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Executive Summery 

Continuing the work completed by Shaun Gibson and Jonathan Squire, this project is part of a 

larger undertaking to model the transportation of carbon dioxide inside the living volumes of a 

Trafalgar-Class nuclear submarine during a distressed submarine (DISSUB) scenario. As a 

purely computational project, the Ansys CFX 10.0 Computational Fluid Dynamics package is 

used to determine the most physically realistic combinations of mass and energy transport 

models, fluid properties and boundary conditions.  

 

A review of past work produced by Shaun Gibson and Jonathan Squire showed that the 

multicomponent model used by Jonathan is more physically realistic than the heat analogy 

model used by Shaun, mainly due to the lack of any methods to account for buoyancy in 

Shaun’s model. 

 

Using the multicomponent model, boundary condition modeling methods for the introduction 

and removal of CO2 were developed and tested, as well as methods for modeling of the heat of 

reaction generated in the removal process. More complex removal and heat production models 

to simulate the curtains were also developed and tested within the multicomponent model, and 

were shown to produce realistic results. 

 

Finally, a transient multicomponent model of a crew sleeping quart similar in scale to that of a 

Trafalgar Class submarine was modeled using the best known methods. The models behaved 

as expected, and appeared to produce realistic results, thereby demonstrating that the CFD 

model is capable of solving the flow problem defined by the Royal Navy. 
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Before any recommendations on the crew and curtain distributions can be made, the modeling 

method must be validated. For future work, it is recommended to validate the models 

developed in this paper, through real-life experiments or otherwise, in order to determine 

whether the methods outlined in this paper are physically accurate, or if even more complex 

modeling methods are necessary. If the methods are shown to be realistic, they can be applied 

to a comprehensive model of the submarine, using accurate geometries and boundary 

conditions. 
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1. Introduction 

Building upon the final year project formerly completed by Shaun Gibson and Jonathan Squire, 

this project will continue the effort of modeling the production, transport and removal of 

carbon dioxide inside the living volumes of a Trafalgar-Class nuclear submarine with 

Computational Fluid Dynamics (CFD) software.  

 

Specifically, the conditions during a distressed submarine (DISSUB) scenario will be modeled 

in Ansys CFX 10.0 to determine the most physically realistic combinations of mass and 

energy transport models, fluid properties and boundary conditions. The main focus of this 

paper is to establish the most realistic boundary conditions to simulate the introduction of CO2 

through the respiration of the crew, and its removal through passive lithium hydroxide curtains.  

 

At the end of the project, a transient simulation of a hypothetical sealed crew sleeping quarter 

with a single curtain is modeled, using the appropriate boundary conditions developed in this 

project, hence demonstrating that the CFD model at its current state is capable of solving the 

flow problem specified by the Royal Navy.  

 

1.1. Background  

With a crew of 130, the Trafalgar Class is the most advanced attack class submarine in service 

in the Royal Navy. Designed for anti-submarine and anti-surface vessel warfare, the Trafalgar 

Class is also capable of carrying cruise missiles for precision inland attacks, and playing an 

intelligence gathering role using its sensors and inserting Special Forces teams. [1][2] 
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During normal operation, it is assumed that the submarine has a system capable of 

regenerative carbon dioxide removal, and forced convection to distribute the scrubbed air. 

However, in a distressed submarine situation, it is likely that this system will not be operative 

due to the loss of power. A method of passive CO2 removal using CO2 absorbing “curtains” 

which are hung from the ceiling in the narrow spaces of the living volumes was proposed to 

increase the survival time of the crew in such a situation. In order to determine the feasibility 

of this approach, CFX, a commercial Computational Fluid Dynamics code will be used to 

analyze the effectiveness of the “curtains” and the best locations for their deployment.  

 

1.2. Carbon Dioxide in the Submarine Atmosphere 

1.2.1. Metabolic carbon dioxide production and its effects 

Carbon dioxide is a dense colourless, odorless gas that typically constitutes 0.03% of a normal 

atmosphere by volume. The human body creates CO2 as a byproduct of the energy creating 

metabolism. The waste CO2 created in the tissues of the human body is transported in to the 

lungs as bicarbonate (HCO3) and CO2 solution in the plasma. The blood capillaries inside the 

lungs break down the bicarbonate into CO2 and water through the help of an enzyme called 

carbonic anhydrase. The partial pressure gradient across the thin walls of the capillaries and 

the alveoli causes carbon dioxide to diffuse into the interior of the alveoli, from where it is 

expelled when one exhales [3]. In order for the diffusion of CO2 into the alveoli to take place 

effectively, a minimum partial pressure gradient must exist across the cell walls in the lungs. 

Carbon dioxide poisoning can occur when this gradient is reduced by the increased CO2 

concentration of the inhaled air. The metabolic CO2 production rates taken from a NASA 

study [4] are listed below: 
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� Minimal:  1.67 lbm/man-day (0.00876 g/s) 

� Nominal:  2.11 lbm/man-day (0.0111 g/s) 

� Maximum: 2.58 lbm/man-day (0.0135 g/s) 

 

Table 1 - The toxic effects of carbon dioxide [5] 
Effective 
Concentration 
% at 1.013 bar 

Partial Pressure 
(mbar) 
 

Effect Remarks 

1-2 10-15.2 Slight increase in depth of 
respiration, headache, fatigue 
(chronic after several hours) 

 

3 22.8 Severe headache, diffuse 
sweating, laboured respiration 

Acceptable limit for 
alertness 

4 30.4 Flushing of Face  

5 38.0 Mental depression Ventilation Essential 

6 45.6 Hard work impossible, 
visual disturbance 

 

10 76.0 Unconsciousness  

 

The Royal Navy guide line MPC90 defines the Maximum Permissible Concentration (MPC) 

of CO2 partial pressure to be 10 mbar for long period time averaged exposure. For the 

submarine hunter-killer class (SSK) submarines like the Trafalgar, the guide line sets a time 

weighted average of “15 mbar for dives of less than 24 hours and 10 mbar for longer dives” 

[5]. Table 1 above lists the physiological effect of carbon dioxide on the human body at 

different partial pressures. A literature review by Jonathan Squire showed that for effective 

concentrations above 3%, prolonged exposure can produce permanent damage to the 

respiratory system [11].  

 

1.2.2. Multicomponent carbon dioxide convection and diffusion 

A multicomponent fluid is a molecular level mixture of two or more components of pure 

substances. The fluid properties of a multicomponent flow are dependent on the properties and 

the mass fractions of its constituents. Air is an example of a multicomponent fluid, made up of 
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a number of pure components including nitrogen, oxygen, argon, carbon dioxide and other 

trace elements. 

 

The transportation of fluid properties such as momentum, energy and mass fraction occur 

through two basic mechanisms: convection and diffusion. Convection is simply the 

transportation cause by the physical movement of the fluid, typically caused by a pressure 

difference. In enclosed indoor types of flows, such as a submarine crew sleeping quart which 

is of interest to this project, convection is often driven by the buoyancy effect, caused by the 

variations in density of the flow field subjected to the Earth’s gravitational acceleration. These 

variations can be the result of thermal expansion from uneven heating, or a change to the mass 

fractions of the components, due to the introduction or removal of one or more components 

(e.g. CO2 in air), thus changing the density of the multicomponent mixture. Convection is 

usually responsible for the vast majority of the transport in the fluid. 

 

Diffusion is the transportation of fluid properties caused by spatial concentration gradients. 

Diffusion is usually much slower than convection in typical engineering flows. However, for 

multicomponent gas flows at very low speed, the diffusivities of the constituent gasses can 

become a very important factor in the transportation of the gasses in the flow. The diffusive 

flux in a flow can be modeled using Fick’s Law: 

 

x
DJ

δ
δφ−=         (1) 

 

Where J is the diffusive flux driven by the species concentration gradient, and D is the 

coefficient of diffusivity. The diffusivity coefficient of a fluid can change with temperature, 

pressure, and concentration. A recent study by Massman [9] in 1997 produced empirical 
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models for the diffusivity coefficients of a number of gasses in the atmosphere. For CO2 at one 

atmospheric pressure and typical concentrations, the empirical equation is shown below: 

81.1

0

1381.0 







=

T

T
D        (2) 

(T0 = 273.15K) 

 

Figure 1 – Empirical model and experimental diffusivity coefficient of CO2 in air [9] 
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Figure 2 – Massman’s model for temperature ranges expected in a submarine environment 
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Figure 1 compares the empirical model to available experimental data, and Figure 2 shows the 

empirical equation for typical submarine temperatures, plotted using equation 2. In a DISS-

SUB situation, the inside temperature is expected to drop to the ambient sea temperature, 

which can be close to freezing. A 20°C change in temperature can represent a >10% change in 

diffusivity, thus modeling the diffusivity coefficient as a constant may introduce errors. For 

the sake of simplicity, in all CFD models of this project a constant diffusivity of 0.16cm2/s 

was used for a simulated temperature in the range of 300K.  

 

1.2.3. The removal of CO2 in a distressed submarine 

In a DISSUB situation, removing CO2 produced by the crew from the submarine environment 

is often the most critical task in extending survival time. In an article about a recent US navy 

DISSUB exercise, Dr. Horn, the head of the NSMRL Submarine Medicine and Survival 

Systems Department made the following comment emphasizing the dangers of CO2 buildup: 

 

“Planners assume that a sunken submarine will be without electrical power and unable 

to run carbon dioxide (CO2) scrubbers and other equipment necessary to maintain 

normal atmosphere control. As a result, in nearly every potential scenario, the greatest 

threat to survival is the buildup of respiratory CO2 as crewmembers wait for rescue.” 

[12] 

 

The Royal Navy is evaluating the use of Lithium Hydroxide filled “curtains”, hung from over 

head inside the living spaces as a passive CO2 removal method. A picture of the curtain 

manufactured by Battelle is shown in Figure 3.  
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Figure 3 - Battelle LiOH curtains hanging from the overhead in a United States Navy Los Angeles-class 

SSN DISSUB exercise [12]. 

 

An unclassified QinetiQ paper [13] detailing tests conducted on Lithium hydroxide Reactive 

Polymer (RP) curtains produced by Micropore Inc. was supplied by Lieutenant Neil Scholes 

of the Royal Navy Submarine Air Purification unit. Much of the data used in this paper is 

based on this test report. An excerpt from the report provides basic information about these 

curtains: 

 

“Lithium hydroxide RP curtains are supplied rolled up in a cartridge format (Reactive 

Polymer (RP) cartridge) that has been designed for use with the US Navy’s current 

carbon dioxide absorption system, which is an active ‘forced air’ system that requires 

power, similar to the CDAU. The RP cartridge is supplied stored in a metal canister. 

In order to be used in a passive (unpowered) mode, the canister is opened and the 

cartridge removed. The cartridge is then unrolled and cut into manageable lengths, 

which can be hung as curtains.” [13] 
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In the QinetiQ tests, each canister of curtain roll was cut into six pieces, each about 1.5m long, 

0.29m wide, weighing on average 538g.  

 

The chemical equation for lithium hydroxide reaction with carbon dioxide is: 

 

2 LiOH + CO2 = Li2CO3 + H2O      (3) 

 

The product of the reaction is lithium carbonate, water, and heat release of 44.94 kJ/mol of 

LiOH reacted. Given that two moles of LiOH absorbs one mole of CO2 and assuming the 

curtain is made from 100% LiOH, at the completion of the reaction, the 538g curtain would 

have absorbed 494g of CO2.  
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2. Project Aim and Methodology 

2.1. Project Aim 

� Review past work produced by Shaun Gibson and Jonathan Squire.  

� Determine the best modeling method 

� Develop methods of introduction and removal of CO2 in modeling domain 

� Apply the developed methods on a mesh representative of the real life problem  

 

2.2. Project Methodology 

A review of past work will be carried out in order to compare the modeling methods applied, 

and determine the most physically realistic method to be developed further. The review will 

also serve as a phase to familiarize with the application of the heat analogy, multicomponent 

model and buoyancy within CFX. The appropriate boundary conditions for the introduction 

and removal of CO2 will then be developed and tested within this chosen modeling method. In 

the final part of the project, the chosen modeling method along with the boundary conditions 

deemed most suitable will be tested on a mesh geometry similar in scale to that of the crew 

sleeping quarts of the Trafalgar Class submarine, to demonstrate that the CFD model is 

capable of solving the flow problem defined by the Royal Navy. 
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3. Review of Past Work at University of Bath 
 

3.1. Shaun Gibson 

Considerable progress has been made by Shaun Gibson, in the first attempt at analyzing this 

problem. 

 

Shaun reported that the initial exploratory simulations applying Ansys CFX’s multicomponent 

model on a simply geometry demonstrated that the removal of CO2 is difficult to model. 

Specifically, while steady-state solutions behaved as expected for the diffusion dominated 

flows, they were not able to provide useful information, and he commented that transient 

simulations “… demonstrated that the method used to model the removal of carbon dioxide at 

the curtains did not remove any carbon dioxide” [10, Page ii]. 

 

The difficulty appears to be the proper modeling of the carbon dioxide inlet (crew breathing) 

and outlet (“curtains”) boundary conditions. To solve this problem, Shaun proposed to use 

heat transfer as an analogy for the diffusion of carbon dioxide, assuming that molecular 

diffusion can be modeled the same way as heat diffusion. In his simulation, a 10 degree Kelvin 

temperature difference represented 0% and 100% carbon dioxide mass fraction, wall 

temperatures were used to simulate the introduction and removal of CO2.  

 

The heat transfer analogy was applied to a mesh of the entire living volume to study a number 

of crew and curtain layouts. It was also used to study the effect of moving the crew around the 

living volume in shifts and reduced CO2 removal efficiency.  

 

CFX models heat transfer and molecular diffusion similarly in its transport equations. Heat 

transfer is defined as the product of a heat transfer coefficient and the temperature gradient, 

and molecular diffusion is defined as the product of a molecular diffusion coefficient and the 

concentration gradient (Fick’s Law, equation 1)[16]. Thus from a purely theoretical stand 

point, the analogy is valid and highly innovative. However, the diffusion coefficients are likely 
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to be very different, and it appeared that no effort was made to determine the correct heat 

transfer coefficient to match that of the molecular diffusion. Thus, this puts the results’ 

accuracy in doubt.  

 

Further, as Shaun pointed out, using heat transfer this way made it impossible to include 

buoyancy effects in the simulation. As a result, the CFD solutions are almost purely diffusion 

driven, which does not represent the realities of typical enclosed living volumes. A brief 

search in existing literature showed that interior flows [6, 7, 8], apart from forced convection 

dominated cases [15], are highly dependent on buoyancy driven flows. In the distressed 

submarine case, it is likely that the temperature differences inside the sub and the heat 

produced by the crews’ bodies could produce flows that will transport CO2 orders of 

magnitudes faster than that caused by diffusion alone. Therefore, the lack of any buoyancy 

model makes the CFD results even more suspect.  

 

While the accuracy of the final results might be questionable, Shaun Gibson’s paper proved to 

be an invaluable first step towards the completion of this complex project.  

 

3.2. Jonathan Squire 

Realizing the short comings of the heat analogy used by Shaun, Jonathan Squire focused his 

work on determining a more suitable computational model. Instead of trying to solve the 

problem on a complex mesh of the entire living volume, Jonathan carried out test runs on 

simple geometries to confirm the validities of the models.  

 

Jonathan determined that the CFX multicomponent model is the more appropriate choice for 

this project, since it contained all the necessary physics, including heat transfer and buoyancy. 

The implementation of the model within CFX is also not very difficult to use. 
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Further more, Jonathan also found that apart from using inlet and outlet boundary conditions, 

mass fraction sources and sinks may also be used to introduce or remove a component of the 

multicomponent fluid without adding mass, thereby allowing transient simulations of enclosed 

volumes to be modeled without running into the mass balance problems Shaun encountered. 

Jonathan also noted that with the improved modeling capabilities of CFX 10.0, it is now 

possible to apply sink or source properties to mesh surfaces instead of just points, which 

should make the modeling of the removal curtain much easier.   

 

By determining the appropriate modeling methods, Jonathan’s work provided the foundations 

which the future efforts on this project will be based upon.   

 

3.3. Comparison of multicomponent model and heat analogy 

After the completion of the literature review, while it was clear that Jonathan Squire [11] 

demonstrated that using the multicomponent model in CFX to model carbon dioxide is likely 

to be the preferred solution, there was no data to show that this model will produce 

significantly different results compared to the heat analogy. Thus, the initial tasks of the 

scoping phase of this project was to compare the multicomponent model with the heat transfer 

analogy proposed by Shaun Gibson [10], to validate that the multicomponent model is indeed 

more suitable.  

 

These tasks also serve as tutorials to help better understand of the multicomponent modeling 

and buoyancy modeling within CFX. 
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3.3.1. Modeling Diffusivity  

A simple 2D steady state CFD model was constructed as Figure 4. A one metre long channel 

with a split inlet was meshed. The top half of inlet was assigned to input air with no CO2 at 

0.05m/s, and the lower half of the inlet was assigned to input air with 2% CO2 mass fraction. 

A coefficient of diffusivity of 0.16cm2/s was used. In the heat analogy case, the same strategy 

proposed by Shaun (300K = 0%, 310K = 100% CO2 mass fraction) was implemented to use 

temperature as a representation of mass fraction. 

 

 

Figure 4 - CFD mesh used in multicomponent and heat analogy comparison 

 

Figure 5 - CFD multicomponent (A) and heat analogy diffusion (B) results comparison 
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The similarity of heat analogy and the Fick’s Law (equation 1) is illustrated in Figure 5. The 

two solutions appear to be very similar, although the temperature contour seems to be more 

diffused than the mass fraction contour.  
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Figure 6 - Calculated CO2 mass fraction comparison 

 

The mass concentrations at stream-wise distance of 0.5m (yellow line in Figure 5), or 

equivalently, 10 seconds into the diffusion process based on the inlet velocity, for the two 

models are plotted in Figure 6. While the heat analogy model is indeed more diffused, 

producing a shallower concentration gradient, the concentration differences between the two 

models are not very large. More importantly, the shapes of the concentration distributions are 

very similar, confirming the validity of the analogy.  

 

However, the greatest problem with the heat transfer analogy is that buoyancy cannot be 

correctly implemented within it. In order to demonstrate the effect of buoyancy, a new model 

had to be constructed, due to the geometric limitations of the channel model.  
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3.3.2. Modeling Buoyancy  

The steady state buoyancy model mesh is shown in Figure 7. Three inlets are situated in the 

left side of the domain. The top and bottom inlets input air at 0.3m/s to the left, while the 

middle inlet inputs air with a 2% CO2 at the same speed. The rest of the surfaces are set to the 

“opening” boundary condition. An acceleration of 9.81m/s2 added to the domain provides the 

buoyancy force. In the absence of any other forces, the flow field should follow an 

approximately parabolic path in free fall. This exercise was used to familiarize with the correct 

implementation of the buoyancy model in CFX, and to demonstrate its effect on the flow. 

 

 

 

Figure 7 - CFD mesh used in buoyancy demonstration 

 

The CFD results are shown in Figure 8. Clearly, buoyancy has a very significant effect, 

illustrated by the curvature of the CO2 layer produced by the body forces. The approximately 

parabolic curvature will increase with decreased inlet flow speeds. In fact, the flow speed had 

to be increased from the original 0.05m/s to 0.3m/s, in order to keep most of the CO2 layer 

within the denser middle part of the mesh.  
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Figure 8 - CFD comparison of the multicomponent model with (B) and without (A) buoyancy 
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Figure 9 - CO2 mass fraction comparison 
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Mass fraction samples along the yellow line in Figure 8 are plotted in Figure 9. Due to the 

curvature of the carbon dioxide layer, the concentration distribution is shifted downwards, and 

the difference between the multicomponent model with and without buoyancy is now very 

obvious.  

 

The curve with buoyancy in Figure 9 also appears to be more diffuse, this can be attributed to 

the fact that the CO2 layer enters the sample line at an angle, and that the mesh is coarser 

outside of the centre region, thus it is more diffusive.  

 

3.4. Choosing the Most Realistic Model 

In section 3.1 it was found that in a purely diffusion driven flow, the heat transfer analogy 

maybe a valid substitute for a multicomponent model. While the heat transfer coefficient 

appears to produce a more diffused solution, the end result is fairly close to the 

multicomponent model.  

 

Depending on the flow conditions, the inclusion of buoyancy can have an extremely important 

effect on the flow field. The lack of any ability to model buoyancy means that the heat analogy 

is not suitable for use in this project. This confirms that multicomponent model is the most 

physically realistic of the two models. Due to the fact that buoyancy is likely to be much more 

important at transporting carbon dioxide than the diffusive effects, it maybe a good idea to 

simply use a constant diffusivity coefficient, instead of programming it as a function of 

temperature, since any error in diffusivity will likely to have very little effect to the accuracy 

of the model.  
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4. Multicomponent CO2 Modeling in CFX 

4.1. Notes on Setting up and Running CO2 Transport Simulations 

Determining whether the simulation should be run as steady state or transient is the essential 

first step. In a domain with an inlet and outlet or opening boundary conditions like those 

studied in section 3.3, steady state solutions may exist, thus they may be run as steady state 

simulations. On the other hand, if any of the flow properties are expected to change over time, 

such as in the case of the buildup of CO2 over time in an enclosed domain, then by definition 

the simulation would be transient. It is important to realize what the nature of the flow field is 

before setting up the simulation, since running an inherently transient flow as a steady state 

simulation will cause the solver to diverge, and running an inherently steady state flow as a 

transient simulation may unnecessarily increase computation time. Running a transient 

simulation also means that the very useful mesh adaptation function in CFX cannot be used to 

improve mesh quality in the solution process. 

 

For transient simulations, it was found that time step values in the range of 0.05 – 0.2 seconds 

were needed to resolve buoyancy driven flows on reasonable mesh sizes with flow speeds 

under 1m/s. When using time steps near 0.2s or greater, it was found that the solution may 

diverge, causing a floating point overflow error in CFX solve with no warning. It was also 

found through testing, that instead of using large time steps that may take 6-7 iterations each 

time step for the residuals to converge, it might be faster to half the time step size, so that each 

time step only takes 1-2 iterations. In a number of simulations, the time step must be reduced 

over time in order for the solver to converge, which might be due to the increased flow speed 

and complexity over time, thus the solution should be carefully monitored so that the time step 
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can be reduced manually when the residuals increase to a certain level. In this case, it might be 

beneficial to use the automatic time step adaptation function, which was used successfully in 

some simulations in this project.  

 

In all the CFD runs of this project, the working multicomponent fluid is defined as a variable 

composition mixture of two components: air ideal gas and CO2 ideal gas. Considering that the 

flow speeds are typically below 0.5m/s, the flow is assumed to be laminar, thus in most tests 

no turbulence models are used in order to reduce the solution time.  

 

While RMS Residual Targets of below 0.0001 is recommended for accurate simulations, a 

target of 0.0005 was used through out this project, as this produced results accurate enough to 

demonstrate that the test cases were working, at the same time fast enough to produce results 

in reasonable amounts of time. The higher than normal residual levels was deemed ok since 

the goal of this project is not to produce physically accurate solutions, but to demonstrate the 

CFX model can made to produce them. For the same reason, no mesh refinement studies were 

carried out. Given the rather coarse meshes used through out the project, the results produced 

are likely to be very much mesh size dependent. Therefore it is not advised to assume that the 

simulations in this project are physically accurate.  

 

4.2. Methods for Introducing CO2 into the Domain 

4.2.1. The inlet boundary condition 

An inlet boundary condition can be used as a continuity source, adding actual fluid mass into 

the domain. Within the multicomponent model, the mass fraction of any fluid component can 

be specified at the inlet, this means that CO2 concentration of the exhaled by the crew can be 
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set to that measured in reality. The other advantage of an inlet boundary condition is that 

unlike a wall source (section 4.2.2.), the flow velocity or mass flow rate and the flow 

temperature can be explicitly defined.   

 

To model the crew exhaling CO2 into the domain, inlet boundary conditions are applied to the 

surfaces representing the noses of the crew, inlet flow velocity or mass flow rate, temperature, 

and CO2 mass faction are specified.  

 

However, using an inlet boundary to introduce CO2 can create a number of modeling 

difficulties. If a constant mass fraction is used over time, the average CO2 concentration in the 

domain will eventually level off to the concentration specified at the inlet(s). Thus if an 

accurate model of the CO2 build up is the goal, this method cannot be used without 

modifications to change the inlet concentration over time.  

 

Since an inlet is a continuity source, its use requires an outlet or opening (section 4.3.1.) 

boundary condition somewhere in the domain to maintain mass balance. Otherwise the 

pressure inside the domain will keep increasing. Therefore it cannot be used to model a sealed 

off volume. 

 

4.2.2. The mass fraction wall source 

Since CFX version 10.0, it became possible to define surfaces as sources. In a multicomponent 

simulation, a wall can be used to create a mass fraction source, which changes the mass 

fractions of the components of the fluid near the wall at a specified rate. Unlike the inlet 

source described in section 4.2.1 above, a wall mass fraction source does not actually add any 

fluid mass into the domain (although a continuity source can also be defined at a wall). Instead, 
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it “converts” the fluid already present at the wall into a different component at a specified rate. 

The CFX manual recommends using mass fraction sources and sinks to model single phase 

chemical reactions. [17] 

 

Due to the fact that the mass fraction source does not add mass into the domain, it can be used 

to simulate the conversion of air into CO2 in a completely sealed room to study the built up of 

CO2 over time.  

 

To model the crew exhaling CO2 into the domain, a mass fraction source is applied to the 

surfaces representing the noses of the crew, and a total CO2 source value in unit of kg/s is 

specified. 

 

The major problem of using a mass fraction source to simulate the CO2 exhaled by the crew is 

that the source converts air into 100% CO2, and the exhaled air clearly is not that concentrated. 

This tends to create small regions of very high concentration and density around the nose that 

is not physically realistic. Also defining a velocity and temperature using a source is more 

complicated than the inlet method, since these cannot be input explicitly.  

 

While experimenting with mass fraction wall sources, it was found that the sources appeared 

to produce CO2 at a much lower temperature than expected, sometimes as low as -80°C. It was 

later realized while creating a component of a multicomponent fluid with a positive enthalpy 

of formation such as CO2, CFX takes away heat energy from the surrounding air in order to 

ensure proper energy balance. Thus a mass faction source must have an accompanying energy 

source to offset whatever heat energy is needed to create the fluid component to avoid this 

problem. 
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4.3. Methods for Removing CO2 from the Domain 

4.3.1. The opening and outlet boundary conditions 

Opening and outlet boundary conditions both allow fluid to escape the domain, but the 

opening boundary also allows fluid to enter the domain if the conditions at the boundary 

dictate. Thus a mass fraction value is required for the open boundary to define the mass 

fraction of the fluid that may enter the domain. 

 

Like the inlet boundary, opening and outlet boundaries remove actual fluid mass from the 

domain, but in CFX there is no option to only allowing one component of a multicomponent 

fluid to exit the domain. Therefore they cannot be used to model the CO2 removal curtains or 

flow in sealed rooms. However, they can be used in conjunction with the inlet boundary to 

simulated ventilated rooms.  

 

A test was carried out to see if CO2 could be removed through diffusion by setting the flow 

velocity of an opening boundary to 0, and the CO2 mass fraction outside the opening to 0. The 

test showed that no CO2 was removed. 

 

4.3.2. The mass fraction wall sink 

A mass fraction sink is simply a mass fraction source with its source value set to a negative 

value. It was found that by doing this the removal of a component could be achieved.  
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In order to simulate a lithium hydroxide CO2 removal curtain, a mass fraction sink is applied 

to a surface representing the curtain, and the appropriate removal rate in unit of kg/s is 

specified. It is important to note that the removal rate value specified here is the maximum rate 

the wall can achieve. Actual removal rates depend on the amount of CO2 that is actually near 

the wall, if there is no CO2 near the wall, the actual removal rate will be zero.  

 

Similar to a wall source, when setting up a wall mass fraction sink it is also important to check 

if a corresponding energy source is needed to balance the energy required to produce the fluid 

component added due to enthalpy of formation. Details are explained in section 4.4.  

 

Unlike a LiOH curtain, a mass fraction sink does not removal any CO2 mass from the domain. 

It simply converts CO2 near the wall into fresh air. This is not a correct physical representation 

of the actual curtain chemistry. Never the less, this is the simplest and most promising removal 

model currently known. Thus this model was developed further to create more advanced 

models of the lithium hydroxide curtains, including a time dependent removal rate model in 

section 4.3.3, and a curtain reactant mass dependent removal rate model discussed in section 

4.3.4.  

 

4.3.3. Curtain modeling: time dependent removal rate 

Since the removal rate of the curtain is expected to reduce over time, it was proposed that the 

maximum removal rate might be modeled by an exponential decay equation: 

 

���� btea ⋅=  rate Removal         (4) 
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Assuming that the complete utilization of the curtain occurs in 48 hours, removing a total of 

493.8g of CO2 (section 1.2.3), the formulation of the time dependent rate equation is to solve 

for the constants is: 

 

∫
×

=
s bt kgdtae

360048

0
4938.0         (5) 

 

Integrating equation 5 produces a relationship between the initial rate constant “a” and the 

exponent constant “b”: 

 

1

8.493
360048 −

= × be

b
a          (6) 

 

Clearly, there are an infinite number of solution sets to equation 6. Some possible solutions 

are: (a = 0.0005kg/s � b = -0.0010124 s-1) and (a = 0.002kg/s � b = -0.0040497 s-1) 

 

Please note that these numbers are chosen arbitrarily, the correct constants can only be 

obtained through real life experiments. In fact, the initial rate of 0.0005kg/s may be much 

higher than what the real 1.5mx0.29m sized curtains can achieve. 

 

The equations produced using the above constants are plotted in Figure 10. Note that a fast 

initial removal rate also means that the removal rate will decay rapidly over time. 
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Figure 10 - Plot of possible time dependent removal rate equations 
 

The Ansys CFX Expression Language (CEL) allows the user to conveniently add simple 

functions into simulations without the need to link to external programs. The time dependent 

removal rate is programmed using CEL. In CFX-Pre, a new “expression” is created and given 

the name “RemovalRate”, and its definition is set using equation 4, for example: 

 

���� -0.0005 [kg s^-1]* exp( -0.0010124 [s^-1] * t )    (7) 
 

This will limit the removal rate of the curtain to that of the blue line shown in Figure 10. 

 

The main limitation of this model is that since the removal rate is only dependent on time, it 

will only work as predicted if the domain is always fill up with enough CO2 for the curtain to 

remove. As the rate of removal is independent of how much of the curtain is actually used, 
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clearly large error will occur if the domain contains little or no CO2, yet the removal rate still 

decays at the same rate as programmed. Also, it was later found that exponential rates are not 

typically used for modeling of reactions. In any case, this section demonstrates that it is fairly 

easy to model the rate of reaction as a function of time. 

 

4.3.4. Curtain modeling: curtain reactant mass dependent removal rate 

Realizing the short comings of the time dependent model, more work was put towards 

developing a more realistic model of the CO2 removal rate, based on the curtain usage instead 

of time. Due to the fact that a simple way of determining how much CO2 was removed by a 

wall sink was not found, this is achieved through a somewhat round about way.  

 

After a further review of literature, it was found that the correct way of modeling the 

disappearance of a reactant [A] is: [6, 14] 

 

1. In the case of a first order reaction:  

kt
t eAAAk

dt

Ad −=⇒=− 0][][        ][
][

       (8) 

2. In the case of a second order reaction:  

)][1(

][
][        ][

][

0

02

Akt

A
AAk

dt

Ad
t +

=⇒=−       (9) 

 

For the sake of simplicity, a first order reaction is assumed in the project. In this case, equation 

8 simply states that the rate of disappearance of a reactant [A] is proportional to amount of 

reactant [A] remaining.  Thus for the disappearance of lithium hydroxide in the curtain: 

 



 

Page 30 of 67 

  ][
][

LiOHk
dt

LiOHd −=         (10) 

 

Also considering that rate of carbon dioxide removed should be proportional to the rate of the 

disappearance of lithium hydroxide: 

 

usedremoved LiOHaCO
dt

LiOHd
a

dt

COd
][][        

][][
2

2 =⇒=     (11) 

 
Since 537.5g of LiOH removes 493.8g of CO2, the constant a = 0.9187. Further, [CO2]removed 

at time t equals to the total CO2 mass in the domain at time zero ([CO2]0) minus its mass at 

time t ([CO2]t): 

  

a

COCO
LiOHLiOHLiOHLiOH t

usedt

][][
][ ][][][ 202

00

−−=−=    (12) 

 

Equation 12 is the formula that will predict how much lithium hydroxide material is left at 

time t. The only unknown in the equation is [CO2] t, as the initial masses of LiOH and CO2 in 

the simulation domain are both known, so is the constant a. In the case that constant rate CO2 

sources exist in the domain, for example to simulate crew breathing, equation 12 needs to be 

modified slightly to take into account of the sources: 

 

a

COtSrCO
LiOHLiOHLiOHLiOH t

usedt

][][
][ ][][][ 202

00

−×+−=−=   (13) 

 

Where Sr is the sum of the source rates of CO2 introduction into the domain. 
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In order to calculate the mass of CO2 in the domain at each time step, a CEL function is called 

to integrate over the domain volume: 

 

���� volumeInt(densityMF)@air        (14) 

 

Where “densityMF” is an “additional variable” whose definition is: 

 

���� Density*CO2 Ideal Gas.Mass Fraction       (15) 

 

The reason for using an “additional variable” here is because CFX CEL does not allow more 

than one variables inside the “volumeInt()” function, thus the single variable “densityMF” is 

created as a workaround.   

 

Finally, the removal rate is an expression defined as the initial removal rate times the 

percentage of the curtain material left:  

 

���� Removal Rate = R0 * [LiOH] t/[LiOH] 0      (16) 

 

Where R0 is the initial rate with a unit of kg/s.  

 

While this model worked well in tests, it does have some problems. The most important one is 

that it only works properly in domains that contain a single curtain. Since the LiOH mass is 

calculated from the CO2 mass in the entire domain, if more than one curtain is used, there is no 

way to tell which curtain is actually being used. Another relatively minor problem is that 

equations 12 and 13 in their current formulation will cause the LiOH mass to become negative 

after all of the curtain is used up, thus producing a negative removal rate, i.e. making the 
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curtain into a CO2 source. A step function should be added to turn the curtain “off” after it is 

used up.  

 

4.4. Methods for Modeling Heat of Reaction  

Given the buoyancy driven nature of the flows studied in this paper, it is important to have a 

correct model of heat addition into the domain.  

 

One of the most significant heat sources in the domain are the lithium hydroxide curtains. The 

QinetiQ paper [13] provided some estimates of the heat generated by the curtains: at the 

completion of reaction, each canister would have produced 6650kJ of heat. Assuming the 

reaction reaches completion in 48 hours, the average power production is 38.7W per canister. 

Since one canister is cut into six pieces, each piece is 1.5 × 0.29m, the average heat flux 

produced by the curtains is 7.4W/m2.  

 

However, the actual heat production will vary over time, and will be dependent on the rate of 

reaction at any given time. Sections 4.4.1 and 4.4.2 will discuss two methods that could be 

used to estimate the power produced by the curtains.  

 

4.4.1. Curtain modeling: time dependent heat generation  

Similar to section 4.3.3, a CEL expression can also be used to model the power output of the 

curtains over time. Provided in the QinetiQ report is a graph of estimated power generation of 

a canister of curtains over time. The following best fit equation was fitted to the data to 

produce Figure 11: 
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tt eetf 001642.002116.0 35.249.879)( −− +=        (17) 
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Figure 11 - Best fit line over QinetiQ curtain power data 
 

This model is expected to have similar limitations as the time dependent removal rate model in 

section 4.3.2.1. Due to the fact that a more realistic and even simpler to implement enthalpy of 

formation based model existed, the time dependent model was never tested in this project.  

  

4.4.2. Curtain modeling: enthalpy of formation based 

The heat balance problems encountered while developing the mass fraction source boundary 

work in reverse at a mass fraction sink that is used to simulate a lithium hydroxide curtain. 

That is, heat is added to the fluid near the curtain due to the release of the enthalpy of 

formation as CO2 is removed. Clearly, this lends itself to a simple, direct and realistic way to 

model heat generation at the curtain.  
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The QinetiQ report states that 44.94kJ of heat is released for every mole of LiOH reacted. 

Since every two moles of LiOH reacts with one mole of CO2 (equation 3), thus one mole of 

CO2 absorbed creates 2 × 44.94kJ. Given that the molar mass of CO2 is 44.0095g/mol, an 

equivalent enthalpy of formation of 2042kJ/kg is specified in the CFX-Pre material properties 

for CO2 ideal gas. This way, as CO2 is “converted” back to air at a curtain, the correct amount 

of heat is automatically added. When using this model, one must remember to add 

corresponding energy sources at the mass fraction sources, to avoid energy balance problems 

at the noses. 

 

One possible problem with this approach is that it assumes 100% of the heat released to go 

into heating the air surrounding the curtain, which may not quite be the case. In real life, the 

curtain mass with its specific heat capacity will absorb some of the heat, increasing the 

temperature of the curtain, and the curtain mass will increase over time as more and more CO2 

absorbed forms lithium carbonate.  
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5. Selected Test Cases 

5.1. Steady State Simulation of a Crew Sleeping Quarter 

Figure 12 shows the geometric layout and dimensions of the test domain, and Figure 13 shows 

the meshed domain and locations of boundary conditions. Three crewmen are assumed to be 

lying on a triple bunk, doorway A is closed whereas doorway B is open to the outside. 

Originally, doorway A was set as an open boundary as well, but it was found that it allowed 

the CO2 to leave the domain immediately as it was produced. It was therefore turned into a 

wall to allow more buildup inside the room. The detailed setup for this simulation is listed in 

Table 2. 

 
 

 

Figure 12 - CAD model for the for the simulation of a crew sleeping quarter (all dimensions in mm) 
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Figure 13 - The mesh and boundary conditions for the simulation of a crew sleeping quarter 
 

Table 2 - Simulation Setup for the for the simulation of a crew sleeping quarter 
Features Details  Comments 
Simulation Type Steady State  

Fluid 
Information 

Multicomponent fluid consisting of air 
ideal gas and CO2 ideal gas.  

Reference specific enthalpy of CO2 left as 
default. 
  

Domain 
Information 

Open domain, buoyant Domain is not sealed off. Mesh adaptation 
based on CO2 mass fraction gradient 
applied. 

Turbulence 
Model 

κ-Epsilon For a fast steady state run, time penalty of 
a turbulent model could be afforded.  

Walls, roof, doorway A and floor: wall 
Fixed temperature = 290K  

 

Bunks beds: wall 
Fixed temperature = 290K 

  

Crew bodies: wall 
Heat Flux = 58W/m2 

 

Crew Noses: Inlet 
Mass flow rate = 3e-5kg/s 
Static temperature = 310K 
CO2 mass fraction = 1 

 CO2 source, 0.01g/s per person × 3 

Boundary 
Conditions 

Doorway B: Opening  
Static press = 0Pa 
CO2 mass fraction = 0  

 CO2 outlet 

Fluid Initial 
Conditions 

Default No special need to initialize a steady state 
simulation.  

Doorway A 

Doorway B 

CO2 Sources 
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Figure 14 - Steady state solution of the crew sleeping quarter (white isosurfaces represent location where 
CO2 mass fraction = 0.0005)  
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Figure 14 above shows the steady state solution of this test case. As a result of the open 

doorway (Doorway B), which represents an infinite supply of fresh air outside of the domain, 

there is very little CO2 buildup in the domain, the vast majority of the domain has mass 

fractions of below 0.0005. It is also interesting to note that the passage leading to Doorway B 

is almost entirely free of CO2. Most of the CO2 seemed to be circulating between the two triple 

bunks, forming a region of very high concentration gradient at junction of the two passages. 

 

The 58W/m2 heat flux condition imposed on the crew bodies proved problematic, there 

appears to be small regions of fluid heated up to 80°C, perhaps as a result of poor mesh quality 

near the bodies. In all later tests, body temperatures instead heat fluxes are used to avoid this 

problem.  
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5.2. Mass Fraction Sink Removal Test  

The first mass fraction wall sink test was carried out on a 1m × 0.2m × 0.05m channel as 

shown in Figure 15. A circular arc is cutout from the centre of the channel. This is where the 

CO2 mass fraction sink is applied.  

 

The channel mesh is only one cell thick, with symmetry conditions defined on the channel 

sides, thus applying a 2 dimensional constraint on the flow. Air with 10% CO2 mass faction is 

introduced into the domain through the inlet at a velocity of 0.1m/s. The detailed setup for this 

simulation is listed in Table 3. 

 

 

Figure 15 - The mesh and boundary conditions for the mass fraction sink test 
 

Outlet 

A circular arc used as 
a mass fraction sink 

Inlet 
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Table 3 – Simulation Setup for the mass fraction sink test 
Features Details  Comments 
Simulation Type Steady State  

Fluid Information Multicomponent fluid consisting of 
air ideal gas and CO2 ideal gas.  

Reference specific enthalpy of CO2 left as 
default. 
  

Domain 
Information 

2D dimensional, Open domain, Non 
buoyant 

Domain is not sealed off. 

Turbulence 
Model 

None (Laminar) Since flow speed is expected to be 
~0.1m/s, laminar model may be more 
appropriate. 

Top, bottom: wall 
Adiabatic  

 

Sym1 and Sym2: Symmetry Symmetry pair to create 2D flow condition 
Inlet: Inlet 
Normal Speed = 0.1m/s 
Static temperature = 300K 
CO2 mass fraction = 0.1 

 CO2 inlet 

Outlet: Opening 
Static press = 0Pa 
CO2 mass fraction = 0  

 CO2 outlet 

Boundary 
Conditions 

Removal: Wall 
Adiabatic 
CO2 mass fraction source: -0.01g/s 

 CO2 mass fraction sink 

Fluid Initial 
Conditions 

Default No special need to initialize a steady state 
simulation.  

 

 

Figure 16 - Steady state solution of the mass fraction sink test. Flow direction: left ���� right. 
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The solution of the simulation is shown Figure 16. The CO2 mass fraction contour clearly 

shows CO2 being removed from the flow by the circular arc sink as air flows through the 

channel from left to the right, providing visual evidence that this method is working. A simple 

check of CO2 mass flow rate difference between the inlet and outlet confirms that the sink is 

removing CO2 at approximately the rate defined. 

 

5.3. Transient Mass Fraction Source and Sink Test 

After experimenting with the 3D meshes used in section 5.1, it was realized that a full 3D 

mesh will be to time consuming for transient tests, so a number simulations where setup using 

2D meshes. Two of the simulation that produced the best results is described in this section.  

 

A CAD drawing with important dimensions of the domain is shown Figure 17, the thickness 

of the domain, not labeled in the figure, is 5cm. The model consists of a manikin standing 

upright inside a room, with a LiOH curtain some distance away from the person. The nose of 

the manikin is set as a mass fraction source, introducing CO2 at 0.011g/s, the curtain is setup 

as a sink removing CO2 at the same rate, thus the amount of CO2 in the domain should reach 

some steady state value after the simulation starts. The mesh of the model is shown in Figure 

18, and the detailed setup listed in Table 4. Two 10 minute transient runs were completed, one 

with the curtain active, the other inactive to compare the results, each run took about ten hours 

to complete.  
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Figure 17 - CAD model for the transient mass fraction source and sink test case (all dimensions in mm) 
 

 
Figure 18 - The mesh and boundary conditions for the transient mass fraction source and sink test 

Curtain 

Nose 
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Table 4 – Simulation Setup for the transient mass fraction source and sink test 
Features Details  Comments 
Simulation Type Transient  

Time step: 0.1s 
Duration: 600s (10min)  

Two 600 second runs were completed, one 
with the curtain active, the other inactive.  

Fluid 
Information 

Multicomponent fluid consisting of air 
ideal gas and CO2 ideal gas.  

Reference specific enthalpy of CO2 is set to 
zero to solve the low source temperature 
problem. 
  

Domain 
Information 

2 dimensional, closed domain, 
buoyant 

Domain is sealed. 

Turbulence 
Model 

None (Laminar) Since flow speed is expected to be low, 
and to reduce computation time, laminar 
model was used.  

Top, bottom and side walls: Wall 
Temperature = 290K 

 

Body: Wall 
Temperature = 305K 

To simulate the heat from the person. 

Sym1 and Sym2: Symmetry Symmetry pair to create 2D flow condition 
Nose: Wall 
Temperature = 310K 
Mass Fraction Source = 1.1e-5kg/s 

 CO2 Source 

Curtain (When active): Wall  
Mass Fraction Source = -1.1e-5kg/s 
Heat Flux = 7.4W/m2 

 CO2 Sink for the active curtain case, 
removal rate = introduction rate 

Boundary 
Conditions 

Curtain (When inactive): Wall  
Heat Flux = 7.4W/m2 

 CO2 Sink for the inactive curtain case, 
the heat flux is kept the same to make the 
two flows as similar as possible. 

Fluid Initial 
Conditions 

Cartesian Velocities = [0, 0, 0] 
Static pressure = 0Pa 
Temperature = 290K 
CO2 mass fraction = 0 
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Figure 19 - CO2 total mass over time comparison between active and inactive curtain cases 
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Plotted in Figure 19 are the CO2 buildup curves for both the curtain active and inactive cases. 

For the inactive case, the simulation follows the predicted curve, adding 0.011g of CO2 every 

second, after 600 seconds, the total CO2 mass in the domain reaches 0.00659kg, very close to 

the theoretical 0.0066kg. This implies that the time step and convergence criteria chosen were 

good enough to produce accurate solutions. Initially, the curve of the curtain active case 

coincides with the inactive case until about 30 seconds, due to the fact that during this time no 

significant amounts of CO2 reach the curtain. After about 250 seconds, the mass of CO2 in the 

domain stabilized at approximately 0.0015kg.  

 

Two video animations were produced from the transient results. The files are included with 

this report. The file names and descriptions are listed under the appendix. Figure 20 shows a 

selected number of frames from the simulations. The differences in CO2 concentration is very 

clear.  

 

It is interesting to note that although CO2 formed at the nose increases air density in its 

vicinity, the simulated body temperature of 305K (compared to 290K ambient air) causes a 

stream of air to rise at comparatively high speed along the surface of the manikin. This stream 

of rising air carries the CO2 upwards.  
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Figure 20 - Selected frames from the transient simulation at 100 second intervals. The row of images on the 

left shows the domain with an active curtain, whereas the row on the right shows an inactive curtain 
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5.4. 3D Curtain Studies 

Three transient simulations were conducted on a three dimensional domain, simulating a 

single curtain inside a sealed room filled with 3% CO2 by mass. These simulations were run to 

test the more advanced CO2 removal techniques discussed in sections 4.3.3 and 4.3.4. The 

geometry of the domain is illustrated in Figure 21. 

 

Access to the Beowulf cluster of school of engineering at Bath University was obtained prior 

to the start of this series of tests. Solution time is therefore less of a problem, so it was decided 

to test the removal models in 3D. However, even on the more powerful computers, transient 

simulations can still take many hours if not days to complete. To reduce the problem size, only 

one quarter of the room was modeled, taking advantage of the symmetry conditions. Three test 

cases were run using the mesh shown in Figure 22, one using a constant rate of removal, one 

using a time dependent formulation developed in section 4.3.3, the last one using a curtain 

mass dependent model developed in section 4.3.4. The details of the test setups are listed in 

Table 5. 

 

 
Figure 21 - CAD model for the 3D curtain test cases (all dimensions in mm) 
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Figure 22 - The mesh and boundary conditions 

 
Table 5 – Simulation Setup for the 3D curtain test 

Features Details  Comments 
Simulation 
Type 

Transient  
Time step: 0.2s 
Duration: 1000s   

Three 1000 second runs were 
completed, one with constant removal 
rate, one with time dependent removal 
rate, and one with reactant mass 
dependent removal rate. 

Fluid 
Information 

Multicomponent fluid consisting of air ideal 
gas and CO2 ideal gas.  

Reference specific enthalpy of CO2 is set 
to zero. 

Domain 
Information 

3D dimensional, closed domain, buoyant Domain is sealed. 

Turbulence 
Model 

None (Laminar) Since flow speed is expected to be low, 
and to reduce computation time, laminar 
model was used.  

Floor, roof and side walls: Wall 
Adiabatic 

 

SymX and SymY: Symmetry Symmetry planes to reduce the domain 
size to only a quarter of a room 

Curtain (Constant): Wall  
Mass Fraction Source = -3.1469e-4kg/s 
Heat Flux = 7.4W/m2 

 CO2 Sink for the constant removal 
rate case 

Curtain (Time dependent): Wall  
Initial removal rate = 5e-4kg/s 
Heat Flux = 7.4W/m2 

 CO2 Sink for the time dependent case 
– see section 4.3.3.  

Boundary 
Conditions 

Curtain (Mass dependent): Wall  
Initial removal rate = 1.5e-4kg/s 
Heat Flux = 7.4W/m2 

 CO2 Sink for the reactant mass 
dependent case – see section 4.3.4.  

Fluid Initial 
Conditions 

Cartesian Velocities = [0, 0, 0] 
Static pressure = 0Pa 
Temperature = 290K 
CO2 mass fraction = 0.03 
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A typical solution looks like Figure 23. As the curtain converts air to CO2, its density is 

reduced, combined with the effect of heating due to energy released from the reaction, the 

“purified” air is less dense, therefore rising to the top of the domain. Over time, the CO2 

“level” as shown by the iso-volume surface in Figure 23 reduces.  Three video animations 

were produced from the transient results. The files are included with this report. The file 

names and descriptions are listed under the appendix. 

 

 
Figure 23 - CO2 distribution inside the domain after 600 seconds. This image is from the curtain reactant 

mass dependent case, the other cases produced visually similar results. The transparent iso-volume 
encloses regions where CO2 mass fraction is greater than 2%. 

 
 

The removal rates of the three test cases are plotted against time in Figure 24 and Figure 25. 

Similar trends appear in both graphs. At the start the simulation, the CO2 at the immediate 

vicinities of the curtain is converted into fresh air, which forms a barrier between the curtain 

and more CO2. As this layer of air heats up and moves up due to buoyancy, more CO2 
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becomes available to be removed. Thus the removal rates increase rapidly, until about 50 

seconds later when most of the easily accessible CO2 around the curtain is converted. Then the 

removal rates drop steeply, and continue to drop as less of the curtain surface is exposed to the 

CO2 rich air at the bottom of the domain.  
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Figure 24 – CO2 removal rate comparison between constant and time dependent rate methods 

 
 

 
Figure 25 – CO2 removal rate and curtain usage of curtain reactant mass dependent method 
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Figure 26 - Total mass of CO2 remaining, all three cases 

 
 
Comparing the time the two removal rates in Figure 24, the higher initial maximum removal 

rate limit of the time dependent case produced higher removal rates for the first 100 seconds, 

after 200 seconds, the removal rates become similar. This is because the specified removal 

rates were much higher than the amount of CO2 the flow field could deliver to the curtain. 

More CO2 was removed by the time dependent curtain in this simulation, as shown in Figure 

26, due to the higher initial peak. 

 

The curve of the curtain reactant mass dependent test is plotted separately in Figure 25 due to 

the fact that a much lower initial maximum rate was set in its case, after seeing the results 

produced from the other two cases.  The test performed as expect, showing that after 1000 

seconds, around 15% of the curtain was used.  
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6. Complete CFD Models of a Crew Sleeping Quarter 

At the end of the project, a transient simulation of a crew sleeping quarter is modeled, 

complete with 12 crews on 4 triple bunks, and a removal curtain. Two test runs (test A and B) 

were conducted, with the curtain located in one end of a corridor for test A, and the curtain at 

the middle of the corridor between the two triple bunks for test B.  Figure 27 shows the CAD 

drawing of the model, with the locations of the curtains. The meshes of the two tests are 

shown in Figure 28, and the details of the simulation setup are listed in Table 6. 

 

To reduce computation time, only half of the domain is modeled using a symmetry boundary 

condition. To keep the curtain surface area the same in both cases, in test A the curtain length 

is halved, since in test B only one side of curtain is in the domain. 

 
 

 
Figure 27 – CAD model for the crew sleeping quarter 
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Figure 28 – Mesh and boundary curtain locations for the two tests 

 
Table 6 – Simulation Setup for the complete crew sleeping quart simulation 

Features Details  Comments 
Simulation Type Transient  

Time step: Adaptive 0.08s – 0.2s 
Duration: 1800s (30min)    

Two 30 minute runs were completed, 
using the same physics model, but with 
different curtain sizes and locations. 

Fluid 
Information 

Multicomponent fluid consisting of air 
ideal gas and CO2 ideal gas.  

Reference specific enthalpy of CO2 is 
set to 2042kJ/kg to enable the use of 
enthalpy of formation to simulate heat of 
reaction (section 4.4.2).  

Domain 
Information 

3D dimensional, closed domain, buoyant Domain is sealed. 

Turbulence 
Model 

None (Laminar) Since flow speed is expected to be low, 
and to reduce computation time, laminar 
model was used.  

Floor, roof and side walls: Wall 
Temperature = 295K 

 

SymY: Symmetry Symmetry planes to reduce the domain 
size by half. 

Bunk beds: Wall 
Adiabatic  

Set to adiabatic to best simulate the low 
heat transfer through bed sheets. 

Crew bodies: Wall 
Temperature = 29°C 

Somewhat arbitrary choice of 
temperature. 

Noses: Wall 
Adiabatic 
Mass fraction source = 6e-5kg/s 

 CO2 source, 0.01g/s per person × 6 

Boundary 
Conditions 

Curtain Wall  
Initial removal rate = 7e-5kg/s 
Initial curtain mass = 0.2688kg 
 

 CO2 Sink for the reactant mass 
dependent case – see section 4.3.4. 
Only half of a normal curtain mass due 
to symmetry condition. 

Fluid Initial 
Conditions 

Cartesian Velocities = [0, 0, 0] 
Static pressure = 0Pa 
Temperature = 295K 
CO2 mass fraction = 0.01 

The initial CO2 mass fraction of 0.01 
represents a partial pressure of 
approximately 670Pa. 

 

Curtain 

Curtain 

Mesh A Mesh B 
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The both computations where run on the Beowulf cluster of the department of Mechanical 

Engineering. Running on a single node with a 2.20GHz Intel Xeon CPU, mesh B took 6 days 

to complete. Mesh A with a denser mesh took 10 days to complete. 

 

The CO2 buildups and curtain usages of the two runs are plotted in Figure 29. At the start of 

the simulation, curtain removal rate is higher than the CO2 introduction rate of the crews, 

causing the CO2 level in the room to drop. After about 600 seconds, 15% of the curtain(s) is 

used up, reducing the maximum removal rate to below 0.06g/s (Figure 30), i.e. below the 

introduction rate, thus the CO2 level begins to rise. From the graphs, both meshes produced 

very similar results, the small CO2 mass discrepancy at the start of Figure 29 is likely caused 

by the difference of total volume of the two meshes, since mesh A follows the CAD model 

more accurately than mesh B. Figure 30 shows the max and actual removal rates. The max rate 

is the rate calculated within the simulation at each time step using the method of section 4.3.4. 

The actual rate is computed by differentiating the CO2 mass in result files over time. This plot 

demonstrates that the actual removal rate is indeed constrained by the maximum rate. 

 

Please note that the removal rate specified here is likely to be much higher than what the 

curtains can achieve in reality. This was done in order to demonstrate the correct curtain 

behaviour in a reasonably short period (30min instead of 3 hours) to reduce computation time. 

It was later found that this artificially high removal rate caused the air temperature near the 

curtain(s) to reach 70-80°C above expected values.  

 

Animations files produced from the results are listed in the appendix. Selected frames from the 

animations are shown in Figure 31. 
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Figure 29 - Comparison of CO2 buildups and curtain usages 
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Figure 30 - Comparison of maximum and actual removal rates 
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Figure 31 - Selected frames from the transient simulation at 5 minute intervals. The row of images on the 
left shows the domain with a half length curtain at location A, a less conspicuous position, and the row on 
the right shows full length curtain at location B in the middle of the walkway. The curtain(s) are coloured 

by temperature, all other surfaces are coloured by CO2 partial pressure.  
 

 
It is interesting to note that since the curtain is the main driving mechanism in the domain, it 

acts like a pump drawing the denser air with high concentrations of CO2 to the bottom of the 

curtain. This effect can be seen clearly in the last frames of Figure 31. 
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Figure 32 – Flow field comparison showing the different flow structures caused by the different curtain 
placements. The curtain(s) are coloured by temperature, all other surfaces are coloured by CO2 partial 

pressure.  
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Figure 32 shows the instantaneous streamlines and the CO2 partial pressures of the two 

meshes 30 minutes into the simulation. Mesh B, with a full curtain seem to produce stronger 

convections in the room, which keeps the top bunks at a very low CO2 concentration, at the 

expense of the lower bunks. In comparison, putting the half curtains at the ends of the 

corridors as in mesh A produced weaker but more distributed convection, this seem to reduce 

the partial pressure difference between the top and bottom bunks.  
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7. Future Work 
 
One of the most important factors in determining the validity of a CFD simulation is whether 

if the result is mesh independent. Due to the exploratory nature of this project, mesh 

independence was judged not as important as a working model. It was therefore not 

demonstrated for any of the meshes used. However, future studies that may be used to provide 

recommendations to real-life situations must provide proof of mesh independence. Otherwise 

the solutions cannot be used. Similarly, time step size independence should also be 

demonstrated for transient simulations. 

  

Another important factor not tested in this project is turbulence modeling. In turbulent flows, 

it is likely that CO2 diffusion will be much faster than due to molecular diffusivity alone. In 

laminar flows, better modeling of the diffusivity coefficient should be looked into. The change 

in diffusivity coefficient with respect to temperature and species concentration may be 

modeled through CEL.  

 

In order to avoid mass balance problems, mass fraction sources were used in models of sealed 

rooms. Although this provided useful results, it is not very realistic as it represents a 100% 

CO2 source with no velocity. A better breathing model would use inlets instead, since then it 

will be easy to define the velocity and temperature of the exhaled air. A periodic velocity 

curve over time may be applied (e.g. a sine wave) to make the inlets “inhale” and “exhale” 

periodically, thereby solving the mass balance problem. 

 

The current best curtain modeling method developed in this project involves determining the 

amount of CO2 removed from the domain to work out how much LiOH is left in the curtain. 

This method will cause problems when more than one curtain is used, since it will be 
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impossible to tell which curtain is actually being used. Even in the case of one curtain, it is 

unlikely that the curtain material will be used up evenly. The parts of the curtain exposed to 

higher concentrations of CO2 will likely be used up faster. Whether the difference between 

current “simplified” curtain model and a more advance curtain model that takes into account 

of the curtain usage at the grid level (as porous solid?) will produce significant differences 

should be investigated.  

 

Due to the fact that the results produced in this project were not rigorously tested, and many of 

the parameters used in the models were chosen arbitrarily, the results from this paper cannot 

be assumed to be representative of reality, thus any conclusions about real-life situations 

should be avoided. Before any recommendations on the crew and curtain distributions can be 

made, the modeling method must be validated through experiments or otherwise. Also, since 

the accuracy of the model depends on how closely the model parameters such as surface 

temperatures, pressures and geometries represent that in real life, as much information as 

possible should be gathered from the submarine.  
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8. Conclusions 

In this project, a review of past work produced by Shaun Gibson and Jonathan Squire was 

carried out in order to compare the modeling methods applied. It was found that in a purely 

diffusion driven flow, the heat transfer analogy used by Jonathan maybe a valid substitute for 

a multicomponent model, but the inclusion of buoyancy can have an extremely important 

effect on the flow field. The lack of any ability to model buoyancy means that the heat analogy 

is not suitable for use in this project. This confirms that multicomponent model used by 

Jonathan is the most physically realistic of the two models, since in engineering applications 

buoyancy is likely to be much more important at transporting carbon dioxide than the diffusive 

effects.  

 

Further, boundary condition modeling methods for the introduction and removal of CO2, as 

well as methods for modeling the heat of reaction generated in the removal process were 

developed and tested within the multicomponent model. The best methods for introducing and 

removing CO2 were found to be mass source and sink boundary conditions. More complex 

removal and heat production models to simulate the curtains were developed and tested within 

the multicomponent model, and were shown to produce realistic results. 

 

In the final part of the project, a transient multicomponent model of a crew sleeping quarter 

similar in scale to that of the Trafalgar Class submarine was modeled using the best known 

methods. The models behaved as expected, and appeared to produce realistic results, thereby 

successfully demonstrating that the CFD model is capable of solving the flow problem defined 

by the Royal Navy. 
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Appendix 

List of files and folders included 
 
Folder “Animation”: animations from transient resul t files. 

- Curtain_active(12x).avi 
o Section 5.3. Test with curtain active, animation at 12x real time speed. 

- Curtain_inactive(15x).avi 
o Section 5.3. Test with curtain inactive, animation at 15x real time speed. 

- Average_rate.avi 
o Section 5.4. Constant removal rate test case. 

- Exponetial_rate.avi 
o Section 5.4. Exponetial removal rate test case. 

- CO2_dependent.avi 
o Section 5.4. Curtain mass dependent removal rate test case. 

- FinalA(x30).avi 
o Section 6. Solution for mesh A, animation at 30x real time speed. 

- FinalB(x30).avi 
o Section 6. Solution for mesh B, animation at 30x real time speed. 

 
Folder “CFX files”: contains CFX meshes, CAD models, and solution files of the final 
simulation in section 6, Mesh A. 

- Room3dCO2DependentCurtainAtLEndFastRun_001 
o Folder contain the transient files 0.trn … 11300.trn 

- Room3dCO2DependentCurtainAtLEndFastRun_001.res 
o The result file  

- Room3dCO2DependentCurtainAtLEndFastRun_001.out 
o The solver output file 

- Room3dCO2DependentCurtainAtLEndFastRun.def 
o The CFX solver definition file 
o This file contains the mesh and settings, can be opened in CFX pre 

- fullroom.CATPart 
o Catia V5R16 CAD model of the geometry 

- fullroom.model 
o Catia V4 model, can be imported into Ansys Workbench  

 
Folder “Reference Material”: contains important reference papers. 
 
Folder “Final Presentation”: contains all files needed for the final presentation. 
 


