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ABSTRACT 

 

Rapid carbon dioxide expansion from an accidental pipeline leakage is an adiabatic 

process that forms solid CO2 micro-particles entrained in CO2 vapor. While the vapor 

is subsequently dispersed as vapor cloud, the micro-particles – at sizes larger than 100 

µm – can rain out to form a solid pool. The pool will then sublimate to the atmosphere 

and contribute significantly to the concentration of vapor cloud. Ultimately, the effect 

of solid rainout pool on vapor cloud concentration and dispersion has to be taken into 

consideration when calculating safety distance. In order to investigate the sizes of solid 

micro-particles formed under varying discharge scenarios, the process of rapid fluid 

expansion through an orifice (leakage) is emulated using a simulation model. It 

involves an integration of two sub-models: (1) a 3-D Computational Fluid Dynamics 

(CFD) model using FLUENT 14.0, and (2) a mathematical model published by authors 

Hulsbosch-Dam, Spruijt, Necci & Cozzani (2012). The CFD model employs the 

FLUENT software to obtain temperature and velocity profiles of rapid fluid expansion. 

The mathematical model calculates the droplet size distribution from the point of 

release and size of final solid particles formed. The combination of the two models 

generates results and parametric trends (mainly the effect of leakage size on the size 

of particles formed). They are then compared with experimental data available in 

literatures, and validation is achieved. Finally, the model is used to simulate rapid 

carbon dioxide expansion from pipeline leakage at supercritical storage conditions. 

Conclusive evidence shows that at supercritical storage conditions (specifically at 310 

K and 150 bar), a pipeline leakage will not produce solid CO2 micro-particles big 

enough to form a solid rainout pool.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background of Study 

Anthropogenic emission of CO2 is becoming a dominant threat to global climate 

change. In order to mitigate this phenomenon, an approach to capture CO2 from fossil 

fuel-using sources, and to store it in natural occurring reservoirs, is suggested. This 

approach is known as carbon capture and storage (CCS), and the ultimate aim is to 

capture CO2 by-product from sources such as industrial processes, power production 

and fuel decarbonization for preserval and isolation (Herzog & Golomb, 2004). 

One of the important aspects in carbon sequestration lies in the transportation of CO2 

to a storage site after the capture process. Transporting CO2 at a high-pressure, 

supercritical1  phase is considered to be the most economically feasible, primarily 

because the existence of CO2 as a dense-phase fluid (supercritical) will reduce the risk 

of sudden phase change. By maintaining a single-phase flow in CO2 pipelines, 

operators can avoid abrupt pressure drops and have fewer intermediate boosting 

stations (Serpa, Morbee, & Tzimas, 2011). From a pipeline integrity point of view, the 

water solubility limit in CO2 is found to be 5000 ppm at 75°C and 2000 ppm at 30°C 

(both are supercritical temperatures). Consequentially, the corrosion rate of carbon 

steel in dry supercritical CO2 will be low (Metz, 2005). 

Nevertheless, CO2 transport pipelines can be susceptible to fractures and leakages, 

which will cause accidental releases of carbon dioxide to the atmosphere (Figure 1). 

Apart from dispersing toxic vapor cloud, this adiabatic expansion of supercritical CO2 

                                                           
1 Supercritical carbon dioxide behaves as a supercritical fluid above its critical temperature (31.1°C) 

and critical pressure (73.9 bar). It expands to fill its container like a gas but has a density like that of a 

liquid. 
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will also produce solid CO2 micro-particles, which - at sizes larger than 100 µm - can 

rain out to form a solid pool. This rainout pool will eventually evaporate and sublimate 

to the atmosphere, and contribute significantly to the concentration and dispersion of 

toxic vapor cloud. When high concentration of CO2 vapor cloud is dispersed to areas 

inhabited by human beings, animals and other living things, it will cause severe 

poisoning and even death. Therefore, it is vital to perform rigorous risk assessment on 

CO2 transport pipelines which will pass through populated areas.  

 

Figure 1: Rapid gas expansion of carbon dioxide 

Safety distance quantitatively represents the results of risk assessment performed on 

the construction and operation of CO2 transport pipeline. It is defined as the distance 

from the pipeline where accidental releases will be unable to inflict any intolerable risk 

on human lives. The key parameters to evaluate safety distance are the concentration 

and dispersion of CO2 vapor cloud; in turn, this concentration and dispersion can be 

greatly affected by the existence of a solid rainout pool. If the existence of the pool is 

neglected, the concentration and dispersion of CO2 vapor cloud cannot be calculated 

correctly, and severe inaccuracy to the safety distance assessment can occur. 

Nevertheless, information of solid rainout pool formation in varying discharge 

scenarios is almost non-existential. It is mainly due to the limited experimental works 

and modeling techniques that can be used to investigate droplet size distribution and 

solid particle formation, parameters that will decide the formation of rainout pool. This 

paper aims to fill these knowledge gaps and enhance the accuracy of risk assessment 

on CO2 transport pipelines. 
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1.2 Problem Statement 

While the study of CO2 vapor cloud dispersion is extensive, most authors choose to 

neglect the factor of solid pool formation solely based on theories and assumptions 

(Witlox, Harper, & Oke, 2009; Mazzoldi, Hill, & Colls). It is important, however, to 

scientifically and quantitatively investigate the size of solid CO2 micro-particles 

formed, and determine the subsequent occurrence of a solid rainout pool. Nevertheless, 

due to the limited study on rapid CO2 expansion, little information can be extracted 

from available literatures over the years. Finally, one of the first and most significant 

experimental works on rapid CO2 expansion is conducted by Liu, Calvert, Hare, 

Ghadiri, & Matsusaka in 2012, but there seem to be no available model that can 

accurately emulate the said process. If a valid model can be constructed based on Liu’s 

experimental findings, the aforementioned problem will be successfully resolved. 

1.3 Objective and Scope of Study 

The main objective of this paper is to construct a model that can accurately describe 

rapid CO2 expansion through an orifice at supercritical storage conditions. The direct 

results that can be extracted from the model include (1) CO2 droplet size distribution 

from the point of release and (2) size of solid CO2 particles formed. 

Below is a list of goals or scope of study that need to be achieved: 

1. Model to predict CO2 droplet size distribution from point of release 

2. Model to predict the size of solid CO2 particles formed 

3. To investigate the effect of orifice size on parameters (1) and (2) 

4. To validate the obtained results and trends with experimental data published 

by Liu et al. (2012) and several other literature sources 

5. To investigate CO2 discharge at supercritical storage conditions using validated 

model 
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1.4 Relevancy and Feasibility of the Project 

The model can accurately describe rapid CO2 expansion through an orifice at 

supercritical storage conditions and provide insight on the occurrence of solid CO2 

rainout pool, which are all highly sought-after information required to perform reliable 

risk assessment on CO2 transport pipelines. An accurate safety distance of CCS 

facilities can be obtained to ensure the well-being of humans, animals and other living 

things.  

To ensure the feasibility of the project, the model is constructed by integrating two 

sub-models: (1) a 3-dimensional Computational Fluid Dynamics (CFD) model, and (2) 

a mathematical model published by authors Hulsbosch-Dam, Spruijt, Necci & Cozzani 

(2012). The CFD model functions to obtain temperature and velocity profiles of rapid 

fluid expansion, while the mathematical model calculates the droplet size distribution 

from the point of release and size of final solid particles formed. By splitting the model 

into two major parts, the computational time can be greatly reduced, ensuring the 

completion of the project within the given timeframe. 

For the CFD model, the software FLUENT 14.0 is employed due the fact that it is the 

most widely used CFD modeling software for a wide range of industrial applications 

(Sabatino et al., 2007).  
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CHAPTER 2 

LITERATURE REVIEW 

 

In their study, Witlox, Stene, Harper, & Nilsen (2011) developed a model to study the 

influence of pressure, temperature and orifice size on the mass flow rate of CO2 release. 

Their findings are as followed: the flow rate of CO2 jet increases with increasing 

pressure, decreases with increasing storage temperature, and increases with increasing 

orifice size. The model is validated by Witlox (2012) in his review of experimental 

discharge and dispersion of high-pressure supercritical CO2 releases. Even though the 

model is found to provide less accuracy in its prediction when parameters are closer to 

critical point, it appears to be robust and presents excellent agreement for steady-state 

flow rate.  

While the report by Witlox (2012) is a credible and relevant literature for pressurized 

releases of supercritical CO2, it remains to be the only publicly available source of 

reference for model validation, and does not comprise the aerodynamic and 

thermodynamic study of CO2 jet release. Where high-pressure supercritical CO2 

releases are concerned, published experimental data on solid CO2 formation and 

particle size distribution, along with its velocity and the influence of jet direction and 

momentum, remain elusive. 

Hulsbosch-Dam, Spruijt, Necci, & Cozzani (2012) attempted to explain the 

mechanism of CO2 solidification using their proposed model. In the paper, theories of 

jet expansion and solid particles formation and rain-out are discussed in great length. 

The proposed steps are as followed: when the two-phase supercritical fluid is released 

through the orifice, the liquid droplets in the fluid experience aerodynamic break-up 

upon exposure to ambient temperature and pressure. Also known as mechanical break-

up, it is a consequence of the susceptibility of the droplet to the disturbances imposed 
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by surrounding vapor flow. Aerodynamic break-up occurs very quickly without any 

thermal loss, and results in the formation of primary droplets having the same 

temperature as the released liquid.  

Thermodynamic break-up, or flashing, ensues, whereby the primary droplets are 

superheated at ambient pressure. The system is now composed of liquid droplets 

surrounded by their own pure vapor, and thermal equilibrium is gradually reached by 

both boiling and evaporation. According to the authors, when above boiling 

temperature, a bubble develops in each of what are now known as secondary liquid 

droplets, experiences growth, and eventually blasts its hosts into several smaller and 

cooler tertiary droplets. Nucleation and blasting will stop as soon as the temperature 

drops below boiling point. Finally, when droplets are small enough, they will 

experience evaporation at their external surfaces and a further reduction in temperature. 

As CO2 has a solid-vapor equilibrium at ambient pressure, the tertiary droplets will 

become small, solid particles when temperature drops below -78 °C. 

This process is also known as the Joule-Thompson effect. 

The model proposed by Hulsbosch-Dam et al. (2012) is validated against the 

experimental data of CO2 release at 65 bar discharge pressure obtained by Liu, 

Maruyama, & Matsusaka (2010) and corresponds well. The model is also proven 

accurate in simulating the releases of several other fluid, such as propane, butane and 

water. Nevertheless, currently there are no available experimental data for releases of 

supercritical CO2 that can be used to validate the model. 

The experimental result published by Liu et al. (2010) is the closest available source 

of literature that explores the most fundamental of mechanical and thermodynamic 

aspects in high-pressure CO2 jet release. However, in their experiment, carbon dioxide 

was expanded from the nozzle at a primary pressure of 65 bar, which is still below its 

supercritical pressure. All the same, Liu et al. (2010) have found that the temperature 

profile across the jet flow varies: at 1 mm from the nozzle outlet (x = 1 mm), the 

temperature was about -80°C; however, at x = 50 mm, it increased to -10°C and 

subsequently to room temperature when x > 100 mm. These findings have indicated 

that the solidification of carbon dioxide occurs in the first few millimeters from the 

point of release.   
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Another experimental study conducted by Liu, Calvert, Hare, Ghadiri, & Matsusaka 

(2012) found that dry ice particles produced from the expansion nozzle experience 

growth in the jet flow before subsequent sublimation into smaller particles. For the 

case of nozzle diameter 0.5 mm, dry ice particles increase in size gradually from about 

1 micron at x = 10 mm to 3 microns at x = 50 mm. Since the experiment was conducted 

using nozzle diameter of 0.1 mm, 0.2 mm and 0.5 mm, the effect of nozzle size on 

solid particle formation can also be studied. The results showed that as nozzle size 

increases, the diameter of the solid particles also increases.  

With regard to the relationship between particle size distribution and orifice size, both 

papers agreed that nozzle diameter plays an important role on the velocity and size of 

solid CO2 particles. This is in accordance to the observations of Koornneef et al. (2010). 

Liu et al. (2010) found that with increasing size of the orifice, the velocity of particles 

decreases, while the size of the particles increases. Liu et al. (2012) found that the 

process of growth and subsequent sublimation into smaller particles happens more 

quickly in smaller orifices than in bigger ones.  

On the aspect of rainout pool formation, Witlox, Harper, & Oke (2009), with their 

UDM2 dispersion modeling, presumed that generally no rainout will occur in the 

course of a horizontal jet expansion. Hulsbosch-Dam et al. (2012) share the same 

finding in their model for the case of a horizontal pressurized supercritical release. The 

experiment conducted by Liu et al. (2010) and Liu et al. (2012) observed no rainout as 

well. The authors agree that rainout is only likely in the case of large orifice size, 

whereby big solid CO2 particles (100 – 200 µm) can be formed. 

  

                                                           
2 Unified dispersion model for jet dispersion, part of consequence modeling package Phast (version 

6.53.1) 
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CHAPTER 3 

THEORY 

 

Due to the limited resources available on ANSYS Fluent, running CFD simulations 

that include the behavior of solid CO2 particles will consume a huge amount of time. 

In order to maintain the feasibility of the project, the CFD model is used only to obtain 

temperature and velocity profiles of the discharge, while the nature of solid CO2 

formation will be mathematically modelled using spreadsheet. The theory proposed by 

Hulsbosch-Dam et al. (2012) mathematically describes the formation of solid particles 

during high-pressure CO2 release as the jet reaches thermal equilibrium.  

The theory is in accordance to the Joule-Thompson effect. When carbon dioxide fluid 

is released from a small orifice, the particles will expand adiabatically and assume a 

bigger volume. This results in an increased of distance between fluid molecules. The 

distance between molecules strengthen their intermolecular attractive forces (Van der 

Waals forces of attraction), and cause an increase in potential energy. Since there is no 

exchange of heat between the molecules and their surroundings, the gain in potential 

energy is indicative of a loss in kinetic energy. This means that temperature of the fluid 

will gradually decrease to reach thermal equilibrium (around -78 °C), which is how 

solid carbon dioxide particles are formed. 

The process can be broken down into three major stages: aerodynamic break-up, 

thermodynamic break-up, as well as evaporation, solidification and sublimation. It is 

represented in a diagram shown in Figure 2. 
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3.1 Aerodynamic Break-up  

Aerodynamic break-up of CO2 droplets is isothermal, and can happen within the first 

few microseconds of the jet release. The author cited Pilch & Erdman (1987) for a 

correlation between droplet velocity and initial jet velocity with respect to time, 

𝑢𝑑

𝑢
=

√𝜌𝑣𝑎𝑝

√𝜌𝑙𝑖𝑞
(0.5 ∙

3

4
∙ 𝑡 + 3 ∙ 0.0758 ∙ 𝑡2)        (Eq. 1)   

ρvap = vapor density 

ρliq = liquid density 

The time taken for aerodynamic break-up is determined as the period where there is 

no temperature increment in the jet. This information can be extracted from the CFD 

simulation of temperature profile. 

The author also assumed that the droplet diameter has a log-normal distribution, citing 

Razzaghi (1989), and proposed a correlation for average droplet diameter, critical 

Weber number, surface tension and velocity, 

𝐷𝑎𝑣 = √
𝑊𝑒𝑐𝑟𝑖𝑡

(1−
𝑢𝑑
𝑢

)
2

𝜎

𝜌𝑎𝑖𝑟𝑢2         (Eq. 2)   

Dav = average particle diameter 

Wecrit = critical Weber number, suggested to be 17 to 18 by Kolev (1993) 

σ = liquid surface tension 

ρair = air density 

The average diameter obtained is then used in the second part of the manual calculation. 

3.2 Thermodynamic Break-up  

Thermodynamic break-up of CO2 droplets includes nucleation, bubble growth and 

blasting. The calculations can be divided into three main steps in a cycle. 

1. Nucleation and bubble growth are the first steps of thermodynamic break-up. The 

droplet outside radius growth rate is based on an equation by Shusser & Weihs 

(1999), 
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𝑑𝑅

𝑑𝑡
= (

2

3

�̇�

𝜌𝑙𝑖𝑞

ℜ

𝑀
𝑇𝑠𝑎𝑡)

1

3
        (Eq. 3)   

dR1/dt = rate of droplet radial growth 

Q = maximum evaporation flux 

ℜ = gas constant 

M = molar weight of carbon dioxide 

Tsat = equilibrium temperature with the outside temperature 

The authors cited the Hertz & Knudsen formula to calculate maximum evaporation 

flux, 

�̇� = 𝑃𝑠𝑎𝑡
∗ √

𝑀

2𝜋ℜ𝑇𝑠𝑎𝑡
        (Eq. 4)   

𝑃𝑠𝑎𝑡
∗  = saturated vapor pressure (based on CFD temperature profile) 

Once the radial growth rate is obtained, the time taken for the primary droplet to grow 

until twice its original size is calculated. Distance of this secondary droplet from the 

point of release can then be calculated based on the velocity profile obtained from the 

CFD simulation. This information is recorded as part of the particle size distribution 

data. 

2. Blasting or bursting occurs when the outside radius of the droplet reaches two to 

five times its original size (Vandroux-Koening and Berhoud, 1997). The value 2 is 

used, as mentioned in the final part of step 1.  

When the primary droplet grows twice its size (value 2 is reached) into secondary 

droplet, it will blast into several pieces, forming tertiary droplets. The number of 

resulting droplets can be anything between 1 and 10. A random number generator is 

used to generate the random number manually. These tertiary droplets will have 

similar volumes. 

3. The final step of this cycle is to test the ability of these tertiary droplets to reboil 

and nucleate. The authors cited Razzaghi (1989) to calculate a minimum boiling 

temperature based on particle diameter, 
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𝑇𝑚𝑖𝑛 = 𝑇𝑏𝑜𝑖𝑙 (1 +
1

𝐿𝑣𝑀𝜌𝑣𝑎𝑝

4𝜎

𝐷
)       (Eq. 5)   

Tboil = bulk boiling temperature 

Lv = latent heat of vaporization 

If the bulk temperature of the jet at that point is higher than Tmin, the tertiary droplets 

will boil, and it is to repeat steps 1 to 3. If the bulk temperature is less than Tmin, the 

droplets will proceed to the final stage, which is evaporation, solidification and 

sublimation. 

3.3 Evaporation, Solidification and Sublimation 

The final diameter of solid CO2 particles after the effect of evaporation, solidification 

and sublimation can be calculated as followed: 

𝐷𝑓 = [𝐷𝑖𝑛
3 𝜌𝑙(𝑇𝑖𝑛)

𝜌𝑠(𝑇𝑏𝑜𝑖𝑙)

[𝐶𝑝.𝑙(𝑇𝑖𝑛−𝑇𝑡𝑝)−𝐿𝑣(𝑇𝑡𝑝)−𝐶𝑝,𝑣(𝑇𝑏𝑜𝑖𝑙−𝑇𝑡𝑝)]

[(𝐶𝑝,𝑠−𝐶𝑝,𝑣)(𝑇𝑏𝑜𝑖𝑙−𝑇𝑡𝑝)−𝐿𝑠(𝑇𝑡𝑝)−𝐿𝑣(𝑇𝑡𝑝)]
]

1

3
        (Eq. 6)   

  

Tin = initial temperature 

 Tboil = boiling temperature at atmospheric pressure 

 Ttp = triple point temperature 

 Cp,v = specific heat of vapor 

 Cp,l = specific heat of liquid 

 Cp,s = specific heat of solid 

 Ls = latent heat of solidification 

3.4 Graphical Representation of the Three Stages of Solid CO2 Formation 

 

Figure 2: Process of solid particles formation from liquid droplets 
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CHAPTER 4 

RESEARCH METHODOLOGY 

 

4.1 Project Activities 

The energy equation and realizable k-ε turbulence model are chosen for CFD 

modeling of turbulent free jet (Molag & Dam, 2011 and Hulsbosch- Dam et al., 

2012). Mathematical functions for droplet and particle size calculation are based on 

model by Hulsbosch-Dam, Spruijt, Necci, & Cozzani (2012).

Analyze and develop the physical geometry based on the experiment conducted by Liu, 

Calvert, Hare, Ghadiri, & Matsusaka (2012). The boundary condition inputs are also 

obtained from the same source.

Run CFD simulation on FLUENT until the solution converges. Obtain temperature 

and velocity profiles. Information is used for calculation of droplet size distribution 

and size of solid particles formed. Perform parametric study.

Compile available data. Validate results and trends obtained from the model 

against experimental data obtained from literatures. 

Run model at supercritical storage conditions of CO2 and observe data. Analyze 

if solid rainout pool will form.  For future work, compare data with results 

obtained by experimental work.
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4.2 Boundary Conditions 

The boundary conditions of the CFD simulation is based on the experimental design 

and setup by Liu, Calvert, Hare, Ghadiri, & Matsusaka (2012). Their published result 

remains the most significant literature that discusses the relationship between particle 

diameter size and distance from the release orifice, along with information such as 

effect of varying orifice size and the formation of rainout pool. Below (Figure 3 and 

4) is the schematic diagram of the authors’ experimental apparatus: 

 

 

 

 

 

 

Figure 3: Schematic diagram of Liu et al. (2012) experimental apparatus 

 

 

 

 

 

Carbon dioxide is expanded from a nozzle at an upstream pressure of 55 bar to ambient 

temperature and pressure (288 K; 101.325 kPa). The detail of the run is described as 

followed: 

Figure 4: Cross-section of an expansion nozzle 
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Release category: Continuous release 

Nozzle diameter: 0.1 mm, 0.2 mm, and 0.5 mm 

Duration of release: Immaterial (steady-state) 

Wind speed:  - 

Temperature of fluid: Equilibrium at 195 K 

Information that are unavailable in the published literature are acquired by running 

Aspen HYSYS simulations: 

Surface tension: 21.86 dyn/cm (liquid carbon dioxide in air) 

Release temperature: 288 K 

For the three trials conducted at different nozzle size (consequentially different mass 

flow rate), the Sauter mean diameter of the solid particles is provided downwind at x 

= 10 mm, 20 mm, 30 mm, 40 mm, and 50 mm.  
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4.3 CFD Modeling using FLUENT 14.0 

A CFD model is designed to describe the rapid fluid expansion of carbon dioxide. The 

results of interest are temperature and velocity profiles of CO2 discharge.  

4.3.1 Geometry 

 

Figure 5: Physical geometry of the CFD simulation 

The rectangular geometry in Figure 5 represents the atmospheric space where CO2 

will be expanded from a nozzle. The dimension of the space is constructed at 15 mm 

× 20 mm × 20 mm. The discharge of CO2 is in the z-direction from coordinate (0,0,0), 

and the point of release is constructed at diameters 0.1 mm, 0.2 mm and 0.5 mm. 

Figure 6 is the 2D representation of CO2 discharge, whereby the inlet is denoted by 

the red box: 

 

Figure 6: Emulation of experimental layout by Liu et al. (2012) experimental setup 
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4.3.2 Meshing 

The discretization or meshing of the geometry takes the shape of tetrahedral for good 

quality, and is as followed (Figure 7 and 8): 

 

Figure 7: Tetrahedral meshing of geometry 

 

Figure 8: Close-up view of the CO2 inlet (point of release) 

The meshing sizing and statistics are given as followed: 

Method: Tetrahedrons 

Min Size: 7.304E-06 m 

Max Size: 9.349E-04 m 

Growth Rate 1.20 

Nodes:  15736 

Elements: 83496 
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4.3.3 Model 

The models used for the CFD simulation include the energy equation and the realizable 

k-ϵ turbulence model. Realizable k-ϵ turbulence model gives an accurate prediction of 

the spreading rate of both planar and round jets. Various authors (Corina et al., 2011 

and Mazzoldi et al., 2011) agreed that these models are suitable to simulate high-

pressure CO2 discharge with solid particle formation. No volume of fluid method is 

needed for this calculation as the volume fraction of non-vapor (solid particles) is very 

small. 

4.3.4 Materials 

The presence of air is negligible due to its low density. The functions proposed by 

Hulsbosch-Dam et al. (2012) also suggested that there will be no reaction or 

entrainment of air during CO2 discharge. Hence, air is not included as one of the 

materials for this simulation.  

The release of CO2 at 5.5 MPa and 15°C will result in a two-phase flow: vapour and 

solid. When released to ambient pressure, CO2 does not form liquid droplets due to its 

high triple point pressure. Instead, solid CO2 particles are formed. However, the CFD 

simulation will assume that the behavior of solid CO2 particles can be described by the 

same equations as the behavior of liquid droplets (as far as temperature and velocity 

profiles are concerned). The physical properties of liquid CO2 are inserted manually 

as shown in Figure 9.  

 

Figure 9: Modification of FLUENT material database 
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4.3.5 Boundary Conditions 

The geometry is halved with a symmetry as both sides are sharing the same activities. 

The nozzle is set as a mass flow inlet with initial pressure of 55 bar. The mass flow for 

0.1 mm, 0.2 mm and 0.5 mm nozzles each has a unique quantity (0.2, 0.5, and 2.9 g/s 

respectively). The operating pressure of the system is set to be ambient pressure. 

Pressure outlet is set to have reached saturation temperature 195 K, which is the 

temperature at which solidification of CO2 particles is achieved. The temperature and 

velocity profile can be seen at the symmetry of the setup. 

4.3.6 Solution Methods 

For this CFD simulation, pressure-based solver and ideal gas fluid properties are used. 

There is a two-way coupling of mass, momentum, and energy between the particles 

and the flow. A coupled solver is better than the segregated manner as it is more robust, 

efficient and superior in performance. 

The simulation will iterate until convergence is achieved. 
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4.4 Mathematical modeling 

The core activity is to adapt the mathematical model proposed by Hulsbosch-Dam et 

al. (2012) and perform calculations and iterations to obtain parameters of interest. 

Below (Figure 10) is the working flowchart to utilize the mathematical model: 

 

Figure 10: Flow chart of mathematical model 
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4.5 Key Milestones 

Several key milestones must be achieved in order to meet the objective and goals of 

this project: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Problem Statement and Objective of the Project 

Identifying the purpose of the research project 

Literature Review 

Gathering and synthesizing information from various sources such as 

journal articles and books 

Data Analysis and Interpretation 

Record simulation data, perform post processing, and compare with 

experimental data available for validation, further simulation for 

more complex discharge conditions 

Documentation and Reporting 

Documenting all research activities and findings, as well as setting 

goals for future expansion of work 

Modeling and Simulation 

Creating a model to investigate the parameters of interest and 

ensuring that the simulations are replicable 
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4.6 Gantt Chart 

Project activities 
Week No 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Selection of project topic                             

Preliminary research work                             

Submission of extended proposal      •                       

Proposal defence                             

Fine-tuning research methodology                             

Submission of interim draft report             •                

Submission of interim report              •               

CFD simulation runs                             

Submission of progress report                     •        

Data post-processing                             

Data analysis and documentation                             

Pre-SEDEX                        •     

Submission of draft report                         •    

Submission of dissertation                          •   

Submission of technical paper                          •   

Oral presentation                           •  

Submission of project dissertation                            • 

 

• Milestone 

 Process 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

5.1 CFD Simulation 

A simulation with diameter 0.5 mm point of release is carried out as a replicable basis 

for all other simulations with varying parameters. It is run until convergence is reached. 

The scaled residuals defined by velocity and turbulence equations decrease to 10-3 

while the one defined by the energy equation decreases to 10-6. The simulation, which 

is said to have met the criteria for convergence, is represented as followed (Figure 11): 

 

Figure 11: Scaled residuals plot for 360 iterations 
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The temperature profile contour obtained from the simulation as shown in Figure 12: 

 

Figure 12: Temperature contours of CO2 discharge at the point of release 

The X-Y plot of temperature profile obtained from the simulation in Figure 13: 

 

Figure 13: X-Y plot of jet temperature vs. distance from point of release 
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The X-Y plot of velocity profile obtained from the simulation in Figure 14: 

 

Figure 14: X-Y plot of jet velocity vs. distance from the point of release 

The raw X-Y plots obtained directly from Fluent is refined into smooth curves and re-

plotted in Figure 15 and 16: 

 

Figure 15: Temperature profile for 0.5 mm nozzle CO2 release 
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Figure 16: Velocity profile for 0.5 mm nozzle CO2 release 

From Figure 15, it can be seen that the bulk temperature decreases as the jet moves 

away from the nozzle to reach thermal equilibrium. Figure 16 shows that the CO2 jet 

slowly loses its momentum as it moves away from the point of release. The 

temperature and velocity profiles are used to calculate CO2 droplet and particle sizes 

as well as diameter distribution with respect to distance from the point of release. 
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Keywords: 

1. Droplet: liquid droplet of CO2, which can be formed in the first few microseconds 

of fluid expansion 

2. Particle: solid particle of CO2 

 

5.2 Mathematical Calculation 

Information about carbon dioxide is collected from literatures and DIPPR database as 

shown in Table 1. 

Table 1: Physical properties of carbon dioxide 

Saturated temperature, Tsat (°C) 194.5 

Boiling temperature, Tb (°C) 194.5 

Triple point temperature, Ttp (°C) 216.4 

Surface tension, σ (kg/s2) 0.02186 

Density of air, ρair (kg/m3) 1.225 

Density of vapor CO2, ρvap (kg/m3) 1.7878 

Density of liquid CO2, ρl (kg/m3) 1032 

Density of solid CO2, ρs (kg/m3) 1562 

Critical weber number, Wecrit 17 

Molecular weight of CO2, M 44.01 

Gas constant, R (m3-Pa/K-mol) 8.314 

Latent heat of vaporization, Lv (kJ/kg) 571.08 

Latent heat of fusion, Ls (kJ/kg) 196.10 

Specific heat of vapour, Cp,v (kJ/kg-K) 0.8390 

Specific heat of liquid, Cp,l (kJ/kg-K) 2.0458 

Specific heat of solid, Cp,s (kJ/kg-K) 1.1580 

 

5.2.1 Aerodynamic break-up 

By referring to the temperature profile in Figure 15, the temperature remains the same 

(isothermal) until it is 0.4 mm away from the point of release (d = 0.4 mm). The initial 
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velocity, u of the fluid expansion is given in Figure 16 as 25.5 m/s. Time taken for the 

aerodynamic breakup is then calculated as followed: 

𝑡 =
𝑑

𝑢
=

0.0004

25.5
= 1.57 × 10−5 𝑠 

By using Equation 1, the droplet velocity is calculated as followed: 

𝑢𝑑

𝑢
=

√𝜌𝑣𝑎𝑝

√𝜌𝑙𝑖𝑞

(0.5 ∙
3

4
∙ 𝑡 + 3 ∙ 0.0758 ∙ 𝑡2)

=
√1.7878

√1032
[0.5 ∙

3

4
∙ 1.57 × 10−5

+ 3 ∙ 0.0758 ∙ (1.57 × 10−5
)

2
]

= 2.45 × 10−7  

𝑢𝑑 = 2.45 × 10−7 × 25.5 𝑚/𝑠 = 6.24 × 10−6 𝑚/𝑠 

The average diameter of the droplet is calculated using Equation 2 as followed: 

𝐷𝑎𝑣 = √
𝑊𝑒𝑐𝑟𝑖𝑡

(1 −
𝑢𝑑
𝑢 )

2

𝜎

𝜌𝑎𝑖𝑟𝑢2
=

√

17

(1 −
6.24 × 10−6

25.5
)

2 ×
0.02186

1.225(25.5)2
= 1.132 × 10−4 𝑚 

5.2.2 Thermodynamic break-up 

The first step is to check if the bulk temperature of the jet is higher than the minimum 

temperature at which the droplets will boil. At 0.4 mm from the point of release, 

Figure 15 shows that the bulk temperature is at 288 K. The minimum temperature at 

which the droplets are subjected to boiling is calculated using Equation 5 as followed: 

𝑇𝑚𝑖𝑛 = 𝑇𝑏𝑜𝑖𝑙 (1 +
1

𝐿𝑣𝑀𝜌𝑣𝑎𝑝

𝜎

𝐷
) = 194.5 (1 +

1

571.08 × 44.01 × 1.7878
×

0.02186

1.132 × 10−4
)

= 195.34 𝐾 

As the bulk temperature is higher than the minimum boiling temperature of the 

droplets, the droplets will begin to nucleate and subsequently boil and blast. 

The maximum surface evaporation flux calculated using Equation 4 as followed: 

�̇� = 𝑃𝑠𝑎𝑡
∗ √

𝑀

2𝜋ℜ𝑇𝑠𝑎𝑡
 = 4500000√

44.01

2𝜋 × 8.314 × 194.5
 = 296165 𝑔/𝑚2𝑠 
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Note that vapor pressure is obtained from Figure 24 (Appendix I) corresponding to 

the bulk temperature. 

The nucleation and bubble radius growth rate is then calculated using Equation 3 as 

followed: 

𝑑𝑅

𝑑𝑡
= (

2

3

�̇�

𝜌𝑙𝑖𝑞

ℜ

𝑀
𝑇𝑠𝑎𝑡)

1
3

= (
2

3
×

296165

1032000
×

8.314

44.01
× 194.5)

1
3

= 1.916 𝑚/𝑠 

The diameter growth rate will be twice that of the radius growth rate, as followed: 

𝑑𝐷

𝑑𝑡
= 3.831 𝑚/𝑠 

Since the initial diameter of the droplet is calculated as 1.132E-04 m, and it will burst 

when it grows twice its size, the diameter at which it will burst is 2.264E-04 m. Time 

taken for the droplet to reach blasting can then be calculated as followed: 

𝑡𝑏𝑙𝑎𝑠𝑡 =
2.264 × 10−4 − 1.132 × 10−4

3.831
= 2.953 × 10−5 𝑠 

The distance of droplet from point of release before blasting is at 0.4 mm, and the 

velocity is given as 25.75 m/s (referring to Figure 16). The time taken for the droplet 

to nucleate and blast is given as 29.53 µs. Therefore, the distance traveled during 

nucleation and blasting is calculated as followed: 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  
25.75

2.953 × 10−5
= 0.76 𝑚𝑚 

The current distance of the droplet from point of release = 0.4 + 0.76 = 1.16 mm. 

The droplet is then said to blast into several equal-sized small droplets. The amount of 

small droplets formed can be any random number between 1 and 10. A random number 

generator is used to generate 1000 numbers within that range and the median of its 

cumulative distribution is identified. The number is 4.946. The diameter of the 

resulting small droplets is then calculated as followed: 

𝐷𝑐𝑢𝑟𝑟𝑒𝑛𝑡 =
2.264 × 10−4

4.946
= 4.576 × 10−5 𝑚 
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It is now necessary to investigate whether the newly formed droplets are subjected to 

boiling and blasting. At 45.76 µm in diameter, the droplets will boil if the bulk 

temperature is higher than 196.57 K (calculated using Equation 5). At current distance 

of 0.76 mm, Figure 15 tells us that the bulk temperature is at 266 K. Therefore, the 

entire thermodynamic break-up process will repeat, until bulk temperature is lower 

than the minimum boiling temperature. This happens after 6 iterations, and the 

resulting droplets are 1.22 µm in diameter (complete calculation spreadsheet is given 

in Appendix II). 

5.2.3 Evaporation and solidification 

When the droplets will no longer boil, it will be subjected to evaporation and 

subsequent solidification. The final solid particle size is calculated as followed: 

𝐷𝑓 = [𝐷𝑖𝑛
3 𝜌𝑙(𝑇𝑖𝑛)

𝜌𝑠(𝑇𝑏𝑜𝑖𝑙)

[𝐶𝑝.𝑙(𝑇𝑖𝑛 − 𝑇𝑡𝑝) − 𝐿𝑣(𝑇𝑡𝑝) − 𝐶𝑝,𝑣(𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑡𝑝)]

[(𝐶𝑝,𝑠 − 𝐶𝑝,𝑣)(𝑇𝑏𝑜𝑖𝑙 − 𝑇𝑡𝑝) − 𝐿𝑠(𝑇𝑡𝑝) − 𝐿𝑣(𝑇𝑡𝑝)]
]

1
3

= 1.048 𝜇𝑚 
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5.3 Model Validation 

5.3.1 Validation against experimental findings by Liu et al. (2012) 

The CFD simulation and mathematical calculations are repeated for release orifice 

diameter 0.2 mm and 0.1 mm as to emulate the experimental setup in Liu’s research. 

The complete simulation results and calculation spreadsheets are given in Appendix 

III. The calculated values are compared with the experimental findings in Table 2: 

Table 2: Validation of model against Liu et al. (2012) 

Nozzle 

diameter 

(mm) 

Inlet mass 

flow rate (g/s) 

Experimental 

particle size 

(µm) 

Simulation 

particle size 

(µm) 

Percentage 

error (%) 

0.5 2.9 1.000 1.048 4.80 

0.2 0.5 0.950 0.936 1.52 

0.1 0.2 0.900 0.891 1.04 

Note: storage temperature and pressure are 288 K and 55 bar respectively 

It is found that the error is less than 5%, indicating that the model is sufficiently 

accurate. 

5.3.2 Validation against experimental findings by Liu et al. (2010) 

The experiment conducted by Liu and team in 2010 provided only the temperature 

profile for high-pressure release of carbon dioxide from a 0.2 mm diameter nozzle. 

The temperature profile is given as followed: 

 

Figure 17: Validation of model against Liu et al. (2010) for 0.2 mm diameter nozzle 
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Referring to the CFD simulation, for a 0.2 mm diameter nozzle release, solidification 

of CO2 droplets into particles occur approximately 7.4 mm away from the point of 

release (temperature at 195 K or 78 °C). This finding corresponds well with the 

temperature profile experimentally obtained by Liu et al. (2010), as shown in Figure 

17, whereby the freezing point of CO2 is within the first 10 mm from the point of 

release. It is, again, indicative that the model is sufficiently accurate.  

5.4 Parametric Study for Validation of Trends 

5.4.1 Effect of Nozzle Diameter on Droplet Size Distribution and Particle Size 

Formation 

The model is used to investigate the effect of nozzle diameter, and therefore a range 

of nozzle size between 0.1 and 0.5 mm diameter is set (CFD simulations and 

calculation spreadsheets are available in Appendix III). The following charts 

summarize the findings: 

 

Figure 18: Effect of nozzle diameter on droplet size distribution 

From Figure 18 it can be seen that the carbon dioxide droplets reduce in size log-

normally as they travel away from the point of release. It is also observed that cooling, 
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evaporation and sublimation occur more quickly in smaller orifices than in bigger one. 

It requires a longer time for the droplets to reach terminal small sizes (~1 micron) when 

carbon dioxide is expanded from a bigger orifice compared to a smaller one. Figure 

19 shows that the final solid particles formed increase in size as the orifice size 

increases.  

The abovementioned trends are all in accordance to the research conducted by Witlox 

et al. (2009), Liu et al. (2012), and Hulsbosch-Dam et al. (2012). This warrants the 

relevance, reliability and replicability of the model. 

 

Figure 19: Effect of nozzle diameter on particle size formation 
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5.5 Supercritical Release 

In carbon capture and storage (CCS) technology, carbon dioxide is usually transported 

at supercritical conditions for higher efficiency. Therefore, it is of interest to 

investigate the fluid expansion phenomenon in the case of a pipeline leakage at 

supercritical carbon dioxide transport pipeline. Witlox (2012) suggests a range of 

industrial storage pressure for the investigation, which is between 100 to 150 bar. A 

pressure of 150 bar is used, for leakage (orifice) diameter between 0.1 mm to 2 mm. 

The CFD simulations and calculation spreadsheets are attached in Appendix IV. The 

results obtained are shown in Figure 20. 

 

Figure 20: Particle size formation at supercritical storage condition (310 K and 150 bar) 

It shows that the range of solid particles formed are between 0.6 and 0.8 µm. The solid 

particles formed are smaller in size when the storage pressure is higher (150 bar) 

compared to the case when the storage pressure is lower (55 bar). This finding 

corresponds to the study by Witlox et al. (2009), which demonstrated that bigger solid 

particles were formed when the storage pressure was lower. 

It is also highly of interest whether or not solid particles formed during supercritical 

releases will subsequently form a rainout pool. As shown in Figure 20, the increment 

in solid particle size can be seen as logarithmic when nozzle diameter increases. With 

a regression of 0.9595, the relationship can be equated as followed: 
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          𝑦 = 0.0638 ln(𝑥) + 0.7497         (Eq. 7) 

According to Hulsbosch-Dam et al. (2012), in the case of horizontal releases, rainout 

pool will only form when the solid particles formed are at least 100 µm in diameter. 

Using Equation 7, rudimentarily, it is found that in order for the solid particles to 

reach the size of 100 µm, the diameter of the leakage (orifice) will have to be infinite. 

To further visualise, for a big leakage of 20 mm in diameter, the solid particles formed 

only assume a diameter of 0.94 µm, not significantly big enough to cause a rainout 

pool formation. Therefore, for CO2 releases with supercritical storage condition 

(specifically at 150 bar), there will be no rainout pool formation. 

By applying the above technique, researchers can use storage pressure, temperature 

and orifice diameter as manipulative variables to investigate whether or not the 

formation of a rainout pool can be ignored, and accurately predict the dispersion of 

carbon dioxide in the case of an accidental pipeline leakage. 
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CHAPTER 6 

CONCLUSION 

 

All the goals or research activities set for the project are completed, and the objective 

is successfully achieved. A model is successfully constructed to investigate the rapid 

expansion of carbon dioxide through a nozzle. It is able to accurately predict the CO2 

droplet size distribution from point of release, as well as the size of solid particle 

formed. The model is also validated by several sources of literature in terms of results 

(direct calculation) and parametric trends. Finally, CO2 expansion is simulated at 

supercritical storage conditions (specifically at 310 K and 150 bar) to observe droplet 

size distribution and size of solid particles formed. It is conclusive that in the course 

of a horizontal release, particles will only assume the size of less than 1 micron, which 

makes the formation of a solid rainout pool impossible. 
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FUTURE WORK AND EXPANSION 

 

Since currently there is no available experimental data on particle diameter size 

distribution of a supercritical CO2, it is recommended that an experimental rig is set 

up in order to fulfill this knowledge gap.  

The experimental setup aims to model a high-pressure supercritical CO2 pipeline and 

the rapid expansion of CO2 fluid. We refer to the work of Helfgen, Hils, Holzknecht, 

Türk, & Schaber (2001), who developed an experimental setup consisting of a solvent 

cylinder (in our case, a carbon dioxide cylinder), a pump, a heating element, a capillary 

nozzle (in our case, an expansion nozzle) and necessary piping/tubing. The equipment 

is arranged in abovementioned order; that is, fluid will be compressed by pump to 

reach pressure above critical point, followed by the elevation of its temperature to 

above critical point. For our experimental setup, the heating element is placed before 

the booster pump so that CO2 can remain vapor before pressurization, in which case 

the lifespan of the pump can be prolonged. Below is the schematic:  

 

Figure 21: Experimental apparatus and setup 
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Droplet Velocity and Size Measurement 

A microscopic high-speed camera is used with the illumination from metal halide 

lamps to capture images of CO2 particles expanding from the nozzle. This technique 

is known as imaging, and can be used to measure droplet velocity and size by applying 

Digital Image Analysis (Lad, Aroussi, & Muhamad Said, 2011). Lad et al. (2011) 

primarily propose calibration techniques that allow post-processing of measured data 

in order to obtain a more accurate estimate. 

To determine velocity of the particles, side view images of the jet expansion are 

captured for post-processing. Velocity can then be calculated from the length of the 

trajectories of the dry ice particles. However, there will be a distribution of particle 

velocities in a single image. Hence median values are located from lognormal graphs 

of the distribution for perusal. 

 

Figure 22: Dry ice particles in jet flow 

The size (and shape) of the particles cannot be determined by side view imaging 

because the particles are moving at high velocities and many are out of focus. 

Therefore, it is suggested that the images be taken from a glass plate, which is set 

directly in front of the jet flow. This way, dry ice particles will be trapped on the glass 

surface and the ones in the same focus depth can be observed with ease. The 

calculation of the droplet size will be in equivalent diameter. 

 

Figure 23: Dry ice particles trapped on glass surface 
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Droplet Size Distribution 

In order to determine the distribution of particle size over a range of distance from the 

expansion nozzle, the same techniques as above can be used. Additionally, the distance 

of glass plate from the expansion nozzle is varied so that particle size at different 

distances can be measured and tabulated.  
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CHAPTER 8 

APPENDICES 
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APPENDIX I 

CO2 VAPOR PRESSURE GRAPH 

 

 

Figure 24: Carbon dioxide vapor pressure graph 
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APPENDIX II 

 

CFD SIMULATION AND MATHEMATICAL CALCULATION 

OF CO2 EXPANSION THROUGH 0.5 MM DIAMETER NOZZLE 
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APPENDIX III 

 

CFD SIMULATION AND MATHEMATICAL CALCULATION 

OF CO2 EXPANSION THROUGH 0.1 MM, 0.15 MM, 0.2 MM, 0.3 

MM, AND 0.4 MM DIAMETER NOZZLE 
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APPENDIX IV 

 

CFD SIMULATION AND MATHEMATICAL 

CALCULATION OF CO2 EXPANSION THROUGH 0.1 MM, 

0.2 MM, 0.5 MM, 1 MM, AND 2 MM DIAMETER NOZZLE 

AT SUPERCRITICAL STORAGE CONDITIONS 
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