






  

system is sufficient to circulate most of the added hydrogel 

beads. This minimum mixing energy, or threshold energy, 

can be determined using the apparatus as set up in this 

experiment, varying the driving force (temperature 

difference), to vary mixing energy addition. The mixing 

energy of this thermosiphon system manifests itself in the 

form of fluid velocity in the downcomer and riser. 

The maximum velocity of the fluid flowing through the 

downcomer and riser was calculated as 0.2 ± 0.06 cm/s, from 

the time taken for the fastest portion of the tracer slug to reach 

the exit. Using this velocity as an estimate for the maximum 

linear velocity for the system, the maximum Reynolds 

number for the system can be found to be Re << 2000, which 

falls within the laminar flow regime. Since the flow is 

laminar, the flow within the downcomer and riser is 

characterized by the maximum velocity (umax), such that the 

average linear velocity (uavg) is: 

𝑢𝑎𝑣𝑔 =
𝑢𝑚𝑎𝑥

2⁄  

Using the velocity profile we can calculate the kinetic 

energy added to the fluid originating in the heat energy from 

the lamp. This kinetic energy term can be used as an indirect 

mixing energy term, which can then provide some 

information on the mixing energy threshold for the 

circulating HGM-amended hydrogels. 

𝐾𝐸 =
1

2
𝑚(𝑢2)𝑎𝑣𝑔 

where KE is kinetic energy, m is mass and u is the linear fluid 

velocity. The linear fluid velocity varies as a function of 

radius (r), taking into account the maximum fluid velocity, at 

the center of the pipe, (umax) and the pipe radius (R). 

𝑢(𝑟) = 𝑢𝑚𝑎𝑥[1 −
𝑟2

𝑅2
] 

So, by integrating we get: 

(𝑢2)𝑎𝑣𝑔 =  
𝑢𝑚𝑎𝑥

2

3
 

And so 

𝐾𝐸 =
𝜋𝑟3𝜌𝑤𝑎𝑡𝑒𝑟𝑢𝑚𝑎𝑥

2

12
 

Substituting in our calculated fluid velocity, and using 

ρwater (25 ̇ C) = 0.997, we find 0.5 ± 0.1 mW of mixing energy 

being added to the system from the incident light. This energy

which is extremely small in comparison the mixing energy 

usually added to bioreactors by impellers of sparging, which 

tends to be 4 or 5 orders of magnitude larger, indicates the 

threshold for the minimum mixing energy required by the 

HGM amended hydrogels. In this case we can see from Fig. 3

that hydrogels composed of 5% wt/v alginate and 0 to 0.035 g/l 

HGMs have a greater threshold mixing energy than 0.5 mW, 

since circulation of the beads is not seen. While a 

composition above 0.035 g/l HGMs has a threshold lower 

than 0.5 mW, although this analysis is further complicated by 

the fact that a second effect, floatation, must be overcome by 

another mixing energy above a composition of 0.06 g/l 

HGMs. 

While the above derivation holds well for the fluid moving 

through the downcomer and riser, and so gives valuable 

information about the threshold energy required to circulate 

the various composition beads, this energy does not 

characterize the mixing in the total volume of the reactor. 

One measure which gives information about the fluid 

dynamics of the full reactor is the time taken for a slug of 

high pH solution to be dispersed sufficiently that is no longer 

deprotonates an indicator (phenolphthalein in this case).  

Performing this measurement gives a mixing time estimate of 

575 ± 63 seconds, which is significantly longer than the 106 

seconds for the fluid to pass through the downcomer and riser. 

This indicates that the mixing is comparatively slow in the 

collector, in comparison to the downcomer and riser. In that 

portion of the reactor the mixing energy is below the 

threshold for keeping the beads in suspension, which allows 

them to settle into the downcomer once more. 

 

IV. CONCLUSION  

The results shown in this study indicate that hydrogels can 

indeed be fabricated, by the addition of HGMs, such that they 

have variable density, though a population distribution of 

densities was found within each composition, owing to the 

tendency of the HGMs to separate themselves from the bulk 

fluid. The application of the hydrogels within the 

thermosiphon demonstrated the use of these hydrogels in a 

system which provides very little mixing energy, illustrating 

that these modified hydrogel beads can be kept in suspension 

with the addition of a reduced amount of mixing energy.  
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