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ABSTRACT 

 

Natural gas has been a fast developing industry for its advantages over other energy 

sources such as coal. Natural gas is usually stored as Liquefied Natural Gas (LNG). In the 

case of a leak of LNG, a potential risk for a fire hazard, a cryogenic vapor cloud, that is at 

a higher density than air, forms that travels downwind near ground level and could ignite 

upon contact with an ignition source. As a recommendation from The National Fire 

Protection Agency (NFPA) as well as the American Gas Association (AGA), high 

expansion foam is used to diminish the risk due to this vapor cloud by forming a “blanket” 

over the leaked LNG. This project intends to study the role of Zirconium Phosphate (ZrP) 

nanoplates in stabilizing high expansion foam. Experiments were performed with and 

without ZrP nanoplates to investigate nanoplate stabilization effects on foam stability. 

Experiments were also carried out in the presence of a cryogenic liquid (Liquid Nitrogen) 

spill along with the ZrP stabilized foam to examine ZrP effectiveness in mitigating the 

LNG vapor risk. Forced convection and thermal radiation were found to have significant 

effects on foam breakage. Adding the ZrP greatly enhanced the foams stabilization effect 

in reducing the foam breakage rate under forced convection and radiation. On the other 

hand, ZrP nanoplates have also reduced the liquid drainage rate under forced convection 

and thermal radiation which would, in turn, allow for extended time to transfer heat from 

the foam to as they make their way upwards through the foam layers; hence, a lower boil-

off effect reducing the fire hazard of the leaked LNG. 
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CHAPTER I 

INTRODUCTION/MOTIVATION FOR EXPANSION FOAM TO MITIGATE LNG 

LEAKAGE 

1.1 LNG and LNG hazards 

Natural gas consumption is expected to increase by nearly 70 percent over the next few 

decades as it is a cleaner source of energy compared to oil or coal and produces lesser 

amounts of carbon dioxide, sulfur oxide and nitrogen oxide per unit of energy produced.1,2 

In addition, advances in technology have enabled its extraction from sources previously 

considered to be economically infeasible. Liquefaction of natural gas can be an effective 

way of storing and transporting it because its volume is nearly 600 times lower in its liquid 

form and its exports are expected to increase.2,3 A leak of liquefied natural gas (LNG) can 

result in the formation of a vapor cloud which can migrate downwind near ground level, 

exhibiting dense gas behavior as the density of methane is higher than air at low 

temperatures. This vapor cloud presents the danger of asphyxiation to any population in 

its vicinity and also has the potential to ignite. There have been several documented 

instances of LNG related incidents which have been summarized in table 1.4,5,6,7 

An incident in 2004 at an LNG facility in Skikda, Algeria claimed 27 lives and resulted in 

over 70 injuries.8 Another incident occurred in Plymouth, Washington, in 2014, in which 

an LNG tank was pierced by debris and resulted in an LNG leak and injured 5 workers. 9 
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Table 1 : List of some LNG related incidents and their consequences 

Ship / Facility Name Location Year Affect on human life 

East Ohio Gas LNG Tank Cleveland, OH 1944 128-133 deaths 

LNG Import Facility Canvey Island, UK 1965 1 person burned 

LNG export facility Arzew, Algeria 1977 1 worker frozen to death  

Columbia Gas LNG 

import terminal  

Cove Point, MD 1979 1 killed, 1 injured 

LNG export facility Bontang, Indonesia 1983 3 workers died 

Skikda I Algeria 2004 27 killed, 72-74 injured 

Atlantic LNG (Train 2) Port Fortin, Trinidad 2006 1 person injured 

LNG Facility Plymouth, WA 2014 5 workers injured 

 

 

LNG storage capacities have also increased since the past, for example LNG ship carrier’s 

average size is around 120,000 m3 whereas the ship carrier sizes currently in the 

production process are just under 160,000 m3 and this is projected to increase further in 

the close future.10 

 

1.2 High Expansion Foam application in mitigating LNG spills 

The NFPA suggests the use of high expansion foam to mitigate the vapor risk of an LNG 

spill, (NFPA 11). This high expansion foam forms a vapor barrier containing the 

hazardous cryogen. In case there is a fire, the bubbles will help suffocate the flames and 

will help prevent re-ignition. 11They are also gaining more attention as they tend to be 

biodegradable, making them environmentally friendly. 12 Just like water curtains in the 
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industry, the high expansion foam is applied as a mitigating factor to contain and prevent 

the re-ignition of the hazardous vapors.13 

 

 

Foam is considered a metastable system (the bubble size gets larger as a function of time) 

as they display both solid and liquid like behavior. Foam is well known for its low density 

and large surface area because they contain a higher proportion of air.14 Several factors 

exist that affect the stability of the foam such as the gravity segregation15 drainage and 

coarsening of the foam. Gravity segregation is when liquid in the bubbles will be pulled 

towards the ground due to the effect of gravity. Drainage occurs when the liquid film in 

between the foam bubbles burst and causes the two bubbles to merge. Coarsening is the 

act of gas diffusing to a larger bubble due to the presence of a higher Laplace pressure in 

the smaller bubble.16 Foams have a variety of uses such as in the food industry17, 

firefighting18, cosmetics19,20, enhanced oil recovery21, and other customer products.  

 

 

There are several heat transfer mechanisms that can affect the vaporization rate of LNG 

in the presence of foam.22 The foam blocks the effect of both convection and thermal 

radiation on LNG vaporization and is called as the blocking effect of foam. Liquid from 

the foam can drain over time and can increase the rate of vaporization of LNG. This is 

termed as the boil-off effect of foam. Over time, an ice layer forms since the temperature 

of the cryogenic liquid is far lower than the freezing point of water.  This acts as a physical 
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barrier preventing direct contact of foam with LNG. However, as this ice is porous, it 

allows vapor to pass through. The blocking effect and boil-off effect are clubbed together 

and termed as the blanketing effect of foam and this highlights the net effect of foam 

addition and determines the vaporization rate of LNG. The vapors that pass through the 

foam layers exchange heat with the foam as they pass through, increasing their 

temperature. This increases the density of vapors making them more buoyant, which 

makes their dispersion easier. This is termed as the warming effect of foam. 

 

 

While foam can block convection and thermal radiation, these heat transfer mechanisms 

can ameliorate foam breakage, altering the amount of foam that needs to be applied to 

ensure effective vapor dispersal. They may also affect the liquid drained from foam which 

contributes to LNG vaporization. Several experiments were carried out with high 

expansion foam with convection and thermal radiation to estimate the foam breakage and 

liquid drainage from foam. Other experiments were carried out to understand the effects 

of convection and radiation on foam breakage when foam is applied over a cryogenic 

liquid. The foam breakage rate, vaporization rates of the cryogen as well as the 

temperature profile of the vapors through the foam layers were measured. This study aims 

to understand the effects of convection and radiation on foam breakage, and the liquid 

drainage from high expansion foam to minimize vaporization of the cryogen and to ensure 

effective vapor dispersal. 
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It is important to have high foam stability to ensure that the foam forms a blanket over 

spilt LNG is effective. Not only does better foam stabilization delay the drainage rate but 

it reduces the amount of flammable vapors from making their way to the top of the foam 

allowing for a longer duration of heat exchange between LNG and the foam causing an 

increase in buoyancy followed by flammable vapors moving to a higher elevation away 

from ignition sources. Even though tests with exfoliated ZrP have been conducted before 

and were found to be successful, these experiments were small scale, the foam was 

generated by vigorous shaking, and the role of ZrP under external conditions such as 

forced convection and thermal radiation were not studied. This paper focuses on larger lab 

scale tests utilizing an improved NFPA foam generator and tests foam with and without 

ZrP under forced convection and thermal radiation. These tests were also performed with 

and without the presence of a cryogenic liquid spill. 

Fire-fighting foams have evolved over the years to better perform their function. They are 

classified based on their expansion ratios which is the ratio of foam volume to liquid 

volume. An expansion ration greater than 200 is generally considered to be a high 

expansion ratio. Although firefighting foams may not be able to fully extinguish a fire 

alone, they work to suffocate the fire, physically separate the flames from the fuel source, 

cool the surroundings to which it was applied on, and diminish the ability of any 

flammable vapors from getting in contact with the air. Foams mainly consists of water, 

foam concentrate, and may include some form of particle stabilizers. The particle stabilizer 
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is either a surfactant or a solid particle. 23 The role of a particle stabilizer in foam is to 

attempt to reduce the surface tension between gas and liquid phase, and there exists an 

ideal concentration of surfactant called the critical micelle concentration (CMC) at which 

the surfactant would best perform its function without any excess surfactant or a 

deficiency in surfactant. 24  

 

1.3 Zirconium Phosphate nanoplates as foam stabilizers 

Studying the stability of foams has been of interest in the past years and this is crucial in 

the area of mitigating leaked LNG because of its flammability hazard. Researchers focus 

on the addition of hydrophilic and hydrophobic particles to foam and analyze the effect 

they have on altering the rate at which the foam breaks and this is through strengthening 

the attraction of the foam in the air-liquid and liquid-liquid border.25 Zirconium Phosphate 

(ZrP) is a thermally stable layered inorganic material with a hexagonal shape whose 

chemical formula is Zr(HPO4)2*H2O.26 The applications of layered ZrP range from fuel 

cells, gas sensors, lubricant additives, and flame retardancy27,28,29,30. Exfoliating the ZrP 

introduces more applications such as pickering foams, stabilizing pickering emulsions and 

liquid crystals.12 ZrP has been exfoliated previously with agents such as 

tetrabutylammonium hydroxide (TBA), Propyl Amine and others.31,32,33,34,35,36 With 

pickering emulsion of oil-water phase mixtures, exfoliated ZrP nano platelets have been 

considered to be used as surfactants for stabilized liquid-gas foam. 
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Experiments with ZrP have been performed by Guevara et al. and Zhang to highlight the 

ability of ZrP to enhance foam stability.24,16 This study intends to determine the 

effectiveness of exfoliated ZrP nanoplates in increasing foam stability on a larger scale 

with the use of a foam generator. Small scale benchtop experiments involving shaking of 

test tubes to form foam may have non-uniformity in bubble size. A foam generator that 

builds on the existing NFPA foam generator mode was constructed by Harding et al. 37,38 

Some of the advantages of the improved foam generator include an adjusted foam 

application rate suitable for lab use, more mobility due to depending on electric utility 

only. 39 

 

 

Some of the previous studies with different nanoparticles as foam stabilizers were 

performed utilizing one dimensional nanoparticles. Some examples of these kind of 

studies include silica spheres while others involve cellulose fibers. However, no studies 

have been performed on two-dimensional nanoplates with surface modification for foam 

stabilization. This is a breakthrough exploration and Guevara et al. and Zhang have 

performed experiments that were found to yield positive results on small scale benchtop 

experiments. 24,16 

 

 

The use of a foam generator in this study will allow the production of uniform bubbles 

whose sizes may be controlled by passing the foam produced through a mesh. This larger 
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scale set up will also allow the investigation of the effects of scale up. This foam generator 

will also ensure that the foam has a high expansion ratio. In this study, experiments with 

commercially available C2 high expansion foam with a specified concentration of 

zirconium phosphate exfoliated using TBA were performed and compared with 

experiments without ZrP. The effect of forced convection and thermal radiation on foam 

with exfoliated ZrP was determined and compared with foam without ZrP. In addition, 

studies on a cryogenic liquid spill along with foam and exfoliated ZrP application was 

studied and compared with foam application without ZrP. 

 

 

In the literature, foam have been stabilized with one dimensional particles such as silica 

spheres40,15, cellulose fibers35, polymer nanporticles41, polymer latex particles42, etc. The 

main mechanism behind surfactant particles is through the interaction of these particles to 

form a layer around the foam bubbles adding stability to the foam. The stability of the 

resulting foam was found to be affected by the shape, viscosity, size, aspect ratio, 

hydrophobicity, and the concentration of the surfactant particles. 16,43 

 

 

In Guevera et al.’s previous work, α-Zirconium Phosphate [ZrHPO4)2*H2O, ZrP] was 

utilized as the particle surfactant. ZrP’s well layered structure and existence of OH groups 

allows it to be easily exfoliated and functionalized. In order to obtain a uniform thickness 

that exhibits a high aspect ratio, the ZrP is easily exfoliated with tetrabutylammonium 
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hydroxide (TBA) to form thin monolayers.44,45 The hydrophobicity is managed by altering 

the molar ratio of the exfoliating agent to the ZrP molecule itself. The surface area ratio 

coverage is better in the case of Zrp-TBA for the molecule is two dimensional and this 

scientifically shows a greater potential than the spherical silica particles and other one 

dimensional surfactant particles. 

Based on previous benchtop results by Lecheng Zhang, ZrP was found to stabilize the 

foam. The drawbacks from these experiments were that the foam was generated by 

shaking test tubes vigorously. This leads to a variation between experiments. Therefore, 

this project will use an improved foam generator model that builds on the NFPA standard 

for foam generation. These medium scale tests will reduce the unwanted variance present 

in previous experiments. This foam generator allows for a larger scale experiment that 

behaves closer to an industry setting foam generator and that is another advantage. The 

first aim proposed in this project is to compare the stability of high expansion foam 

(Chemguard) with and without ZrP to see if adding ZrP increases the stability of the foam. 

A metal mesh is placed under the foam such that only liquid passes through. The liquid 

passing through the mesh is collected at the bottom of the foam tank that has a sensor 

measuring weight. The drainage rate is then calculated and compared for the set of 

experiments with and without ZrP. This drainage rate helps predict how much liquid is 

drained from the foam over time which plays a crucial role in vaporization of cryogenic 

liquid when foam is applied over a cryogenic liquid spill. 
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The second aim proposed in this project is adding cryogenic liquid to the bottom of the 

tank in the presence of the high expansion foam. A data acquisition system connected to 

thermocouples is used to measure the temperature at different levels in the foam as to 

create a temperature profile over different foam heights. This allows the estimation of the 

temperature of outgoing cryogenic gas. The experiments with cryogenic liquid take place 

without the metal mesh to estimate the vaporization rate of the cryogenic liquid. Therefore, 

the vaporization rate of the cryogenic liquid will be obtained from the change in weight 

on the sensor. These experiments will be performed with and without ZrP to see if adding 

ZrP increases the stability of the foam. 

1.4 Research Objectives of the thesis 

Objective 1: Comparing the effect of adding exfoliated ZrP nanoparticles with normal 

C2 High expansion foam without the presence of forced convection or thermal radiation 

for the cases of with and without spilt cryogen. 

Objective 2: Comparing the effect of adding exfoliated ZrP nanoparticles with normal 

C2 High expansion foam under forced convection for the cases of with and without spilt 

cryogen. 

Objective 3: Comparing the effect of adding exfoliated ZrP nanoparticles with normal 

C2 High expansion foam under thermal radiation for the cases of with and without spilt 

cryogen. 
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CHAPTER II 

EFFECT OF FORCED CONVECTION AND THERMAL RADIATION ON HIGH 

EXPANSION FOAM USED FOR LEAKED LNG VAPOR RISK MITIGATION 

2.1 Overview 

Liquefaction of natural gas is an effective way of easily storing and transporting natural 

gas because of its high ratio of liquid to vapor densities. Any spill of liquefied natural gas 

(LNG) can result in the formation of a vapor cloud which can not only cause asphyxiation, 

but can also migrate downwind near ground level because of a density greater than air, 

and has the potential to ignite. NFPA recommends the use of high expansion foam to 

mitigate the vapor risk due to LNG. This paper studies the effects of heat transfer 

mechanisms like forced convection and thermal radiation on high expansion foam 

breakage with and without a cryogenic liquid. A lab scale foam generator was used to 

produce high expansion foam and carry out experiments to evaluate the rate of foam 

breakage, the amount of liquid drained, the vaporization rate of the cryogenic liquid, and 

the temperature profile through the foam. High expansion foam breakage was found to 

strongly depend on the amount of forced convection and thermal radiation. Liquid 

drainage was found to affect the vaporization rate of the cryogenic liquid, especially 

immediately after foam application. Accounting for external factors like forced convection 

and thermal radiation can help provide a better estimate for the amount of foam that needs 

to be applied for effective vapor risk mitigation. 
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2.2 Materials and Methods 

2.2.1 Materials 

The foam concentrate used in this work was C2 high expansion foam concentrate by 

Chemguard. The foam solution was prepared as prescribed by the foam manufacturer 

(2%).  

 

2.2.2 Experimental method 

A foam generator apparatus was designed at the Mary Kay O’Connor Process Safety 

Center by Harding et al.39 based on the NFPA standard along with some modifications.37 

These modifications allow lower foam flow rates for experiments in the laboratory, 

enhanced safety without depending on pressurized air, easier shutdown procedure, smaller 

pressurized volume negating the requirement of a solenoid valve and a deflector plate for 

directing the foam to the required location. 

 

2.2.3 Measurement of the foam breakage rate 

Foam breakage was estimated by taking photographs of the foam container after specific 

intervals of time. The images were then analyzed using free image processing software 

developed by the NIH known as ImageJ.   

 

2.2.4 Mesh setup to measure liquid drainage 

To measure liquid drainage, the foam was placed in a container below which a mesh was 

placed (Fig. 1). As the liquid drained from the foam through this mesh setup, a weighing 
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balance (Scale WPT/4 300 C7, RadWag, Poland) measured the weight of the falling liquid 

with time. 

 

Fig. 1: Mesh setup to measure liquid drainage a) schematic with dimensions b) images of 

the actual setup 

 

Using the in-house foam generator device, foam was generated and experiments were 

carried out in the presence of forced convection and thermal radiation.  
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2.2.5 Wind tunnel setup for experiments under forced convection 

A wind tunnel was constructed to minimize the effect of turbulence based on Zhang et al.  

and is shown in Figure 2. A screen was added in the wind tunnel to ensure that the wind 

velocity is unidirectional. Even though the screen introduced a pressure drop, which 

limited the magnitude of wind velocities possible, it ensured that the flow was less 

turbulent. (Mehta et al.) Wind was generated using a fan. (Global Industrial, Oscillating 

Pedestal Fan, 30 Inch Diameter, 1/3HP, 8775CFM). The wind velocities were measured 

using an anemometer (Omega Engineering, CFMMasterII) and the average of 30 readings 

has been reported as the average wind velocity. The wind speed is varied by changing the 

position of the fan and using a transformer to vary the input voltage.  
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Fig. 2: Wind tunnel setup a) schematic with dimensions b) image of actual setup 

 

2.2.6 Bulb panel setup for experiments under thermal radiation 

The bulb panel setup included a frame that was made from slotted angles to which lamp 

holders (HDX, 150-Watt Incandescent Clamp Light) were attached and is shown in Fig. 
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3. Nine light bulbs (Philips, 125W, 120V, BR40, Heat Lamp Reflector) were used to 

produce radiation of required intensities. The thermal radiation intensities were measured 

with a sensor (Tenmars, TM-206) that can detect up to 2000 W/m2. The values obtained 

over a specific area were averaged and reported. The radiation intensities are varied using 

a transformer to vary the input voltage. 

 

Fig. 3: Bulb panel setup a) schematic with dimensions b) image of actual setup 
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2.2.7 Setup for experiments with cryogenic liquid 

A spill of a cryogenic liquid like LNG contained in a dike was simulated by filling an 

aluminum container with cryogenic liquid nitrogen. Liquid nitrogen was used for the 

experiments as it is not flammable, has similar heat transfer properties as LNG, and has 

been previously used for lab-scale tests. 22,46 

Figure 4: Image showing setup for experiments with liquid nitrogen 

The setup used for the cryogenic liquid tests has been shown in the above figure similar 

to that employed by Zhang et al..22 The main features of this setup include a weighing 

balance, an outer aluminum container with trenches to hold a transparent foam container, 

an inner aluminum container (not shown in figure) to hold the liquid nitrogen. A saturated 

solution of calcium chloride (83-87%, McMaster Carr) was prepared and added in the 
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trenches to create a liquid seal, blocking the flow of liquid nitrogen vapors through it, and 

allowing a freezing point depression due to the presence of salt. 

Approximately 35 kilogram of liquid nitrogen was filled in each experiment through a 

circular perforation made on the side of the foam container. Foam was filled around 5 

minutes after all the liquid nitrogen had been filled in the container. Images were captured 

to record the foam height using a recording device and analyzed using ImageJ. The 

temperature of the room and humidity during the experiment were also recorded. The 

temperature of the foam and outgoing vapor were measured using six thermocouples 

(Type T, TJC300 series, Omega Engineering) with a distance of 0.18m between each of 

them. The thermocouple setup has a unique design, and was first used by Zhang et al. It 

allows the measurement of the foam and vapor temperature simultaneously using an 

upward thermocouple which is largely influenced by the foam temperature and a 

downward thermocouple which is predominantly affected by the temperature of the 

outgoing vapor. 

2.3 Experimental Results 

2.3.1 Expansion ratio of foam 

To determine the expansion ratio of foam, experiments were carried out filling the foam 

container placed on the weighing balance and measuring the weight of the foam added. 

By estimating the volume of the foam in the container and the weight, the expansion ratio 
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may be calculated. The average expansion ratio calculated from five trials was found to 

be 420 ± 35. 

2.3.2 Foam breakage rate and liquid drainage measurement 

Foam breakage rate helps estimate when foam needs to be applied to replenish an existing 

layer of foam, to ensure that the outgoing vapor of the cryogenic liquid is lighter than air, 

for better vapor dispersal. The foam breakage rate is calculated by measuring the foam 

height over time and then estimating the foam breakage rate. Liquid drainage from foam 

can affect the rate of LNG vaporization from a spill as it determines the “boil-off” effect 

from foam. If the liquid drainage from foam is too high, then the amount of vapor 

generated due to foam application may be significantly higher. Therefore, this work aims 

to study the effect of this liquid drainage on the LNG vaporization. Experiments were 

carried out with the mesh setup to estimate the liquid drained from foam under varying 

conditions of forced convection and thermal radiation. 

2.3.3 Foam breakage and liquid drainage without forced convection or thermal 

radiation 

Experiments without forced convection and only background thermal radiation have been 

illustrated in Fig. 5. They are used as a control in this study, to measure the variation 

between experiments with and without forced convection and radiation. The foam 

breakage rate was estimated by fitting foam height vs. time data and estimating the slope 
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of the graph. This experiment was repeated three times and the average slope has been 

shown in the table below.  

 

Fig. 5: Foam height vs time without forced convection or radiation 

 

The Table below shows the foam breakage rate without forced convection or radiation 

for the high expansion foam. 

Table 2: Foam breakage rates without forced convection or radiation 

Experiment 

Foam breakage 

rate R2 

1 0.143 ± 0.003 0.996 

2 0.160 ± 0.005 0.991 

3 0.159 ± 0.004 0.995 

Average 0.154 ± 0.004   
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The liquid drainage rates for these experiments were also quite consistent and have been 

show in Fig. 6. 

 

Fig. 6: Liquid drainage vs time without forced convection or radiation 

 

2.3.4 Foam breakage and liquid drainage under forced convection 

Average wind speeds in the wind tunnel were determined using an anemometer. The 

values obtained have been shown in Table 3 
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Table 3: Measured average wind speeds 

Experiment Measured average wind speed (m/s) 

1 0.4 ± 0.01 

2 0.9 ± 0.08 

3 1.3 ± 0.06 

4 1.9 ± 0.5 

5 2.1 ± 0.7 

6 2.4 ± 0.5 

7 2.5 ± 0.4 

 

Experiments with forced convection showed how the foam height reduced with time and 

this has been illustrated in Fig. 7 which helped determine the foam breakage rate at 

different wind velocities. The foam breakage rate was estimated by adding a linear fit to 

the foam height vs. time data and calculating the slope for each fit. The values for these 

slopes along with the standard deviations and R2 have been shown in Table 44. The results 

clearly demonstrate the effect wind has on foam breakage. Increasing the wind speed can 

significantly alter the foam breakage rate. When compared with no forced convection, the 

maximum breakage rate at 2.5 m/s was found to be 0.5 m/hr which is more than three 

times faster than the foam breakage without forced convection. The figure below shows 

the foam height vs time under forced convection. 
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Fig. 7: Foam height vs time under forced convection 

Table 4: Foam breakage rates at different wind speeds 

Average wind speed (m/s) Foam breakage rate (m/hr) R2 

0 0.158 ± 0.004 0.993 

0.4 0.258 ± 0.004 0.997 
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1.3 0.313 ± 0.003 0.999 

1.9 0.359 ± 0.004 0.997 
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2.4 0.447 ± 0.007 0.995 

2.5 0.500 ± 0.01 0.993 
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In addition, the foam breakage rate vs wind speed has been shown in Fig. 8  and shows 

the variation of foam breakage rate with wind speed. This gives an estimate of foam 

breakage rates under different wind speeds which can help estimate when foam needs to 

be applied to ensure vapor dispersal. 

 

 

Fig. 8: Foam breakage rate vs. average wind speed 

 

The liquid drainage under forced convection was also obtained from the mesh setup. The 
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drained over a specific interval of time. The liquid drained over five minutes was 

calculated and the drainage rate was plotted as a function of time and is shown in Fig. 9. 

 

Fig. 9: Liquid drainage rates under forced convection 

 

It is easily observed that the liquid drainage rate in all cases is quite similar. This possibly 

indicates that the water being drained from the upper layers of the foam might be retained 

by the lower layers, maintaining a uniform liquid drainage rate independent of wind speed. 

It is important to note that the water drainage may be affected by several factors including 

the initial height of the foam, the humidity, and the evaporation of water in the presence 

of forced convection.  
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2.3.5 Foam breakage and liquid drainage under thermal radiation 

Different radiation intensities were measured using a radiation sensor. As the radiation 

intensities varied with height, the foam breakage and liquid drainage from the top (0.95 

m) till 0.84 m were estimated and used for data analysis. Ten readings of radiation 

intensities in this height were averaged and have been reported in the table below. 

 

Table 5: Measured average radiation intensities over the top four inches of the foam 

container 

Experiment 

No. 

Measured average radiation intensity 

(W/m2) 

1 60 ± 12 

2 140 ± 25 

3 200 ± 33 

4 270 ± 50 

 

Experiments with different intensities of thermal radiation showed have been illustrated 

in Fig. 10. Since the foam breakage was measured as the foam height reduced from 0.95 

m to 0.84m, to maintain uniform radiation intensity, the time period for such 

measurements was much shorter than the experiments with forced convection and without 

forced convection and radiation. The foam breakage rates estimated in these experiments 

are the initial rate of foam breakage and not steady state. The liquid drainage rate was 

found to be nearly constant, at each radiation intensity over this short time period. It should 



27 

be noted that the standard deviation was high in these calculations; therefore, no 

quantitative conclusions may be drawn from this data set. The effect of increasing 

radiation intensity on foam breakage has been shown in foam breakage rate was estimated 

by adding a linear fit to the foam height vs. time data and calculating the slope for each 

fit. The values for these slopes along with the standard deviations and R2 have been shown 

in. The results clearly demonstrate the effect radiation has on foam breakage, highlighting 

that increasing the radiation intensity increases foam breakage. 

Fig. 10: Foam height vs time for different radiation intensities 
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The table below shows the foam breakage rate under different radiation intensities for the 

foam. 

Table 6: Foam breakage rates at different radiation intensities 

Radiation intensity (W/m2) Foam breakage rate (m/hr) R2 

60 0.29 ± 0.02 0.974 

140 0.33 ± 0.01 0.990 

200 0.41 ± 0.02 0.985 

270 0.76 ± 0.04 0.989 

The figure below shows the foam breakage rate for the different thermal radiation intensity 

values experimented. 

Fig. 11: Foam breakage rate vs radiation intensity 
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The table below provides the liquid drainage rate values obtained for the different thermal 

radiation intensity experiments. 

Table 7: Liquid drainage rates at different radiation intensities 

Radiation intensity (W/m2) Liquid drainage rate (kg/hr) 

60 1.7 ± 0.2 

140 2.8 ± 0.9 

200 3.4 ± 0.8 

270 3.7 ± 0.7 

2.4 Experiments with liquid nitrogen 

2.4.1 Foam breakage rate with liquid nitrogen 

 Foam height vs time, with and without liquid nitrogen, for three cases, without forced 

convection or radiation, with forced convection and with radiation have been shown in the 

figure  belowError! Reference source not found.. It can be clearly observed from these 

figures that the foam breakage with liquid nitrogen is faster in all three cases, and this can 

be attributed to the effect of cryogenic liquid interaction with the foam. 
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Fig. 12: Foam breakage vs time under a) without forced convection or radiation b) 

forced convection and c) radiation. Without LN2 (black), with LN2 (red) 

 

Foam height vs time, with and without liquid nitrogen, for three cases, without forced 

convection or radiation, with forced convection and with radiation have been shown in the 

above figureError! Reference source not found.. It can be clearly observed from these 

figures that the foam breakage with liquid nitrogen is faster in all three cases, and this can 

be attributed to the effect of cryogenic liquid interaction with the foam. 

 

2.4.2 Vaporization rate without forced convection or radiation 

The vaporization rate with liquid nitrogen was measured by obtaining the difference in 

weight of the container over time. The vaporization rate without forced convection and 

thermal radiation has been shown in Fig.12. The liquid drainage rate has also been shown 

in the same figure and shows how the liquid drainage influences the rate of vaporization 

of the cryogenic liquid. Once the liquid drainage falls below 2 kg/hr, the vaporization rate 

stabilizes and is primarily influenced by conduction through the container. The steady 
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state vaporization rate is similar to that obtained by Zhang et al., which was close to 11 

kg/hr. 22 

Figure 13: Vaporization rate and liquid drainage without forced convection or radiation 

2.4.3 Foam breakage rate and vaporization rate with forced convection 

The following figure shows the foam height vs time when foam was applied over liquid 

nitrogen at different wind induced convection values. 
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Figure 14: Foam breakage rate vs time for foam under different wind induced convection 

values in the presence of LN2 

 

The following table shows the percentage difference in foam breakage rates, between 

using foam with ZrP and without ZrP under forced convection.  

 

 

Table 8: Foam breakage rate vs time under different wind induced convection values in 
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The vaporization rate with forced convection has been shown in Fig.13 along with liquid 

drainage from the foam under similar conditions. This graph also shows that once the 

liquid drainage falls below 2 kg/ hr, it does not significantly contribute to the vaporization 

rate of the cryogenic liquid. 

Figure 15: Vaporization rate and liquid drainage with forced convection. The 

vaporization rate was calculated when the wind speed was 0.9 m/s while the liquid 

drainage was calculated at a wind speed = 0.8 m/s 

2.4.4 Foam breakage rate and vaporization rate with thermal radiation 

The following figure shows the foam height vs time when foam was applied under 

different thermal radiation intensities in the presence of LN2. 
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Figure 16: Foam breakage rate vs time for foam under different thermal radiation 

intensity values in the presence of LN2 

The following table summarizes the foam breakage rates with liquid nitrogen, with foam 

application under thermal radiation. 
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drainage.  The initial mean vaporization rate was found to be 31 ± 4 kg/hr and the initial 

mean liquid drainage was around 2.8 ± 0.9 kg/hr. 

2.4.5 Temperature profile with liquid nitrogen 

The temperature profile was measured in these experiments to explain the ability of the 

foam to exchange heat with the outgoing vapor of the cryogenic liquid and decrease its 

density, thereby ensuring effective vapor dispersal. The temperature profile without forced 

convection and thermal radiation has been studied by Zhang et al..22 In this article, we 

studied the temperature profile under forced convection and radiation and have been 

shown in Fig. 14 and Fig. 15 respectively.22 

The unique design of the thermocouple setup allows the measurement of the foam and 

vapor temperature simultaneously. The upward thermocouple which is mainly affected by 

the foam temperature and a downward thermocouple primarily indicates the temperature 

of the outgoing vapor. As expected, the temperature of the outgoing vapor measured by 

the downward thermocouple was found to be lower than that of the foam. As the vapor 

rises up through the foam, heat is transferred from the foam to the vapor, increasing its 

temperature and decreasing its density. 
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2.4.6 Temperature profile with forced convection

Figure 17: Temperature profile under forced convection (wind speed=0.8 m/s) 
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2.4.7 Temperature profile with thermal radiation

Figure 18: Temperature profile under thermal radiation (radiation intensity = 80 W/m2) 
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2.5 Discussions 

2.5.1 Mechanism of foam breakage 

It is clear from the results obtained that forced convection and thermal radiation influence 

the rates of foam breakage. However, identifying the mechanisms behind which factors 

affect foam breakage and liquid drainage will give a better understanding of how forced 

convection and thermal radiation affect foam breakage. 

Pugh has listed out the phenomena destabilizing the foam. These may include liquid 

drainage, Ostwald ripening, evaporation, coalescence, and external disturbances. All these 

mechanisms can contribute to making foam less stable and ultimately causing its breakage. 

Liquid drainage is the liquid that gets drained out of the foam due to gravity. The loss of 

liquid from foam can significantly affect its effectiveness. 12If more liquid drains out of 

the foam, it can significantly increase the rate of vaporization of LNG, especially before 

an ice layer gets formed. External disturbances include natural convection, forced 

convection or radiation. Zhang et al. found that foam application can significantly reduce 

the heat flux due to natural convection, forced convection and radiation which contribute 

to vaporizing cryogenic liquids.22 However, it is important to understand the affect of these 

external disturbances on foam breakage itself to ensure that the foam forms a blanket that 

remains stable for a longer period. 
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Ostwald ripening is the coarsening of bubbles due to the diffusion of air from one bubble 

to another over time to attain thermodynamic equilibrium. Smaller bubbles tend to lose 

gas and become smaller and eventually disappear while larger bubbles grow over time. 

This eventually increases the average size of bubbles.23  Evaporation due to convection 

and radiation can decrease the critical liquid fraction of bubbles in the upper layers of the 

foam. Carrier and Colin found that when the liquid fraction drops below a critical value, 

bubbles tend to break.47 Li et al. also performed experiments verifying the influence of 

environmental humidity on foam stability and found that change in humidity can 

significantly alter foam stability.48 Thus, it is possible for evaporation to affect the stability 

of foam. Coalescence can also influence the rate of foam breakage. Coalescence occurs 

due when the film separating two bubbles breaks. This can be a cooperative process 

resulting in a series of rupture of many bubbles.47,23 Coalescence observed in foam may 

be different from that observed in isolated thin films and its mechanism is not very well 

understood. 

 

 

External disturbances include natural convection, forced convection or radiation. Zhang 

et al. found that foam application can significantly reduce the heat flux due to natural 

convection, forced convection and radiation which contribute to vaporizing cryogenic 

liquids.22,49  A schematic combining these factors resulting in foam breakage has been 

shown in Fig. 16. 
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Figure 19: Schematic showing the mechanism of foam breakage 

 

While all these phenomena can destabilize foam, it is important to estimate their effect on 

foam breakage to identify factors that may be controlled in order to minimize foam 

breakage. It is important to note that several factors may be dependent on each other and 

may exhibit synergistic effects.  

 

2.5.2 Liquid drainage from foam 

The liquid drainage from foam may play a crucial role in vaporization of LNG, especially 

when the boil-off effect is significant, immediately after the foam is applied. The liquid 

drainage from the foam predicted by these experiments can be compared with a theoretical 

model made by Conroy et al. which predicts the height of the drained liquid from high 

expansion foam. The calculations for the model have been explained in the supplementary 
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section. A comparison of the model to the experimental result without forced convection 

and thermal radiation has been shown in Fig. 17. The model seems to agree with the 

experimental result and shows similar trends. 

 

Figure 20: Liquid drainage vs time without forced convection or thermal radiation 

obtained experimentally compared to that obtained from the theoretical model 

 

2.5.3 Warming effect of the foam through the foam 

The temperature of the outgoing vapors through the foam have been measured 
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that of surrounding air and can be dispersed easily. Fig. 18 shows the temperature at which 

density of methane (major component of LNG vapor) becomes equal to that of the 

surrounding air at 25 oC. This occurs at nearly -105.7 oC. Therefore, as long as the vapor 

temperature is above this, it should be reasonable to assume sufficient dispersal. In this 

experimental study, liquid nitrogen was used but based on work by Takeno et al. simple 

calculations may be performed to estimate the vaporization rates of LNG, and the vapor 

temperature predicted by experiments using liquid nitrogen is usually lower than that for 

LNG making the estimates more conservative.46 

Figure 21: Density of methane as a function of temperature, methane density is equal to 

air density (at 25 oC) at about -105.7 oC. 
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2.6 Conclusion 

High expansion foam can not only help reduce the heat transfer to LNG through 

convection and radiation for reduced vaporization, but also heats up LNG vapor that 

passes through the foam layers, enabling ease of dispersal for risk mitigation. However, 

foam drains liquid over time which can increase the vaporization of LNG. A lab scale 

foam generator was used to produce high expansion foam and study foam breakage and 

liquid drainage with time. The effects of external factors like forced convection and 

thermal radiation on foam breakage were studied. It was found that both forced convection 

and thermal radiation can have a significant effect on the rate at which foam breaks. The 

rate at which liquid drains from the foam have also been determined under different 

conditions of forced convection and thermal radiation. Tests with liquid nitrogen show 

that the foam can help lower the vaporization rate of the cryogenic liquid. External factors 

like forced convection and thermal radiation can affect the rate of foam breakage, and 

must be accounted for while estimating the amount of foam that is applied over cryogenic 

liquid spills. 

 

 

Previous work in this area covered only one windspeed, thus no model can be given from 

that dataset that could potentially predict the behavior of foam breakage under 

higher/lower windspeeds. The experiments conducted in this research measured the effect 
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from eight different windspeeds ranging from 0 m/s to 2.5 m/s, hence a trend towards 

predicted how the behavior of foam would change with varying windspeeds. 

Previous work in this area covered only one thermal radiation intensity, thus no model can 

be given from that dataset that could potentially predict the behavior of foam breakage 

under higher/lower thermal radiation intensity. The experiments conducted in this research 

measured the effect from eight different wind speeds ranging from 3 w/m2 till 270 w/m2, 

hence a trend towards predicted how the behavior of foam would change with varying 

thermal radiation intensities. 

The further modified setup used for the experiments of this research allowed measurement 

of liquid drainage at the same time with the foam breakage rate and this is crucial in order 

to better predict how the water draining from the foam effects the boil-off effect of leaked 

LNG. The previous setup did not include a method to measure liquid drainage and the 

foam tank used was very tall (around 2m); thus, this might not accurately represent 

industrial scenario regarding gravity.



45 

CHAPTER III 

STABILIZING HIGH EXPANSION FOAM USED FOR LEAKED LNG VAPOR 

RISK MITIGATION USING ZIRCONIUM PHOSPATE NANOPLATES 

3.1 Overview 

Natural gas has been an evolving industry for its numerous advantages over other energy 

sources such as coal. Natural gas is often stored in its liquid form as liquefied natural gas 

(LNG) because it has a much lower liquid volume.  The National Fire Protection Agency 

(NFPA) as well as the American Gas Association (AGA) recommends high expansion 

foam use to mitigate the risk due to a cryogenic vapor cloud which may result from any 

leaked LNG. This paper studies the role of exfoliated Zirconium Phosphate (ZrP) 

nanoplates in stabilizing high expansion foam. Experiments performed with ZrP 

nanoplates show that they can improve foam stability even in the presence of external 

forces like forced convection and radiation. (Results) Experiments carried out in the 

presence of a cryogenic liquid spill along with the ZrP stabilized foam highlights its 

effectiveness in mitigating the vapor risk of LNG. 

Innovations in hydraulic fracturing techniques have accelerated natural gas production, 

and this is expected to increase even further over the next few decades. Pipelines may not 

always be the best form of transportation of natural gas, especially over long distances. 

Therefore, it is compressed and cooled to its liquid form in which its density is 600 times 
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that of its vapor. While tis may be an easy way to transport it, a leak of LNG can form a 

vapor cloud which remains close to the ground level due its high density at low 

temperatures. This vapor cloud can ignite if it finds an ignition source. High expansion 

foam may be used as a mitigation technique to reduce the vapor risk of any leaked LNG.  

 

3.2 Materials and Methods 

3.2.1 Materials 

Chemguard C2 high expansion foam purchased from Chemguard Inc. Zirconium 

Phosphate ((Zr(HPO4)2∙H2O) was purchased from Sunshine Factory, 

Tetrabeutylammonium hydroxide (C16H37NO) was purchased from Sigma-Aldrich. 

Liquid nitrogen was used instead of LNG as a cryogenic liquid due to similarity in 

properties and due to its non-flammable nature for lab safety. 

 

3.2.2 Exfoliation of ZrP with TBA 

ZrP was bought from the supplier thus no need for synthesizing ZrP. The mixture will 

include 20 grams of ZrP along with 44 grams of TBA and 400 mL of water. For the 

purpose of better exfoliation the mixing will take place on a smaller scale. Every gram of 

ZrP needs a corresponding 2.2 mL of TBA for exfoliation. Therefore, 2 grams of ZrP 

along with 4.4 grams 40 mL of water were weighed and added to a centrifuge tube. This 

step is done ten times. The ten centrifuge tubes are then placed on a vortex for 2 minutes 

each to allow for mixing. They are then placed to centrifuge such that the denser 

unexfoilated ZrP is gathered at the bottom. The contents are separated from ten 
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unexfoilated ZrP and placed on a sonicator for an hour. The centrifuge tubes are left to 

rest. The next day the contents from the ten centrifuge tubes are transferred to a 500 mL 

pyrex bottle and is now ready to be used for experiments.The figure below highlights the 

interclation process of exfoliating ZrP with TBA. 

 

3.2.3 Characterization of ZrP nanoplates 

SEM (scanning electron microscope) images before the exfoliation process were taken 

and shown below along with an exfoliated ZrP molecule retrieved from a TEM 

(transmission electron microscope) image. 

A. α-ZrP B. TBA 

C. Intercalation between ZrP D. Exfoliated monolayer ZrP-TBA 

Figure 22: Exfoliation process of ZrP with TBA: ZrP and TBA are placed in the same 

flask and allowed to mix. C. Intercalation between ZrP and TBA molecules occur. D. 

ZrP layers break forming monolayer ZrP structure that can be further functionalized as 

needed. 50 
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3.2.4 Preparation of Solution in Set up Tank: 

Experiments run without ZrP consisted of 400 mL of Chemguard C2 foam concentrate 

and 19.6 L of water. In the experiments with ZrP, 400 mL of the exfoliate d ZrP solution 

is added to 400 mL of Chemguard C2 foam concentrate and 19.2 L of water. The tank is 

mixed gently before running the experiment. The entire setup is washed by running water 

through it to ensure that any residual foam or particles are removed. 

 

 

The set up consists of a pump that transfers liquid from the foam solution tank to the air 

cylinder where the liquid mixes with airflow from the fan. The foam then passes through 

the screen generating foam bubbles that leave the air cylinder and deposit into the foam 

container. 

 

Figure 23: (a) SEM Image of ZrP molecule before exfoilation. (b) TEM 

image of a monolayer ZrP molecule (exfoilated with TBA) 
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For the forced convection experiments, to achieve uni-directional flow of wind, a wind 

tunnel was built to reduce the turbulence effect and the figure below shows the set up. This 

will be used in future experiments to reduce the effect of wind turbulence. The screen 

mesh is made of metal and the holes are a quarter of an inch apart. The way the wind 

tunnel works is by the screen mesh disallowing turbulence causing only a uniform flow of 

wind to the other side where the foam container is located. 

 

3.2.5 Foam height and liquid drainage measurement 

Images were taken over uniform intervals of time. As the surface of the foam was not 

uniform in all cases, each image was analyzed using software from NIH called ImageJ 

which allows the estimation of average foam height for each picture.  

 

3.3 Experimental Results 

3.3.1 Expansion ratios of foam with ZrP 

The expansion ratio for the foam formula with ZrP was calculated by measuring the weight 

of foam added in the foam container and estimating the volume of foam in the container. 

The average expansion ratio calculated from three trials was found to be 394 ± 40. 
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3.3.2 Foam height and liquid drainage with foam + ZrP 

Experiments without forced convection or thermal radiation were carried out and the foam 

height at different time intervals was reported. The foam breakage rate for these set of 

experiments is shown below. 

Figure 24: Foam Height vs Time without forced convection or thermal radition for the 

same experiment repeated three times (with ZrP-TBA) 
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Table 9: Foam breakage rate for the case of no forced convection or thermal radiation 

Experiment 

Foam breakage rate 

(m/hr) 

(Coefficient of 

Determination) 

R2 

1 0.125 ± 0.003 0.993 

2 0.132 ± 0.002 0.998 

3 0.131 ± 0.004 0.995 

Average 0.129 ± 0.003  

 

The liquid drainage for the same set of experiments showed nearly similar values and can 

be seen from the figure below.  

Figure 25: Liquid drainage vs Time without forced convection or thermal radition for the 

same experiment repeated two times (with ZrP-TBA) 
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Adding ZrP-TBA caused a noticeable difference in the slope where it dropped to 0.129 

from 0.154 and this corresponds to a decrease in the rate of Foam breakage. This shows 

that ZrP can potentially help stabilize the foam and future experiments will focus on the 

extent of its effectiveness. 

 

3.3.3 Foam height and liquid drainage with foam + ZrP under forced convection 

The foam height at different time intervals for experiments under forced convection were 

carried out and a plot that yields the foam breakage rate is shown below. 

Figure 26: Foam breakage vs time with forced convection (with ZrP-TBA) 
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Table 10: Foam breakage rate (m/hr) for each wind speed  

Wind speed (m/s) Foam breakage rate (m/hr) R2 

0 0.125 ± 0.003 0.993 

0.8 0.23 ± 0.01 0.989 

1.7 0.35 ± 0.02 0.988 

2.8 0.39 ± 0.03 0.994 

 

 

3.3.4 Foam height with foam + ZrP under thermal radiation 

The figure below shows the foam height vs time for experiments performed under 

different intensities of thermal radiation.  

 

Figure 27: Foam + ZrP Height under thermal radiation 
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The rate is obtained by calculating the slope for each experiment and that is shown in the 

table below 

 

Table 11: Foam breakage rate under different thermal radiation intensities 

Radiation intensity (W/m2) Foam breakage rate (m/hr) R2 

4 0.125 ± 0.003 0.993 

60 0.28 ± 0.01 0.994 

140 0.29 ± 0.02 0.977 

200 0.31 ± 0.01 0.991 

270 0.43 ± 0.01 0.995 

 

 

3.4 Comparison of foam with and without ZrP 

3.4.1 Comparison without the presence of LN2 

The figure below shows the foam height vs time for the experiments carried out without 

forced convection or thermal radiation without ZrP and another with the presence of ZrP. 

The two are compared through the slopes which show the foam breakage rate. The 

presence of ZrP has decreased the slope value of foam height vs time and this shows that 

ZrP has had a positive role in reducing the rate at which the foam height decreases with 

time.  
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Figure 28: The stabilization of ZrP nanoplates in reducing the foam breakage rate in the 

case of no forced convection or thermal radiation (ZrP is red) 

 

The corresponding foam breakage rate (slope) is shown in the table below. 

 

Table 12: Stabilization of ZrP nanoplates in reducing the foam breakage rate in the case 

of no forced convection or thermal radiation. 

Experiment Foam breakage rate R2 

Without ZrP 

0.159 ± 0.004 0.995 

With ZrP 0.132 ± 0.002 0.998 

 

The liquid drainage rate was also compared and the presence of ZrP shows that initially, 

less liquid drains from the bubbles as compared to no ZrP molecules present. This is shown 

in the figure below. 
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Figure 29: The presence of ZrP nanoplates in having a reduced liquid drainage rate in the 

case of no forced convection or thermal radiation 

 

The figure below shows the foam height vs time for the experiments conducted under 

forced convection without ZrP and another with the presence of ZrP. The presence of ZrP 
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Figure 30: Foam height vs time comparison, with forced convection at highest wind 

speed value experimented (No ZrP = 2.5 m/s and ZrP=2.8 m/s) 

 

The table below provides the foam breakage rate values for the comparison regarding the 

highest wind speed value experimented. 
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has decreased the slope value of foam height vs time and this shows that ZrP has had a 

positive role in reducing the rate at which the foam height decreases with time. 

 

Figure 31: Foam height vs time comparison at highest thermal radiation intensity value 

experimented (270 W/m2) 

 

The table below provides the foam breakage rate values for the comparison regarding the 

highest thermal radiation intensity (270 W/m2) value experimented. 

 

Table 14: Stabilization of foam with ZrP under highest thermal radiation intensity (270 

W/m2) value experimented. 

Experiment Foam breakage rate R2 

Without ZrP 0.76 ± 0.04 0.989 

With ZrP 0.43 ± 0.01 0.995 
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3.4.2 Comparison with the presence of LN2 

 

The following figure shows the foam height vs time when foam with ZrP was applied. 

 

Figure 32: Foam height vs time with ZrP under different wind induced convection 

velocities 

 

The following table summarizes the foam breakage rates with liquid nitrogen, with foam 

application with and without ZrP, under forced convection. 
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The following figure shows the foam height vs time when foam with ZrP was applied. 

 

Figure 33: Foam height vs time with the presence of ZrP under different thermal 

radiation intensities 
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Table 16: Foam breakage rate comparison under the presence of thermal radiation with 

the presence of LN2 

 

Radiation intensity (W/m2) 
w/ LN2  

w/o ZrP w/ ZrP Ratio 

4 0.199 ± 0.015 0.170 ± 0.015 14.573 

60 0.968 ± 0.044  0.633 ± 0.047 34.607 

140  1.482 ± 0.096  1.121 ± 0.031 24.359 

270  1.591 ± 0.084  1.271 ± 0.036  20.113 

 

3.5 Discussions  

The addition of exfoliated ZrP to the C2 foam formula has shown that it can enhance the 

stability of the foam not only by decreasing the foam breakage rate but by delaying the 

liquid drainage rate as well. This was true for all three cases of without forced 

Convection/thermal radiation, with forced convection, and with thermal radiation. 

Exfoilated ZrP-TBA monolayer molecule is hydrophilic on both sides allowing a strong 

attraction to the foam bubbles that not only would reduce surface tension between water 

and air due to shale antisotropy but also preventing air diffusion between the bubbles. This 

means that within the air interface the ZrP molecules are forming a stiff-like structure that 

is acting against the effect of coarsening, coalescing, and drainage of water through the 

bubbles; thus, slowing down these three factors It was observed that the foam breakage 

rate amongst different wind speeds for experiments under forced convection with and 

without zrp exhibited different values which are shown in the figure below. A linear fit 

was included.  
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The figure below shows the foam height comparison of adding zrp to foam under different 

wind speeds. 

 

Figure 34: Effective resistance of ZrP stabilized foam against wind induced breakage 

 

A comparison regarding the foam breakage rate amongst different thermal radiation 

intensities for the cases of with and without zrp are shown in the figure below.  

 

Figure 35: Foam breakage rate vs radiation intensity comparison with and without ZrP 
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The table below shows the comparison of the foam breakage rate when adding ZrP to 

foam under different radiation intensities. 

 

Table 17: ZrP in reducing the foam breakage rate at different radiation intensities 
 Foam breakage rate (m/hr) 

Radiation intensity (W/m2) Without ZrP With ZrP 

4 0.158 ± 0.004 0.125 ± 0.003 

60 0.29 ± 0.02 0.28 ± 0.01 

140 0.33 ± 0.01 0.29 ± 0.02 

200 0.41 ± 0.02 0.31 ± 0.01 

270 0.76 ± 0.04 0.43 ± 0.01 

 

 

3.6 Conclusion 

 

multilayer ZrP nanoparticles were exfoliated with the use of TBA and were mixed with 

the commercially available C2 foam formula to see its effect on stability of high expansion 

foam. The research result shows how ZrP was able to improve the stability of fire fighting 

foam by reducing the foam breakage rate and delaying the liquid drainage rate. This was 

the case for the experiments conducted without forced convection or thermal radiation, 

with forced convection, and with thermal radiation. The same trend was noticed with 

experiments carried out with the presence of a cryogen that exhibited similar heat transfer 

properties as LNG.  
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CHAPTER IV 

CONCLUSION AND REMARKS 

 

4.1 ZrP’s effect on enhancing foam stability 

High expansion foam has seen to be effective in lowering the heat transfer through 

convection and radiation for mitigating methane vapors in LNG and in increasing the 

buoyancy of the methane vapors rising upwards in the foam layers such that they travel at 

a level higher than groundlevel moving downwind for a better dispersion away from 

ignition sources. The use of exfoliated ZrP nanoparticles was shown to improve the 

stability of the foam allowing Exfoilating ZrP with TBA allowed ZrP to exhibit 

hydrophilic characteristics allowing better attraction between foam bubbles that slow 

down coalescining and coarsening of the foam bubbles and delay the drainage of water 

moving downwards by acting as a barrier to transport channels in the layers of the foam.  

 

4.2 Future research directions 

The experiments conducted in this study kept the concentration of exfoliated ZrP at a 

constant value of 2% of the foam solution. Other areas that may be interesting to look at 

are, the effect of varying the 2% volume of the ZrP nanoplates in the foam formula, using 

another exfoiling agent other than TBA suh as propyl amine, and further functionalizing 

ZrP to become more viscous or hydrophilic as shown at the Stanford Research Institute 

that the surface viscosity is important and may affect the stability of the foam.  
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