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Dr. Marko Princevac, Chairperon 

   

This thesis documents three diverse projects done in the Laboratory for 

Environmental Flow Modeling. They are presented in the following order: 1) Interception 

of Smoke from a Forest Canopy, 2) Flame Merge Experiment, and 3) Examination of 

Testicular Thermoregulation. The first project is an experimental investigation of 

possible filtering of particulate matter from wildfire smoke dispersing upwards through 

forest trees of the canopy layer. If the filtering is significant, then it should be accounted 

for when modeling air quality impact, visibility, and other environmental effects of 

surface fires in forests. The second project is an experimental investigation of the 

processes of flame merging and tilting with no wind velocity. It was determined that the 

flame distance, fuel mass, flame size, and fuel bed configuration are the parameters that 

influence when the flame will “see” the other flame or obstacle. The third project is to 

further knowledge of thermoregulation processes of the testicle by examining the 

influence of cell metabolism and perfusion in tissue through numerical simulation. 

Detailed modeling of temperature field development inside the isolated and non-isolated 

testicle show negligible influence.   
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1. Interception of Smoke from a Forest Canopy 

1.1 Introduction 
 

Smoke contains carbon monoxide, carbon dioxide, and microscopic solid and 

liquid particles (Auburn.edu n.d.). The size of these particles is directly related to the 

potential health problems they can cause. The small particles of concern are fine particles 

and inhalable coarse particles. Inhalable coarse particles are between sizes 2.5 and 10 

micrometers (PM2.5, PM10), which can be inhaled to the lungs through the mouth and 

nostrils. Fine particles are of size PM2.5 or less can get into eyes and travel into the blood 

stream following inhalation (AirNow 2003). Figure 1.1, taken from the Environmental 

Protection Agency (EPA)(US EPA 2012), shows the majority of PM2.5 emissions found 

in our atmosphere comes predominantly from wildfire burns.  

 
Figure 1.1 Contribution to PM2.5 Emissions (US EPA 2012) 

Solid and liquid particles from smoke can irritate eyes and airways, causing 

coughing, scratchy throat, irritated sinuses, headaches, stinging eyes or runny nose. 

Children, the elderly, and those suffering from heart and lung disease are primarily 
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sensitive to wildfire smoke. Children have underdeveloped respiratory systems and 

breathe in more air pollution per pound of body weight compared to healthy adults. The 

respiratory and cardiovascular systems of the elderly are weak due to age, making them 

more prone to heart and lung disease from pollutant inhalation. Furthermore, people 

suffering from heart and lung disease are more sensitive to smoke at a lower density. 

Those with heart disease may experience symptoms such as chest pains, palpitations, 

shortness of breath, or fatigue, while those suffering from lung disease may not breathe as 

deeply or as vigorously when pollutants are present in the air. Lung disease symptoms 

from smoke include coughing, phlegm, chest discomfort, wheezing, and shortness of 

breath. But even healthy young adults can experience health problems when smoke levels 

are beyond a certain threshold (AirNow 2003). If noxious plants such as poison ivy burn, 

smoke can cause skin rashes that can be more widespread on the body than those from 

direct contact with the plants (Auburn.edu n.d.). 

Wildfire smoke can also cause visibility impairment. Superfog is the extreme 

condition of increased fog density associated with specific atmospheric and weather 

conditions. It is hypothesized that superfog forms when a considerable amount of water 

vapor is emitted from combustion of moist fuel during the smoldering phase of a wildfire 

at night time. When these water vapors mix with cold air under the right temperature and 

relative humidity conditions, the cold air becomes saturated and fog forms. Particulate 

matter from these smoldering fuels provides additional cloud condensation nuclei for the 

water vapor in the smoke; the resulting small droplets scatter light and visibility more 

effectively than regular fog. It has resulted in multiple tragic motor vehicle accidents as 
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visibility is typically less than three meters. 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 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 claiming 10 lives and left 21 injured (Bartolome 2014). 

Wildfire smoke can disperse far and settle into wilderness areas, causing 

environmental damage. Rainwater leaches inorganic nutrients and other materials from 

settled pollutants and dissolves them into adjacent soil, lakes, and streams, causing 

changes in its nutritional and chemical makeup. Decreases in water quality can be lethal 

to fish and other underwater inhabitants (Auburn.edu n.d.).  

More than half of the most damaging fires in the U.S. of the past 170 years, has 

occurred in California (Fried, Torn, and Mills 2000). In southern California, fires are 

common in the hot and dry weather conditions of late summer and early fall because of 

“Santa Ana” winds ( Florsheim 1991). Records of paleoclimatology and historical data 

show a correlation between increase in wildfire frequency and climate change, causing 

areas like southern California to be more susceptible to the detrimental effects on air 

quality, health, visibility, and land quality from smoke 

In order to begin investigations on emission reduction, we start by creating a 

model. The aim of this project is to determine whether the concentration of emissions 

from wildfire smoke is being filtered through trees of the canopy layer. Experiments were 
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done with pine needles to aid in modeling the dispersion of emissions using the Gaussian 

Dispersion model found in Figure 1.2.  The equation for this model can be written as 

   
 

 

 

  √  

        

  √  
 1.1 

  

where C is the concentration of emissions, Q is the source pollutant emission rate (  ⁄ ), 

u is the horizontal wind velocity, f is the crosswind dispersion parameter, y and z are 

the standard deviations of the distribution in the horizontal and vertical directions, 

respectively, and g1+g2+g3 are the vertical parameters. The vertical parameters are 

expressed in the following equations: 

Figure 1.2 Visualization of the Gaussian Dispersion model (Stockie 2011) 
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Where H is the height of the emission plume centerline above ground level, L is the 

height from ground level to bottom of the inversion aloft, g1 is the vertical dispersion 

with no image reflection and g2 is the vertical dispersion for reflection from the ground. 

In real atmospheric conditions, dispersion in the upward direction is limited by the height 

of the atmospheric boundary layer; g3 is the vertical dispersion for reflection from an 

inversion aloft (Stockie 2011). 

 In order to obtain the concentration of emissions, the source pollutant emission 

rate, Q, first needs to be determined; the other variables are dependent on position and 

velocity. The EPA fire emission model (Larkin and Raffuse 2015) is assessed to 

determine Q. The fire emission model is a function of fuel species as follows: 

 ( )            ( ) 1.5 
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Where A is the area burned, which is determined by the burn scar of the environment. 

Other fires near the burn scar at the time are also researched in case of possible travelling. 

AFL is the available fuel load (wood, soil, grass) to burn. The term   is the fraction of 

available fuel consumed or the consumption efficiency, which is a function of fuel 

moisture, weather, and land type. Finally, Ef(s) is the emission factor of specific 

pollutants from fuel species, s, and is defined as mass of released pollutant per mass of 

burnt fuel with common units of g/kg or g/kg (Larkin and Raffuse 2015). Figure 1.3 

presents a typical experimental setup to determine the emission factor of a species. A 

known amount of fuel is burned and the mass of pollutant is measured from ignition to 

smoldering through a particle concentration measuring apparatus above the burning load.  

Fuel consumption, Fc, is defined as the mass of fuel per seconds with units of 

kg/s. In Figure 1.3, we see an experimental set up with which fuel consumption can be 

determined by a known amount of fuel burned and timed from ignition to smoldering.  
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Figure 1.3 Emission Factor an Fuel Consumption experiment (USDA Forest Service 

Missoula Lab)  

When fuel consumption and emission factors are known, the emission rate, Q, can 

be determined (Equation 1.6). 

    ( )      1.6 

Trees of the canopy layer are above the understory/shrub layer and forest floor 

and below the emergent layer in the forest structure, as shown in Figure 1.4. Tree 

canopies can grow up to 30 meters (rainforest) above the ground, have 3 to 12 meters in 
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thickness, and intercept about 95% of sunlight and precipitation. The ecosystem below is 

impacted through its ability to filter light. Leaves in the understory layer usually grow 

large due to the little sunlight and very few plants grow in the forest floor because of the 

scarcity of sunlight at this level (R. Butler 2015). 

The objective of this project is to determine if trees of the canopy layer, as 

diagrammed in Figure 1.5, filter wildfire emissions of PM2.5 from dispersing upwards. 

The hypothesis is as follows: as the canopy trees can filter light, they are similarly able to 

filter smoke, and by extension, reduce the emission factor. Should this be the case, we 

expect to be able to account for this reduction when modeling the impact air quality, 

visibility, and other environmental effects of surface fires in forests.  

 

Figure 1.4 Canopy Tree forest Structure taken from Canopy Craze 
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We propose a factor, referred as Steph factor, SF, to be applied to the EPA fire emission 

model (Equation 1.5) for when canopy trees are present (Equation 1.7).  

 ( )            ( )     1.7 

 

 

Figure 1.5 Project Objective Picture (Ours 2015) 

1.2 Experimental Setup 
 

The “Interception of Smoke by a Forest Canopy” project runs at the University of 

California, Riverside’s College of Engineering Center for Environmental Research and 

Technology (CE-CERT) facility and is a collaborative effort with the Forest Service, 

Environmental and Mechanical Engineering department.  

Tree Canopy 

Fuel 

What is the emission 

factor here? 
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The experimental setup consists of a rectangular duct, with one end above the fire, 

while the other end is equipped with a fan for flow control, as seen in Figure 1.6. The 

entire setup is placed in a two-story building. The fuel is burnt on ground level while 

smoke travels through the duct system to the top level where data acquisition is taken 

place. 

 

Figure 1.6 Duct system setup where data acquisition is taken place, fuel burning 

apparatus and position, and pitot tube placement to measure flow (left), Light Filter (top 

right), and Heavy Filter schematic with DustTrak Position (bottom center) 

The Forest Service provided dried long-leaf pine needles as fuel and live Canary 

Island (Pinus canariensis) pine needles as filters. The emission factor of PM2.5 for pine 
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needles was determined to be 21 g/kg (Robertson, Hsieh, and Bugna 2014), while fuel 

consumption and SF are determined experimentally. Live pine needles flattened between 

thin metal wire screens are used as a filter and placed in the duct to intercept flow. The 

screens cross sectional dimensions are 29 cm x 28 cm, while depth varied from 0.7 cm to 

2 cm resulting in an averaged volume of approximately 1130 cm
3
. For documentation 

purposes, photographs were taken of every filter with light shining on it and another with 

a back light for an idea of how particles pass though the filter. A photograph of a typical 

screen with live pine needles is given in Figure 1.7. 

 
Figure 1.7 (Right) Filter characteristic documentation (Left) Filter flow 

conceptualization 

 

Typically, 500 grams of dried pine needles were evenly fed into the circular fuel 

burning apparatus (Figure 1.6) over the course of 5 minutes. The burns were organized 

into “blocks,” with each block consisting of one control burn (no filter), one light filter 

burn, and one heavy filter burn (Figure 1.6). In light filter burns, one filter screen is 

placed to intercept flow, while in heavy filter burns, three equally spaced screens are 
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placed into the test section. A total of nine blocks, twenty-seven burns, have been done. 

Block 3 was repeated for experimental accuracy (Table 1.1). Pitot tubes were used to 

determine the air flow characteristics in the duct (Figure 1.6). The flow speed was 6 m/s, 

which corresponds to the turbulent Reynold’s number of 1.2 x 10
5
. DustTrak sensors 

were used for particle concentration measurements in the smoke. Figure 1.6 shows the 

sensor positions with one placed upstream and one downstream of the filters.  

1.3 Data Analysis 
 

Image processing was used to determine permeability of the filters. Original 

images (Figure 1.7) were cropped to the highlighted green lines in Figure 1.8. The 

cropped images were converted to grayscale using MatLab and their histograms (Figure 

1.9) were used to determine flow blocking and empty spaces of the filters. In the case of 

Figure 1.9, pixels with intensity range 0 to 180 (8-bit data with a total range of 0-255) are 

considered to be the blocking region and pixels with intensity range from 181 to 255 are 

considered to be empty space. This analysis was done for all filter images (Table 1.1) and 

was used to determine permeability by the ratio of empty region pixels to the total 

number of pixels. The filters had an average permeability of 20% with a standard 

deviation of 4%. 
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Figure 1.8 Sample of filter photograph taken 

by Forest Service, green box represents where 

the image is cropped 

Figure 1.9 Histogram of pixel intensity 

for filter photograph 

Table 1.1 Block Organization and Image Processing Data 

Block # Burn # 
Light/Heavy/Control 

% 

Permeability 

Block 1 

1 Control 100 

2 Heavy 29 

2 Heavy 24 

2 Heavy 26 

3 Light 31 

Block 2 

4 Heavy 21 

4 Heavy 22 

4 Heavy 19 

5 Light 23 

6 Control 100 

Block 

3a 

7a Heavy 25 

7a Heavy 21 

7a Heavy 22 

8a Light 20 

9a Control 100 

Block 4 

10 Light 20 

11 Heavy 25 

11 Heavy 25 

11 Heavy 25 

12 Control 100 

Block 5 13a Control 100 
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13b Control 100 

14 Light 16 

15 Heavy 24 

15 Heavy 19 

15 Heavy 22 

Block 6 

16 Light 17 

17 Heavy 12 

17 Heavy 15 

17 Heavy 23 

18 Control 100 

Block 7 

19 Heavy 12 

19 Heavy 17 

19 Heavy 18 

20 Light 14 

21 Control 100 

Block 8 

22 Heavy 19 

22 Heavy 17 

22 Heavy 15 

23 Light 19 

24 Control 100 

Block 9 

25 Light 18 

26 Control 100 

27 Heavy 17 

27 Heavy 14 

27 Heavy 21 

Block 

3B 

7B Heavy 22 

7B Heavy 19 

7B Heavy 20 

8b Light 25 

9b Control 100 
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Figure 1.10 DustTrak Incense Smoke Calibration and DustTrak sensor labeling 

The DustTrak sensors were labeled UC and DC for upstream concentration and 

downstream concentration, respectively. To assure consistent reading from all sensors, a 

separate calibration experiment was performed with incense smoke, as shown in Figure 

1.10. Using a simple piping system to encompass smoke and fan to create the turbulence 

in the duct, the sensor’s sampling tubes were placed side by side to determine whether 

they produced the same readings. It was observed that DC sensor consistently read higher 

values. We then concluded that the reading difference was a constant percent offset. 

Based on this difference, we devised a correction factor (Equation 1.8) to make readings 

from both sensors the same.  

   
        
      

 1.8  

Here, ADC and AUC are the average readings of DC and UC DustTrak sensors, 

respectively. The denominator of Equation 1.8 is the average of both sensors, AUCDC = 

UC 

DC 
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(ADC+AUC)/2. This correction factor was used to calculate the corrected downstream 

concentration (CDC) using the following equation: 

        (      ) 1.9 

The original DC, ODC, is subtracted from the product of CF and ODC. These corrected 

values resulted in negligible concentration differences between the two. In Table 1.2, 

column three shows the difference between average CDC and AUC. Block 5 and 9 were 

removed for experimental accuracy. 

The DustTrak data UC (blue) and both the ODC (red) and CDC (green) for Block 1 

is plotted below. The peaks in Figures 1.11 to 1.13 correspond to the addition of fuel 

followed by the smoldering phase of the burn. Data for Figure 1.11 is the control burn, 

with no filter present. Figures 1.12 and 1.13 present measurements for light and heavy 

filter configurations, respectively. When the filters are present it can be seen that at 

certain peaks the ODC is almost as much and at times more than upstream. The CDC plot is 

less than upstream because of the application of the CF. The difference between CDC and 

UC is greater when using heavy filters rather than light filters. The average percent 

difference was calculated for all light and heavy filters using the upstream and CDC 

measurements. For light filters this difference is was found to be 14.4% and for heavy 

filters it is approximately 15%  
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Table 1.2 DustTrak Data 

Block # C/L/H 

Average 

Difference 

Block 1 

C -0.04 

H -0.34 

L -0.24 

Block 2 

C -0.07 

H -0.74 

L -0.42 

Block 3 

C -0.38 

H -1.22 

L -0.17 

Block 4 

C 0.06 

L 0.38 

H 0.11 

Block 6 

C 0.09 

L 0.32 

H 0.93 

Block 7 

C 0.04 

L 0.72 

H 0.41 

Block 8 

C 0.03 

H 0.36 

L 0.36 
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Figure 1.11 DustTrak Data Block 1 Control 

 
Figure 1.12 DustTrak Data Block 1 Light Filter 
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Figure 1.13 DustTrak Data Block 1 Heavy Filter 

1.4 Conclusion 
 

It was observed that the difference between down and upstream concentrations 

was not very significant, even for the case of heavy filters. There are several possible 

explanations for this. One possibility is that while the smoke passes through filters, the 

moisture within the filters condenses so that the downstream DustTrak detects water 

droplets as additional PM2.5. Another possibility is that soot which had accumulated 

around the duct and on the filters were breaking away and travelling downstream. To test 

this possibility, an experiment was performed with natural gas as fuel instead of dried 

pine needles in order to observe whether heat was causing soot to dispatch. From this 

experiment, there was almost no difference between the DustTrak readings, which 

disproves this speculation. The third possibility is that the flow through the duct is too 
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high to realistically model updrafts through the canopy. Unfortunately, a reduction in the 

fan flow rate was not feasible, and a design involving the installation of a parallel duct to 

effectively reduce the flow through the filter screens was investigated, but was not 

implemented during the duration of the project. It is also possible that the canopy does 

not effectively filter PM2.5, but this cannot be investigated further until the model has 

been further refined. 
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2. Flame Merge Experiment 

2.1 Introduction 
 

Fire has played the role of two extremes since the beginning of civilization. It has 

been significant in mankind’s advancement through benefits such as warmth, 

sterilization, and aiding in ecological biodiversity, but it has also been the cause of 

injuries, fatalities, and destruction.  

Though there have been many studies on fire, there are still many deficiencies in 

our scientific knowledge of it.  This is especially apparent when we look at the research 

that has been done in dynamic fire interactions. Finney claims, “A fundamental theory of 

wildland fire spread is missing.” It is the intent of fire researchers to minimize the 

negative impacts of fire, but it is necessary to first develop a strong fundamental 

understanding. There have been efforts to model fire; however, the models of fire do not 

share a common formulation of the physical and chemical processes as they influence fire 

spread. Current models of wildland fire have a great deal of uncertainty, imprecision, and 

scarcity of input measurements. It was revealed, from investigation of these models, that 

most of the fundamentals were largely assumed without a sound experimental basis. Fire 

is a phenomenon, and Finney expresses that in order to understand it, it is important that 

we “(1) sufficiently understand its processes, (2) that we can adequately measure the 

conditions that influence those processes and (3) that the phenomenon’s behaviour is 

uniquely the result of the measured conditions (Finney et al. 2013).”  

Fire needs oxygen, heat, and fuel to propagate; when fire is active it entrains air in 

order to persist. Nelson, Butler, and Weise (Nelson, Butler, and Weise 2012) argue that 
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previous research has essentially neglected the processes governing movement of air into 

flame. They proceed to describe three cases of flame air entrainment; classical 

entrainment, dynamic entrainment, and accretive entrainment. In classical entrainment, it 

was hypothesized that in the absence of wind speed, the mass of entrained air increases as 

flame height increases, and the velocity of this air is proportional to the upward velocity 

of the flame. Dynamic entrainment occurs when wind speed is applied and convection 

begins to influence entrainment. Flame tilt is determined by a momentum flux balance 

between the transverse components of the horizontally moving ambient air and the 

vertical buoyant component of flame. Dynamic entrainment is associated with the flame’s 

drag and buoyancy forces. Accretive entrainment occurs when the wind speed increases, 

and the mass of air entering the flame disrupts the balance between flame drag and 

buoyancy forces. The tilt angle is determined by the ratio of horizontal and vertical 

components of the flame mass flux.  

There have been several experiments investigating both the dynamic and accretive 

entrainment cases for wildfire spread. Nelson, Butler, and Weise (Nelson, Butler, and 

Weise 2012) investigated the flame characteristics of 22 wind-aided fires in a laboratory 

wind tunnel, Weise and Biging (Weise and Biging 1986) studied flame length and angle 

with the combined effects of wind velocity and slope, and Albini (Albini 1981) modeled 

wind-blown turbulent flames from a line fire. Few experiments, however, were done in 

the classical entrainment case to understand how fire would interact, tilt, and spread in 

the absence of an external force. Maynard (Maynard 2013), investigated the flame tilting 

angle through line fires using Particle Image Velocimetry and used colored smoke 
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cartridges to visualize the entrainment. Jo did research on the behavior of the fire plume 

ejecting from an opening in vicinity of opposing walls to understand fire interaction with 

nearby obstacles (Jo et al. 2007). The objective of this project is to further the knowledge 

of classical entrainment by determining the critical distance of two fires for flame 

merging and tilting. 

It is hypothesized that flame tilting between fires or fire and obstacle is primarily 

a function of distance. As two fires tilt or “see” each other, the air flow between the fire 

and the neighboring flame is restricted, resulting in asymmetric entrainment from an 

interaction of their independent entrainment fields (Maynard 2013), resulting in an 

inward tilting of the flames (Sugawa and Takahashi 1993). Flame tilt between two fires 

affects fire behavior by increasing the amount of radiant heat transfer to its surface 

(Byram et al, 1966) and by increasing the horizontal component of convective heat flux 

towards the flame (Baines 1990). Baldwin et al (1964) theorized that flame tilt is a 

product of the flow restriction between flames, which causes a pressure drop, which 

competes with buoyancy. As a fire “sees” an obstacle (such as a wall) this is likely due to 

the Coanda effect, where the pressure becomes lower due to the limited air supply in the 

vicinity of the obstacle (Jo et al. 2007). This leads to an imbalance of forces acting on the 

fire plume, causing it to tilt in the direction of least inflow velocity.  

2.2 Experimental Setup and Analysis 
 

The experiment consisted of two 7 in x 7 in x 7 in mesh screen baskets, each filled 

with 50 grams of aspen wood excelsior fuel. The separation between baskets was varied 
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and measured between their nearest edges as shown in Figure 2.1. Table 2.1 summarizes 

the burns done and their respective distances  

 

 

 

Table 2.1 Burns in mesh screen baskets (50 grams) 

Burn # Box Separation (in) 

Burn #1 (Tunnel) 30 

Burn #2 30 

Burn #3 25 

Burn #4 20 

Burn #5 15 

Burn #6 10 

Burn #7 5 

 

 

Figure 2.1 Basket configuration and distance measurement 
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Figure 2.2 Schematic and photo of the Wind Tunnel 

 
Figure 2.3 Tunnel wall affecting entrainment of fire located at open end. Red arrow 

shows flame angle and yellow arrows show influence of asymmetric entrainment. 
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Figure 2.4 Tunnel wall affecting entrainment after fire located at open end was 

extinguished. Red arrow shows flame angle and yellow arrows show influence of 

asymmetric entrainment. 

 The wind tunnel at the USDA Forest Service is designed with the diagram in 

Figure 2.2. One end of the wind tunnel has a fan while the other end is open. The first 

burn was done inside the wind tunnel with a 30 inch separation as shown in Figure 2.3. 

The fan stayed off because wind is not required for this experiment. It was observed that 

the fire towards the open end always had more flame tilt, while the fire near the fan 

typically showed no noticeable flame tilt. Once the fire on the open end extinguished, the 

fire by the fan side started to tilt as shown in Figure 2.4. It was concluded that the scale of 

this experiment was too large for the scale of the wind tunnel, and that the fire could not 

obtain symmetrical entrainment. To address this, the next burns were done outside of the 

wind tunnel.  

 Burns #2-7, showed no significant flame tilt or fire merging. But for Burns #6 

and #7, instead of the fuel burning evenly downwards, it was burning at a slope (Figures 
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2.5 and 2.6). It is speculated that this could be due to preheating effects by the increased 

amount of radiant heat transfer from the other basket. 

 
Figure 2.5 Burn #6. Sloped burnt fuel is 

noticeable. White arrows mark the radiant 

preheating of the fuel 

 
Figure 2.6 Burn #7. Sloped burnt fuel is 

noticeable. Red arrows mark the radiant 

preheating of the fuel 

 The two fuels were taken out of the boxes and positioned into rectangular 

configurations to observe if whether the fuel bed configuration was preventing flame 

tilting and fire merging. The opposite ends of the fuel configurations were ignited so they 

would burn towards each other and merge. The junction zone is where the two fires join 

to become one fire. These burns are summarized in Table 2.2 and presented in Figure 2.7 

Table 2.2 Burns outside mesh screen baskets 

Burn # Individual Mass (g) Total Mass (g) Separation of 

Fuel (in) 

Burn #8 50 100 0 

Burn #9 100 200 6 

Burn #10 200 400 2 to 3 
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Ignition Sometime After 

Burn #8 

 
 

Burn #9 

  
Burn #10 

 
 

Figure 2.7 Pictures of burns with rectangular fuel configurations. Red arrows represent 

tilt angle. 

  

Junction Zone 
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In Burn #8, with the specified configuration, there was some tilting but not very 

significant. In Burn #9, the flames were bigger and would see each other when a critical 

distance was reached. In Burn #10, the flames were even bigger and there was obvious 

tilting/merging. The critical distance between the flames in Burn #10 was more than Burn 

#9.  

 After analyzing these burns, it is speculated that fire merging and flame tilting is 

a function of: 

 Amount of fuel 

 Size of flame 

 Fuel configuration 

 Separation distance of flame to another flame / obstacle 

These variables are important because of entrainment. The amount of entrained air 

directly corresponds to the amount of fuel and the size of flame. Fuel in the mesh screen 

boxes has a cylindrical fuel configuration. Figure 2.8 and Figure 2.9 show the 

entrainment profiles of the cylindrical and rectangular fuel configurations. Figure 2.10 

shows overlapping entrainment profiles when the two flames in the rectangular 

configuration reach a critical distance, causing them to see each other. In the cylindrical 

configuration there is less overlapping entrainment in comparison, even at small distances 

of 5 inches. The distance between flames will influence the amount of overlapping 

entrainment. The critical distance of flame from an obstacle (i.e. wall) will create 

asymmetrical entrainment causing flame tilting.  
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The open burns summarized in Table 2.3 were done with the configurations found 

in Figure 2.11 to 2.14 to confirm tilting in the asymmetrical and overlapping entrainment 

cases is a function of amount of fuel, size of flame, fuel configuration, and separation 

distance. 

 

 

 

 

 

 
Figure 2.8 Entrainment profile of fire in cylindrical fuel configuration. In the side view, 

entrainment profile is mapped by yellow arrows and the red arrows give the flame angle. 

In the top view, fuel is represented in yellow, fire is represented in orange, and the red 

arrows map entrainment. 

 

Top View Side View 
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Figure 2.9 Entrainment profile of fire in rectangular configuration. In the side view, 

entrainment profile is mapped by yellow arrows and the red arrows give the flame angle. 

In the top view, fuel is represented yellow, fire is represented orange, and the red arrows 

map entrainment. 

 

 

 

 
Figure 2.10 Overlapping entrainment profile of fire in rectangular configuration. In the 

side view, entrainment profile is mapped by yellow arrows and the red arrows give the 

flame angle. In the top view, fuel is represented in yellow, fire is represented in orange, 

and the red arrows map entrainment. 

 

Top View Side View 

  
  

Top View Side View 
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Burns #1-2 exhibit the Figure 2.11 configuration, Burns #3-4 exhibit the Figure 2.12 

configuration, and Burns #5-6 exhibits the Figure 2.13 and 2.14 configurations 

respectively. 

The fires in Burns #1 and #2 did not significantly see the wall, while Burn #3 and 

#4 showed the fire would see the wall at a critical distance and touched the wall towards 

the end of the burn (Figure 2.15). In Figure 2.12, the mapped entrainment profile shows 

the fire would have a more significant asymmetrical entrainment than Figure 2.11 due to 

the length of the Y dimension. Burn #5 displayed significant tilting at a critical distance. 

The two fires merged and reached junction zone when flames were at its peak size 

(Figure 2.16). In Burn #6, the two fires did not significantly see each other. Figure 2.13 

shows the fires would have more overlapping entrainment profiles than Figure 2.14 due 

to comparison of the Y dimension. 

 

 

Table 2.3 Open burns 

Burn # Mass (g) X (in) Y (in) Height (in) d (in) 

Burn #1 200 31 12 5.5 0 

Burn #2 400 31 12 6.5 0 

Burn #3 200 12 24 4.5 0 

Burn #4 400 12 24 8 0 

Burn #5 400 12 24 9 13.25 

Burn #6 400 24 12 9 13.25 
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Figure 2.11 Fuel configuration (yellow) for Y less than X. Orange represents ignition 

position and red arrows represent entrainment profile.  

 
Figure 2.12 Fuel configuration (yellow) for Y greater than X. Orange represents ignition 

position and red arrows represent entrainment profile.  

 
Figure 2.13 Fuel configuration (yellow) for Y greater than X separated by a distance d. 

Orange represents ignition position and red arrows represent entrainment profile. 
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Figure 2.14 Fuel configuration (yellow) for Y less than X separated by a distance d. 

Orange represents ignition position and red arrows represent entrainment profile  

 

 

 

 

 

 
Figure 2.15 Burn #3 and #4 with Figure 2.12 configuration exhibiting flame tilting at a 

critical distance (left) and fire touching wall towards the end of burn(right). 
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Figure 2.16 Burn #5 with Figure 2.13 configuration exhibiting flames seeing each other 

at a critical distance (left) and merging, creating junction zone (right). 

2.3 Conclusion  
 

It is concluded from the experiments done outside of wind tunnel that fuel 

configuration has significant influence in fire merging due to asymmetric and 

overlapping areas of entrainment. We speculate that the difference of 200 grams of fuel 

was not significant enough to influence tilting in Burns #1 and #2. If the difference in 

amount of fuel was greater, the fire might see the wall due to increased entrainment. The 

critical distance for Burn #4 might be greater than Burn #3, but it was not visually 

apparent. Image processing needs to be done in order to correctly determine the critical 

distance. Although we did not vary distance between fuels of the configurations found in 

Figure 2.13 and 2.14, it is apparent that had d been greater for Burn #5, merging would 

not be seen due to the fire being able to have fully symmetrical entrainment.  
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3. Examination of Testicular Thermoregulation 

3.1 Introduction 
 

While the previous work focuses on experimentally investigating flame 

interaction in different fuel configurations to provide more fundamental knowledge of 

fire. This work focuses on numerically simulating external temperature applications to 

the testicle in order to provide a stronger fundamental knowledge of biological heat 

transfer.  

The testicles are biologically positioned to externally suspend from the body 

because sperm develops best few degrees lower than the normal body temperature. The 

scrotum, testes, and testicular vasculature all have roles in testicular temperature 

maintenance. The scrotum has a positive temperature gradient (warmer at top than 

bottom) while the testis has a negative temperature gradient (warmer at the bottom) 

(Kastelic et al. 1996). These opposing gradients result in a relatively uniform temperature 

that is lower than that of the body core temperature. This may be due to the arrangement 

of the vasculature, where testicular artery courses the length of the testis and diverges 

into smaller arteries, which spread across the surface of the testis. The negative 

temperature gradient of the testes can be attributed to blood within the branched artery 

losing heat presumably through dissipation from the scrotum (Kastelic, Coulter, and 

Cook 1995).  

The testicles regulate temperature by heat loss through the scrotal skin and the 

counter current heat exchange in the pampiniform plexus (Figure 3.1 and 3.2) between 
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the entering heated arterial blood and returning cooled venous blood. As shown in Figure 

3.1 and Equation 3.1, the arterial blood is cooled by the venous blood while the venous 

blood is warmed by the arterial blood, resulting in them reaching the same temperature, 

giving the equation that utilizes the basic law of cooling (Sealfon and Zorgniotto 2015). 

       (       )       (       ) 3.1 

Figure 3.1 Schematic of Scrotum as a fixed heat dissipator, adopted from Sealfon and 

Zorgniotto 2015 

Where q is the heat flow rate, Cpa and Cpv are the specific heat of arterial and venous 

blood respectively, Wa and Wv are the mass flow rate of arterial and venous blood, 

respectively, and Ta1 and Tv1 are the initial arterial and venous blood temperatures, 

respectively. Ta2 and Tv2 are equal, as they represent the final arterial and venous 

temperatures after the counter current heat exchange.  
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Experiments were conducted by Kastelic in 1996, where the scrotal neck of bulls 

was insulated in order to understand its effect on semen quality. In one experiment, after 

insulating the scrotal neck in five bulls for eight days, the semen quality showed lower 

percentages of normal spermatozoa and higher percentages of spermatozoa with head 

defects (Kastelic et al. 1996). It was found that the effects can be seen within five days, 

and that semen quality, after a rise of testicular temperature, is related to the severity of 

the thermal insulation. It is hypothesized that the heat exchange is sufficient when the 

scrotum is exposed to cooler temperatures, because core temperature is maintained, while 

the venous return is much cooler. The testicle thermoregulates by contracting and pulling 

the testes up against the body and the scrotum limits heat dissipation. The skin increases 

rugosity to limit surface area exposure (Mariotti et al. 2011). However, when the scrotum 

is heated, it is unable to dissipate the additional heat and the venous blood temperature 

rises as a result. Sealfon and Zorgniotto saw that subfertile semen is the result of failure 

in the heat exchange mechanism (Sealfon and Zorgniotto 2015). There has been great 

interest in the investigation of testicular thermoregulation failure, as it gives rise of the 

possibility of male contraceptive solutions.  
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Figure 3.2 Anatomy of testicle (StudyBlue n.d.) 

In the Setchell 1998 paper, he investigated how external temperature applications 

to the scrotum influence spermatogenesis and the amount of time it takes to recover. He 

examined spermatozoa in rete testis fluid (Figure 3.2) collected from heated testes of rats 

and rams. The rete testis transport sperm from the seminiferous tubules to the efferent 

ducts for ejaculation (Figure 3.2) (University of Leeds n.d.). It is in the rete testis that the 

sperm becomes concentrated. If this does not happen, the sperm that enter the epididymis 

(Figure 3.2) could be infertile. In rats, the concentration of spermatozoa began to 

decrease about 1000-fold within 10 days after exposing the testes to 41C for 60 to 90 

minutes. The concentration returned to normal after 38 days. In rams, spermatozoa 

decreased within 20 days after heating the testes to 40C for 3 hours, and the 
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concentration returned back to normal after approximately 38 days,  same as the rat 

(Setchell 1998).  

The motivation of this project is to understand sperm cell temperature exposure to 

further fundamental knowledge of biological heat transfer in order to advance towards a 

possible male contraceptive. Penne’s bioheat transfer equation has been used to describe 

the effects of countercurrent heat exchange and capillary bleed off on local tissue heat 

transfer (Weinbaum and Jiji 1985). For this project, it is specifically used to investigate 

how cell metabolism and perfusion of tissue influence thermoregulation. The Finite 

Element Method was performed using COMSOL Multiphysics. This simulation software 

has been historically used for medical research purposes because of its convenient heat 

transfer subsection that utilizes the bioheat equation. Gonzalez, for example, used 

COMSOL for thermal simulation of breast tumor (González 2007). 

The analysis of testicular thermal application is performed through two stages. 

The primary stage is to determine the transient heat transfer solution for one heated 

testicle. After this is achieved, the secondary stage is to model two heated testes side by 

side to understand how they influence each other. Penne’s bioheat equation is as follows: 

  
  

  
            3.2 

where hm represents metabolic heat generation and the perfusion term, hb, (Equation 3.3), 

represents the rate of heat transfer per unit volume of tissue. This perfusion term utilizes 

the cooling equation (Equation 3.1), and is expressed as:  
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        (   )(    ) 3.3 

Typical values of the terms in the bioheat equation are given in Table 3.1: 

Table 3.1 Terms and values of the Penne’s bioheat equation (González 2007, 

Wissler 2012) 

Density of tissue       
  

  
 

Heat capacitance 

of tissue 
C     

 

    
 

Specific heat of 

tissue 
k     

 

   
 

Metabolic heat 

generation 
hm    

 

  
 

Perfusion rate 

per unit volume 

of tissue 
         

 

 
 

Density of blood  b     
  

  
 

Specific heat of 

blood 
Cb     

 

    
 

Factor for 

incomplete 

thermal 

equilibrium 

between blood 

and tissue 

  

      

                 
      

Arterial blood 

temperature 
Ta 

        
         

3.2 Isolated Testicle Data 
 

For simplicity, the analysis begins by solving the diffusion equation, where the 

metabolic and perfusion terms are set to zero, (Equation 3.4) for the transient heating of a 

sphere: 
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        3.4 

The solution to the above equation is referred to in this text as base temperature, TB. The 

procedure consists of the following steps in COMSOL and is illustrated in Figure 3.3: 

 Form a circle that is 2 cm in radius (testicle is roughly 25 cubic centimeter 

in volume) and is axis symmetric in spherical coordinates at R = 0 

 Apply the initial condition of 305.15 K throughout the circle (average 

temperature of a testicle).  

 Apply the boundary condition of external temperature 315.15 K at R = 2 

cm.  

 Create mesh 

 

Figure 3.3 Visualization of COMSOL analysis for isolated testicle 
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Figure 3.4 shows the temperature profile from R = 0 cm to R = 2 cm of the isolated 

testicle being heated for 30 minutes. Each line of the plot represents a 2 minute 

increment. 

 

Figure 3.4 Development of the base temperature equation (Equation 3.4) 

 

Figure 3.5 Penne’s Bioheat equation graph for heating of arm (Wissler 2012) 

Next, the metabolic and perfusion terms are applied. According to Wissler, the 

analytical plot of Penne’s heat transfer equation should look parabolic if the external 
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temperature of an arm is lower than the core (Wissler 2012) (Figure 3.5). Knowing this, 

we should expect our solution to be reversed parabolic, as the external temperature is 

higher than the core temperature of the testicle. 

 

 

Figure 3.6 TM+P vs. Radius (cm) 

Figure 3.6 uses the bioheat equation (Equation 3.2) to obtain the temperature field 

development of an isolated testicle. It plots temperature as a function of radius, using the 

same boundary conditions and time range as before. The solution is labeled TM+P, to 

express the solution’s implementation of the metabolic and perfusion terms. It is 

normalized by TB, presented in Figure 3.7, to investigate the influence of metabolic and 

perfusion terms. 

Next, the influence of perfusion and metabolic terms are investigated separately. 

TM and TP are solutions of the bioheat equation when the perfusion and metabolism are 

set to zero, respectively. It is observed that the plot line of minute 30 for Figure 3.8 is 
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                           Figure 3.7 Influence of metabolism and perfusion 

lower compared to Figure 3.7 suggesting that the metabolic term raises temperature, 

which is shown in Figure 3.9.  

It is seen from Figure 3.7 and 3.8 that the perfusion term initially helps raise the 

temperature of the testicle. But when the temperature of the testicle is above the 

temperature of blood (310.15 K), the blood instead cools the testicle. This is apparent in 

Figure 3.7 and Figure 3.8, where we can see that the normalized temperature at steady 

                                       Figure 3.8 Influence of perfusion term 
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Figure 3.9 Influence of metabolism term 

state is below unity. The metabolic term is shown to only raise the temperature of the 

testicle. However, the conclusion is metabolic and perfusion terms of Penne’s bioheat 

equation do not have a significant effect on the thermoregulation processes of the testicle. 

These effects are on the order of one hundredths of percent. 

After obtaining this data, the following plots show the instantaneous temperature 

(blue), the running average temperature at one-minute intervals (red), and the average 

temperature over the last five minutes (green). This was done on testicle cells at positions 

R = 0 cm (center), R = 0.5 cm, and R = 0.76 cm in Figure 3.10, Figure 3.11, and Figure 

3.12 respectively. 
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Figure 3.10 Temperature Average Plot at the center (R = 0 cm) 

 

 

 

 

Figure 3.11 Temperature Average Plot at R = 0.5 cm 
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Figure 3.12 Temperature Average Plot at R = 0.76 cm 

 

Figure 3.13 Cool Down Plot  

Figure 3.13 shows how the testicle, at 315.15 K, would cool once the external 

heat source is removed. The plot is essentially an inverted plot of the testicle being 

heated. 
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3.3 Non-isolated Testicle Data  
 

After completing the primary stage of obtaining the temperature profile of one 

testis, the secondary stage was to determine the temperature profile of two testes side by 

side utilizing the Penne’s bioheat transfer equation. The goal of this was to understand 

how the two testes influence each other with an applied external heat.  

In a simple heat transfer problem, when a uniform external temperature is applied 

symmetrically to a one-dimensional box, the heat flux at the center is equal to zero. As 

diagramed in Figure 3.14: 

 

Figure 3.14 Symmetric heat transfer schematic of box. Red parabolic line represents the 

temperature distribution 

We specify the boundary condition on both sides of the wall as 

             

where Tw is the temperature at the walls, and T0 is the initial temperature of the box. The 

general solution is 
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Solving this, we can see the temperature and heat flux at the center and at the wall are 

             
  

  
   

           
  

 
     

  

  
     

From this example, we can see that when two spheres are placed next to each other with 

an external heat source applied symmetrically to its perimeter; the heat flux at the center 

is equal to zero (Figure 2.15).  

 

Figure 3.15 Symmetric heat transfer schematic of testicle with zero heat flux at center 

 The solution procedure consists of the following steps to model the left testicle in 

COMSOL Multiphysics and is illustrated in Figure 3.16: 

 Create a circle that is 2 cm in radius (testicle is roughly 25 cubic 

centimeter) 
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 Apply an initial condition of 305.15 K (average temperature of a testicle) 

to the entire circle.  

 Apply a boundary condition of 315.15 K to ¾ of the circle’s perimeter  

 Apply a boundary condition of     ⁄    to the remaining ¼ of the 

circle’s perimeter 

 Create mesh 

 

 

 

Figure 3.16 Comsol analysis of non-isolated testicle 

The same time range of 0 to 30 minutes in increments of 2 minutes was applied. At 

minute 0 (Figure 3.17), the circle is predominantly blue because the external temperature 

is primarily present at Tw and has not yet spread.. At minute 16 (Figure 3.18) and 30 

(Figure 3.19)there is a temperature distribution with the lighter color located in the area 

of no heat flux. Theoretically, the temperature profile with the heated testes side by side 

is shown in Figure 3.19: 
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Figure 3.17 Initial temperature 

distribution with blue and red regions 

coresponding to 305.15 K and 315.15 K, 

respectively. 

 

Figure 3.18 Temperature Profile at Minute 

16. For color scale, refer to Figure 3.19 

 

Figure 3.19 Final temperature distribution with two testicles side by side with color scale 

and cut line for data export 

A cut line was applied horizontally though the center of the left testicle, as shown in 

Figure 3.19 and the data was exported to obtain a plot of the temperature distribution. 

The same data analysis plots as previous were made to investigate how the metabolic and 

perfusion terms influence the heating of the testicle. 
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Figure 3.20 TM+P vs. Radius (cm) 

 

 

Figure 3.21 Development of the base temperature equation 
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Figure 3.22 Influence of metabolism and perfusion 

When comparing the two plots of Figure 3.20 and Figure 3.21, we can see the influence 

of the extra terms in TM+P is apparent. Figure 3.22 shows that the metabolic and perfusion 

term influences the bioheat equation, but only within very few decimal places. Figure 

3.23 and Figure 3.24 show the investigation of the perfusion and metabolic terms 

separately 

 

Figure 3.23 Investigation of perfusion term 
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From the TM+P/TB plots and the TP/TB plots, we can see that the arterial blood initially 

helps raise the temperature of the testicle from 305.15 K while it is heating up from the 

external temperature source, but as the overall temperature of the testicle exceeds the 

blood temperature, the blood begins to cools the testicle rather than heat it. This explains 

the behavior found in Figure 3.22 and Figure 3.23 where the normalized temperature 

initially descends and later rises. As expected, the metabolic term of the bioheat equation 

only raises the temperature of the testicle. 

Figure 3.24 Investigation of metabolism term 

After obtaining this data, the following plots were made to show the instantaneous 

temperature (blue), the running average temperatures at one-minute intervals (red), and 

the average temperature over the last five minutes (green). This was done on testicle cells 

at radial positions R = 0 cm (center), R = 0.5 cm, and R = 0.76 cm (Figure 3.25, Figure 

3.26, and Figure 3.27, respectively).  
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Figure 3.25 Temperature Average Plot at R = 0 cm 

 
Figure 3.26 Temperature Average Plot at R = 0.5 cm 
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Figure 3.27 Temperature Average Plot at R = 0.76 cm 

3.4 Conclusion 
 

In the isolated and non-isolated testicle model, it was shown that the metabolism 

and perfusion terms did not significantly influence the heating of the testicle. Figures 

3.28 and 3.29 plot the non-dimensional temperature distribution of the heated testicle. It 

can be seen that the testicle approached steady state after roughly 15 minutes.  

Table 3.2 gives the average temperature for the cells at the specified radius on 

minute 15. The isolated and non-isolated temperature values at position R= (center) 0 cm, 

0.5 cm, and 0.76 cm are all within one or two degrees of one another. This leads us to 

believe that the testes do not influence each other much when both are heated 

simultaneously. 
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Figure 3.28 Non-dimensional temperature as it approaches steady state for isolated 

testicle 

Figure 3.29 Non-dimensional temperature as it approaches steady state for non-isolated 

testicle 

Table 3.2 Average temperature at minute 15 

 Instantaneous Temp. 

@ Minute 15 

(5 Minute) Running 

Average Temp. @ 

Minute 15 

(1 Minute) 

Running Average 

Temp. @ Minute 

15 

Radius Isolated Non-

isolated 

Isolated Non-

isolated 

Isolated Non-

isolated 

0 311.7 310.7 310.7 310 308.3 307.8 

0.5 312 310.3 311 309.5 308.6 307.6 

0.76 312.3 310.2 311.5 309.4 309 307.6 
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4. Future Works 

 For the first project, “Interception of Smoke from a Forest Canopy,” we wanted to 

test the third possibility that the flow through the duct is too high for realistic modeling of 

updrafts through the canopy by installing a parallel duct to reduce flow through the filter 

screens. Unfortunately, this was not implemented during the duration of the project.  

For the second project, “Flame Merge Experiment,” image processing will be 

done by AmirHessam Aminfar in order to determine the flame characteristics (height, 

velocity, area, etc.) through edge detection. This will involve applying an ellipse that best 

fits the fire to track its general movement as shown in Figure 4.1 

 

Figure 4.1 Image processing of Burn #5 (open burn) using an ellipse that best fit the 

flame and edge detection to determine flame features.  

In the last project, “Examination of Testicular Thermoregulation,” the effects of 

convection will be incorporated into the model of the testicle immersed in a heated water 

bath and when the water bath is taken away and exposed to air for cooling.  


