

nighttime stable conditions are 100 meters.  For extremely stable conditions 20 m can be 

used (very cold nights with no winds).  For less stable conditions values of 1000 meters 

can be used (warm cloudy nights with some wind).   

 3.8 Roughness Length 

The roughness length characterizes surface conditions affecting the wind velocity profile 

near the surface.  It is based on the fuels and obstacles in the burn area.  In a forest area the 

roughness length should be taken to be 1 meter.  For low crops and bushes, roughness 

lengths should be taken to be 0.25 meters.  For open terrain with mostly grass 0.03 meters 

is suggested. 
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Table 8.1  Recommended Superfog model inputs 

 

Model input parameter Description  Recommended values if unavailable 

Heat Flux [kW m-2] Heat produce by 

smoldering fuel bed 

1 kW m-2 

Water Vapor Flux 

[g m-2 s-1]  

Water vapor 

produced from 

smoldering fuel bed 

1.5 [heavy loading (thick bushes)] 

0.5 [moderate fuel loading (grass and 

tree litters)] 

.1 [light fuel loading (grass)] 

* Double values if fmc>40% or on 

moist ground 

Surface temperature 

[oK] 

Ambient ground 

level temperature 

274-350 oK 

Temperature Gradient 

[oK m-1] 

Temperature 

changes of stable 

ambient atmosphere 

with height 

3x10-3 oK m-1 

Ambient Humidity [%] Ambient relative 

humidity 

50-95% 

Friction velocity [m s-1] Shear velocity 10% of current wind speed 

Obukhov Length [m] Atmospheric 

Stability 

20 m [cold  & low wind velocity] 

100 m  

1000 m [warm & cloudy night] 

Roughness length [m] Roughness height 

based on fuel bed 

height 

1 m [forest] 

0.25m [low crops] 

.03m [open flat terrain mostly grass] 

 

4. Prediction Tool Outputs and Recommendations 

After pressing the “Start” button, program will generate simulation.  The simulation can 

take up to 1 minute of time.  When the simulation is complete: “finish” will appear in the 

red area, 4 plots will be generated, and recommendation fields in yellow will be filled.  The 

SAM plots 4 graphs to better understand the formation or the failure to form Superfog.  The 

first figure (top left) plots the growth in height of the Superfog layer over the downwind 

distance of the fuel bed.  An example plot is given in figure 6.  The blue squares indicate 
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the data points calculated by numerical simulations and the green line indicates a smooth 

polynomial fit of data results.  The second plot (top right) shows model results for the lwc 

vertical profiles at four downwind distances from the leading edge of the fuel bed (figure 

7).  The third plot (bottom left) shows model results for vertical temperature profiles at four 

downwind distances from the leading edge of the fuel bed (figure 8).  The last plot (bottom 

right) indicates the mixing ratio vertical profiles for four downwind distances from the 

leading edge of the fuel bed (figure 9).  

 

Figure 8.6. Growth of Superfog 
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Figure 8.7. Vertical Profiles of lwc 

 

Figure 8.8. Vertical Temperature Profiles 
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Figure 8.9. Vertical Profiles of the mixing ratio 

The Recommendation section of the SAM displays the height of the Superfog at 30 meters 

into fuel bed.  Based on the height achieved at this point recommendations likelihood of 

Superfog formation is expressed in the “Superfog Indicator” section. Table 2 summarizes 

likeliness of Superfog and growth of Superfog. 

Table 8.2 Possible Superfog Indicator Recommendations 

Superfog Indicator  Superfog Height @ 30m 

Superfog is very likely 1 m < h 

Superfog is possible 0.5 m < h < 1.0 m 

Superfog is not likely 0.1 m < h < 0.5 m 

Zero Superfog threat h  < 0.1 m 
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9.  Appendix C: Simplified SAM model for land managers 
 

 
 

The SAM model has been simplified for land managers.  The land manager edition no 

longer requires Matlab to be installed on the terminal.  The SAM package includes 2 

application files: MCRInstaller and Superfog.    The inputs have been simplified to dry or 

wet fuels, fuel type (grass, grass & tree litter, and thick brush), surface air temperature, 

relative humidity, and atmospheric stability. 



101 

 

Step1.  Run the Matlab Compiler Runtime MCRInstaller.exe.  This will download files 

necessary for installation.  The load screen will pop up (Figure 9.1). This may take several 

minutes depending on machine specifications.     

 

 
Figure 9.1. MCRInstaller download window 

 

Step 2. Follow the tabs and instructions for the installer window (Figure 9.2).  Choose 

directory location to install the MCR to (Figure 9.3). 

 

 
Figure 9.2. MCRInstaller window 
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Figure 9.3. MCR directory location 

 

Step 3.  You have completed the installing the MCR.  Now you can run the SuperFog.exe 

file.  The graphical user interface will appear (Figure 9.4). 
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Figure 9.4. SAM land manager edition 

 

Step 4. Fuel Moisture.  Use the scroll down menu for fuel moisture content (fmc) (Figure 

9.5).  Choose “Dry” for fmc values less than 30% and “Wet” for fmc values greater than 

30%. 
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Figure 9.5. Fuel Moisture drop box 

 

Step 5. Fuel Type.  Use the scroll down menu to choose the fuel type (Figure 9.6).  The 

available options are thick brush, grass & tree litter, or grass. 

 

 

 
Figure 9.6. Fuel Type drop box 

 

Step 6.  Surface Temperature and Relative Humidity.  Use the scroll down option to choose 

the units of temperature you will use for inputs (Figure 9.7).  Fill boxes for Surface 

Temperature and Relative humididty. 
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Figure 9.7.  Temperature units drop box 

 

Step 7.  Atmospheric Stability.  Use the scroll down menu (Figure 9.8) to choose between 

the options: cold & low wind speeds, moderate, or warm & cloudy.  If unsure of the current 

conditions use “Moderate”. 

 

 
Figure 9.8. Atmospheric Stability dropbox 

 

Step 8. Run Simulation.  Click the “Start” button on the lower left of the interface (Figure 

9.9).  The simulation may take a few seconds to a few minutes depending on machine 

specifications.  At the completion of simulation: “finish” will appear in the red box and a 

recommendation will appear in the yellow box.  There are 4 possible recommendations: 

Superfog is very likely, Superfog is possible, Superfog is not likely, and Zero Superfog 

threat. 

 

Step 9. Follow up simulations.  To run subsequent simulations follow steps 4-8. 
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Figure 9.9. SAM output example 

 

  

 




