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ABSTRACT 

Using COMSOL Multiphysics, an unsteady state model for diffusion of tea in water was 

determined. Six geometries were chosen to study cube, cylinder, pyramid, torus, sphere, and 

helix. The geometry of the tea infuser was altered to see the effect on concentration profile as 

well as the time to reach steady state whether the radial direction was limiting or the z direction. 

Iso-surfaces were created at various time points to see how the concentration profile developed. 

For some infusers, the concentration profile greatly resembled the underlying geometry. 

However, for others the geometry had little to no effect. Plots were then created at various 

points inside the model to take samples of concentration over the entire “brew” time of 4 

minutes. These times allowed for the following list from most efficient and quickest to slowest. 

Some infusers excelled at radial diffusion while at the same time struggling with z axis diffusion. 

For others the opposite case was true. One of the geometries chosen excelled in neither and 

would make a terrible tea infuser. The overall ranking from best to worse is: torus, sphere, cube, 

cylinder, pyramid, and finally helix. The model was then modified to non-isothermal to see how 

temperature changes would affect the overall diffusion. Temperature was shown to have a large 

effect on steady state time as well as concentration profile development. 



INTRODUCTION 

Mass transfer is not limited to chemical processes and laboratory work. Mass transfer 

occurs on a daily basis. One such example is simply brewing a cup a tea. As the tea leaves are 

steeped in hot water many of their organic compounds diffuse through the water to create the 

myriad of flavors found in tea. This, just like chemical processes, relies on fundamental laws of 

transport. The example of brewing tea more specifically relies on unsteady-state mass transfer, 

which is governed by the conservation of species equation. Using this equation in combination 

with real world conditions allows for creation of a model for how tea diffuses during brew time. 

However, solving these equations in three dimensions, without major symmetries becomes 

increasingly difficult. 

COMSOL Multiphysics allows for calculation and characterization of numerous physics 

models. The COMSOL modeling program was used to model and determine the effectiveness 

of various tea infusers available on the market. COMSOL uses time dependent mass transfer 

equations in combination with set boundary and initial conditions to accurately predict the 

concentration and flux profiles throughout the model. COMSOL was used to model the diffusion 

properties of different geometry’s of tea infusers.  

Tea infusers aim to hold in tea leaves while allowing diffusion of specific chemical 

compounds from the tea leaves into the surrounding water. Tea infusers on the market come in 

a variety of shapes and forms. Some tea infusers are very utilitarian and minimalist, consisting 

of only a fine mesh ball and chain. Other tea infusers seem to be first a trinket and second an 

actual tea infuser. Designs that look like sea creatures and other childish toys are quite 

common.    Figure 1: Examples of typical and atypical tea infusers 

 

The tea infuser on the left is an example of the utilitarian type infuser, the one on the left is more of a trinket. 



Because of the wide variety of tea infusers as well as teas, choosing an efficient and 

practical design of a tea strainer is difficult. Before going into the geometries of the tea infusers, 

first the actual species that are diffusing must be determined. Unlike binary species transfer, 

which most models are based off, tea consists of over 2,000 individual chemical compounds 

that all take part in simple brewing. For example, black teas have been oxidized for a period of 

time and therefore have a different composition than freshly picked green tea. The major 

compound in black tea is theraflavin. This simplification allows for quicker modelling and 

solution times using COMSOL while still maintaining significance of the study.  

The vessel for brewing the tea in is also of some importance. For this study, it is 

assumed that all the tea brewed will be brewed in a mug rather than teapot. Although 

unconventional, brewing in a mug has become more popular due to the ease of tea bags. This 

also allows for further simplification of the study. Teapots are often various sizes and designs 

which can skew the effectiveness of a particular tea infuser. For the sake of this project a simple 

cylindrical mug was used.  COMSOL was then used to model the mug with a prototype tea 

infuser placed inside. This was done to accurately gauge the concentration profile of the 

chemical compound understudy and the surrounding water. This process was then repeated for 

every geometry and each tea. The same information was collected from the each of the trials to 

accurately characterize each of the strainers. With all of the tea infusers the recommended time 

of use varied depending on the tea. However, the quicker the tea diffused the “better” the tea 

infuser was characterized.  

The final part of the study is the geometry of the infusers themselves. As mentioned 

above the shapes and forms of tea infusers vary widely. However, limitations from COMSOL 

make it problematic to model the more atypical tea infusers. The geometries used where easy 

to create in COMSOL. The six geometries used were, a cube, a cylinder, a sphere, a square 

pyramid, a torus, and a helix. Using the data collected from all of these configurations of tea 

infusers, the most ideal tea infuser was determined for each tea.  



METHOD  

 Modeling the tea infusers was started by determining the physics involved. Transport of 

diluted species was utilized with time dependent analysis because the diffusion of the various 

chemicals through the water was not at steady state. Dilute was chosen because the tea would 

not be the majority of the species in the mug due to the abundance of water. The geometry was 

determined to be 3D. This was chosen because the nature of mass transfer could not be 

reduced to either two directions or just one direction. This is because of the setup of the mug. 

The mug was designed in COMSOL to contain 16 fluid ounces or 2 US cups of tea. The 

dimensions of the mug were 3 inches in diameter and 4 inches tall. The mug has no taper nor 

handles to simplify design. The mug was assumed to be made out of ceramics as most 

consumer mugs are usually ceramic. 

Figure 2: Model of Mug 

 

This is the model of the mug that is not filled with water or the tea infuser. 

  Inside the mug was exactly two US cups of water. This was created in COMSOL by 

designing a cylinder the same dimensions as the inside of the cup and declaring the material to 

be water.  The properties of water were taken from the COMSOL material library. Any property 

that was not listed in COMSOL was researched using DIPPR or NCS to fill in the missing 

properties.  



 The final geometry determined was the configuration of the tea infusers. Six geometries 

were chosen to mimic what was available on the market. Four “utilitarian” shapes were chosen 

and two “unique”. The four utilitarian were a cube, a square pyramid, a sphere and a cylinder. 

The two unique shapes were a torus and a helix. Regardless of the shape of the tea infusers, all 

the infusers had to hold one ounce of tea leaves.  

 For the utilitarian class of tea infusers the dimensions were easy to determine. One fluid 

ounce comes to roughly 1.2 inches cubed. Using this as a baseline, the dimensions of each of 

the infusers was manipulated till the correct volume was achieved. For the two unique shapes a 

few more specified dimensions were required.  A major radius as well as a minor radius was 

determined. All the tea infusers are shown below with the surrounding liquid to emphasize the 

differences in shape and how much space they occupy in the mug. 

Figure 3: Tea Infuser Models 

 



 

These are the different models for the infusers. From the top left: sphere, torus, pyramid, helix, cylinder, square. 

Next the diffusion of the compounds in tea was determined. One compound was focused 

on because it was prevalent in all types of tea, Theraflavin. Theraflavin is in almost all teas 

however in different concentrations for white tea the concentration is around 1/5 of black tea. 

Green tea has around 3/5 the theraflavin content of black tea. The diffusion of theraflavin did not 

change with concentration it was set at 5e-6 for the duration of the simulations.  The area where 

the theraflavin diffuses was set to the water only.  

The boundary conditions for the mass transfer equation were only in the mug and the 

top of the model. In the tea infuser diffusion was set with the aforementioned diffusivity. There 

was a no flux condition at the inside wall of the mug as well as the top of the water exposed to 

air.  This is the same in a real life experiment where there would be little to no diffusion in either 

the air or the mug itself. The initial conditions were also set to 5000 mol/m3 in the tea infuser. 

This was chosen to stress the diffusion aspect of the simulation. Exact amounts of theraflavin in 

an ounce of tea vary wildly from different picks and processing of tea. Using a baseline of 5000 

mol/m3 allowed for simplification of the problem while still maintaining meaningful results.  For 

both mug and the water the initial concentration was zero. This was declared because 

theraflavin was not natively in the mug or water. Finally, COMSOL was first run with a mesh of 

normal to ensure that there were no mistakes in the modeling of the infuser. COMSOL was then 

run again after there were no errors with a mesh of extremely fine. The time was allowed to run 

from 0 to 4 minutes in intervals of one half of a second for fast simulation and accuracy. 

The simulations were run with a constant diffusion term. The next part of this study 

changed the diffusion term to be dependent on the temperature of the medium. Using a 

correlation for proteins which relates diffusion to temperature, molecular weight, and viscosity a 



new non constant diffusion coefficient was determined. In order for COMSOL to take 

temperature into account the previous model was altered. Heat transfer in fluids was added to 

properly determine the temperature throughout the mug. The temperature dependent correlation 

is listed below from Drug Delivery by Saltzman. 

DT = D0 * Temperature/(viscosity*Molecular weight^(1/3)) 

Like the dilute mass transfer, boundary conditions were imposed. A no flux condition 

was set to the outside of the mug wall. The water in the mug is exposed to air and subject to 

natural convection. Finally the initial conditions of the three layers were set. Different teas have 

different temperature of brewing so an average of these temperatures was taken to best model 

a general tea. The water was set to an initial temperature of 100 degrees Celsius. The mug was 

set to room temperature, 25 degrees Celsius. The simulation was then run again with a non-

constant diffusion coefficient and the results were compared to those with a constant diffusion 

coefficient. 

  



 

RESULTS AND DISSUSION 

  For each of the tea infusers, iso-surfaces were taken at three different time points to 

show the development of the mass profile in the mug. The first iso-surface, surfaces of constant 

concentration, was taken at 30 seconds, the second at 1 minute, and the third at 2 minutes. This 

series of photos provides insight into the effect of geometry on the development of a 

concentration profile over time. Concentration at a fixed point was taken over time to determine 

when the system reached steady state. Six points were chosen to determine how fast the 

system reached steady state and to determine how well the infusers worked. Three points 

labelled “horizontal” kept both z and y coordinates constant while varying the x coordinate. 

These where chosen because the water itself showed radial symmetry so these three points 

would give insight into how the concentration varied horizontally. The next three points labelled 

“vertical” kept both the x and y coordinates constant while varying the z coordinate. This gave 

insight into how the concentration varied vertically. It is important to have these two groups of 

points to make sure that the entirety of the 3D model is at steady state. 

 The first tea infuser tested was the typical spherical infuser. Using the conditions 

mentioned in the procedure. The following iso-surfaces were created: 

Figure 4: Iso-surfaces of Spherical tea Infuser 

 

 



 

 

 

 

 

From the top left iso-surfaces at: 30 seconds, 1 minute, 2 minutes 

     As seen from the iso-surfaces, the concentration profile closely mimics the geometry of the 

tea infuser. At the 30 second mark the iso-surfaces are very spherical in shape. They are a very 

large spread between the five iso-surfaces. The inner most, understandably, has the highest 

concentration and closely resembles the geometry of the infuser. However, as time proceeds 

the iso-surfaces resemble less and less the geometry of the spherical tea infuser. This can be 

seen in the 1 minute and 2 minute figure. The profile is starting to become more cylindrical in 

the 1 minute figure and even more so in the 2 minute figure.  

    The next two infusers were very similar to the spherical infuser. The cylinder and cube tea 

infusers showed similar profiles but differed in two distinct ways. The cubic infuser showed more 

of a square profile while keeping the distinct cylindrical iso-surface profile. As compared to the 

sphere the profile in the z direction was more spread out and wider than the lemon-like shape 

the sphere took. The cylindrical infuser had iso-surfaces that looked similar to the spherical but 

much more narrow in the z direction. These two differences were the only things that separated 

the cube and the cylinder from the sphere. Their iso-surfaces are below with the cylinder first 

and the cube second: 

Figure 5: Iso-surfaces of Cylindrical and cubic infusers 



From the top left: cylinder 30 seconds, cylinder 1 minute, cylinder 2 minutes, cube 30 seconds, cube 1 minute, cube 2 

minutes. 

The next tea infuser tested was the square pyramid. This model closely resembles the 

commercially available “tea forte” brand of tea bags. The iso-surface plots are as follows: 

Figure 6: Iso-surfaces of Square Pyramid Tea Infuser  



 

 

 

 

 

 

 

From the top left iso-surfaces at: 30 seconds, 1 minute, 2 minutes 

     More so than the spherical, cylindrical, and cubic infuser, the square pyramid tea infuser has 

a distinct concentration profile. At the 30 second mark the iso-surfaces show the effect of the 

geometry of the infuser. The profile looks like a triangle with the bottom having a higher 

concentration than the top. Unlike the spherical infuser the iso-surfaces of the square triangle is 

much closer to each other. The inner most, understandably, has the highest concentration and 

closely resembles a smoothed out geometry of the infuser.  Also unlike the previous infuser as 

time proceeds the iso-surfaces resemble more and more the geometry of the spherical tea 

infuser. This can be seen in the 1 minute and 2 minute figure. The profile in both the 1 minute 

and 2 minute figure are very triangular in shape. 

     The next infuser is part of the unique category of infusers. The torus shaped infuser. This 

infuser has the curvature benefit of the sphere; however, it lacks the z height of most of the 

normal or regular infusers. The iso-surfaces are as follows:  

Figure 7: Iso-surfaces of Torus infuser 

 



 

 

 

 

From the top left iso-surfaces at: 30 seconds, 1 minute, 2 minutes 

     The profile is very similar to the spherical tea infuser; however, there is a very noticible 

differnce. In the x and y direction the profile has a wider profile. There Is a significant buldge at 

the middle plane of the mug. This buldge makes sense as the tea leaves are concentrated at 

radial points along the middle plane. The torus infuse lacks in z direction diffusion. The profile is 

very narrow. There is an exception. In the center of the torus the highest concentration is found, 

even along the z axis. This result is obvious because this area is surronded by tea leaves 

because of the torus’s donut-like shape. 

     The final infuser is also a part of the unique category. This infuser resembles the shape of a 

spring and is the tallest out of all the tea infusers; the helix. The iso-surfaces are as follows: 

Figure 8: Iso-surfaces of Helix Tea Infuser  

 

 

 



  

Out of all of the tea infusers tested, the helix has the most individual and unique profile. 

At first the profile seems like the typical cylindrical profile. It has the characteristic cylindrical 

shape with better diffusion in the x and y than the z direction. However, at one minute the profile 

drastically changes. The inner layers still show the cylindrical profile, but the outer layers start to 

take on a distorted shape. Even more readily apparent in the 2 minute profile is the distorted 

shape. Here the profile looks as if the mug has been tilted to the side and diffusion is faster for 

one side of the cup than the other. This is surprising because, for the most part, the helix has a 

radially symmetric geometry.  

 The iso-surfaces give good insight into how the theraflavin diffuse in the mug. It shows 

that the profile in some cases is heavily influenced by the geometry and at other points the 

geometry shows little to no effect.  The sphere, cylinder, and the cube all have very similar 

profiles, while the pyramid, the torus, and the helix all show very different profiles. However, in 

what patterns the theraflavin diffuse are secondary only to how quickly they mug reaches a 

steady state concentration. To accurately determine the “best” infuser the time at which the 

concentration in each mug reaches steady state must be determined. First steady concentration 

in the x and y direction was determined, then in the z direction. The mug that diffused both in 

the shortest time is considered the best infuser.  

 In order to determine the concentration variation in the y and x direction three points 

were chosen at different locations to insure accurate characterization of the infuser. These three 

points created three lines on each graph for each infuser. When these three lines settled to the 

same concentration steady state was achieved. The following plots were generated for the six 

tea infusers.  

Figure 9: 

Horizontal 

Concentration 

Plots 

 

 



 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 shows when each infuser reaches steady state. From the top: sphere, cylinder, cube, pyramid, torus and 

helix. 

 In each of these plots the three lines converge before the four minute mark. Each of the 

infusers is able to achieve a constant concentration, but not all reach the same concentration. 

The ranges of steady state concentrations are from 45-60, but they are all centered on 50 

mol/m3. In all the plots there is a typical trend. The point closest to the infuser goes through a 

huge concentration boost at around the 15 second mark, after that it decays to the steady state 

concentration. The second closest point quickly reaches the steady state concentration 



generally before the 40 second mark and plateaus for the rest of the simulations. Unsurprisingly 

the point farthest from the cylinder and closest to the mug wall took the longest to reach steady 

state. 

 For the most part the steady state times were all around the same. They are tabulated 

below for quick reading: 

Table1: Radially Steady State time 

Shape  Steady State Time 

Sphere 180 seconds 

Cylinder 195 seconds 

Cube 190 seconds 

Pyramid 185 seconds 

Torus 175 seconds 

Helix 220 seconds 
 The average time was around 185 seconds. The major outliers were the torus and the 

helix infusers. The torus had the fastest time at 175 seconds while the helix had the slowest 

time at 220 seconds. These times make sense when looked at from the point of view of the 

geometry. The torus has a very wide base with the tea leaves concentrated radially which 

speeds up diffusion radially. The helix has a taller geometry and lacks the width of the torus and 

other geometries so it takes much longer to reach steady state radially. The rest of the 

geometries showed little to no difference between each other. The differences in times were 

very close usually under five to ten seconds. This does not mean that the torus is the best tea 

infuser. If the mugs were 2D in the radial direction the torus would be the quickest however the 

z direction must be considered.  The same procedure was followed for the z direction. Three 

points were taken to ensure accurate characterization of steady state time. These points 

produced the following plots.  

 

 

 

 

 

Figure 10: Vertical Concentration Plots 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Like the plots before, these plots all show a similar trend. The average steady state 

concentration was around the same as with the radial direction which makes sense if it truly is a 

steady state concentration. However, unlike the radial direction, the z direction does not have 

the big peak of the closest point.  It still has a peak at the beginning but the max value for this 

peak is around 70 mol/m3 while with the radial direction the peak was around 600 mol/m3. The 

second closest point depending on the geometery followed one of two trends. The concentration 

showed a mild increase over the steady state concentration and then slowly decayed or the 

concentration just slowly approached the steady state concentration. The farthest point showed 

similar trend to the radial direction. It either directly mimicked the previous point or slowly 

Figure 10 shows when each infuser reaches steady state. From the top: sphere, cylinder, cube, pyramid, torus and helix. 

 

 

 



approached the steady state concentration. Also unlike the radial direction the steady state 

times were very varied. The results are tabulated below: 

Table 2: Z axis Steady State Time 

 

 

 

 

 

The major outliers in the z direction are the cube, the pyramid and the helix. The cube had the 

fastest time at 145 seconds while both the pyramid and the helix took over the 4 minute brew 

time to achieve steady state. This makes sense as the cube should be one the fastest because 

it has no bias to radial or z direction. Close behind is the sphere which also has no bias toward 

direction with its geometry. Surprisingly the helix had the worst z direction diffusion despite 

being the tallest geometry. The pyramid also took over 4 minutes to reach steady state in the z 

direction. This follows from its geometry because in a vertical cross section of the mug and 

infuser the pyramid has little area to diffuse through the z direction.   

 Taking both the z direction and the radial direction the best infuser is the torus. The torus 

has the lowest radial diffusion time, but the third highest z direction diffusion out of all the 

infusers. However, even though it has the third highest z direction diffusion, the steady state 

time for the z axis is still less than that of the radial direction. The overall steady state time 

depends on the slowest diffusion whether it is in the z direction or the radial direction. If the 

geometries are reordered by longest steady state diffusion time the list from best to worse is: 

torus, sphere, cube, cylinder, pyramid, and finally helix. For the most optimal shape for rapid 

diffusion of tea the torus geometry should be used. If a longer diffusion time is required a helix 

shape should be used.  

 All these results are assuming that the diffusion of the theraflavin remained constant at 

all ranges of temperatures. In order to determine the effect of temperature on diffusion one of 

the “average” tea infusers were chosen and altered to account for heat transfer. The cylinder 

model was altered to include heating and cooling.  In order to determine how the previous iso-

Shape  Steady State Time 

Sphere 150 seconds 

Cylinder 160 seconds 

Cube 145 seconds 

Pyramid > 240 seconds 

Torus 165 seconds 

Helix > 240 seconds 



surfaces altered with heat the following heat profiles were taken at 30 seconds, 1 minute and 2 

minutes. 

 

 

 

 

 

 

 

 

 

As seen in these profiles the temperature over this period remains fairly constant. The 

most significant cooling happened near the surface of the mug as well as the surface of the tea 

exposed to air. This is why most people serious about tea will preheat their mugs with a bit of 

boiling water to prevent this heat loss. The majority of the tea remains at the brewing temp of 

Figure 11: Temperature Slices for Non isothermal Model 

Figure 11 shows how the temperature of the water changes over time at different sections of the mug. From 

the top left: 30 seconds, 1 minute, 2 minutes 



100 degrees, but it does dip near the mug wall and the air.  This temperature profile created the 

following iso-surfaces.  

 

 

 

 

 

 

 

 

The iso-surfaces of the temperature dependent cylindrical tea infuser differed minimally 

from that of the temperature independent. The added ceramic wall distorts the iso surfaces as 

there is almost no diffusion whatsoever into the ceramic as is expected. The iso-surface shows 

the same lemon-like shape as the iso-thermal simulation. However, in the 1 minute and two 

minute mark the iso-surface starts to distort. Toward the top of the mug the iso –surface fans 

out encompassing a larger circumference. Toward the bottom of the mug the iso-surface gets 

Figure 12: Iso-surfaces of Non-isothermal Cylinder Infuser 

From the top left iso-surfaces at: 30 seconds, 1 minute, 2 minutes 

 



narrower. This is characteristically different from the isothermal case. This is due to temperature 

differences at the wall of the mug. The wall of the mug is much colder than that of the tea 

exposed to air. This reduces the diffusion and makes this lop-sided profile. The ceramic from 

the bottom of the mug and on the sides causes the diffusion to be reduced and affects the iso-

surfaces. Like before in order to determine the effects of the heat change the steady state time 

was determined in the radial and z direction. The plots are as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13:  Non-isothermal Concentration Plots 

Figure 13 shows the two concentration plots of the non-isothermal model. The first is the horizontal and the 

second is the vertical 



 These plots are very similar to the isothermal case of the cylindrical tea infusers. They 

show the same trends in both the radial direction as well as the z direction. Even though the 

plots are very similar the steady state times varied. The radial direction varied less than the z 

direction. The radial direction achieved a steady state concentration at around 210 seconds 

while the z direction took over 4 minutes. From the iso-thermal case steady state in the radial 

direction was achieved at 195 seconds and in the z direction 160 seconds. This was a drastic 

change the radial increased by 15 seconds while the z direction increased by over a minute. 

This shows that the temperature has a drastic effect on diffusion in tea.  



CONCLUSION 

Using COMSOL Multiphysics, the concentration profile and mass transfer of six different 

tea infusers were calculated and studied. The efficiency and overall utility of the infusers was 

determined using the longest amount of time to reach steady state whether the radial direction 

was limiting or the z direction. These times allowed for the following list from most efficient and 

quickest to slowest: torus, sphere, cube, cylinder, pyramid, and finally helix. The torus had the 

fastest radial direction and mediocre z axis diffusion; however, it still was faster than any other 

tea infuser. The next three showed little difference. They all performed very average in all 

aspects in diffusion with no significant deviation. The next infuser, the pyramid, had average 

results when it came to radial diffusion. However, the pyramid struggled with z axis diffusion 

moving it to the lower tier. Finally the worst design for an infuser was the helix. The helix was 

slowest at both radial and z direction diffusion.  With the data collected from the six different tea 

infusers a non-isothermal model was developed and tested. The final design of the non-

isothermal model was based on one of the average group of infusers. The cylindrical model was 

redone with added heat physics. When tested with COMSOL, the non-isothermal model 

provided concentration and steady state times different to that of the previous isothermal 

infuser. This new model showed that temperature has a significant effect on mass transfer.  
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