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Abstract 

Food, energy, and water are inherently connected. The Ogallala Aquifer, a primary irrigation water 

source in the High Plains region of the U.S., is declining, thereby necessitating new water 

conservation strategies1. Meanwhile, there is also a global goal to achieve a 43% reduction in 

global greenhouse gas emissions by 2030, relative to the levels recorded in 20192. These problems 

are separate yet still interconnected. The work of this thesis poses solutions in which these 

problems may be alleviated. 

 First, this thesis investigates the impacts of mixed wettability on the evaporation dynamics 

of a 10-µL sessile water droplet placed within simulated soil pores comprised of hydrophobic 

Teflon beads (CA ~ 108°) and hydrophilic glass (CA ~ 41°) beads with 2.38-mm diameters, where 

homogeneous and heterogeneous (i.e., mixed hydrophobicity and hydrophilicity) wettability 

configurations were investigated. Mixed wettability was of particular interest due to the possibility 

of reaping the lengthened evaporation times of hydrophobic materials3 while also having the 

advantages of decreased runoff and enhanced infiltration attributed to hydrophilic materials4,5.  

Experiments were performed in an environmental chamber where the relative humidity and 

temperature were 60% ± 0.1% RH and 20°C ± 0.4°C, respectively. Wettability influenced 

evaporation times, with homogeneous hydrophobic pores (i.e., three Teflon beads) and 

heterogeneous one glass, two Teflon pores having the longest average evaporation times of 40 and 

39 minutes, respectively. Homogeneous hydrophilic pores (i.e., three glass beads) and 

heterogeneous two glass, one Teflon pores exhibited evaporation times of 34 minutes.  Evaporation 

times for heterogeneous combinations trended based on the predominant wettability. Contact 

angles and the projected length of contact were analyzed from videos to capture pinning and 



  

depinning during evaporation. For many measurements on hydrophobic beads, contact angles were 

less than 90o, and in some configurations, water would be pinned on a Teflon bead while depinning 

(i.e., moving) on a glass bead. Stick-slip evaporation was observed, where the evaporating droplet 

switched between constant contact radius (CCR) and constant contact area (CCA) evaporative 

modes to minimize droplet surface energy. The results suggest wettability alterations in 

agricultural settings may reduce evaporation. 

 For the next portion of the thesis, the feasibility of using nuclear microreactor process heat 

for bioconversion and agricultural processes is investigated. Nuclear microreactors, a subset of 

small modular reactors, offer promise in addressing climate challenges due to their compact size, 

ease of deployment, and potential for carbon-neutral power generation. Operational conditions and 

requirements of bioconversion and agricultural methods (e.g., gasification, pyrolysis, 

hydrothermal carbonization, hydrothermal liquefaction, hydrothermal gasification, ethanol 

production, anaerobic digestion, and pasteurization) are obtained from a brief literature review. 

Next, a Brayton cycle model with a regenerator and air as the working fluid, based on the eVinci 

microreactor design6, was developed to assess the feasibility of powering these processes using 

nuclear microreactor heat. Exergetic efficiency values were calculated to match process heat 

values with operational temperatures, where high-temperature processes such as gasification and 

pyrolysis demonstrated efficiencies of 72-100% and lower-temperature processes such as 

pasteurization and anaerobic digestion ranged from 2-53%, depending on the microreactor design. 

There were tradeoffs between producing net power and utilizing process heat, particularly for high-

temperature processes; three different heat exchanger locations were considered. Results show that 

high-temperature processes [e.g., gasification (600℃ at minimum)] require too high of 

temperatures to be feasible based on the model. Some processes (e.g., ethanol production, 



  

hydrothermal carbonization, and hydrothermal liquefaction) are more suited to a heat exchanger 

located between the turbine and regenerator, but can also be run before the turbine. Lower 

temperature processes, like pasteurization and anaerobic digestion, can utilize waste heat after the 

regenerator and, therefore, do not impact power production.        
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Chapter 1 - Introduction 

Food, energy, and water (FEW) constitute three fundamental resources crucial for humans, but 

they confront increasing demand and finite availability, posing significant global challenges7. 

Simultaneously, there exists an intrinsic linkage among food, energy, and water. This concept is 

symbolically known as the FEW nexus, suggesting that restrictions or bottlenecks affecting one 

resource could restrict the accessibility of others8. The FEW nexus is heavily impacted by the 

proliferation of climate change9. Without specific policies to mitigate greenhouse emissions, by 

the end of the 21st century, global mean temperatures are projected to rise between 1.6℃ and 6.9℃ 

compared to the 1980-1999 average10. Preserving and protecting the natural resources, health, and 

beauty of the Earth as populations increase and cultures modernize is a problem facing modern 

society. Due to this, legislation such as the Paris Agreement is being developed to limit the increase 

of global average temperature to 1.5℃11. To recognize this, there is a target to achieve a 43% 

reduction in global greenhouse gas emissions by 2030, compared to that of 2019 levels2. So far, 

only 4.5% of countries have achieved carbon neutrality, and most plan to do so by 2050-207012,13. 

If global temperatures continue to increase, this will only proliferate other existing 

problems such as agricultural water management. The Ogallala Aquifer spans a major portion of 

the High Plains Aquifer, which underlies 45 million ha (111 million acres) of land in Wyoming, 

South Dakota, Nebraska, Kansas, Colorado, Oklahoma, Texas, and New Mexico14. The Ogallala 

Aquifer accounts for approximately 30% of all irrigation in the US15, and with the Ogallala Aquifer 

currently declining, it is projected that 40% and 54% of currently irrigated land in the central and 

southern High Plains, respectively, will no longer be viable for irrigation by the end of the 21st 

century16. The depletion of the Ogallala Aquifer thereby requires alternative water conservation 

strategies, and in this thesis, the impacts of wettability to alter evaporation mechanisms are 
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explored as a potential solution. This is due to wettability’s ability to impact sessile and mobile 

droplet evaporation. In particular, this work considers mixed (i.e., heterogeneous) wettability 

which is the case where hydrophobic (contact angle > 90°) and hydrophilic (contact angle < 90°) 

substances interact with each other. Purely hydrophobic soil structures are attributed with 

increased water runoff but higher water retention while hydrophilic soil structures exhibit the 

reverse4,5. Due to this contrast, mixed wettability is of particular interest for leveraging the best 

attributes of each wettability. Currently, research exploring the effects of implementing mixed 

wettability17–19 on evaporation mechanics is less prevalent compared to that of homogeneous 

wettability20–24. Experiments were conducted to determine the impact of mixed wettability on 

evaporation times, contact angles, the projected length of contact, and evaporative modes.  

Another opportunity to address these concerns is to incorporate carbon-neutral power 

sources in industrial processes to reduce carbon dioxide emissions25,26. An emerging carbon-

neutral technology is that of nuclear microreactors, which can produce both heat and electricity on 

a smaller scale compared to a typical nuclear power plant27. Along with electrical production, the 

excess heat from nuclear microreactor designs can be utilized to power a large variety of 

bioconversion and agricultural processes, further promoting environmental sustainability. These 

processes include but are not limited to gasification, hydrothermal gasification (HTG), pyrolysis, 

hydrothermal liquefaction (HTL), hydrothermal carbonization (HTC), ethanol production, 

pasteurization, and anaerobic digestion (AD).   
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Chapter 2 - The Impacts of Mixed Wettability1 

 2.1 Literature Review 

Philip and De Vries28 developed a pioneering model to explain evaporation via water vapor 

diffusion in porous media under temperature gradients, in which the observed apparent vapor 

transfer was higher than predictions of Fick’s law. The enhanced vapor diffusion was explained 

by the presence of liquid islands (i.e., water formed between two particles) that facilitate the 

movement of moisture through porous media. Subsequent work on the liquid island theory 

explained the contributions of latent heat transfer to the temperature-dependent behavior of 

thermal conductivity by Cass et al.29 and Sakaguchi et al.30  Also, liquid islands have been studied 

intensively by researchers such as Pepin et al.31 and Darabi et al.32 where they sought to estimate 

the time of liquid island rupture, which is part of the evaporation process.  

Sessile droplet evaporation plays a role in a wide range of applications, including 

DNA/RNA micro-arrays deposition33,34, dropwise evaporative cooling35,36, ink-jet printing37,38, 

pesticide spraying39,40, micro/nanomaterial fabrication41,42, and thin film coatings42,43. Wettability 

can impact sessile droplet evaporation. Research over the effects of implementing mixed (i.e., 

heterogeneous) wettability17–19 on evaporation mechanics is less prevalent compared to that of 

homogeneous wettability20–24. The contact angle, CA, that forms between the solid and the liquid 

interface is a thermodynamic feature indicative of solid surface wettability, holding significant 

relevance in evaluating surfaces44. Despite its seemingly straightforward concept and extensive 

research history, the measurement and understanding of contact angles still face challenges due to 

 

1 Figures and parts of section originally published in Jack Pakkebier, Partha P. Chakraborty, Melanie M. Derby; 

Effects of heterogenous wettability on evaporation from a simulated soil pore: Stick-slip evaporative mode and 

contact line motion. AIP Advances 1 March 2024; 14 (3): 035127. https://doi.org/10.1063/5.0193326 

https://doi.org/10.1063/5.0193326
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inadequate experimental and theoretical methodologies45–47. Mixed or heterogeneous wettability 

is the case where hydrophobic (CA > 90°) and hydrophilic (CA < 90°) substances interact with 

each other. Continued development into the study of mixed wettability may lead to the ability to 

be able to reap the benefits of both hydrophobic and hydrophilic substrates concurrently48. 

Therefore, a hypothetical heterogeneous surface may be able to have self-cleaning properties 

indicative of hydrophobic media49, while also being able to form a liquid puddle, allowing solutes 

to be evenly deposited on the surface after evaporation50. Betz et al.51 conducted research on mixed 

wettability where their development of superbiphilic surfaces displayed exceptional performance 

in pool boiling, indicated by biphilic surfaces demonstrating higher heat transfer coefficients 

compared to homogeneous wettability surfaces. Similarly, while investigating flow condensation 

heat transfer, Derby et al.52 observed heat transfer coefficients on hydrophobic and mixed 

wettability patterned surfaces significantly that were greater than that of hydrophilic surfaces. 

Additionally, previous research has shown that hydrophilic surfaces and porous media exhibit 

shorter evaporation times compared to that of hydrophobic ones 3,17,53, as hydrophobicity alters 

exposed droplet-air surface areas. For a single simulated soil pore, Chakraborty et al.53 determined 

that a hydrophobic Teflon pore exhibited a 23.5% longer evaporation time on average compared 

to that of a hydrophilic glass pore. In an experimental analysis regarding the dynamic effects of 

mixed wettability, Aboubakri et al.18 concluded that the evaporation rate of a droplet on surfaces 

of mixed wettability is a function of the shape and the size of the evaporative medium. Similarly, 

Ustohal et al.54 observed that surfaces of differing wettability dominate the water retention 

behavior in mixed packings. This further motivates the need to explore the impacts of mixed 

wettability and its effects on evaporation and water retention. 
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In addition to differing evaporation rates, evaporation modes in hydrophobic media differ 

compared to hydrophilic media. Picknett and Bexon55 identified two distinct evaporative modes: 

constant contact angle evaporative mode (CCA) and constant contact radius evaporative mode 

(CCR). The CCA mode is often characterized by the droplet being depinned (i.e., a moving contact 

line), whereas the CCR mode is characterized as being pinned (i.e., a fixed contact line). The triple 

contact line refers to the line where the liquid droplet, the vapor phase, and the solid substrate 

meet, i.e. the interface formed at the periphery of the droplet on a solid surface. Later, a third 

evaporative mode was observed, referred to as the “stick-slip” evaporative mode56. In this 

evaporative mode, mixed evaporation behavior is seen where the liquid droplet exhibits both CCA 

and CCR modes intermittently. During the stick-slip evaporative mode, the triple contact line may 

remain pinned until the contact angle is reduced to a critical value. Once this critical value is 

achieved, the triple contact line resumes motion or rapidly retracts to the next equilibrium state, 

with corresponding changes in droplet apex height and contact angle57. Each one of these events 

is associated with an intrinsic energy barrier being surmounted. On smooth, flat hydrophobic 

surfaces, evaporation is generally characterized by the CCA mode58, and for smooth, flat 

hydrophilic surfaces, the CCR mode is common59.  

Orejon et al.60 studied contact line motion for evaporating water and ethanol droplets on a 

range of surfaces where they derived an equation using Young’s equation and a force balance 

approach to predict the threshold of depinning, 

𝜕𝑈

𝜕𝑟
= 𝛿𝐹⃗ = 𝛾𝑠𝑖𝑛(𝜃𝑜)𝛿𝜃        (2.1) 

where 𝜃𝑜 is the equilibrium contact angle, 𝛿𝜃 is a small change in the contact angle due to 

evaporation, 𝛾 is the liquid-vapor interfacial energy, and 𝑈 is the intrinsic energy barrier preventing 

contact line motion. In other work, Picknett and Bexon55 calculated the rate of evaporation for 
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sessile droplets in the CCA model, and later Schönfeld61 produced two approximations for the rate 

of evaporation in the CCR mode. These results were found by applying a liquid droplet onto a flat 

substrate and observing the contact angles throughout the evaporation process.  

 2.2 Research Objectives 

In pursuit of a better understanding of how wettability affects evaporation mechanics, we 

applied a 10-µL liquid droplet of water onto a three-dimensional simulated soil pore comprised of 

three separate 2.38-mm diameter beads. The research objectives of this chapter are to investigate 

and compare the evaporation dynamics of sessile water droplets within simulated soil pores with 

varying wettability, including both homogeneous and heterogeneous configurations. This work 

aims to determine the impacts of mixed wettability on evaporation times, evolving contact angles 

and lines, and evaporative modes, with a focus on understanding the potential implications for 

agricultural water management. 

 2.3 Methods and Experimental Approach 

The evaporation of a sessile water droplet was observed over the entire course of its evaporation. 

A 10-µL droplet of water was dispensed from a pipette (Fisherbrand Elite 00010, ± 1-2.5% 

accuracy). For clearer imaging and analysis, the water was dyed using red food coloring (i.e., < 

2% of droplet volume). The droplet was placed in the middle of a simulated soil pore composed 

of three beads of varying wettability (Figure 2.1): 2.38-mm diameter hydrophobic 

polytetrafluoroethylene (PTFE) Teflon (CA ~ 108°) and hydrophilic glass (CA ~ 41°). The beads 

were held at an equilateral spacing of approximately 3.15 mm center-to-center by a 3D-printed 

fixture that suspends the beads via a removable adhesive, and new beads were used for each trial. 

All trials were conducted in a closed, environmental chamber where the relative humidity and 

temperature were set to be constant at 60% ± 0.1% RH and 20°C ± 0.4°C, respectively. 
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Evaporation was observed by two high-speed cameras recording at 24 frames per second with a 

magnification of 5x (Fastec IL3 and Fastec IL5). The footage was simultaneously recorded from 

the top and side of the pore and was subsequently processed with ImageJ, SolidWorks, and Active 

Presenter (Atomi Systems). Four different wettability arrangements were tested: homogenous 

hydrophilic (i.e., 0 glass beads), heterogeneous wettability (i.e., 1 glass bead and 2 Teflon beads, 

and 2 glass beads and 1 Teflon bead), and homogenous hydrophobic (i.e., 3 Teflon beads). Five 

evaporation trials for each arrangement were conducted where the evaporation time, liquid island 

formation time, average evaporation time, and average liquid island formation time were reported. 

 

Figure 2.1: Schematic of experimental apparatus in the environmental chamber. (a) Top 

view of simulated pore with lighting and cameras. (b) Side view of simulated pore with 

contact angle description and notation. (c) Top view notation for beads.62 
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 2.4 Results and Discussion 

Representative images from the experimental videos are reported in Figure 2.2 at three different 

times during the experimental process: initial drop placement, immediately before liquid island 

formation, and immediately after liquid island formation. Images and videos from all trials are in 

Appendix A. 

 

Figure 2.2: Evaporation in a simulated soil pore for the different wettability configurations 

for initial droplet placement, immediately before liquid island formation, and immediately 

after liquid island formation, where (a): homogenous hydrophilic, 3 glass 0 Teflon; (b): 
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heterogeneous wettability, 2 glass 1 Teflon; (c): heterogeneous wettability, 1 glass 2 Teflon, 

and (d): homogenous hydrophobic, 0 glass 3 Teflon.62 

In each arrangement, the topmost image is the initial droplet placement. Then, the middle picture 

is immediately before liquid island formation and the bottom picture is the formed liquid island, 

where evaporation will continue until the water is completely evaporated. The data in Table 1 

indicate that the homogeneous hydrophilic (3 glass) and heterogeneous wettability (2 glass 1 

Teflon) arrangements had the shortest average evaporation times of 34 ± 4.5 minutes and 34 ± 4.2 

minutes, respectively. These values represent the average evaporation time  standard deviation. 

In contrast, the homogenous hydrophobic (3 Teflon) arrangement had the longest average 

evaporation time of 40 ± 4.8 minutes, and the second longest average evaporation time was that of 

the heterogeneous wettability (1 glass 2 Teflon) arrangement at 39 ± 4.2 minutes. The noticeable 

standard deviation between experimental trials may be a result of slight droplet placement 

variabilities and the pipette’s accuracy of ± 1-2.5%. 
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Table 2.1: Evaporation times for all wettability combinations.62 

 

These results are consistent with the data from Chakraborty et al.53 where their homogeneous 

hydrophobic simulated pore exhibited longer average evaporation times (42 minutes) compared to 

that of a homogeneous hydrophilic simulated pore (34 minutes). For the heterogeneous wettability 

cases, the evaporation times trended based on the predominant wettability (e.g., evaporation times 

for 2 glass, 1 Teflon were comparable to the homogeneous hydrophilic case); this result may be of 

use for applications in industry and agriculture, as less hydrophobic soil may lead to reduced runoff 

of water and better infiltration4,5. By integrating hydrophilic elements into predominantly 

hydrophobic soil, evaporation benefits may be obtained while also experiencing less runoff and 

better infiltration due to the soil being less hydrophobic. 
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Videos were analyzed in SolidWorks to plot the evolution of the projected length of contact 

(PLOC) and contact angles throughout evaporation; PLOC is used since the camera only captures 

a 2D view of the 3D pore. The data was procured by tracing the contact line from the top view and 

determining tangent lines to measure the contact angles in the side view. From there, utilizing the 

dimensions tool, the PLOC and contact angle measurements were determined. Contact angles were 

visualized using the side camera view and were measured at four points in the pore (Figure 2.1). 

These four points are the top and bottom visible edges of the contact line for the left and right bead. 

On flat surfaces, Teflon and other hydrophobic media are associated with the CCA 

evaporative mode where droplets applied are generally depinned due to their contact angle of >90° 

and the movement of the triple contact line; likewise, glass and other hydrophilic media are 

associated with the CCR evaporative mode and generally being pinned63. However, in our 

experimental investigation with three spherical beads, this was not necessarily the case. For 

example, in the 2 glass 1 Teflon case (Figure 2.2b, 2.3b), water on the Teflon bead is pinned and 

exhibiting CCR evaporative mode through the first third of evaporation, whilst the glass bead has 

a moving contact line (i.e., depinning). This can be seen in the respective PLOC plot where the 

Teflon1 bead has a flat line through the first 10 minutes, indicating pinning, and the glass1 and 

glass2 beads have a slight negative slope, indicating depinning. Also, in the 1 glass 2 Teflon case 

(Figure 2.2c, 2.3c), all bead contact angles remain relatively constant for the first third of 

evaporation and then the “Left2” glass bead exhibits strong CCR indicated by a sharp negative 

slope in the graph while the Teflon bead “Right1” contact angle even increases, suggesting 

movement of the contact line. Generally, strong negative movement of the lines in the PLOC plots 

indicates depinning, with flatter lines indicating pinned contact lines. Within the contact angles 
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plots, the reverse is true; strong negative movement of the lines indicates pinning, while flatter 

lines suggest depinning. 

 

Figure 2.3: Projected length of contact and contact angle data throughout the evaporation 

time of all wettability arrangements. (a): 3 glass 0 Teflon. (b): 2 glass 1 Teflon. (c): 1 glass 2 

Teflon. (d) 0 glass 3 Teflon62 

This phenomenon where a mix of characteristic and uncharacteristic evaporative modes are 

observed is described by stick-slip theory33, where a droplet can exhibit both modes intermittently 

or simultaneously to minimize the surface energy of the liquid droplet. As the droplet evaporates, 

it aims to maintain its intrinsic contact angle with a smoothly receding contact line, thereby 

minimizing the surface energy at an instant of time. However, this is prevented by pinning events 

corresponding to a previous equilibrium state. Referencing Eq. (1)60 and applying it to the 1 glass 
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2 Teflon case (Figures 2.2c and 2.3c), we can gain insights into ongoing pinning/depinning 

dynamics. Eq. (1) was used by Orejon et al. for analysis on flat substrates, however, it is 

additionally useful for the analysis of curved interfaces. This is because the equation considers the 

triple contact line at the threshold of depinning, and the interfacial stresses can be modeled as in-

plane stresses along the tangent planes of the curved surface at an instant of time64.  Eq. (1) is 

applied to the beginning 15 minutes of this case due to the CCA mode throughout the first 10 

minutes and then the sharp decrease in contact angle going into the 15th minute, corresponding to 

a stick-slip event. The “Left2” contact angle at the 10-minute mark is equal to 63° and at the 15-

minute mark, which is the next measured time point, is 20°. From this time point on, the contact 

angle stays relatively constant for the duration of evaporation. Based on Eq. (1), depinning occurs 

when 𝛿𝜃 is sufficiently large enough for 𝛿𝐹⃗ to overcome the intrinsic energy barrier 
𝜕𝑈

𝜕𝑟
. Between 

the 10- and 15-minute points, the “Left2” contact angle continually decreases until pinning forces 

are overcome and thus the triple contact line begins to move. So, for this case, 𝛿𝜃 = 43° is a large 

enough difference to move the triple contact line. In another example, during evaporation in the 3 

glass 0 Teflon arrangement (Figure 2.2a and 2.3a), the “Right2” contact angle at 0 minutes is 58° 

and at 5 minutes equals 40°, resulting in 𝛿𝜃 = 18°. It can be seen in the contact angle plot that 

after the 5-minute mark, the contact angle line is mostly flat, indicating movement of the contact 

line, sparked by the sufficiently large 𝛿𝜃. In Figure 4, 𝛿𝐹⃗ is plotted against 𝛿𝜃 for numerous cases 

observed, showing the requirements for droplet depinning in their respective cases. Each data point 

shown in Figure 4 indicates a sufficiently large enough contact angle difference that sparked 

depinning. Ideally, there is no movement of the contact line until a sufficient contact angle 

difference is reached, which is indicated by the points that have been plotted. According to the 

data shown, various contact angle differences can produce depinning. Concurrently, the function 
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is plotted as a line for varying 𝛿𝜃 in the example where 𝜃𝑜 = 90°, which further shows the 

appositeness of applying Eq. (1) to curved surfaces as it is in good agreeance with our results. 

 

Figure 2.4: Sufficient depinning forces for numerous trials observed, plotted against 𝜹𝜽.62 

Equation 1 is from Orejon et al.60 

Through all wettability arrangements considered, the stick-slip evaporative mode is observed, 

thereby suggesting that droplet pinning and depinning mechanics are also dependent on the 

geometry of the substrate41,42. Another instance of the stick-slip evaporative mode is seen in Figure 

2.5 when considering the 2 glass 1 Teflon case (Figure 2.3b). Figure 2.5a shows the droplet upon 

initial placement and in Figure 2.5b, after 5 minutes has elapsed. The “Right 2” contact angle, 

indicated by a blue circle, decreases after the 5 minutes has elapsed, while remaining pinned. As 

this evaporation trial continued onward past the 5-minute mark, the “Right 2” contact angle 

remained fairly constant.  
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Figure 2.5: Visual difference in “Right 2” contact angle after 5 minutes for the 2 glass 1 

Teflon configuration indicated by a blue circle. (a) Initial droplet placement. (b) Droplet 

after 5 minutes has elapsed. 

Going from a 2D, flat surface to a 3D, curved, simulated soil pore creates an environment 

where hydrophilic media may appear with characteristics of hydrophobic media, and vice versa 

for hydrophobic media65,66. In one heterogeneous wettability (1 glass 2 Teflon; Figure 2.2c), the 

liquid island formed between the two Teflon beads rather than being formed between the glass and 

Teflon bead; it was expected that the liquid island would form between hydrophilic beads67. It is 

possible that even though hydrophobic material interacts with the liquid water interface less 

strongly compared to hydrophilic material68, through surface energy optimization and 

pinning/depinning events occurring during evaporation, a liquid island can form between more 

hydrophobic structures. In the other four trials of the 1 glass 2 Teflon experiments conducted, 

island formation occurred between the glass and Teflon beads.  

Dynamic contact angles are observed during evaporation. In Figure 2.3, a red, dotted line 

is placed at 90° to act as a visual aid to differentiate between hydrophobic and hydrophilic media. 

On a flat surface, Teflon has a contact angle of around 108°, and glass has a contact angle of around 

41°, yet the values of the contact angles measured in these experiments on curved, simulated soil 
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pores are often not near the reported values of 108° and 41°. For example, in the homogeneous 

hydrophobic (0 glass 3 Teflon) case, contact angles of 108° are achieved upon initial droplet 

placement, but also throughout the experiment, contact angles as low as 38° occur. A similar trend 

is often seen with the glass hydrophilic media in these experiments. Glass has a contact angle of 

around 41° on flat surfaces but contact angles on the glass bead are observed as low as 15° in the 

heterogeneous wettability (1 glass 2 Teflon) case and as high as 81° in the homogeneous 

hydrophilic (3 glass 0 Teflon) case. This is in contrast to the observations of Viswanadam and 

Chase69 and Wu et al.70 which noted that apparent contact angles of Teflon increased when placed 

onto a curved surface compared to that of a flat surface. These studies69,70 examined a water droplet 

placed on top of a single solid sphere, and this paper’s water droplet enters the middle of a 

simulated pore comprised of three spheres.  

Although a key indicator, contact angle alone does not provide a complete description of 

the apparent wettability of a porous medium under intermediate-wet conditions71. The difference 

between the contact angles observed to the characteristic contact angles of the flat surface is likely 

due to the effects of pore geometry72 and the motion of the droplet during evaporation, where 

Nabizadeh et. al73 also noted a discrepancy between static equilibrium contact angles and dynamic 

contact angles recorded in their capillary tubes of varying geometries. Pore geometry exerts a 

fundamental influence on the apparent wettability of porous media due to the capillary pressure72 

      𝑝𝑐 = 𝛾𝜅         (2.2) 

Where 𝜿 is the curvature of the interface and 𝜸 is the surface tension at the interface. The capillary 

pressure will be different for the geometry considered by Viswanadam and Chase69 and Wu et al.70 

compared to this work’s geometry, inside of a simulated pore. This capillary pressure leads to 
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distortions in the contact angle displayed, resulting in a possible explanation for the phenomena of 

contact angles differing from what is typically expected. 

 2.5 Conclusions 

This work investigated the impacts of wettability on evaporation dynamics within 

simulated soil pores, specifically focusing on both homogeneous and heterogeneous wettability 

configurations. A 10-µL liquid droplet was placed into a three-dimensional simulated soil pore 

comprised of beads with varying wettability. Quantitative results indicate that homogeneous 

hydrophilic configurations exhibit the shortest average evaporation times at 34 minutes, while 

homogenous hydrophobic configurations display the longest, 40 minutes. However, the 

heterogeneous hydrophobic setup had average evaporation times of 39 minutes, indicating possible 

applications of altered wettability in agricultural settings to reduce runoff and increase infiltration 

while reducing evaporation. The stick-slip evaporative mode was observed, where droplets 

displayed CCA and CCR modes intermittently during evaporation. In some instances, hydrophobic 

Teflon beads displayed apparent contact angles indicative of hydrophilic media and vice versa for 

hydrophilic glass beads. Depinning forces were calculated for overcoming the intrinsic energy 

barrier during stick-slip evaporation. This research contributes valuable insights into soil pore 

evaporation mechanics, with implications for water conservation and agricultural practices in 

regions, such as the Ogallala Aquifer, facing significant water depletion challenges. 

 

 

 

 

  



18 

Chapter 3 - Utilization of Nuclear Microreactor Process Heat for 

Bioconversion and Agricultural Processes 

 3.1 Introduction 

Nuclear microreactors are a subset of small modular reactors (SMRs), which are advanced nuclear 

reactors that produce electricity up to 300 MWe per module74. Microreactors, however, typically 

have a power output of below 20 MWe, but span a range from 1-50 MWe
75; specifications are 

tabulated in Table 1. Along with being carbon neutral, the small size and relative ease of 

deployment make microreactors excellent candidates for supplying power to military installations, 

remote areas, mining sites, and critical infrastructures such as hospitals76. They are valuable for 

use in remote or critical areas since microreactors are not limited by the need for continuous 

refueling, unlike diesel generators or small gas turbines. They can function within an electrical 

grid, independently, or contribute to a microgrid generating electricity and process heat. Currently, 

the main drawback of installing nuclear microreactors is their rate of return on investment, which 

is driven by high expected initial capital costs77.  

 3.2 Research Objectives 

The objective of this chapter is to serve as a guide for feasible bioconversion methods using the 

process heat of nuclear microreactor designs currently in development. Additionally, the research 

aims to provide a brief literature review of bioconversion and agricultural processes, focusing on 

their respective required operating conditions and parameters needed to interface with 

microreactors. To improve on their return on investment, research is being conducted to maximize 

the utility of the process heat created by microreactors78. One example, and a focus of this research, 

is the utilization of microreactor process heat for bioconversion methods such as gasification, 
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pyrolysis, hydrothermal carbonization (HTC), hydrothermal liquefaction (HTL), and 

hydrothermal gasification (HTG). These bioconversion methods transform renewable biomass or 

organic materials into useful energy carriers or other valuable products, most notably, biofuels. 

Another focus of this work is the application of microreactor process heat for various agricultural 

processes, including ethanol production, anaerobic digester systems (AD), and pasteurization of 

milk. 

 3.3 Literature Review 

This literature review focuses on the current microreactor technology available. The list of 

microreactor designs discussed is by no means exhaustive, however, the designs mentioned 

currently have the most publicly available information. Table 1 lists microreactor concepts along 

with their design features, power production, process heat availability, and operational conditions. 

The Xe-Mobile reactor, developed by X-energy, is a high-temperature, helium-cooled reactor 

design. It is capable of producing 1-5 MWe, fits in a standard shipping container, and can run at 

full power for at least three years79,80. Westinghouse has their own microreactor design, eVinci. 

This heat pipe fast neutron reactor design produces 5MWe, 13MWth, and is fully factory-built and 

fueled. These units can be set up in under 30 days and process heat up to 600℃ is available6. Oklo 

Inc. is a California-based company developing a 1.5MWe, 4MWth heat pipe fast nuclear 

microreactor known as Aurora81,82. The working fluid for the power conversion system, 

supercritical CO2, has a maximum temperature of <550°C82. HolosGen is developing the Holos-

Quad microreactor system in collaboration with the US military boasting a power output of 

10MWe, 22MWth83. The design is that of a helium-cooled, high-temperature reactor with an 

average inlet/outlet coolant temperature of 590/850°C84. The Urenco U-Battery is a high-

temperature reactor design with a 4 MWe power output85. The reactor would use TRISO fuel with 
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17-20% enriched uranium and possibly thorium with a beryllium oxide reflector. The U-Battery 

has process heat temperatures available up to 710°C and additional capabilities of pairing up to six 

U-Batteries at one site86. Finally, the MMR (Micro Modular Reactor) created by Ultra Safe 

Nuclear Corporation is another helium-cooled, high-temperature reactor design. The standard 2-

unit MMR Energy System has a footprint of under 5 acres and employs minimal-impact civil 

construction techniques. Additionally, according to their official website regarding potential 

process heat applications, “steam temperatures of 660°C are simple87.” 

Table 3.1: Microreactor designs along with their respective features and operating 

conditions. 

MICROREACTOR TYPE POWER PROCESS HEAT 

Xe-Mobile High-temperature 

reactor (HTR), 

helium-cooled 

1-5 MWe79 N/A 

eVinci Heat pipe fast 

neutron reactor 

(FNR) 

5 MWe, 13MWth6 600°C process heat 

available80,88 

Oklo Aurora Heat pipe FNR 1.5 MWe, 4 

MWth81,82 

 

Maximum sCO2 working 

fluid temperature 

<550°C82 

Holos-Quad  HTR, helium-

cooled 
10 MWe, 22 MWth83 

 

Average inlet/outlet 

coolant temperature is 

590/850°C84 

U-Battery HTR 4 MWe86 

 

710°C process heat86 

MMR (Micro Modular 

Reactor) 

HTR, helium-

cooled 
3.5-15 MWe87 

 

“Steam temperatures of 

660°C are simple”87 
 

It is important to note that a couple of these microreactor designs (i.e., Okla Aurora microreactor 

and Urenco U-Battery) are limited in their development. The Oklo Aurora microreactor’s 

combined license application was denied by the U.S Nuclear Regulatory Commission, citing 

Oklo’s failure to provide sufficient data on several crucial topics, while the U-battery failed to 

secure the commitment of key investors89,90. As Table 1 outlines, a sizable variety of microreactor 



21 

design technology is available such as high-temperature gas reactors, light-water reactors, liquid 

metal fast reactors, molten salt reactors, and heat pipe reactors. As these microreactor designs 

operate based on distinct technologies, it leads to variations in the available process heat 

temperatures and therefore suitable applications.  

As nuclear microreactors are a developing technology, it is important to establish strict 

safety measures and protocols. New customers looking to utilize microreactors may be unfamiliar 

or hesitant when dealing with nuclear fuel sources. When considering using microreactor process 

heat for concurrent operations, safety standards should remain high, and will likely need to see the 

convergence of industry and nuclear safety approaches. In short, when combining these two 

technologies, it is essential to conduct a thorough safety analysis that accounts for the individual 

safety protocols of each industry and any possible interactions between them. Notably, any event 

involving an abrupt energy release from one facility could have repercussions for the other. 

 3.4 Bioconversion and Agricultural Processes 

Biomass feedstocks contributed approximately 1.3% to the total U.S. utility-scale electricity 

generation and made up 5.9% of electricity generation from renewable sources in 202291. Electrical 

generation from all renewable energy sources globally is forecasted to increase from 29.5% in 

2022 to 42% in 202892. Nuclear microreactors could be leveraged for their process heat to facilitate 

bioconversion methods, and can also benefit agricultural processes. The processes described in 

this section are gasification, pyrolysis, HTC, HTL, HTG, ethanol production, AD systems, and 

pasteurization. This section briefly describes each process while highlighting operating conditions. 

 3.4.1 Gasification 

Gasification is a thermochemical process in which carbon-based fuels in sub-stoichiometric 

conditions are transformed into a combustible gas known as syngas (i.e., producer gas, product 
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gas, synthetic gas, or synthesis gas), along with byproducts tar and char93,94 This syngas is 

primarily composed of CO, H2, CH4, CO2, water vapor, smaller amounts of H2S, COS, and other 

trace contaminants95. However, the composition of the syngas greatly depends on the feedstock 

utilized. Ideally in gasification, the moisture in the biomass feedstock is below 30%. If this is not 

the case, the gasification efficiency significantly decreases due to some energy being spent towards 

vaporization, thereby decreasing the gasification temperature. The gasification temperature is 

preferably high, as less tar and char are produced at higher temperatures, resulting in a greater 

syngas yield. The carbonaceous biomass is treated at temperatures from 600 °C to 1200 °C and 

can be pressurized or unpressurized with air as a working fluid96. Pressurized gasifiers may be 

useful when coupled with a turbine for concurrent electrical generation; however, they are more 

complex and bring high operational costs97. 

 3.4.2 Pyrolysis 

Pyrolysis is a similar thermochemical process to gasification in which the main differences are the 

lack of a gasifying agent and a lower process temperature98 The biomass feedstock is thermally 

degraded in an inert environment, resulting in the production of bio-oil, biochar, and syngas99. The 

proportions of these products greatly depend on the feedstock used and the operating parameters. 

Like gasification, the feedstock should have a low moisture content to avoid preliminary drying. 

There are three types of pyrolysis: slow pyrolysis, fast pyrolysis, and flash pyrolysis, which vary 

in their process temperature and residence times. Slow pyrolysis operates at 300 °C to 550 °C, 

with a residence time of 5-30 minutes and a heating value of 10 °C/min. Fast pyrolysis operates at 

500 °C to 600 °C, with a residence time of 0.5-2 seconds and a heating value of 10-1000 °C/s. 

Flash pyrolysis operates at 900 °C to 1300 °C, with a residence time of less than 0.5 seconds and 

a heating value of greater than 1000 °C/s100. Bio-oil production is maximized at process 
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temperatures of 500 °C and a heating rate of 1000 °C/s, where bio-oil yields can reach 60-70 wt% 

from a typical biomass feedstock101. 

 3.4.3 Hydrothermal Carbonization 

Unlike gasification and pyrolysis, hydrothermal carbonization (HTC) requires significantly lower 

process temperatures in the range of 180 °C to 350 °C102. During hydrothermal carbonization, the 

goal is the combined dehydration and decarboxylation of the biomass feedstock to achieve a higher 

calorific value103. Along with a gas fraction and an aqueous liquid fraction, this results in the end 

product being a lignite-like char called hydrochar. Hydrothermal carbonization is conducted in 

pressurized water. Being that the process is wet, this negates the need for feedstocks to reach a 

certain moisture level, thereby enabling a larger variety of feedstocks to be utilized. The pressure 

required for hydrothermal carbonization is determined by the saturation pressure of water at the 

process temperature (i.e., autogenous pressure), typically between 2 to 10 MPa98. Common 

feedstocks for hydrothermal carbonizations are rich in cellulose and include bagasse, straw, corn, 

and stover104. 

 3.4.4 Hydrothermal Liquefaction 

Hydrothermal liquefaction (HTL) is similar to hydrothermal carbonization in that the process is 

carried out in a wet environment, thereby enabling the treatment of wet biomass. Rather than the 

production of a hydrochar, hydrothermal liquefaction produces bio-oil, with aqueous phase 

products, gas phase products, and solid residues as byproducts105. The process is run at slightly 

more elevated temperatures [i.e., 250 °C to 375 °C106]. Hydrothermal liquefaction is also run at 

autogenous pressures, usually in the range of 5 to 20 MPa; these pressures are higher due to the 

increased operating temperatures associated with the process107. In the hydrothermal liquefaction 

process, biomass macromolecules undergo initial hydrolysis and/or degradation, resulting in the 
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formation of smaller molecules. A significant portion of these newly formed molecules are 

characterized by instability and reactivity, leading to their combination into larger molecules. 

Throughout this transformation, a considerable amount of oxygen within the biomass is eliminated 

through dehydration or decarboxylation108. As with all of the bioconversion methods mentioned, 

the chemical attributes of the manufactured bio-oil exhibit a strong reliance on the composition of 

the feedstock utilized109. 

 3.4.5 Hydrothermal Gasification 

Hydrothermal gasification (HTG), also referred to as supercritical water gasification, is akin to 

both hydrothermal carbonization and liquefaction in that it takes place in a wet environment. 

However, hydrothermal gasification is a bioconversion method that seeks to produce fuel 

gas/syngas instead of solid or liquid fuel. The process involves the hydrolysis of biomass in 

supercritical water followed by further gasification of the produced aqueous oligomers110. The 

reaction time is short, making it one of the most efficient technologies for wet biomass gasification. 

The operating temperatures and pressures associated with this process are 350 °C to 700 °C and 

21 to 30 MPa100,111. Similar to other processes, the composition of the syngas is heavily dependent 

on the feedstock. It is also important to note, according to the Le Chatelier principle, that hydrogen 

formation is preferred at high temperatures, while methane formation is more suited to higher 

pressures112. This flexibility in product output could be a significant factor for manufacturers. 

 3.4.6 Ethanol 

Ethanol production is a key bioconversion process with substantial implications for renewable 

energy and sustainable practices. Ethanol, a widely available biofuel, can be used as an alternative 

to traditional fossil fuels. Ethanol is typically produced through the fermentation of sugars derived 

from biomass, such as sugarcane, corn, or lignocellulosic materials113. The efficiency of this 
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process is influenced by factors such as feedstock composition, fermentation conditions, and the 

choice of microorganisms, such as yeast114. Compared to the previously mentioned techniques, the 

fermentation process for maximum ethanol production requires very moderate temperatures, 

typically between 30 °C and 35 °C. However, during the pretreatment steps before fermentation, 

the highest operational temperatures may be found, reaching as high as 240 °C115. These 

temperatures are needed when hydrolyzing holocellulose using dilute acids. 

 3.4.7 Anaerobic Digestion 

Anaerobic digestion (AD) is a biological process where anaerobic consortia including 

methanogenic archaea convert organic waste into carbon dioxide and methane (i.e., biogas)116. 

Anaerobic treatment offers a means to diminish pollution arising from agricultural and industrial 

activities, while simultaneously mitigating their reliance on fossil fuels. The efficiency of 

anaerobic digestion is influenced by several factors, including the composition of the organic 

waste, process temperature, retention time, and the microbial community involved117. The 

microbial community driving anaerobic digestion prefers mesophilic conditions, exhibiting 

accelerated growth within the temperature range of 25 °C to 40 °C, but when temperatures exceed 

47 °C, these methanogens die118. In the absence of these methanogens, alternate microbial 

communities assume control of methane production in the thermophilic state (40 °C to 55 °C), 

where the rate of methane production is lower. The overall gas pressure within a typical anaerobic 

digester is kept slightly higher than atmospheric pressure, with an overpressure of up to 0.02 bar119. 

 3.4.8 Pasteurization 

Pasteurization is a key agricultural process, particularly in the dairy industry. Conventional 

pasteurization processes rely on continuous heat transfer to eliminate harmful pathogenic 

organisms in liquids like milk and slightly extend product shelf life120. The most common means 
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of heating comes from the use of plate heat exchangers due to their low cost, flexibility, 

high thermal efficiency, and ease of maintenance. For the pasteurization of milk, there are two 

common techniques: batch pasteurization and continuous flow pasteurization. In batch 

pasteurization, milk in a large vat or tank is heated to at least 63 °C for a minimum of 30 minutes. 

Continuous flow pasteurization methods include high-temperature, short-time (HTST) 

pasteurization, which heats milk to a minimum of 72 °C for 15 seconds, and ultra-high temperature 

(UHT) pasteurization, employing temperatures ranging from 135 °C to 150 °C for 4-15 seconds121. 

 3.5 Brayton Cycle Model 

To understand how these bioconversion and agricultural processes may be integrated with nuclear 

microreactor heat, a Brayton cycle model was developed. The model presented is based on 

published information about the Westinghouse eVinci microreactor. The eVinci microreactor can 

produce 5 MWe with a 13 MWth design. The eVinci microreactor uses heat pipe cooling 

technology, with the power conversion system being an open-air Brayton cycle with an 

approximate efficiency of 36%122. Because of this available information concerning the eVinci 

power conversion system, this design was chosen over other microreactors which currently have 

less available design information. To realize this 36% cycle efficiency, a regenerator is 

incorporated into the model (Figure 3.1). An additional, second heat exchanger (HTX) has been 

added to the cycle to accommodate the bioconversion/agricultural processes; the dotted boxes in 

Figure 3.1 indicate the potential positions for HTX.  

   

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/thermodynamic-efficiency
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Figure 3.1: Representative regenerative Brayton cycle diagram including an additional 

heat exchanger (HTX) shown in three possible positions for supplying heat to the 

concurrent processes, depicted by dotted boxes. 

 

The primary equations needed to build this model in EES are presented here. For the 

compressor, 

𝜂𝑐 =
ℎ2𝑠−ℎ1

ℎ2−ℎ1
     (3.1) 

where 𝜂𝑐 is the compressor isentropic efficiency, ℎ2𝑠 is the isentropic-specific enthalpy at state 2, 

ℎ1 is the specific enthalpy at state 1, and ℎ2 is the specific enthalpy at state 2. For the turbine,  

𝜂𝑡 =
ℎ𝛼−ℎ4

ℎ𝛼−ℎ4𝑠
     (3.2) 

where 𝜂𝑡 is the turbine isentropic efficiency, ℎ4𝑠 is the isentropic-specific enthalpy at state 4, ℎ𝛼 

is the specific enthalpy at state 𝛼, and ℎ4 is the specific enthalpy at state 4. For the regenerator, 

           𝜀𝑟𝑒𝑔 =
ℎ𝑥−ℎ2

ℎ𝛽−ℎ2
     (3.3) 

where 𝜀𝑟𝑒𝑔 is the regenerator effectiveness, ℎ𝑥 is the specific enthalpy at state x and ℎ𝛽 is the 

specific enthalpy at state 𝛽. The mass flow rate of the air is determined using an energy balance, 
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 𝑚̇𝑎 =
𝑄̇𝑖𝑛

ℎ3−ℎ𝑥
     (3.4) 

where 𝑚̇𝑎 is the mass flow rate of air in the Brayton cycle, 𝑄̇𝑖𝑛 is the heat supplied by the 

microreactor, and ℎ3 is the specific enthalpy at state 3. Applying an energy balance to the 

regenerator yields 

       ℎ𝑦 = ℎ2 + ℎ𝛽 − ℎ𝑥    (3.5) 

where ℎ𝑦 is the specific enthalpy at state y. The overall cycle thermal efficiency is, 

  𝜂𝑐𝑦𝑐𝑙𝑒 =
(ℎ𝛼−ℎ4)−(ℎ2−ℎ1)

ℎ3−ℎ𝑥
.    (3.6) 

In the HTX for position 1, 

  𝑄̇𝑝 = 𝑄̇𝑜𝑢𝑡 = 𝑚̇𝑎(ℎ3 − ℎ𝛼)    (3.7) 

where 𝑄̇𝑝 is the heat used by the concurrent process and 𝑄̇𝑜𝑢𝑡 is the heat emitted by HTX. For 

position 2,  

  𝑄̇𝑝 = 𝑄̇𝑜𝑢𝑡 = 𝑚̇𝑎(ℎ4 − ℎ𝛽)    (3.8) 

where ℎ𝛽 is the specific enthalpy at state 𝛽. For position 3, 

 𝑄̇𝑝 = 𝑄̇𝑜𝑢𝑡 = 𝑚̇𝑎(ℎ𝑦 − ℎ𝛾)    (3.9) 

where ℎ𝛾 is the specific enthalpy at state 𝛾. The process fluid mass flow rate is obtained using an 

energy balance, 

 𝑚̇𝑝 =
𝑄̇𝑝

ℎ𝑝−ℎ𝑎
     (3.10) 

where 𝑚̇𝑝 is the mass flow rate of the process working fluid, ℎ𝑝 is the specific enthalpy at state p 

and ℎ𝑎 is the specific enthalpy at state a. For the heat exchanger in position 1, 

         𝜀𝐻𝑇𝑋,1 =
𝐶𝑐(𝑇𝑝−𝑇𝑎)

𝐶𝑚𝑖𝑛(𝑇3−𝑇𝑎)
=

𝐶ℎ(𝑇3−𝑇𝛼)

𝐶𝑚𝑖𝑛(𝑇3−𝑇𝑎)
   (3.11) 
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where 𝜀𝐻𝑇𝑋,1 is the effectiveness of HTX at position 1, 𝐶𝑐 is the heat capacity rate of the cold flow, 

𝐶ℎ is the heat capacity rate of the hot flow, 𝐶𝑚𝑖𝑛 is the smaller heat capacity rate between 𝐶𝑐 and 

𝐶ℎ, 𝑇𝑝 is the temperature at state p, 𝑇𝑎 is the temperature at state a, and 𝑇𝛼 is the temperature at 

state 𝛼. For the heat exchanger in position 2, 

       𝜀𝐻𝑇𝑋,2 =
𝐶𝑐(𝑇𝑝−𝑇𝑎)

𝐶𝑚𝑖𝑛(𝑇4−𝑇𝑎)
=

𝐶ℎ(𝑇4−𝑇𝛽)

𝐶𝑚𝑖𝑛(𝑇4−𝑇𝑎)
    (3.12) 

where 𝑇𝛽 is the temperature at state 𝛽. For the heat exchanger in position 3, 

      𝜀𝐻𝑇𝑋,3 =
𝐶𝑐(𝑇𝑝−𝑇𝑎)

𝐶𝑚𝑖𝑛(𝑇𝑦−𝑇𝑎)
=

𝐶ℎ(𝑇𝑦−𝑇𝛾)

𝐶𝑚𝑖𝑛(𝑇𝑦−𝑇𝑎)
      (3.13)  

where 𝑇𝛾 is the temperature at state 𝛾. Overall net power production is based on 

        𝑊̇𝑛𝑒𝑡 = 𝑚̇𝑎[(ℎ𝛼 − ℎ4) − (ℎ2 − ℎ1)]   (3.14) 

where 𝑊̇𝑛𝑒𝑡 is the net power done by the Brayton cycle. 

The placement of the HTX is flexible, depending on the heat requirements of a given 

process. For processes requiring high temperatures, placing the HTX immediately before the 

turbine at position 1 may be optimal, as this is where the highest temperatures are available, yet 

that decreases the net power the cycle may produce. For processes that require lower temperatures, 

the HTX can be positioned between the turbine and the regenerator or after the regenerator. 

Assumptions for the Brayton cycle model include using an air standard analysis, state 1 having 

ambient conditions of 1 atm and a temperature of 20 °C, no pressure drop through the heat 

exchangers, a turbine isentropic efficiency of 92%123, a compressor isentropic efficiency of 

85%123, and a regenerator effectiveness of 90%124. Corresponding to the eVinci Brayton cycle, 

𝑄̇𝑖𝑛 = 13𝑀𝑊, 𝜂𝑐𝑦𝑐𝑙𝑒 = 36%; the states were set using equations 3.1 through 3.5. Additionally, 

assumptions have been made about the working fluid for each process due to different working 

fluids having different specific heats, 𝑐𝑝. For AD, ethanol production, HTC, HTL, and HTG, water 
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was used as the working fluid98,115,125. Milk was assumed the working fluid for pasteurization, air 

was used for gasification96, and nitrogen was used for pyrolysis126. 

 3.6 Results and Discussion 

 3.6.1 Exergetic Efficiency 

In order to assess the feasibility of coupling bioconversion and agricultural methods with nuclear 

microreactors, exergetic (second law) efficiencies are computed, and power and heat tradeoffs are 

calculated for different processes. Exergetic efficiency is useful when matching an end use to a 

source and it is given by 

𝜀 = 𝜂 (
1−𝑇0/𝑇𝑢

1−𝑇0/𝑇𝑠
), with 𝜂 =

𝑄̇𝑢

𝑄̇𝑠
    (3.15) 

where 𝜀 is the exergetic efficiency, 𝑇0 is the ambient temperature, 𝑇𝑢 is the use temperature, 𝑇𝑠 is 

the source temperature, 𝜂 is an efficiency in terms of energy rates, 𝑄̇𝑢 is the heat transfer rate 

available for use, and 𝑄̇𝑠 is the heat transfer rate delivered into the system from the fuel source. In 

the ideal case, 𝜂 = 1.  When a source temperature is significantly greater than what is required for 

a certain task, the end use leads to inefficiencies 127. In Table 3.2, the exergetic efficiencies at 

position 1 (i.e., before the turbine) for different microreactor designs, coupled with the different 

bioconversion and agricultural process, are shown; N/A indicates an exergetic efficiency of greater 

than 100%, which is impossible. 

Table 3.2: Exergetic efficiency values for different microreactor designs at position 1(i.e., 

before the turbine) when coupled with bioconversion and agricultural processes. 𝑻𝒔 is the 

microreactor source temperature given in Table 1 and 𝑻𝒖 is the temperature range or 

value for each process. “N/A” is for the cases where the source temperature is lower than 

the use temperature, leading to exergetic efficiencies greater than 100%. Red indicates 

𝟕𝟓% ≤ 𝜺 ≤ 𝟏𝟎𝟎%, light red indicates 𝟓𝟎% ≤ 𝜺 < 𝟕𝟓%, blue indicates 𝟐𝟓% ≤ 𝜺 < 𝟓𝟎%, 

light blue indicates 𝟎% ≤ 𝜺 < 𝟐𝟓%, and black is for N/A (>100%). 



31 

EXERGETIC 

EFFICIENCIES 

Holos-

Quad, 

𝑇𝑠 =
850℃ 

U-

Battery, 

𝑇𝑠 =
710℃ 

MMR, 

𝑇𝑠 =
660℃  

E-Vinci, 

𝑇𝑠 =
600℃ 

Oklo 

Aurora, 

𝑇𝑠 =
550℃ 

SEALER

, 𝑇𝑠 =
420℃ 

Gasification, 𝑇𝑢 =
600℃− 900℃ 98 

90% - 

N/A 

95% - 

N/A 

97% - 

N/A 

N/A N/A N/A 

Hydrothermal Gasification, 

Tu = 350℃− 700℃ 100 

72% - 

95% 

75% - 

100% 

77% - 

N/A 

80% - 

N/A 

82% - 

N/A 

92% - 

N/A 

Pyrolysis, Tu = 500℃ 101 84% 88% 91% 93% 96% N/A 

Hydrothermal 

Liquefaction, Tu =
250℃− 375℃ 106 

60% - 

74% 

63% - 

78% 

64% - 

80% 

66% - 

82% 

68% - 

85% 

76% - 

95% 

Hydrothermal 

Carbonization, 𝑇𝑢 =
180℃− 350℃ 102 

49% - 

72% 

50% - 

75% 

52% - 

77% 

53% - 

80% 

55% - 

82% 

61% - 

92% 

Ethanol, 𝑇𝑢 = 240℃ 115 58% 61% 63% 65% 67% 75% 

Pasteurization, 𝑇𝑢 =
63℃− 150℃ 121 

17% - 

42% 

18% - 

44% 

19% - 

45% 

19% - 

46% 

20% - 

48% 

22% - 

53% 

Anaerobic Digestion, 𝑇𝑢 =
25℃− 40℃ 118 

2% - 9% 2% - 9% 3% - 9% 3% - 10% 3% - 10% 3% - 11% 

These results indicate that some of the high-temperature processes, like gasification and pyrolysis, 

are well-matched to the source temperatures. Although the exergetic efficiencies are high, there 

are significant tradeoffs when considering the power generated in the cycle. Larger amounts of 

heat are required for the bioconversion processes, thereby diminishing the power produced by the 

turbine. For microreactor designs with lower reported process heat temperatures, processes such 

as hydrothermal carbonization, hydrothermal liquefaction, and ethanol production are well-suited. 

Low-temperature processes like pasteurization and anaerobic digestion have the lowest exergetic 
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efficiency percentages and are better suited for using lower-grade waste heat (e.g., position 2 or 3 

in Figure 3.1). It is also noteworthy that these exergetic efficiency values have been calculated for 

the case in which only a singular process is being integrated into the microreactor; it may be 

possible to run more than one process. Another consideration is that these exergetic efficiency 

results have been calculated at the peak process temperatures provided by each microreactor. In 

the next section of results, the differences in process heat at different locations within the Brayton 

cycle model are investigated.  

 3.6.2 Tradeoffs Between Process Heat Utilization and Power Production 

Next, this chapter focuses on the heat and power tradeoffs when meeting the temperature 

requirements of the bioconversion and agricultural processes. To achieve this, the model in EES 

calculated the net cycle work and maximum rate of heat transfer from the HTX when placed at 

three different potential locations (Figure 3.2). The numerical results from these calculations are 

available within Tables 3.3, 3.4, and 3.5. The process temperatures used are the average 

temperature values for each process (Section 3.4 and Table 3.2) As Figure 3.2 demonstrates, 

different processes are omitted for different HTX positions due to their incompatibility (e.g., 

negative amounts of 𝑊̇𝑛𝑒𝑡 produced due to the process requiring large amounts of 𝑄̇𝑝𝑟𝑜𝑐𝑒𝑠𝑠 or when 

the cycle had temperatures lower than the process required). 

Table 3.3: Brayton cycle model outputs for HTX position 1 (i.e., before the turbine). 

Position 1 𝑇𝑝 [K] 𝜀𝐻𝑇𝑋,1 𝑄̇𝑝 [kW] 𝑊̇𝑛𝑒𝑡 [kW] 𝑐𝑝,𝑐 [J/gK] Process 
Fluid 

AD 313.2 0.07045 511 4423 4.179 Water 

Pasteurization 423.2 0.4415 2973 3183 3.94 Milk 

Ethanol 513.2 0.7367 4238 2544 4.754 Water 
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HTC 538.2 0.8546 4508 2407 5.035 Water 

HTL 585.7 0.9028 4828 2245 6.014 Water 

Pyrolysis 773.2 0.8361 10905 -872.6 
(not 

possible) 

1.116 Nitrogen 

HTG 798.2 0.9521 8375 438.7 3.489 Water 

Gasification 873.2 1 11845 -1363 (not 
possible) 

1.115 Air 

 

 

 

 

 

 

 

Table 3.4: EES parametric table outputs for HTC position 2 (i.e., between turbine and 

regenerator). 

Position 2 𝑇𝑝 [K] 𝜀𝐻𝑇𝑋,1 𝑄̇𝑝 [kW] 𝑊̇𝑛𝑒𝑡 
[kW] 

𝑐𝑝,𝑐 [J/gK] Process 
Fluid 

AD 313.2 0.1603 482.4 4524 4.179 Water 

Pasteurization 423.2 0.3980 2707 3803 3.94 Milk 

Ethanol 513.2 0.7878 3789 3453 4.754 Water 

HTC 538.2 0.8991 4015 3379 5.035 Water 

HTL 585.7 0.9134 4280 3293 6.014 Water 

 

Table 3.5: EES parametric table outputs for HTX position 3 (i.e., after the regenerator). 
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Position 3 𝑇𝑝 [K] 𝜀𝐻𝑇𝑋,1 𝑄̇𝑝 [kW] 𝑊̇𝑛𝑒𝑡 
[kW] 

𝑐𝑝,𝑐 [J/gK] Process 
Fluid 

AD 313.2 0.1954 490.2 4680 4.179 Water 

Pasteurization 423.2 0.4438 3275 4680 3.94 Milk 
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Figure 3.2: Power and maximum process heat tradeoff plots when HTX is placed at three 

different locations: 3.2a) position 1, between the turbine and IHX1, 3.2b) position 2, 

between the turbine and regenerator, and 3.2c) position 3, after the regenerator. Acronyms 

used: HTC (Hydrothermal carbonization), HTL (Hydrothermal liquefaction), HTG 

(Hydrothermal gasification), AD (Anaerobic digestion), Past. (Pasteurization). 
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In Figure 3.2a, where the HTX is placed ahead of the turbine and has access to the highest 

temperatures in the cycle (i.e., position 1), all the processes are viable besides gasification and 

pyrolysis, as according to the model these will bring the inlet turbine temperature too low to result 

in a positive 𝑊̇𝑛𝑒𝑡. As process temperatures increase, larger amounts of maximum process heat are 

needed, thereby decreasing the net power produced in the cycle. Although pyrolysis necessitates 

lower temperatures than HTG, due to HTG using a superior heat transfer fluid (water), it is the 

highest temperature process available for a positive cycle efficiency; pyrolysis and gasification 

resulted in negative amounts of 𝑊̇𝑛𝑒𝑡, and, therefore, are excluded.  

For position 2, (i.e., between the turbine and regenerator; Figure 3.2b), the available 

process temperatures in the Brayton cycle are lower than position 1, at around 643 K. In this 

position, pyrolysis and HTG are eliminated as their process temperature requirements are greater 

than 643 K. Ethanol production, HTC, and HTL are still viable and strike a balance between 

running a concurrent process while also having sizable net power.  

Finally, in position 3 (i.e., after the regenerator), depicted in Figure 3.2c), the lowest 

process temperatures are available at 465 K. At this process temperature, only AD and 

pasteurization are viable. However, since position 3 is when HTX is after the regenerator, 𝑊̇𝑛𝑒𝑡 is 

not affected. This can be interpreted as the excess heat for position 3 being free waste heat, since 

the change in 𝑄̇𝑝𝑟𝑜𝑐𝑒𝑠𝑠 does not interfere with 𝑊̇𝑛𝑒𝑡. As briefly mentioned earlier, this model 

considers powering only a single process at a time and examining how this affects cycle efficiency. 

The results from this model show that there are tradeoffs when considering the positioning of a 

heat exchanger for bioconversion and agricultural processes, where certain processes are more 

optimal. If investors and consumers are more interested in the concurrent processes, and less so in 
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electrical power generation, matching processes could be tailored with these interests in mind and 

vice versa.  

 3.7 Conclusions 

Addressing the pressing issue of global warming requires a multifaceted approach where the 

utilization of nuclear microreactors may play a significant role. In this brief research report, the 

feasibility of using nuclear microreactors for concurrent bioconversion and agricultural processes 

was investigated. Exergetic efficiency results of 72-100% showed high compatibility between 

high-temperature processes (i.e., gasification, HTG, and pyrolysis) at position 1, while lower 

temperature processes (i.e., AD and pasteurization) with exergetic efficiencies of 2-53% could 

result in some of the microreactor heat being utilized less efficiently from an exergetic viewpoint. 

A Brayton cycle model with a regenerator was developed to assess the feasibility of powering 

these processes using nuclear microreactor heat. From this model, power and heat tradeoff analyses 

were studied to provide insights into the feasibility of utilizing excess heat for different processes. 

Results indicated that high-temperature techniques such as gasification, requiring a minimum of 

600℃, are impractical within the model due to excessive heat demands. Position 1, situated before 

the turbine, yielded the highest process temperatures at 600℃, followed by position 2 at 370℃, 

and position 3 at 192℃. Certain processes, such as ethanol production, HTC, and HTL, are better 

suited for position 2, positioned between the turbine and regenerator, although they can also 

operate at position 1. Conversely, lower temperature processes like pasteurization and AD can 

utilize waste heat at position 3 after the regenerator, thus having no impact on power production.  
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Chapter 4 - Conclusions and Future Work 

In this thesis, two crucial aspects of sustainable development within the context of the FEW (Food, 

Energy, and Water) nexus were examined: the impact of mixed wettability on evaporation 

dynamics for agricultural settings and the utilization of nuclear microreactor process heat for 

bioconversion and agricultural processes. Through this research, contributions have been made to 

uncover solutions that address pressing challenges facing humanity in the 21st century such as the 

depletion of the Ogallala Aquifer and addressing global carbon emissions. 

In Chapter 2, the influence of mixed wettability on the evaporation dynamics of water 

droplets in simulated soil pores was investigated, shedding light on potential strategies for water 

conservation in agricultural systems. With this, it was demonstrated how variations in pore 

wettability can significantly affect evaporation rates and mechanisms. Consistent with prior 

literature3,17,53, it was determined that hydrophobic arrangements demonstrate longer evaporation 

times compared to hydrophilic arrangements. Homogeneous hydrophilic configurations exhibited 

the shortest evaporation times of 34 minutes while homogeneous hydrophobic configurations were 

the longest at 40 minutes. The heterogeneous hydrophobic configuration had the second longest 

evaporation times at 39 minutes, pointing to possible applications where altered wettability soil 

can have benefits of both hydrophobic and hydrophilic soil. The stick-slip evaporative mode was 

observed in all wettability arrangements and in some instances, hydrophobic Teflon beads 

displayed hydrophilic contact angles and vice versa for the hydrophilic glass beads. These results 

suggest that targeted modifications of soil wettability could offer promising avenues for mitigating 

water loss and improving irrigation efficiency, thereby contributing to the resilience of agricultural 

ecosystems in the face of water scarcity challenges. 
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Chapter 3 focused on the feasibility of harnessing process heat from nuclear microreactors 

for various bioconversion and agricultural processes, aiming to advance carbon-neutral power 

generation and mitigate the emission of greenhouse gases. The exergetic efficiencies of different 

processes coupled with the microreactor model were determined, identifying optimal 

configurations for utilizing nuclear microreactor heat. Exergetic efficiencies of 72-100% indicate 

high compatibility between high temperature processes (i.e., gasification, HTG, and pyrolysis) at 

position 1. In contrast, lower temperature processes (i.e., AD and pasteurization) with exergetic 

efficiencies of 2-53% may result in less efficient utilization of microreactor heat from an exergetic 

perspective. Next, tradeoffs were considered between the net power production of the Brayton 

cycle model and the heat required for each process. Three distinct positions for the heat exchanger 

were evaluated. The findings indicate that processes requiring high temperatures, such as 

gasification (minimum 600℃), pose feasibility challenges according to our model. Among the 

options considered, the heat exchanger placed before the turbine yielded the highest process 

temperatures at 600℃, followed by the position between the turbine and regenerator (370℃), and 

finally, the location after the regenerator (192℃). Certain processes, such as ethanol production, 

hydrothermal carbonization, and hydrothermal liquefaction, are better suited for a heat exchanger 

situated between the turbine and the regenerator. However, they can also operate at position 1 

before the turbine. Lower temperature processes like pasteurization and anaerobic digestion were 

found to effectively utilize waste heat after the regenerator, without compromising power 

production. These findings emphasize the importance of considering process integration and heat 

management strategies in the design and operation of nuclear microreactors to maximize their 

potential in supporting sustainable agricultural practices and fully utilize their potential. 



40 

 By understanding these findings within the framework of the FEW nexus, the 

interconnectedness of food, energy, and water systems is further demonstrated. As we move 

forward into a more resilient and responsible future, it is imperative to recognize the complex 

interactions and trade-offs inherent in the management of the FEW nexus. The projects presented 

here are only a glimpse into the numerous aspects in which we can promote a healthier, more 

sustainable future under the umbrella of the FEW nexus. 

Future work into mixed wettability systems may include further understanding of how pore 

geometry and capillary pressure influence dynamic contact angles, evaporation modes, and 

evaporation times. Additionally, future work could entail how changing certain aspects of this 

work’s experimental setup affects evaporation dynamics. This could include changing the bead 

material to increase or decrease the difference in wettability between beads, increasing or 

decreasing the pore spacing, or introducing additional beads (scaling up). Since the end goal of 

this research is to mitigate water loss in agricultural and drought-prone settings, future work can 

be conducted to determine how to change wettability characteristics over large portions of land by 

considering a larger lab scale and, eventually entire, fields. As these larger scales are reached, 

insights into how wettability alterations decrease or increase water runoff should be considered.    

Future work regarding nuclear microreactors holds promising avenues for research and 

development. Firstly, there is a need to optimize the integration of these processes with 

microreactors, focusing on maximizing overall system efficiency through further thermodynamic 

modeling and simulations. Currently, this can be challenging due to the information surrounding 

nuclear microreactors largely being proprietary and not publicly available in the published 

literature. Ideally, as nuclear microreactors draw further attention from larger governmental 

bodies, this information may be more readily accessible. Exploring the feasibility of integrating 
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multiple bioconversion and agricultural processes simultaneously with a single microreactor is 

another important direction, investigating synergies between different processes to minimize 

energy losses and maximize resource utilization. Future work may also include considering 

emerging advanced reactor designs such as molten salt reactors or liquid metal-cooled reactors 

that could offer new insights into system compatibility and performance. Identifying the most 

suitable sites for deploying microreactors is crucial, taking into account factors such as local 

economy and energy needs, infrastructure, regulations, and geography. Further studies could 

assess the scalability of integrated systems through pilot-scale demonstrations which may be an 

important step toward the realization of this technology. Lastly, techno-economic analyses are 

essential to assessing economic viability and competitiveness, including capital and operating 

costs, revenue streams, and return on investment.  
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Appendix A - Wettability Data 

This appendix shows the additional experimental trials for each wettability configuration not 

depicted in the main text. This includes images similar to Fig. 2.2, where the initial droplet 

placement, the droplet immediately before liquid island formation, and the droplet immediately 

after liquid island formation are shown. 
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Appendix Figure A.1: Additional 0 glass 3 Teflon trials conducted that show initial droplet 

placement, immediately before liquid island formation, and immediately after liquid island 

formation inside of the simulated soil pore. A1a) depicts trial 1, A1b) depicts trial 3, A1c) 

depicts trial 4, and A1d) depicts trial 5. Trial 2 is shown in Figure 2.2d in the main text. 

Trial 1 does not have side camera footage. 
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Appendix Figure A.2: Additional 1 glass 2 Teflon trials conducted that show initial droplet 

placement, immediately before liquid island formation, and immediately after liquid island 

formation inside of the simulated soil pore. A2a) depicts trial 1, A2b) depicts trial 3, A2c) 

depicts trial 4, and A2d) depicts trial 5. Trial 2 is shown in Figure 2.2c in the main text. 

Trial 1 does not have side camera footage. 
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Appendix Figure A.3: Additional 2 glass 1 Teflon trials conducted that show initial droplet 

placement, immediately before liquid island formation, and immediately after liquid island 

formation inside of the simulated soil pore. A3a) depicts trial 1, A3b) depicts trial 3, A3c) 

depicts trial 4, and A3d) depicts trial 5. Trial 2 is shown in Figure 2.2b in the main text. 

Trial 1 does not have side camera footage. 
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Appendix Figure A.4: Additional 3 glass 0 Teflon trials conducted that show initial droplet 

placement, immediately before liquid island formation, and immediately after liquid island 

formation inside of the simulated soil pore. A4a) depicts trial 1, A4b) depicts trial 3, A4c) 

depicts trial 4, and A4d) depicts trial 5. Trial 2 is shown in Figure 2.2a in the main text. 

Trial 1 does not have side camera footage. 
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Appendix B - Nuclear Microreactor Feasibility Data 

The following lines are the code input into EES to build the model and collect data: 

1. {State 1: Ambient} 

2. T1=293.15 [K] {Compressor inlet temperature} 

3. h1=enthalpy(Air,T=T1) 

4. s1=entropy(Air,T=T1,P=P1) 

5. P1=101325 [Pa]  

6.   

7. {State 2: After compressor} 

8. P2= 365057 [Pa] {set as parametric value to get eta_net=0.36} 

9. h2s=enthalpy(Air,P=P2,s=s1)  

10. h2=((h2s-h1)/eta_compressor)+H1 

11. T2=temperature(Air,h=H2) 

12.   

13. {State x: After Regenerator} 

14. Px=P2 {Assumed no pressure drop through heat exchangers} 

15. Tx=temperature(Air,h=hx) 

16. epsilon_reg=0.9 {Powerplant engineering reference} 

17. hx=(epsilon_reg*(H_beta-H2))+H2 

18.   

19. {State 3: After IHX 1} 

20. T3=873.2 [K] {Process heat available from eVinci microreactor} 
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21. h3=enthalpy(Air,T=T3) 

22. P3=P2 

23. s3=entropy(Air,T=T3,P=P3) 

24.   

25. {State alpha: Position 1} 

26.  

27. P_alpha=P3 

28. Tp=873.2 [K] {Set for the various processes, parametric value} 

29. T_alpha=T3-(bigc_pair/bigc_pc)*(Tp-Ta) {Simplified from heat exchanger 

effectiveness} 

30. Q_dot_p=Q_dot_out {All of what leaves is given to process} 

31. Q_dot_p=m_dot_p*(hp-ha) {Calculates m_dot_p} 

32. hp=enthalpy(Air,T=Tp) 

33. Ta=T1 

34. ha=enthalpy(Air,T=Ta) 

35. h_alpha=enthalpy(Air,T=T_alpha) 

36. s_alpha=entropy(Air,T=T_alpha,P=P_alpha) 

37. Q_dot_out=m_dot*(h3-h_alpha) {Heat expended powering concurrent process} 

38. epsilon_HTX=(bigc_pc*(Tp-Ta))/(bigc_pair*(T3-Ta)) 

39. {Position 2 and 3} 

40. "h_alpha=h3 

41. s_alpha=s3 

42. P_alpha=P3" 
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43.   

44. {State 4: After Turbine}  

45.   

46. P4=P1 

47. h4=-eta_turbine*(h_alpha-h4s)+h_alpha 

48. h4s=enthalpy(Air,P=P4,s=s_alpha) 

49. T4=temperature(Air,h=h4) 

50.   

51. {State beta: Position 2} 

52.   

53. "Q_dot_out=m_dot*(h4-h_beta) {Heat expended powering concurrent process} 

54. Tp=513 {Set for various processes, parametric value} 

55. T_beta=T4-(bigc_pair/bigc_pc)*(Tp-Ta) {Simplified from heat exchanger effectiveness} 

56. Q_dot_p=Q_dot_out {All of what leaves is given to process} 

57. Q_dot_p=m_dot_p*(hp-ha) {Calculates m_dot_p} 

58. hp=enthalpy(Air,T=Tp) 

59. Ta=T1 [K] 

60. ha=enthalpy(Air,T=Ta) 

61. h_beta=enthalpy(Air,T=T_beta) 

62. P_beta=P1 [Pa] 

63. epsilon_HTX=(bigc_pc*(Tp-Ta))/(bigc_pair*(T4-T_beta))" 

64. {Position 1 and 3} 

65. h_beta=h4 
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66. s_beta=h4 

67. P_beta=P1 

68.   

69. {State y: After regenerator} 

70.   

71. Ty=temperature(Air,h=hy) 

72. hy=h2+h_beta-hx {Can use epsilon or also first law to solve for Hy (energy balance)} 

73. Py=P1 

74.   

75. {State gamma: Position 3} 

76.  

77. "Q_dot_out=m_dot*(hy-h_gamma) {Heat expended powering concurrent process} 

78. Tp=873.2 {Set for various processes, parametric value} 

79. T_gamma=Ty-(bigc_pair/bigc_pc)*(Tp-Ta) {Simplified from heat exchanger 

effectiveness} 

80. Q_dot_p=Q_dot_out {All of what leaves is given to process} 

81. Q_dot_p=m_dot_p*(hp-ha) {Calculates m_dot_p} 

82. hp=enthalpy(Air,T=Tp) 

83. Ta=T1 [K] 

84. ha=enthalpy(Air,T=Ta) 

85. h_gamma=enthalpy(Air,T=T_gamma) 

86. epsilon_HTX=(bigc_pc*(Tp-Ta))/(bigc_pair*(Ty-T_gamma))" 

87.   
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88. {Misc.} 

89. eta_cycle=((h_alpha-h4)-(h2-h1))/(h3-hx)  

90. eta_turbine=0.92 {Powerplant engineering reference} 

91. eta_compressor=0.85 {Powerplant engineering reference} 

92.   

93. Q_dot_in=13000 [kW] {Thermal heat from eVinci microreactor} 

94. m_dot=Q_dot_in/(h3-hx) {kg/s} 

95.   

96. W_dot_turbine=m_dot*(h_alpha-h4) {kW}  

97. W_dot_compressor=m_dot*(h2-h1) 

98. eta_carnot=1-(T1/T3) 

99. P_ratio=P2/P1 

100.   

101. W_dot_net=W_dot_turbine-W_dot_compressor {kW} 

102.   

103. {Specific Heats, select for desired process} 

104. "c_pc=3.94" {Pasteurization,milk} 

105. "c_pc=Cp(Water,T=Tp,P=P1+20000)" {AD, up to 0.2 bar over atmospheric} 

106. "c_pc=Cp(Water,T=Tp,P=5E6)" {Ethanol, 5MPa pressure optimal} 

107. "c_pc=Cp(Water,T=Tp,P=6E6)" {HTC, 6Mpa is average} 

108. "c_pc=Cp(Water,T=Tp,P=12.5E6)" {HTL} 

109. "c_pc=Cp(N2,T=Tp)" {Pyrolysis} 

110. "c_pc=Cp(Water,T=Tp,P=25.5E6)" {HTG} 
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111. c_pc=SpecHeat(Air,T=Tp) {Gasification} 

112. c_pair=SpecHeat(Air,T=T3) {Change based on position} 

113. bigc_pc=c_pc*m_dot_p 

114. bigc_pair=c_pair*m_dot 


