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Executive Summary
A model of nitrogen elimination from the bloodstream across the alveolar epithelium was created and used to determine if increased breathing rate leads to increased nitrogen removal rate.  This problem has great importance for scuba divers since finding a method for increasing nitrogen removal rate can potentially decrease the number of incidences of multiple diseases related to formation of nitrogen bubbles in the blood stream.   It was found that doubling the breathing rate caused a 69% increase in the nitrogen flow across the total lung alveolar surface.  Therefore, divers who must surface quickly, without adequate time for decompression, should artificially increase their breathing rate to reduce the likelihood of occurrence or severity of these diseases.
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Introduction and Design Objectives

Nitrogen elimination is of particular importance to scuba divers, as excess nitrogen gas in the bloodstream can create bubbles which cause a wide variety of medical complications, commonly called “the bends,” that can cause severe pain and death.  Bubble formation occurs because the increased pressures experienced during a dive allow more nitrogen to dissolve in the blood and body tissues. Solubility is directly proportional to pressure, as expressed by Henry’s Law, which states that χ = H*P (the mol fraction is equal to a constant multiplied by the pressure). Upon the diver’s return to the surface, the pressure is lowered, and the tissues are then supersaturated.  If the diver decompresses too quickly, the excess nitrogen cannot be effectively expired, and the supersaturation of the body tissues causes off-gassing of nitrogen into the bloodstream and even bubble formation there or in the tissues themselves. Nitrogen bubbles in the joints and blood are the cause of the ill effects of the bends. 
The current therapy for divers suffering from the bends is placement in a hyperbaric oxygen chamber, recompression to force the nitrogen back into solution, and then slow decompression. Although this works well enough if the diver is near a hospital with such facilities, for the more adventurous divers who are far from high-tech hospitals, an alternative therapy is necessary. The goal of this study was to determine whether simply increasing breathing rate could lead to a significantly increased rate of nitrogen elimination from the bloodstream, thereby reducing or preventing bloodstream bubble formation.  The study is modeled in a 16th generation alveolus where air velocity can be modeled as 1.4% that of the bulk intake air.
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Figure 1: Schematic and boundary conditions.

The diffusion process was modeled as a slab in two dimensions using a blood vessel separated from the alveolar air space by a thin layer of epithelial cells.   In this model, the alveolar walls were assumed to be rigid (instead of expanding as the gross lung expands to draw in air), which implies that the airflow pattern inside the spherical pocket is highly complex and probably very well mixed.  Mixing in the alveolus allows three important assumptions. First, the curvature of the tissue will not affect gas transfer, so slab geometry will suffice. Second, the air layer can be accounted for by a convective boundary condition on the surface of the alveolar wall. Third, the problem can be considered at steady state, since there must be some continual turnover in the alveolus during both inhalation and expiration, which leads to a steady nitrogen concentration at the center of the alveolus. For this study, it was assumed that nitrogen gas is only exchanged in the alveoli, so the alveolar air is at ambient nitrogen concentration.  The bloodstream nitrogen concentration was modeled as though the diver had made a saturation dive to 40 meters (5 atm of pressure), representing a worst-case scenario.  The equations solved in each layer can be found in Appendix A.
Results and Discussion

The initial model and parameter values yielded a nitrogen removal rate of 2.6e-9 kg/s through the lumen of the alveolus. The mass transfer coefficient was varied to see the resulting trend in nitrogen flux. As shown in Figure 2 below, the nitrogen flux is linearly related to the mass transfer coefficient. The second point in the figure is for the physiological norm; the third is for a doubled air velocity.  The achievable ranges of mass transfer lie approximately in this range for alveoli in the 16th generation of pulmonary airways. It can be seen that doubling the air velocity (corresponding to a factor of 1.74*Hm) causes an increase in flux by a factor of 1.69.
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Sensitivity Analysis
Sensitivity analysis was run to verify the accuracy of results from the model and to determine their dependence on the precision of parameter values.  Each parameter was individually varied in order to determine its influence on the final flux of nitrogen through the lumen.  Parameters varied include diffusivity of nitrogen through both cell and blood layers, velocity of the blood stream, and initial nitrogen concentration in the blood.  Nitrogen diffusivities found in the literature (Anderson, et al, 2003) varied widely, so diffusivities and velocities were varied by two orders of magnitude in either direction to ensure that a comprehensive range was covered.

Table 1: Sensitivity of flux across the lumen to nitrogen diffusivities and blood velocity.


	Parameter Varied
	Parameter change
	Total flux change

	Blood diffusivity
	x10^-2
x10^2
	-67%
+3.2%

	Blood velocity
	x10^-2
x10^2
	None
None

	Cell diffusivity
	x10^-2
x10^2
	-42%
+0.8%


Varying the blood velocity resulted in no change in nitrogen flux through the lumen; a change up or down by two orders of magnitude produced a 0.0001% change in the flux, making this parameter’s effect on flux calculations completely negligible.
 Increasing the blood nitrogen diffusivity by two orders of magnitude resulted in a 3.23% increase in the total flux through the lumen, but decreasing the diffusivity by two orders decreased flux by 67%.  A similar trend was shown in the variation of the cell layer’s nitrogen diffusivity, where 0.8% and -42% changes were posted respectively to increasing and decreasing this diffusivity. Both these results indicate that when the diffusivities are lowered, they become the limiting factors to nitrogen diffusion out of the blood. Although the flux becomes limited by the diffusivities when they are lowered, the values used for nitrogen diffusivities were already low compared to previously accepted values (Nikolaev, 2000).  
When the simulation was run with lowered blood diffusivity and the raised convective mass transfer coefficient, the amount of nitrogen expired still increased over the amount expired with that diffusivity and the normal mass transfer coefficient. Since this project is concerned with the trend to increase nitrogen elimination, not the absolute amount of nitrogen eliminated, the effect of the diffusivities can be neglected for the purposes of this discussion. Future work to more accurately determine the amount of nitrogen expired and the rates of return of blood nitrogen concentrations to equilibrium with atmospheric pressure, however, will necessitate more accurate determination of these diffusivities.
The lack of flux increase on choosing larger diffusivities demonstrates that when the diffusivity of one layer is increased, the surface mass transfer coefficient becomes the limiting factor of nitrogen flux.  This is in accordance with the hypothesis motivating the project: that increasing the mass transfer coefficient by increasing air velocity in the alveolus will increase the nitrogen flux across the lumen.
Mesh density was increased in order to determine the model’s sensitivity to discretization.  Increasing the number of elements in the mesh from an initial 1476 nodes to 4131 nodes resulted in no variation in flux values on any boundary, thus demonstrating the independence of the results from the mesh.  
Conclusion and Design Recommendations
Although alveoli are the main site of gas exchange in the lungs, not all alveoli have significant air flow through them. Alveoli appear in the pulmonary airways from generations 16-23. The higher generations have greater airflow, while deeper generations have no airflow and rely on diffusion alone to expire nitrogen (Boron). The simulation models a 16th generation alveolus where there is still air flow.  The nitrogen fluxes calculated in this simulation are large enough that they represent significant rates of nitrogen removal from the body for the limited surface area over which the model is valid. 
There is approximately 0.8125 g of nitrogen in the blood at the start of the simulation, and blood saturated with nitrogen at atmospheric pressure contains 0.1625 g of nitrogen total. The flow of nitrogen across the surface area of the lung has an instantaneous rate of 1.3e-4 g / s at the maximum blood nitrogen concentration.  At this rate, the excess nitrogen in the blood would be removed in approximately 1.5 hours. The nearly doubled flux due to increased mass transfer coefficient decreases this recovery time to 52 minutes. This demonstrates the effectiveness of this method in decreasing recovery times by an appreciable amount. There are many mitigating factors that add to the recovery time, making the contribution of the increased expiration rate more valuable. One such factor is the significant amount of nitrogen stored in the body tissues which diffuses out into the blood and replenishes the blood nitrogen as it is removed. Also, as the blood nitrogen concentration decreases, the flow rate will decrease correspondingly because the concentration gradient that drives diffusion is reduced. 
[image: image3.emf]Figure 3: Nitrogen flux across alveolar lumen vs. initial 
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As can be seen in Figure 3, the rate of nitrogen removal from the bloodstream decreases as the blood nitrogen concentration decreases.  Furthermore, the relation of flux to nitrogen concentration follows a linear trend. This is the expected behavior of the system based on resistance analysis.  It is possible to simplify a slab model with several serial resistances combined into one equivalent resistance (Datta).  The total flux is then calculated by multiplying the total concentration difference from the bloodstream to the air by the reciprocal of this resistance.  Therefore, the flux is linearly related to the concentration difference and thus to the blood concentration itself.
The effect of concentration difference on flux across the lumen is visible in the plot of flux along the length of the capillary (Figure 6).

Conclusion and Realistic Constraints

An important constraint when considering the practicality of this approach to increased nitrogen elimination is whether the average diver is capable of sustaining a doubled (or increased by any significant amount) breathing rate for extended periods of time.  Since it takes hours for full recovery from a saturation dive to 40 m, it is unrealistic to expect that an amplified breathing rate can be maintained throughout this time. The method still has merit though for the average dive, which rarely reaches the saturation point.  
The results of this study indicate that recreational divers who cannot decompress at a sufficiently slow rate, should breathe deeply upon surfacing to aid in nitrogen elimination and prevent serious illness from the bends. 
Appendix A
Equations
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Parabolic Blood Inlet Velocity
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Diffusion through Cell Layer
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Diffusion and Convection in Blood

Table 2: Input Parameters (Used non-dimensionalized form in FIDAP)

	Parameter
	Normal
	Non-dimensionalized

	Alveolar Length (l)
	300 
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	Tissue Depth
	1 
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	Capillary Diameter
	12 
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	0.04

	N2 Diffusivity: Blood
	3000 
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	N2 Diffusivity: Cells
	5 
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	Max velocity of blood
	470 
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	Initial blood N2 conc
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	Conc. at infinity (Cair)
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	N/A

	Mass Transfer Coefficient (Hm)
	3.97 x 10-8 m/s
	3.97 x 10-3


FIINP FILE:  Exact form of all initial conditions, boundary conditions

/

/  INPUT FILE CREATED ON 05 May 05 AT  18:34:14

/

/

/ ***  FICONV Conversion Commands *** 

/ ***  Remove / to uncomment as needed

/

/  FICONV(NEUTRAL,NORESULTS,INPUT)

/  INPUT(FILE= "bends1.FDNEUT")

/  END

/  *** of FICONV Conversion Commands

/

TITLE

/

/ ***  FIPREP  Commands ***

/

FIPREP

 PROB (2-D, ISOT, LAMI, STEA, LINE, FIXE, NEWT, INCO, SPEC = 1.0)

 PRES (MIXE = 0.100000000000E-08, DISC)

 EXEC (NEWJ)

 SOLU (S.S. = 50, VELC = 0.100000000000E-02, RESC = 0.100000000000E-01,

       SCHA = 0.000000000000E+00, ACCF = 0.000000000000E+00)

 OPTI (SIDE)

 DATA (CONT)

 PRIN (NONE)

 SCAL (VALU = 1.0)

 ENTI (NAME = "BLOOD", FLUI, PROP = "blood", SPEC = 1.0, MDIF = "C1_BLOOD")

 ENTI (NAME = "CELLS", SOLI, PROP = "mat1", SPEC = 1.0, MDIF = "C1_CELLS")

 ENTI (NAME = "BLDIN", PLOT)

 ENTI (NAME = "BLDOUT", PLOT)

 ENTI (NAME = "CELLIN", PLOT)

 ENTI (NAME = "CELLOUT", PLOT)

 ENTI (NAME = "CAPWALL", PLOT)

 ENTI (NAME = "LUMEN", ESPE, MSPT = "LUMEN")

 DENS (SET = "blood", CONS = 1.0)

 VISC (SET = "blood", CONS = 1.0)

 DIFF (SET = "C1_BLOOD", CONS = 1.0)

 DIFF (SET = "C1_CELLS", CONS = 0.167000000000E-02)

 SPTR (SET = "LUMEN", CONS = 0.397000000000E-02, SREF = 0.130000000000E-01,

       POWE = 1.0)

 BCNO (UX, POLY = 2, ENTI = "BLDIN")

   0.0000000000E+00,  0.4700000000E+04,  0.0000000000E+00,  0.1000000000E+01,

   0.0000000000E+00, -0.1175000000E+06,  0.0000000000E+00,  0.2000000000E+01,

   0.0000000000E+00

 BCNO (UY, CONS = 0.000000000000E+00, ENTI = "BLDIN")

 BCNO (SPEC = 1.0, CONS = 0.812500000000E-01, ENTI = "BLDIN")

 BCNO (UX, FREE, ENTI = "BLDOUT")

 BCNO (UY, CONS = 0.000000000000E+00, ENTI = "BLDOUT")

 BCNO (SPEC = 1.0, FREE, ENTI = "BLDOUT")

 BCNO (UX, CONS = 0.000000000000E+00, ENTI = "CAPWALL")

 BCNO (UY, CONS = 0.000000000000E+00, ENTI = "CAPWALL")

 BCFL (SPEC = 1.0, CONS = 0.000000000000E+00, ENTI = "CELLIN")

 BCFL (SPEC = 1.0, CONS = 0.000000000000E+00, ENTI = "CELLOUT")

 BCFL (SPEC = 1.0, CONS = 0.000000000000E+00, ENTI = "CAPWALL")

 EXTR (ON, AFTE = 5, EVER = 5, ORDE = 3, NOKE, NOFR)

END

/  *** of FIPREP Commands

CREATE(FIPREP,DELE)

CREATE(FISOLV)

PARAMETER(LIST)

Appendix B
Problem Statement

Geometry Type – 2D

Flow Regime – Incompressible

Simulation Type – Steady-state

Flow Type – Laminar

Convection Term – Linear

Fluid Type - Newtonian

Momentum Equation – NoMomentum

Temperature Dependence – Isothermal

Remeshing – NoRemeshing

Solution Statement

Solution Method – Successive Substitution

Time Integration Statement

Not applicable to steady-state solution processes

Mesh plots
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Figure 4:  Mesh Geometry
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Figure 5:  Close-up view of mesh geometry
Mesh convergence
Plots of solution parameters vs. number of mesh elements were not obtained as they did not prove to be relevant or required for our project design.  The number of mesh elements was doubled with a corresponding 0% change in output values.  Therefore it was determined that mesh density was sufficiently high to yield accurate solutions.  Investigations into the possibility of decreasing the mesh density while maintaining the accuracy of output were considered but rejected as not practical.  Due to an extremely short (several seconds) run-time, further use of human effort to reduce run-time would not have been cost-effective.
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       Figure 6:  Flux of nitrogen across the lumen of the alveoli for a mass transfer  

       coefficient of 1.588e-7 m / s.

Flux is higher on the inlet side of the alveolus because the blood nitrogen concentration is at a maximum on that boundary. As nitrogen diffuses out, the blood concentration decreases and the drive for nitrogen also decreases, resulting in a steadily declining flux along the length of the alveolus.
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Figure 7:  Velocity vectors in the blood layer
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Figure 8: Contour plot of our model
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