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1.0 Executive Summary

You do not have to search long to find someone who is taking orally administered medication on a daily basis.  Pharmaceuticals such as antibiotics and pain relievers help us live healthier lives; however the administration of these drugs is more involved than simply the swallowing of a pill.  Maintaining a constant level of drug in the body is an important requirement for a variety of medications.  The more constant the rate of drug release from a pill, the more effective the drug will be.  Our model will compare different crater geometries to demonstrate the effect of crater shape on the release rate of a drug under human body conditions.   Our objective is to achieve a constant rate of drug release from a pill.    Analysis will demonstrate and allow us to conclude that a hemispherical crater geometry is best to accomplish this objective.  We were able to achieve a fairly constant rate of release after approximately 17 minutes and this situation would be beneficial for many pharmaceuticals compared to other, less constant drug delivery systems.  
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2.0 Introduction and Design Objectives

2.1 Background and Importance:

Constant drug release of a polymer chemical component within the human body must be optimized for many reasons.  Most drug delivery systems do not allow for drug release into the body over an extended period of time, leading to a situation that does not maintain a fixed concentration of drug in the body.  Many types of drugs such as antibiotics, heart and blood pressure medicines, pain relievers and antidepressants are most effective when their concentration in the body is kept constant.  In order to maintain this condition, the drug must be released at a steady rate.  With this, it is important to determine a pill and accompanying crater geometry that effectively produce a constant release rate.  

2.2 Problem Schematic:
While a pharmaceutical pill is within the human body, water diffuses into it and in turn governs the amount of drug that will diffuse out of the pill.  The drug diffusion rate is directly related to the diffusion rate of water.  Based on this relationship and approximations of the conditions inside the body, a basic schematic of this process would include fluid flow around all sides of the pill and diffusion at the crater boundary or “active front.”  The crater is a small indentation located precisely on what we consider to be the top of the pill.  It lacks the impermeable, diffusion resistant coating that is applied to the rest of the pill’s outer surfaces and this accounts for why drug diffusion is strictly confined to this boundary.  We selected our initial crater geometry to be that of a hemisphere under the impression that this setup may be most conducive to a constant drug release rate.   See Figure 1, Figure 2, and Figure 3.  
[image: image31.png]



[image: image1]
Figure 1.  Schematic modeling conditions inside human body
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Figure 2. Hemispherical cross-sectional, axi-symmetric view *Note: Diffusion of water and drug only occur only at the crater.  *Assumption:  The concentration of water at the active front is constant; as the drug leaves the area of interest, water concentration is always constant within a small distance of the active front due to the “infinite” amount of surrounding water in the body. 
[image: image3.emf]Pill Top

Outer Edge

Axis

Crater

Pill Top

Outer Edge

Axis

Crater


Figure 3. Pill geometry as labeled in GAMBIT

2.3 Design Objectives:

Using FIDAP, we plan to examine a hemispherical pill drug delivery system to determine whether or not a constant rate of drug release can be achieved.  Our main objective is to obtain a constant flux across the crater boundary of the pill. 

We will assume that drug delivery occurs via diffusion only.  This release is a function of the amount of water diffusing into the pill and our model will simulate the physics of this situation.  We will model the simultaneous diffusion of water into the pill and drug out of the pill.  The system will be modeled in as ‘real-life’ a situation as possible and we will use Naproxen Sodium as our example pharmaceutical.  This is both a common drug and a drug which can best serve its purpose under constant release conditions.  A zero-flux boundary condition will be designated to all outer surfaces of the pill due to their impermeability to both drug and water.  

The drug matrix should be uniform and therefore concentrations of both water and drug will depend only on position and time.  We assume that there is no moving front in the geometry because one of FIDAP’s limitations is that it cannot simulate a variable situation such as this.  As a result, using the post-processing interface, we will change diffusivity values based on the moisture content of a given node to model how the diffusion of the drug is dependent on the concentration of water.  Finally, we will assume that the stomach fluid surrounding the pill and controlling the outward drug diffusion is water.  

3.0 Results and Discussion
3.1 Defining the Mesh

Using GAMBIT, we created a mesh with impermeable outer boundaries and a permeable crater edge.  Although our schematics are symmetric about the pill’s center axis, our geometry simplifies a 3-D situation into a 2-D situation; our model is 2-D.  The mesh was graded to simulate a constant density of drug within the pill.  See Figure 4, Figure 5 and Figure 6.
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Figure 4.  2-D Crater mesh at 0.03 density (197 elements)
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Figure 5. 2-D Crater mesh at 0.005 density (7149 elements)
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Figure 6.  Enlarged view of one of our meshes with node numbers labeled

3.2 Qualitative Description 

The concurrent diffusion of water into the pill and drug out of the pill were modeled in our simulation using the parameters shown in Table 1. 

	Model Options

	Geometry
	2-D

	Temperature Dependence
	Isothermal

	Viscous Dependence
	Momentum Turned Off

	Time Dependence
	Transient

	Deforming Boundary
	Fixed

	Fluid-Structure Dependence
	No FSI

	Species Dependence
	Species Present 

(with convective term)


Table 1. Parameters used to define models in FIDAP.

Because the diffusivity of the drug is dependent upon the amount of water present, we defined a diffusion curve in FIDAP.  By inputting diffusivity values for the drug at specified concentrations of water, FIDAP extrapolates between the input values to produce a curve providing a diffusivity value at any concentration of water, as shown in Figure 7.  We modeled diffusivity as exponentially increasing with increasing water content.  For water concentrations near the maximum, the diffusivity is high enough to ensure that the entire drug diffuses completely out of the crater region of the pill.
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Figure 7. Chart depicting diffusivity of drug as a function of moisture content

3.3 Quantitative Description  

Naproxen Sodium is typically taken for pain relief or fever reduction every 4 to 6 hours.  With this data in mind, our simulations were run for comparable periods of time.  In order to produce a reasonably accurate model, we needed to ensure that our simulations would generate values comfortably close to that time range for the release of drug to the body.  Tables 2, 3 and 4 provide the properties we defined for water and Naproxen Sodium.
	Diffusivity Values

	 
	Dimensionalized
	Non-Dimensionalized

	Drug
	Cwater x 2.82 x 10-8 in2/sec
	Cwater x 0.6 x 10-5

	Water
	 0.0047 in2/sec
	1


Table 2. Dimensionalized and Non-Dimensionalized diffusivity values

	Initial Conditions

	Cwater0 = 1.6 x 104 mg /in3
	1

	Cdrug0 = 1.74 x 104 mg/in3
	1.09


Table 3. Initial Conditions

	
	Axis
	Outside edge of Pill
	Crater

	Boundary
	Fluxdrug = 0
	Fluxdrug = 0


	Fluxdrug = 0.2 x 10-5



	
	Fluxwater = 0
	Fluxwater = 0
	Fluxwater = .0047


Table 4.  Input data for non-dimensionalized boundary and initial conditions

After running the simulation for approximately 50,000 timesteps (3.47 dimensionalized hours), the following contours were obtained.  These figures show that the amount of drug release is a direct result of the amount of water diffusion into the pill.  Figure 8 shows that at timestep 1, there was almost no water diffusion into the pill geometry (blue area), while the majority of drug is at the initial concentration (red area).
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Figure 8.  Contour of drug diffusing out of crater after 1 timestep (.1 seconds)
At timestep 25,000, water had diffused into the pill geometry (blue area), while about half of the drug remained at the initial concentration (red area).  The drug and water are      mixed in the central green area.  See Figure 9. 
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Figure 9.  Contour of drug diffusing out of crater after 25,000 timesteps (2,500 sec)

Figure 10 displays the water concentration in the pill at timestep 25,000.  The water has reached the boundary of the blue area on Figure 9 and it can still be seen that the drug remains at its initial concentration and contains no water in the blue area of this figure.
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Figure 10.  Contour of water diffusing into crater after 25,000 timesteps (2,500 seconds)
At timestep 50,000, Figure 11 shows that water has diffused into the pill (blue area, entirely water) while some drug remains at the initial concentration (red area, entirely drug) and in the green center area, drug and water are mixed.  The increased amount of surface area for diffusion that develops over time only causes a slight change between the 25,000 and 50,000 timestep contours.
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Figure 11.  Contour of drug diffusing out of crater after 50,000 timesteps (5,000 sec)
3.4 Sensitivity Analysis  

In order to test the accuracy of our results, and in an attempt to obtain a constant flux value, we performed our sensitivity analysis by modifying the mesh to increase its density.  Figure 12 shows the results produced by “Smesh3” having a density of .015 and containing 788 elements and 846 nodes.
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Figure 12. Contour of water diffusing into the crater after .1 timestep (.01 sec)
With an ever finer mesh density of .01, “Smesh4” contains 1837 elements and 1925 nodes to produce the following contours.   See Figure 13 and Figure 14.
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Figure 13. Contour of water diffusing into the crater after .1 timestep (.01 sec)
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Figure 14. Contour of drug diffusing out of crater after .1 timestep (.01 sec)
Data for the meshes tested with hemispherical crater geometries is displayed in Table 5.
	 
	 
	 
	 

	 
	Density
	Total Elements
	# of Nodes

	Smesh 2
	0.030
	197
	227

	Mesh 1
	0.020
	462
	507

	Smesh 3
	0.015
	788
	846

	Smesh 4
	0.010
	1837
	1925

	Smesh5
	0.005
	7149
	7322


Table 5. Hemispherical crater geometry mesh densities tested

The results from simulations with the higher density meshes revealed that the flux value does not change with mesh density at times after 1000 seconds (approximately 17 minutes).  The only significant difference created by the denser meshes occurs in the time it takes for the initially high flux value to decrease down to the level at which it stays nearly constant for the remainder of the simulation (up to about 5 hours).  As seen from Figure 15, there is a considerable difference between mesh densities 0.03 and 0.01 however little difference between 0.01 and 0.005.  This data tells us that the mesh converged at 0.01; therefore, 0.01 is a sufficient density for our simulation.
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Figure 15.  Graph depicting flux versus time for the three finest meshes

To visualize how the concentration was effected, a node from the center of the mesh was used to plot a concentration of the drug versus time.  The graph shows how the drug concentration at that particular node decreases exponentially with time.  It can be assumed that the surrounds nodes act accordingly.  Figure 16 highlights the area the node was chosen from, while Figure 17 is the plot developed by FIDAP.
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[image: image16]
Figure 16.  2-D Mesh used to find the concentration vs. time graph at the labeled node

[image: image17]
Figure 17. Graph of the concentration of species 2 vs. time taken from the highlighted node above
Figure 18 and Figure 19 are graphs of flux versus time for all the mesh densities we used in our simulations for drug and water respectively.  The flux of drug is seen to be directly proportional to the flux of water, as expected.  
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Figure 18. Graph of flux of drug versus time 
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Figure 19. Graph of flux of water versus time   
In addition to these analyses and to further examine how crater shape affects the rate of drug release, we chose to run additional simulations with a new crater geometry.  This geometry looks like a diagonal cut as opposed to a hemisphere and would produce a conical shaped indentation as opposed to a hemispherical “dimple” in the top of the pill as seen in Figure 20.  The results produced by this geometry will be compared to the results obtained from our original, hemispherical geometry, as presented in Table 5.  
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Figure 20. 2-D Crater mesh with diagonal crater at 0.005 density (7149 elements)

4.0 Conclusions and Design Recommendations

4.1 Interpretation of Results and Recommendations

Based on the results of our models, the hemispherical crater geometry was best for obtaining a constant flux of drug out of the pill and in fact, the mesh with a flat cut created problems.  Specifically, it did not run to completion because of irregularities in the geometry that it could not solve for in FIDAP, which caused it to crash before the simulation was complete.  

The goal of our project was to model a pill geometry that achieved a constant rate of release.  As illustrated in Figure 21 the initial flux of the drug (at time less than about 17 minutes) is very high but drops quickly and remains relatively constant over the course of a few hours.  While at first glance Figure 21 may seem to suggest that a constant rate of release was not achieved, the high initial flux values are part of the numerical solution and cannot be avoided.  When the simulation is started there is an infinite gradient of drug across the crater boundary leading to an infinite, or at least very large, flux value for times near the start of the simulation.  This value quickly drops off (faster with higher mesh densities) and afterwards the flux remains relatively constant.  Because the flux was computed across the crater boundary which has a constant surface area, the rate of the drug release will be constant as well.  The value of the flux does drop with time but an invariably constant flux is not realistic in a drug delivery system.  Compared to other forms of drug delivery, such as injections which produce instantaneous fluxes of drug into the body, this delivery system will provide a form of drug delivery that can be used with pharmaceuticals that require a steady rate of drug release.
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Figure 21. Flux versus time for three simulations with different mesh densities.
Problems Encountered

Due to our inexperience with FIDAP it took us a significant amount of time to begin generating quality results from our model.  Time spent with Amit Halder and Daniel Tse Wen Lee helped us to better understand the inner workings of FIDAP and GAMBIT.  In addition, much trial and error allowed us to determine the ways in which we would need to modify our project to make it conducive to these programs.    

Two limitations of FIDAP impeded our progress.  First, the program’s limited amount of storage space caused some of our simulations to “crash.”  When trying to store mesh data for a large amount of timesteps (500,000), we found that we exceeded the available storage space.  To solve this problem, we stored our data at increments of timesteps instead of at every timestep, leaving some data unrecorded.  Secondly, FIDAP is not capable of simulating a situation with a moving front.  We modeled a diffusivity curve to account for drug release.  A more accurate model would describe the actual degradation of the crater front and obtain the flux of drug out of the crater as that degradation occurred.  
We also encountered problems with our mesh for the straight edge crater model.  Upon increasing density, a non-uniform pattern developed in the mesh.  In some areas, elements were created in a line formation (see red lines in Figure 22) and we predicted that this inconsistency would introduce errors into our results.  After running the simulation on this model, we noticed that along the mesh’s apparent element line our results did show an irregularity in the diffusivity pattern (Figure 23).

[image: image21.emf]
Figure 22. 2-D Crater mesh with diagonal instead of hemispherical crater 
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[image: image22]
Figure 23.  Contour of drug diffusing out of crater after .1 timestep (.01 sec)
Design Recommendations

For future initiatives taken to model zero-order drug delivery in FIDAP using a hemispherical crater geometry, we have three recommendations to improve the process:

· More computing power: This would enable results to be obtained in less time, more data could be saved and smaller mesh elements could be tested to increase the accuracy of the simulation.  
· Utilizing a superior diffusivity curve: A better diffusivity curve with more than four points could be compiled utilizing previous published papers and literature for more accurate results.
· Research different crater geometries- Although the hemispherical geometry served as the best shape for a constant drug release rate in our tests, other crater geometries that we did not examine may be effective in minimizing initial flux changes and producing a constant drug release rate.

4.2 Discussion of Realistic Constraints 
Since our pill design differs from typical pharmaceutical designs already in use, a patent would need to be obtained before a system such as this could be implemented into widespread use.  Manufacturability seems to be the most difficult obstacle to overcome with our design.  
The public would most likely be apprehensive about their ability to easily and comfortably swallow a new and unfamiliar pill geometry.  Despite skepticism, no health risks should be created on account of the pill geometry an in fact, the added benefit of taking a pill with a constant release rate could allow for the administration of less medication.  The constant release rate of the drug would allow the drug to be more effective in the body for longer periods of time and in turn less doses of medication could be taking, an incentive for hesitant consumers to consider.

While this geometry may seem like a somewhat significant change for the patient, it is doubtful that the modification would create the need for drastic changes in the pharmaceutical industry.  Consumers would most likely purchase a relatively similar amount of orally administered medications each year and no large economic changes are to be expected.  If anything, increased difficulty in manufacturing the pills may cause their selling price to rise somewhat.  The market of purchase for pills may differ slightly due to the enhanced effectiveness of the drug and the result that people would have to utilize fewer drugs, but this would not be enough to have an economic effect.

4.3 Manufacturability
While the manufacturing of any pharmaceutical is difficult, it is especially challenging to create cratered geometries.  It is imperative that the manufacturing of the crater feature is done with utmost accuracy to ensure that the pull will function with the optimized constant release rate.
Many assumptions were made in this study that produced optimized drug diffusion into the body.  Thus, it is very important that the manufacturing process accurately create those assumptions.  First, it is important that the pill is processed with an evenly distributed drug matrix.  It is also necessary that the outer pill coating be impermeable to diffusion, ensuring that only diffusion take place in the cratered region.  Lastly, the quality control and assurance must be highly focused on processing the correct and continuous crater feature, as any imperfection could alter the desired flux rate.

The manufacturing process must provide these features, and adequate quality control must be provided to minimize the release of imperfect drugs into the consumer market.  It is difficult chemically to produce pharmaceuticals, but with the pill we based this study on, it is also integral to achieve geometric perfection as well.

5.0 Appendix A: Mathematical Statement of the Problem

5.1 Governing Equation:

* This is the general form of the governing mass transfer equation with the convection and reaction terms dropped (since they do not apply to our models)
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(Eqn. 1)

The governing equation assumes symmetry in the θ and Ф directions, the diffusion of the drug is transient, convection inside the pill is zero, and there is no reaction of the drug inside the pill.  

In order to model the diffusivity of drug out of the pill as a function of water diffusing into the pill, certain assumptions must be made.  While the boundary of the drug inside the pill is actually moving as the drug diffuses out, this cannot be modeled as so in GAMBIT; another approach must be used.  To solve this dilemma we defined the diffusivity of the drug out of the pill at any given point as a function of the water concentration at that point.  To do this we used an exponential relationship of drug diffusivity vs. water concentration, that is, we defined a species dependent curve in FIDAP for the diffusivity value of the drug.  After inputting values for the drug diffusivity at given water concentrations, FIDAP extrapolates linearly to approximate the
diffusivity at any concentration of water and uses that value in the solution of our model.  For areas where the water concentration is zero, including the initial diffusivity value for the entire drug, we used the normal diffusivity value.  The diffusivity value increases exponentially as the water concentration increases, until a threshold concentration of water is reached (which was varied in sensitivity analysis) where we gave the drug a very high enough diffusivity to ensure that all of the drug in that area would diffuse out of the pill.
Because two species are being modeled, the drug out of the pill and water into the pill, two governing equations are needed.  The governing equation for the concentration of water includes exactly the same terms as for the drug:
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(Eqn. 2)

To model the diffusion of both species in FIDAP the equations must be non-dimensionalized as follows:

l* = r/R




c*water = c/cwater 0

c*drug = c/cwater 0
t* = D0t/R2
Substituting in to equations 1 and 2, the non-dimensionalized governing equations are:
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(Eqn. 4)
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(Eqn. 5)

5.2 Initial and Boundary Conditions

[image: image27.emf]t

R

r

t

R

r

t

R

r

   



[image: image28]
[image: image35.png]l Y
GAMBIT, _ Solver: FIDAP. ID: smeshd,

Edit Solver

.

g on

Apply. Reset Close

Global Control

Transcript Description active P | P | G0 | W | e |

o | DT G )



[image: image36.png]TIME
HISTORY PLOT
17aee1q SPECIES 2
o noDE 742
1.49578
B
e 4>
1.25138
100708
476277
6.51845
T T T T T
©.00000 1.10098 2.30996 5.50994 4.79992 5.99998 F%E’AMPGV%-;-Z
TIME iies 3 i 3






[image: image29]

[image: image30]
Figure 24. 3-D and 2-D Hemispherical schematics and accompanying dimensions for pill diameter and coating thickness.

6.0 Appendix C 

6.1 FIDAP INPUT FILE (FDREAD)

/*****************************************************************

/DISCLAIMER: This file has been created by GAMBIT based on the data

/entered in PreSTO.  Please note that not all the capabilites of FiDAP

/are present in the PreSTO template. However, you can add the desired

/capabilties by editing this file with a text editor. You will then

/have to run FIDAP outside the GAMBIT (PreSTO) environment.

/Please send bug reports and/or enhancement requests to:

/ashwini.kumar@fluent.com or marc.horner@fluent.com

/*****************************************************************

CONFIG(FIDAPMEM = 12.5E6)

FICONV( NEUTRAL, INPUT, FDMESH )

INPUT( FILE="mesh1.FDNEUT" )

OUTPUT( DELETE )

END

TITLE

mesh1

FIPREP

EXECUTION (NEWJOB)

PRINT (NONE)

DATA (CONTROL)

PROBLEM(2-d, Isothermal, NoMomentum, Transient, LINEAR, FIXED, NEWTONIAN, INCOMPRESSIBLE, SPEC=1, SPEC=2)

SCALE ( VALUE = 1 )

SOLUTION (S.S.=50, VELCONV =0.001, RESCONV =0.01, SCHANGE =0, ACCF =0)

OPTION (SIDES )

EXTRAPOLATE(ON,AFTER= 5,EVERY= 5,ORDER = 3,NOKE,NOFREE)

PRESSURE ( MIXED = 1e-009, DISCONTINUOUS )

TIMEINTEGRATION ( BACKWARD, Fixed, TSTART = 0, TEND = 100, DT = 0.1, NSTEPS = 1000 )

POSTPROCESS ( RESULTSONLY )

ENTITY( NAME = "pill", SOLID, PROPERTY = "default" , SPEC=1, MDIFF="C1_pill", SPEC=2, MDIFF="C2_pill") 

DIFFUSIVITY ( SET = "C1_pill", CONSTANT = 1e-005 )

DIFFUSIVITY ( SET = "C2_pill", CONSTANT = 1 )

ENTITY ( NAME = "top", PLOT )

BCFLUX ( SPEC=1, CONSTANT = 0, ENTITY = "top" )

BCFLUX ( SPEC=2, CONSTANT = 0, ENTITY = "top" )

ENTITY ( NAME = "side", PLOT )

BCFLUX ( SPEC=1, CONSTANT = 0, ENTITY = "side" )

BCFLUX ( SPEC=2, CONSTANT = 0, ENTITY = "side" )

ENTITY ( NAME = "axis", PLOT )

BCFLUX ( SPEC=1, CONSTANT = 0, ENTITY = "axis" )

BCFLUX ( SPEC=2, CONSTANT = 0, ENTITY = "axis" )

ENTITY ( NAME = "cavity", PLOT )

BCNODE ( SPEC=1, CONSTANT = 16000, ENTITY = "cavity" )

BCNODE ( SPEC=2, CONSTANT = 0, ENTITY = "cavity" )
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Diffusion Resistant Coating on pill
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Crater, Active Front





Drug Diffusion Out





Water Diffusion In





Initial:  cdrug (r, t = 0) = c1�                    cH20(l, t = 0) = 0


              l = r (t = 0)�


Boundary:  cdrug (l, t) = c1


                    cH20 (l,t) = ca�                    Fdrug = FH20 = 0  


(around outer boundary, except in crater)





* Please note: The constant radius of the crater is r and t is time.


     





Dimensions:   Pill Radius, R = 0.5 cm�	            Thickness of pill coating, �	                   t = 20 μm = .002 cm�	            Crater radius = r 
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