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Abstract 

The interface between two phases often limits the efficiency of several phenomena. In drug 

delivery, viscous formulations are difficult to inject through medical needles as the no-slip 

boundary condition between the needle and the viscous drug product greatly resists fluid 

flow. In agriculture, the inherent water repellency of plant surfaces causes pesticide sprays 

to bounce off, resulting in enormous waste and environmental pollution. In post-

combustion carbon capture, absorbing gaseous CO2 into liquids remains prohibitively 

expensive as reaction rates are limited by the low interfacial areas between the flue gas 

and absorbents in current systems. This work explores how introducing new interfaces or 

interfacial forces can help solve these three challenges. First, we demonstrate viscosity 

agnostic injectability of drug formulations through needles using core annular flows, where 

the transport of a highly viscous fluid through a needle is enabled via coaxial lubrication 

by a less viscous fluid. Second, by cloaking spray droplets in minute quantities of plant 

oils (≤ 1wt%), we enhance energy dissipation during droplet impact on hydrophobic 

surfaces and demonstrate a 5x reduction in pesticide waste on a variety of plant leaves. 

Finally, mist-scale droplets and space charge injection are used to enhance interfacial 

areas in CO2 absorption and develop a carbon capture system that could lead to a 2.6x 

reduction in plant capital costs. 
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Introduction 

Interfaces and the challenges of leveraging them 

Interfaces are the boundaries between different phases of matter or the area of contact 

between two or more distinct materials. They are prime locations at which a wide range 

of exchanges: including heat, mass, momentum, charge and chemical exchange can occur. 

These transfers across interfaces can happen over various length and time-scales and have 

profound outcomes on the behavior of systems. Given their influence, extensive work has 

been done to enhance or limit exchanges, reactions and interactions at interfaces. Such 

interfacial engineering is challenging as several properties need be tuned to achieve a 

desired result. A number of these properties or levers could have conflicting effects and 

practical limitations have to be considered in finding compromises. This leads to extensive 

work in balancing the various physical and chemical properties and interactions in systems 

to find optimums.  

Fluidic transport through enclosed geometries 

Enabling and easing the transport of liquids through enclosed pipes has been an 

engineering objective for centuries, be it in water or oil pipelines spanning hundreds of 

miles or in laptop heat exchangers that span a few hundred microns. Typically, the liquid 

is driven by a pressure gradient and must overcome the hydrodynamic resistance 

presented by flow through the solid pipe. While this resistance is a function of pipe 

geometry and the rheological properties of the fluid, the condition that enforces the 

resistance is the no-slip boundary criterion at the interface between the liquid and the 

solid wall. To minimize the pressure gradient required to achieve a specific flow rate 

through a pipe of set dimensions, a number of approaches have been explored. If we 

consider Newtonian fluids for this example, reducing the viscosity of the fluid via additives 

would allow for easier transport. From an interfacial perspective, replacing the no-slip 

boundary condition with a slip length condition through the use of superhydrophobic or 

liquid infused surfaces could also ease transport. However, if the fluid of interest is a drug 

product that’s carefully engineered to generate an immune response, changing its chemical 

composition or its inherent viscosity via additives would be extremely challenging. 

Secondly, if the viscosity of the drug product is so high that the benefits offered by surface 

modification aren’t sufficient to allow the liquid to flow through needles in the time it 

takes for a typical injection (a few seconds), new methods to overcome the constraints of 

the no-slip boundary condition are needed.  
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Droplet impact and retention on surfaces 

The impact, coating and rebound behavior of droplets on surfaces is of-interest in the 

study and optimization of a variety of natural and industrial processes like rain, thermal 

spraying, paint coating, agricultural spraying and printing. During impact on solid 

surfaces which occur over a few milliseconds, Newtonian liquid droplets undergo expansion 

that is driven by inertial forces and retraction that is driven by surface tension and the 

viscosity of the droplet. In fact, a variety of surface properties such as surface energy, 

micro and nano-texture and elasticity and droplet properties like surface tension, viscosity, 

density, droplet size and impact velocity can all affect whether an impacting droplet will 

bounce-off or stick on a solid surface. In the context of agricultural sprays, the limiting 

interface is the contact area between the water droplet that is carrying agrochemical 

products and the hydrophobic or superhydrophobic plant surface. Spray retention on 

leaves needs to be promoted without having any degree of influence over the solid surface 

as it is difficult to control the inherent properties of plants. As such, a variety of 

approaches involving additives like surfactants, polymers, and charge carriers have been 

proposed but maximizing cost effective agrochemical spray retention while having minimal 

impacts on plant, environmental and human health is still an open challenge.  

Absorption of a gases into liquids 

Absorption is the process through which molecules of one phase enter a bulk of another. 

This behavior is governed by numerous physical, chemical, electronic and electrostatic 

properties ranging from temperature and pressure to chemical concentrations and surface 

charge. In the context of carbon capture, the goal is to absorb gaseous CO2 molecules into 

a liquid that usually contains a chemical catalyst. The boundary between the gas and 

liquid can once again present a limiting interface for this reaction and increasing the 

contact area between these two phases can increase the efficiency of absorption. However, 

increasing contact areas in an economically feasible way can be extremely challenging if 

the requirement is to capture CO2 from the high flow rate (approximately 800 kg/s) 

exhaust streams of power plants.      

Thesis outline 

In this work, we will explore how engineering the physico-chemical interactions cat 

interfaces can unlock efficiency enhancements. Specifically, we will look at the benefit of 

introducing new interfaces and interfacial forces for three distinct applications. In chapter 

1, we tackle the problem of injecting a new generation of highly viscous drug formulations 

that can have viscosities as high as 500cP through medical needles. The goal of our work 

is to develop a device that uses core annular flows - where the transport of a viscous fluid 

is enabled by coaxial lubrication by a less viscous fluid - to enable the injection of viscous 

biologic drug formulations. To achieve this, we first report the flow regimes observable in 
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such a device and establish a regime map to indicate the flow rates and viscosity ratios 

at which core annular flow can be sustained in a needle. We then quantify the 

corresponding pressure reduction and compare our measurements with theoretical 

predictions. We design, fabricate, and test a first-generation double-barreled prototype 

syringe to exhibit the capability of this technique to inject high concentration drug 

formulations. Finally, we examine buoyancy effects to inform the development of a 

viscosity agnostic injection technique. 

In chapter 2, we tackle the problem of droplets from agrochemical sprays bouncing off of 

hydrophobic plant surfaces. By cloaking the droplets in minute quantities of plant oils (≤ 

1wt%), we promote energy dissipation and enhance droplet retention on hydrophobic 

surfaces. To fully understand this technique’s potential to enhance droplet retention, we 

study it systematically with two types of nanoengineered superhydrophobic surfaces. 

These surfaces represent the most extreme case that agricultural sprays can encounter. 

Studying enhancements in droplet retention in this extreme case provide a conservative 

benchmark for our methodology. We examine droplet impact dynamics at a variety of 

agriculturally relevant spray velocities and Weber numbers and systematically study the 

effect of cloaking with different oils of varying surface tension and viscosity. We explore 

the effect of oil fraction and present a simple energy state framework to explain the 

rebound suppression observed with oil cloaked droplets. Finally, we then test a practical 

embodiment of this system and demonstrate significant improvements in spray retention 

on nanoengineered superhydrophobic surfaces and vegetable crop leaves.  

In chapter 3, we explore how CO2 absorption into liquid media in post-combustion carbon 

capture systems can be improved by enhancing the interfacial area between gaseous CO2 

and a liquid absorbent. We propose a two-stage system to practically leverage the 

advantages offered by micron-scale droplets. In the first – absorption stage, we propose 

using absorbent droplets with diameters between 15 and 50 µm, which would allow our 

system to achieve up to a 280-fold increase to the interfacial area available between the 

absorbent and the gas compared to conventional packed bed absorption reactors. Given 

that such droplets will be entrained by the gas flow exhausting from industrial power 

plants, we propose a second – electrostatic droplet capture stage to arrest the entrained 

liquid drops. Specifically, by utilizing a corona discharge, we will charge the mist-scale 

droplets on the and introduce an electrical force that will drive them to a collector from 

where the liquid absorbent can be collected, processed and recirculated. We develop and 

test a scaled down version of our two-stage design. For the first stage of our system, we 

match the gas flux of industrial absorber units and study the effect of input CO2 and 

catalyst concentration on CO2 capture efficiency. For the second stage, we explore the 

droplet capture efficiency of a scaled down electrostatic system as a function of gas flow 
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rate and the electric field strength. Finally, we present an economic analysis to capture 

the reduction to plant capital expenditure that could be enabled by our mist-based system 

  



18 

 

 

Chapter 1: Enhancing the injectability of 

high concentration drug formulations 

using coaxial lubrication 

1.1 Introduction 

In 2012, worldwide biopharmaceutical sales were estimated to reach US$163 billion, 

accounting for over 70% of the revenue from the top ten selling pharmaceutical products. 
1,2 Monoclonal antibodies, enzymes, peptides and recombinant therapeutic proteins are all 

examples of biologic drugs that have transformed the pharmaceutical industry due to their 

high degree of specificity, potency, and efficacy compared to conventional small-molecule 

drugs.3,4 Due to these benefits, over a thousand biologics targeting cancer, asthma, 

psoriasis, arthritic disease, and a wide range of infectious and non-infectious diseases are 

being developed. 5–7  

Currently, these drugs are predominantly administered in low concentrations (<30mg/ml) 

via intravenous injections at doses ranging from 5 to 700 milligrams. 8 Over the past few 

years, however, subcutaneous injection has emerged as an alternative delivery route as it 

(i) enables self-administration, (ii) reduces hospitalization and treatment costs, and (iii) 

increases patient compliance. 8 Unlike intravenous injections, subcutaneous injections 

require formulations that are far more concentrated (>100mg/ml) as injection volumes 

are limited to 1-1.5ml per dose. This constraint arises from high back pressures that can 

develop in subcutaneous tissue at larger volumes. 8,9 A non-linear relationship between 

formulation concentration and viscosity makes subcutaneous formulations very viscous 

(20-60 cP) and therefore harder to inject, as illustrated in figure 1a: a highly viscous fluid 

(dyed blue) spreads significantly less than a low viscosity fluid (dyed green), when injected 

in a sponge at the maximal force we could apply manually (around 50N). 10–13 

Consequently, the applicable force sets a limit to the concentrations of current 

formulations, as shown in figure 1b. This figure reports the injection force (for a flow rate 

of 4ml/min through a 27G needle) as a function of concentration for four monoclonal 

antibody solutions of the IgG1 isotype that have been reported in literature. 10–13 This 

figure also highlights the fact that an extensive range of formulation concentrations require 

more than 50N to be injected – the average maximum force that can be applied in a 

pinching motion to a syringe for subcutaneous injections. 14–16   

While larger needle gauges or prolonged injection times through the use of syringe pumps 

could overcome challenges associated with the low injectability of high concentration 

formulations, these approaches would negate the benefits offered by subcutaneous delivery 

due to a larger degree of pain and the requirement of a hospital setting, respectively. 17 
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Needle-free jet injectors have also been proposed as a potential pathway to enable the 

delivery of high viscosity formulations. However, splashback of the jet stream and blood 

from the injection site, combined with observations of fluids being sucked back into the 

injector, have been reported to contaminate the injector and subsequent doses during 

repeated use. 18–21 These issues, together with the high cost of such injectors, prohibit 

their use in the context of self-administration, especially in the developing world.  

Another recent approach consists of using particle encapsulation to create microscale 

carriers that can deliver highly viscous biologics. 22 However, protein inactivation, density-

based separation, needle clogging, and a higher degree of manufacturing complexity are 

critical problems that need to be addressed to make this approach viable. 18,23–25 The lack 

of a practical methodology to inject high viscosity formulations has not only limited the 

applicability of subcutaneous biologic formulations but also hinders the development of 

new formulations, forcing developers to design formulations with lower viscosities. 

Therefore, there remains a pressing need to achieve injectability through a simple and 

inexpensive technique with minimal additions to the pharmaceutical manufacturing 

process, and without risk of cross-contamination.  

Here we propose such a technique to enhance the injectability of highly concentrated drug 

formulations using core annular flows. In such a flow, a low viscosity fluid coaxially 

lubricates the transport of immiscible viscous fluids through the needle (figure 1c). This 

not only reduces the hydrodynamic resistance in the needle but also reduces shear forces 

on the payload material (inner fluid). Core annular flows have been explored as a 

lubrication technique, to facilitate the transport of viscous oils through pipelines. 26–28 

However, these flows are not widely used in practice for oil transport due the difficulty in 

maintaining stable, co-axial lubrication over large length scales. 29 In microfluidics, 

dripping to jetting transitions of co-flowing liquids are used in droplet generators and 

emulsifiers. 30–32 However, the diameter of medical needles (≈ 200 µm) is neither in the 

macroscopic scale of oil pipelines nor in the microfluidic scale. Hence it is important to 

understand how to establish and sustain a core annular flow in such needles.  

In the case of a concentric core annular flow, the Navier-Stokes equations combined with 

the lubrication approximation can be used to predict the attainable pressure reduction 

coefficient η, as a function of the viscosity ratio . While these formulations can 

exhibit non-Newtonian behavior (specifically shear thinning) at high shear rates, only 

Newtonian behavior is considered in this work. 16,33,34 This is because the shear-thinning 

of these formulations is not sufficient to make them injectable. 34 The subscript i denotes 

quantities related to the inner (viscous) fluid, and the subscript o denotes those related 

to the outer (lubricating) fluid. With no-slip boundary conditions at the wall of the needle,  
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Figure 1: (a) Demonstrates the difficulty in the manual injection of a high viscosity 

solution (52cP glycerol/water, blue) compared to low viscosity solution (1cP water, green) 

through a 27G needle. The time-lapse image was taken over 7 seconds of manual injection 

into an absorbent sponge. The operator applied the maximum pinching force possible 

(approximately 50N) (b) The force required to manually inject four (labeled 1-4) highly 

concentrated monoclonal antibody solutions of the IgG1 isotype reported in literature 

exceeds the maximum force that is applicable in a pinching motion (50N). 10-16 (Forces 

calculated for a flow rate of 4ml/min) (c) Schematic cross-sections of unlubricated flow 

and core annular flow through a needle. (d) The pressure reduction coefficient (η) scales 

with the viscosity ratio (λ) between the formulation and the lubricant, demonstrating the 

promise of core annular flow as a methodology to make any formulation injectable 

 

shear and velocity continuity at the interface of the two fluids, the pressure reduction 

factor can be expressed as (see Supporting Theory section for derivation): 
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Plotting this pressure reduction coefficient as a function of the flow rate ratios (figure 1d) 

reveals that a maximum is reached when Qo/Qi ≈ 0.4, followed by a slight decrease at 

high flow rate ratios. Pressure reductions up to 50x can be reached in theory, in the case 

of λ = 100, making core annular flows a promising candidate to reduce the force needed 

to inject viscous formulations manually significantly. The goal of our work is to develop 

a device that uses core annular flows to enable the injection of highly viscous formulations 

and to compare its performance to the expected pressure reduction from such flows. To 

achieve this, we first report the flow regimes observable in such a device and establish a 

regime map to indicate the flow rates and viscosity ratios at which core annular flow can 

be sustained in a needle. We then quantify the corresponding pressure reduction and 

compare our measurements with theoretical predictions. We design, fabricate, and test a 

first generation co-axial, double barreled prototype syringe to exhibit the capability of 

this technique to inject high concentration drug formulations.  

1.2 Results and Discussion 

1.2.1 Stability of core annular flows 

The setup shown in figure 2a was used to study the dynamics of core annular flows through 

a needle. Two syringe pumps were used to drive the inner viscous fluid and the outer 

lubricating fluid through a fluidic cross to establish the core annular flow. A digital 

pressure sensor (see methods) at the cross measured the pressure drop through the needle. 

A transparent needle was used to visualize the flow, and the dimensions of all components 

were chosen so that their hydrodynamic resistances are negligible compared to that of the 

needle (as shown in the supporting theory section). 35     

Due to the volume and dosing constraints of subcutaneous biologic injections mentioned 

earlier, volume fractions (of viscous payload) lower than 55% were not considered as it is 

undesirable to inject the same amount or more of the lubricant, than the drug formulation. 

In addition, figure 1d shows that the benefit of core annular flows is reduced at low viscous 

payload volume fractions (Qo/Qi > 0.8). Therefore, the flow rate of the inner viscous fluid 

was fixed at 1 ml/min, and the flow rate of the outer lubricant was varied from 0.1 to 0.8 

ml/min. These values were chosen as they are in the range of flow rates required for a 

practical injection. 36 Figure 2b shows a map of the observed flow regimes for different 

flow rate and viscosity ratios. Two regimes occur in our phase space: a viscous 

displacement regime at low lubricant flow rates, and a core annular flow regime as the 

lubricant flow rate increases. In the viscous displacement regime, the viscous fluid first 

fills the entire cross-section of the needle, inducing both fluids to back-flow into the 

lubricant inlet. However, this back-flow cannot be sustained due to the constant mass flux 

imposed on the lubricant, resulting in a sudden overflow of the lubricant into the needle. 
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This flow decreases until being completely hindered once again, and the process repeats. 

This cyclic behavior is shown in the temporal diagram of a cross-section of the needle 

(Figure 2c): it leads to unsteady and significantly worse lubrication compared to the core 

annular flow regime (Figure 2d).  

 

 

Figure 2: (a) Experimental setup used to study flow regimes and the lubrication effect 

of core annular flows. (b) Flow regimes observed in the needle for the chosen flow rates. 

Volume fractions below 55% were not experimentally explored as it is not of interest from 

a drug injectability perspective. (c) False-colored temporal diagram of a cross-section of 

the needle (needle inner diameter = 304.8 µm) combined with a pressure versus time plot, 

highlighting the viscous displacement regime. This regime involves cyclic switching 

between a primary state where the viscous fluid fills the entire cross-section of the needle 

to a second state where the two fluids flow as an intermittent core annular flow. This 

results in a high and unstable pressure drop in the needle. (d) The core annular flow 

regime, on the other hand, is stable over time and results in a much lower steady-state 

pressure drop, which is essential to enhance injectability. The scale bars are 100 µm wide. 

1.2.2 Experimental Pressure reduction 

Figure 3a reports the experimental pressure reduction coefficient (mean ± std. error) as a 

function of the ratio between the lubricant flow rate and the viscous fluid flow rate, for 

several viscosity ratios. Experiments corresponding to the viscous displacement regime 

(Qo/Qi ≤ 0.2) exhibit larger errors due to the cyclic nature of this state. Thus, the average 
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pressure reduction factors in this regime are also much lower than in the case of the core 

annular flow regime (Qo/Qi > 0.2). 

While the pressure reduction performance follows a similar trend as expected from 

concentric core annular flow theory, we observe a significant difference in the magnitude 

of the pressure reduction coefficients (predicted value for 𝜆 = 20 is 𝜂~10 in concentric 

core annular flow while the experimental value for 𝜆 = 19.5 is 𝜂~4.5).  This lower 

performance originates from the eccentricity caused by the density difference between the 

two phases, as revealed in figure 3b (false-colored digital photograph of a side view of the 

needle demonstrating eccentricity due to buoyancy).  

 
Figure 3: (a) Experimental results show that the pressure reduction coefficient follows a 

similar trend to concentric core annular flow theory. The pressure reduction coefficient (η) 

is plotted as a function of the ratio between the lubricant (Qo) and viscous fluid (Qi) flow 

rates for different viscosity ratios (λ). (b) The maximum pressure reduction coefficient is 

still lower than expected, compared to concentric flow theory for all the viscosity ratios 

and this reduced performance is attributed to the eccentricity of the viscous fluid due to 

the density difference between the two fluids. A false-colored digital photograph of the 

needle demonstrates this eccentricity (needle inner diameter = 304.8 µm, scale bar is 100 

µm wide). (c) Illustrates that the performance limit is indeed well described by laminar 

eccentric core annular flow theory (E = 0.98 used for the eccentric model). 
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1.2.3 Eccentric coaxial lubrication 

In order to account for the eccentricity, we solve the Navier-Stokes equations in a bipolar  

coordinate system, following the approach of Bentwich et al. 37,38 By doing so, we derive 

a modified expression for the pressure reduction coefficient (equations S18 – S21), 

featuring an eccentricity parameter E, which ranges from 0 (non-eccentric) to 1 (fully 

eccentric) (Figure 3b). Figure 3c shows excellent agreement between the experimental 

measurements for the pressure reduction coefficient and those derived from the eccentric 

core annular flow model using E=0.98, indicating that the model effectively captures the 

performance of core annular flows in realistic conditions (i.e., without density matching). 

The experimental results and the model reported here correspond to the base-line scenario 

where the syringe is kept horizontal. The pressure reduction achieved in the horizontal 

case represents the most conservative measure of the benefit offered by core annular flows. 

While a syringe placed perfectly vertical would not experience buoyancy induced 

eccentricity in the needle, any deviation from the vertical orientation rapidly leads to 

eccentricity. By considering the timescales of convection and eccentricity formation, we 

developed a model that can capture the influence of the syringe orientation and it is 

discussed in section 1.2.7. 

1.2.4 First generation prototype 

 
Figure 4: (a) False-colored image showing core annular flow in a needle connected to the 

double barreled syringe. (b) Experimental setup used to quantify the performance of the 

double barreled syringe.  

We demonstrated that the discrepancy between measurements and theoretical predictions 

of the pressure reduction coefficient is due to the buoyancy induced eccentricity of the 

core annular flow. Even so, our experiments show that up to a 7x reduction in pressure 

(for λ ≈ 32.9) remains achievable, indicating that the regime of injectable concentrations 

can be expanded significantly using core annular flows.  Therefore, to implement this 

knowledge into a practical device, we designed and fabricated the double barreled syringe 

shown in figure 5a and figure 5b. It consists of an outer barrel that contains the lubricant 

and an inner barrel that holds the viscous payload. A six-milliliter syringe barrel from 

VitaNeedle® was used as the outer barrel. The fluids are driven by corresponding outer 
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and inner plungers with a movable outer gasket that ensures leak-proof operation. The 

dimensions of the barrels were chosen so that during the displacement of the plungers, the 

ratio of lubricant flow rate to viscous fluid flow rate is approximately 0.59, which is 

significantly above the threshold value of 0.2 required to sustain a core annular flow. The 

simplicity of this design makes it easy to manufacture, as it can be made using injection 

molding or blow-fill seal processes, ensuring similar ease-of-use and cost as current 

commercial medical syringes and needles. Figure 4a shows the core annular flow 

established in a needle connected to our double barrel syringe, indicating that it indeed 

operates in the core annular flow regime.   

Visual evidence of the enhancement in manual injectability is shown in figure 5c, where 

we observe better liquid spreading in a sponge when a highly viscous fluid is injected using 

our double barreled syringe (dark blue) compared to a commercial syringe (light blue). In 

order to quantify this improvement, we compared the forces needed to inject a water-

glycerin solution (26.3 cP) with our double-barreled syringe and a commercial syringe for 

the same volume flow rate. The injection force was quantified with a load cell (see 

Methods) mounted on a syringe pump (Figure 4b). The measured forces were used to 

calculate the force reduction coefficients, ηDBS and ηneedle which are defined as shown in 

equation 1.2 and equation 1.3.  

 𝜂𝐷𝐵𝑆 =
Fcommercial syringe

FDouble barreled syringe
    (1.2) 

 
𝜂𝑛𝑒𝑒𝑑𝑙𝑒 =

Fcommercial syringe −  Fcommercial syringe−without needle

FDouble barreled syringe − FDouble barreled syringe−without needle 
 (1.3) 

Figure 5d shows the experimental force reduction coefficients obtained from our double 

barreled syringe. Both the commercial and double barreled syringe were run with and 

without the needle in order to quantify the resistance of the barrels. One has to mention 

that our proof-of-concept design suffers from significant friction between the barrels and 

the plungers, resulting in a low value for ηDBS. However, this friction can be largely 

eliminated by using existing syringe manufacturing techniques (such as injection molding 

to make more appropriately sized gaskets). Pluger break-loose and glide forces have largely 

been minimized using these techniques in conventional syringes as they lie in the range of 

1-9N compared to the 50N manual injectability threshold. 39 The larger variability 

observed for the needle (ηDBS) is due to the error propagation operations carried out to 

isolate the resistance of the needle alone. When the contributions of the barrels are 

removed, we observe a force reduction coefficient of 5 in the needle. This value lies within 

the theoretical prediction of the eccentric model with the eccentricity parameter E = 0.98, 

therefore emphasizing that the partially eccentric model accurately captures the 

performance of the proof-of-concept double barreled syringe. 
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Figure 5: (a) Exploded view of the proof-of-concept double barreled syringe. (b) 

Photograph of the double barreled syringe (c)Time-lapse images comparing the 

injectability of a high viscosity formulation through a commercial syringe (light blue) and 

the double barreled syringe (dark blue). (d) Force reduction coefficient of the overall 

double barreled syringe (ηDBS) and the needle (ηneedle) alone. (e) Demonstrates the 

increases in concentrations that are possible for eleven high concentration monoclonal 

antibody solutions of the IgG1 isotype reported in literature for a nominal injection force 

of 25N by using the double barreled syringe [10-13]. (f) Using E = 0.98, the predicted 

injection forces for four formulations from literature are calculated as a function of 

monoclonal antibody concentration. Compared to their corresponding values in 

commercial medical syringes (figure 1b), we show that the regime of injectable 

concentrations can be expanded significantly using core annular flows. 10–16  

The significant force reduction coefficient achieved here demonstrates the promise of the 

core annular flows to increase the threshold concentrations of biologic drugs that can be 

manually injected. Figure 5e indeed shows the increases in concentrations that are possible 

for eleven monoclonal antibody solutions reported in literature, while keeping injection 

force at a nominal 25N. It reveals that we can double (formulation 6) and even triple 

(formulation 3) the injectable concentration for specific monoclonal antibody formulations 
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using the double barreled syringe. 10–13 Furthermore, the reduction of force for lower 

concentration formulations could enable faster injections, or the use of smaller needles, 

resulting in less pain for patients . 17 

1.2.5 The role of wettability in eccentric core annular flows 

A key feature to keep in mind in the design of the double barreled syringe is wettability. 

Indeed, if the inner fluid preferentially wets the interior needle surface, the outer lubricant 

flow might fail to coaxially lubricate the inner fluid, leading to an unstable core annular 

flow and, therefore, tremendous loss in the benefits of core annular flow. 32,40,41 This 

wetting criteria is why HFE-7500 was chosen as the model lubricant for this study, as 

HFE 7500 is more wetting towards the needle than the viscous aqueous payload. This is 

shown in figure 6, where HFE 7500 is observed to be thoroughly wetting on PTFE in the 

presence of glycerol (the viscous, model payload). This favorable wetting may be the 

reason why the flow is not wholly eccentric in our experiments (E = 0.98).  

 
Figure 6: Contact angle measurement of HFE-7500 on a PTFE surface in an environment 

of a 26cP glycerol/water mixture.  

1.2.6 More robust lubricants 

Our proposal to use immiscible and biocompatible lubricants is motivated by a wealth of 

literature on immiscible vaccine and drug adjuvants. For example, squalene and other oil-

based adjuvants have been used in thousands of patients at concentrations between (5-

52%) (volume of immiscible oil/volume of aqueous components) in several types of 

injections, including subcutaneous injections without affecting drug formulation efficacy. 
42–44 Here we used HFE-7500 as a model lubricant to demonstrate the pressure reduction 

benefits of core annular flows, but we understand that each drug formulation will have to 

be tested on our platform to identify the most appropriate lubricant-drug combination. 

The framework established here could also be used to explore aqueous and miscible 

lubricants. Figure 7 shows an example of water used as a lubricant and a mixture of 

glycerol and water used as the viscous inner fluid. While such miscible lubricants could 

allow for even safer injections into patients, buoyancy-based eccentricity could lead to 
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stratified flows rather than co-axial lubrication due to a lack of preferential wetting of the 

lubricant on the needle surface. A lower pressure reduction coefficient of η ≈ 2.6 was 

measured for Qo/Qi = 0.7 and λ ≈ 26 when water was used as a lubricant compared to η 

≈ 6 for the identical conditions with the preferentially-wetting HFE-7500. However, the 

design of the double barrel syringe can be optimized for water lubrication by balancing 

the different time scales (convection, eccentricity formation and mixing – defined below) 

to mitigate eccentricity and promote coaxial lubrication as discussed below. Such designs 

will be explored in later in this chapter.  

 

 
Figure 7: False-colored images of flow through a needle in which water is used as the 

lubricant at (a) the middle and (b) the exit of the needle. (needle inner diameter = 304.8 

µm, scale bars are 100 µm wide). 

 

Mixing is another phenomenon to keep in mind when miscible lubricants are used. The 

timescales of diffusive and convective transport can be compared using a Peclet number 

as shown in equation 1.4.  

𝑃𝑒 =  
𝑡𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

𝑡𝑐
=  

𝑙𝑑
2 𝐷⁄

𝐿 𝑉̅⁄
 (1.4) 

 

Here the characteristic length scale of diffsion ld is the inner diameter of a particular 

section of the system where the two fluids are in contact, D is the diffusion coefficient, 

and tc is the convection timescale defined earlier. This ratio of these timescales in the hub 

and the needle for the glycerol – water system are 70 and 30, respectively (Coefficient of 

diffusion conservatively assumed to be 10-7).45 This is consistent with the fact that in 

figure 7b, the two fluids are still well separated at the exit of the needle.  
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1.2.7 Eccentricity timescales and the role of orientation 

Eccentricity formation in the double-barreled syringe is controlled by the timescale of 

convection (tc) and the timescale of eccentricity formation (te). The timescale of convection 

is a measure of how quickly the inner fluid can convect through a particular section of 

length L in the syringe-needle system, and it can be calculated, as shown in equation 1.5.  

𝑡𝑐 =  
𝐿

𝑉̅
=

𝐿𝐴𝑐

𝑄𝑖
 

(1.5) 

Since it is preferred for the syringe to operate in the region of optimal concentric core 

annular flow wherever the two fluids are in contact, Ac can be calculated as shown below.  

𝑟𝑖
∗ =  

𝑟𝑜

√2 −  𝜇𝑜 𝜇𝑖⁄
;  𝐴𝑐 =  𝜋(𝑟𝑖

∗)2  (1.6) 

The expression for the optimal radius of the inner fluid (ri
*) is derived by minimizing the 

pressure drop for a given inner fluid flow rate and fixed fluid properties (equation 1.6). 

The time scale of eccentricity formation is a measure of the time taken for an optimally 

concentric flow to become entirely eccentric in a given section of the system, and it can 

be calculated as shown in equation 1.7. Figures 8a and 8b show visual schematics that 

define the displacement length (s) and the orientation of the syringe (θ).  

𝑡𝑒 =  √
2𝑠

|𝑔𝑐𝑜𝑠(𝜃) (1 −
𝜌𝑜

𝜌𝑖
)|

 (1.7) 

Where ρ is used to indicate the densities of the two fluids, and g is the gravitational 

constant. These timescales can be defined for regions of the system where the two fluids 

are in contact - the needle hub and the needle (cannula) itself. When tc/te < 1 for a given 

section, the inner fluid convects through that section before eccentricity can form 

completely.  Figure 8 shows how this timescale ratio varies in the hub and the needle as 

a function of the difference in density between the two fluids (Figure 8c-d) and as a 

function of the orientation of the syringe (Figure 8e-f). The dimensions of a 27G needle 

and a standard Luer hub were used in these estimations. For simplicity, only the 

cylindrical portion of the hub was considered and the constriction from the hub to the 

cannula is not considered. In addition, the effect of viscous drainage of the outer fluid is 

not considered for the estimation of the eccentricity formation timescale. Comparing the 

two timescales in the hub and the needle (cannula), suggests that eccentricity is 

established in the hub, which is consistent with experimental  
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Figure 8: (a,b) Conceptual schematics of double barreled syringe indicating the 

orientation of the syringe (θ) and the displacement length (s). tc/te is plotted as a function 

of the difference in density (Δρ) between the inner and outer fluids when the syringe is 

kept horizontal in the (c) needle and the (d) hub. tc/te is also plotted as a function of the 

syringe orientation in both the (e) needle and the (b) hub. Δρ >= 400kg/m3 in all 

experiments where HFE-7500 was used as the lubricant.  
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observations. This is encouraging as a redesign of the hub could allow us to mitigate 

eccentricity formation in the system. In addition, Figure 8c suggests that eccentricity can 

be largely avoided in the needle if the flow enters the needle concentrically.  

1.3 Conclusions and Outlook 

The benefits observed in the core annular flow-based injection technique could be 

expanded to other subcutaneous delivery methods as well. Micro-needle patches, for 

example, could be made with smaller needles or could be used for shorter periods of time 

if the resistance to flow is reduced using core annular flows. This methodology also holds 

substantial promise for applications beyond biopharmaceuticals. For example, the 

lubricating effect of core annular flows could be used to inject other high viscosity or non-

Newtonian fluids, such as bone putty or hydrogels. The reduced shear in such flows could 

also be applied to handle and dispense sensitive or primary cells where low shear is 

essential to prevent damage. 46–49  

In conclusion, we have demonstrated a simple, yet efficient technique to enhance the 

injectability of high concentration biopharmaceuticals using core annular flows. We 

established a regime map of flow rates and viscosity ratios required to attain stable core 

annular flow while minimizing the flow rate of the lubricant. We found that significant 

pressure reduction can be achieved in core annular flows for a variety of payload 

viscosities. We initially achieved up to a 7x reduction in pressure for a viscosity ratio of 

33. In addition, we examined the role of buoyancy-induced eccentricity and compared our 

measurements to predicted pressure reduction in such eccentric core annular flows. We 

found that this model accurately captures the results of our experiments. We applied this 

knowledge to design, fabricate and test a first-generation prototype syringe. We showed 

substantial pressure reduction (up to 5x reduction for λ = 26) in our syringe which is 

consistent with our eccentric flow model, therefore significantly expanding the regime of 

injectable viscosities for biologics without increasing costs, risk of cross-contamination or 

manufacturing complexity by itself. We then examined the role of convection and 

eccentricity timescales in mitigating buoyancy effects and examined what would be 

necessary to achieve viscosity agnostic injectability.  
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1.4 M aterials and M ethods 

1.4.1 Fluid preparation 

Mixtures of glycerol and water of different viscosities were used as the inner fluid in all 

experiments. HFE-7500 + 2wt% fluorosurfactant (obtained from RAN Biotechnologies) 

was used as the lubricant.  

1.4.2 Rheology 

A TI ARG-2 rheometer was used to measure the viscosity of all the samples. A 40mm 2˚ 

cone geometry was used to measure the viscosity of all the glycerol solutions. Stepped 

flow tests were done where the shear rate was varied from 10s-1 to 500s-1. A 60mm plate 

geometry was used to measure the viscosity of HFE 7500. Here, the shear rate was varied 

from 1s-1 to 100s-1. 

1.4.3 Contact angles 

Contact angle measurements were done using a Rame’-Hart contact angle goniometer.  

1.4.4 Pressure reduction measurements 

Harvard apparatus PHD ULTRATM syringe pumps were used to drive the fluids. A fluidic 

cross with 1/8” NPT female fittings was used to establish the core annular flow. 

Specifically, the high viscosity fluid flowedx through a (1/16” OD, 0.0575” ID) tube that 

traveled through the entire cross and a Luer adapter before entering the hub of the needle. 

The lubricant was brought through one of the branches in the cross and was allowed to 

exit to the needle coaxially with the inner viscous fluid. A 304.8 µm ID, 2” long PTFE 

needle was used in all experiments. The final branch of the cross housed a Honeywell ® 

26PC series pressure sensor. The sensor is connected to a DC power supply and its output 

is measured using a Keithley ® 2450 sourcemeter operated as a voltmeter.  

1.4.5 Testing the double barreled syringe 

An Omega engineering LC 307 series load cell was used to measure the force on the 

plunger. The load cell was attached to the driving plate of the syringe pump and a 3D 

printed adapter was used to ensure that the plungers made contact only with the load 

cell during operation. The sensor is once again connected to a DC power supply and its 

output is measured using a Keithley ® 2450 sourcemeter operated as a voltmeter.   



33 

 

 

1.5 Supporting Theory 

1.5.1 Concentric core annular flow model 

The assumption of laminar flow is valid as the typical Reynolds number for the viscosities, 

flow rates and diameters mentioned in the main text is below 20. The lubrication 

approximation is valid as typically, 𝑅𝑒𝐷 × 𝐷 𝐿⁄ ≈ 0.16, where D and L are the diameter 

and length of the needle, respectively. The Navier Stokes equations in cylindrical 

coordinates therefore reduce to: 

 0 =  −
𝜕𝑃

𝜕𝑧
+  

𝜇𝑖

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑣𝑧

𝜕𝑟
) ;       0 ≤ 𝑟 ≤ 𝑟𝑖 (S1) 

 0 =  −
𝜕𝑃

𝜕𝑧
+  

𝜇𝑜

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑣𝑧

𝜕𝑟
) ;      𝑟𝑖 ≤ 𝑟 ≤ 𝑟𝑜 (S2) 

Where the subscript i represents quantities related to the inner viscous fluid and the 

subscript o denotes those related to the outer lubricating fluid. The boundary conditions 

of shear and velocity continuity at the interface of the two fluids, and the no slip condition 

at the inner wall of the needle can be used to calculate the flow rates of the two fluids in 

the case of core annular flow as shown in equations S3 and S4. (See figure 1c for definition 

of ri and ro) 

 𝑄𝑖, 𝐶𝑜𝑟𝑒 𝐴𝑛𝑛𝑢𝑙𝑎𝑟 𝐹𝑙𝑜𝑤 =
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 𝑄𝑜, 𝐶𝑜𝑟𝑒 𝐴𝑛𝑛𝑢𝑙𝑎𝑟 𝐹𝑙𝑜𝑤 =
𝜋

8𝜇𝑜

𝑑𝑃𝐶𝐴𝐹

𝑑𝑧
((𝑟𝑜

2 −  𝑟𝑖
2)2) (S4) 

In the above equations, the pressure drop in the direction of the flow in both fluids is 

given by (dPCAF/dz). This can be compared with the pressure drop required to flow the 

inner viscous fluid alone (in the case of an unlubricated flow). The Hagen – Poiseuille 

equation shown in equation S5 provides an expression for the inner fluid flow rate in this 

unlubricated case, where the pressure drop in the direction of flow is denoted by (dPP 

/dz).  

𝑄𝑖,𝑃𝑜𝑖𝑠𝑒𝑢𝑖𝑙𝑙𝑒 = −
𝜋𝑟𝑜

4

8𝜇𝑖

𝑑𝑃𝑃

𝑑𝑧
 (S5) 

The pressure reduction coefficient η can be expressed as the ratio of the two pressure 

drops mentioned above when 𝑄𝑖,𝐶𝑜𝑟𝑒 𝐴𝑛𝑛𝑢𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 = 𝑄𝑖,𝑃𝑜𝑖𝑠𝑒𝑢𝑖𝑙𝑙𝑒.  
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This coefficient captures the benefit of core annular flows in reducing the pressure drop 

across the needle compared to the unlubricated control.  

1.5.2 Estimating the hydrodynamic resistances in syringe-needle systems 

When considering a syringe and needle injection system, the total resistance to flow at a 

given rate can be modeled as three resistances in series: (i) the resistance in the syringe 

barrel/inlet (ii) the resistance from the constriction of the fluid as it moves from the inlet 

to the needle, and (iii) the resistance to fluid flow in the needle itself. Assuming that the 

plunger resistance is negligible compared to the resistance from the fluid flow, the pressure 

drop through this system can be estimated as shown in equation S7.  

∆𝑃𝑡𝑜𝑡𝑎𝑙 =  ∆𝑃𝑖𝑛𝑙𝑒𝑡 + ∆𝑃𝑛𝑒𝑒𝑑𝑙𝑒 + ∆𝑃𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 (S7) 

The first two terms on the right side of equation S7 can be modeled with the Hagen – 

Poiseuille equation. The pressure drop due to the constriction of the fluid from the inlet 

to the needle is modeled following the approach of Boger et al. [30] 

∆𝑃𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 2𝐿𝑒𝑞𝜏𝑛𝑒𝑒𝑑𝑙𝑒𝑤𝑎𝑙𝑙 (S8) 

Where Leq is a non-dimensional equivalent entrance length and τneedlewall is the wall shear 

stress in the needle. Using this, equation S7 can be rewritten in terms of fluidic resistance:  

∆𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑄 × 𝑅𝑡𝑜𝑡𝑎𝑙;   𝑅𝑡𝑜𝑡𝑎𝑙 =
8𝜇𝑖

𝜋
(

𝐿𝑖𝑛𝑙𝑒𝑡

𝑟𝑖𝑛𝑙𝑒𝑡
4

+
𝐿𝑛𝑒𝑒𝑑𝑙𝑒

𝑟𝑛𝑒𝑒𝑑𝑙𝑒
4

+
𝐿𝑒𝑞
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) (S9) 

Comparing the resistances involves estimating the magnitude of the three terms in 

parenthesis. For a 1ml syringe and a 27G needle, this leads to:   

𝐿𝑖𝑛𝑙𝑒𝑡
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4
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𝑟𝑛𝑒𝑒𝑑𝑙𝑒
4
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(105 × 10−6)
4 ;

𝐿𝑒𝑞

𝑟𝑛𝑒𝑒𝑑𝑙𝑒
3

=
2

(105 × 10−6)
3 (S10) 

A conservative value of 2 is chosen for the equivalent entrance length (Leq) based on prior 

studies in literature for a Reynolds number of 20. [30] Expressing the resistances in terms 

of their orders of magnitude reduces equation S9 to: 

𝑅𝑡𝑜𝑡𝑎𝑙 =
8𝜇𝑖

𝜋
(𝑂(1010) + 𝑂(1014) + 𝑂(1012)) (S11) 

This shows that the resistance due to the needle dominates the other terms. Equation S7 

can, therefore, be reduced to: 

∆𝑃𝑡𝑜𝑡𝑎𝑙 ≈  ∆𝑃𝑛𝑒𝑒𝑑𝑙𝑒 (S12) 

1.5.3 Smaller plunger diameter: 

While the approach presented in this work, tries to reduce the fluidic resistance in the 

needle, it is worth exploring how smaller plungers could be used to enhance injectability. 
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The force that has to be applied to the syringe plunger can be estimated, as shown in 

equation S13. Explicitly, the force of injection must overcome the friction force between 

the plunger and the barrel and the fluidic resistance to the flow through the needle.  

𝐹𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑏𝑎𝑟𝑟𝑒𝑙 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 + 
8𝜇𝑖

𝜋
(

𝐿𝑛𝑒𝑒𝑑𝑙𝑒

𝑟𝑛𝑒𝑒𝑑𝑙𝑒
4

) 𝑄𝑖 × 𝜋𝑟𝑝𝑙𝑢𝑛𝑔𝑒𝑟
2  (S13) 

While the inner diameter of the plunger can be reduced to achieve a reduction in the 

injection force, we can see that this approach has limitations. Considering the highest 

viscosity formulation presented in this work (56.25 cP), plunger radii would have to be 

reduced by a factor of 5.3x, 3x, and to achieve the force reductions offered by concentric 

and eccentric core annular flow respectively. This dramatically reduces the total syringe 

volume and the volume of the drug that can be injected. To inject the same volumes, 

these reductions in radii would require significantly longer barrels (28x and 9x longer 

respectively), and plunger displacement would also have to be correspondingly faster. 

These long barrels would be impossible to use manually, much harder to manufacture, 

and they would be more prone to breaking during operation. As discussed in the previous 

section, the hydrodunamic resistance to flow through the needle represents the 

fundamental bottleneck that needs to be addressed in syringe-needle systems.  

1.5.4 Eccentric core annular flow model 

The effect of eccentricity on the core annular flow was modeled using a bipolar coordinate 

system following the approach of Bentwich et al. [32, 33] Such a coordinate system allows 

us to derive an analytical estimate of the pressure reduction that can be achieved. This 

coordinate system (ξ, 𝛽) relies on two sets of non-concentric circles intersecting 

orthogonally, corresponding to constant ξ and 𝛽 values, respectively. Therefore, in this 

system, the needle boundary, as well as the inner-outer fluid interface, can be represented 

by  and . The Cartesian coordinates (non-dimensionalized in terms of the inner 

radius of the needle (ro)) are related to the bipolar coordinates by the relation: 

 
Figure 9: Schematic cross section of an eccentric core annular flow. 
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 𝜉 + 𝑖𝛽 = ln
𝑥 + 𝑖(𝑦 − 𝑒𝜏)

𝑥 − 𝑖(𝑒−𝜏 − 𝑦)
 (S14) 

The values of the constant 𝜏, 𝜎 are given by: 

 𝜏 = cosh−1
1 − 𝑘2 − 𝜖2

2𝑘𝜖
 (S15) 

 𝜎 = cosh−1
1 − 𝑘2 − 𝜖2

2𝜖
 (S16) 

Where, k is the ratio of the radius of the inner fluid interface to the needle’s inner radius 

as shown in figure 10. 𝜖 is the eccentricity ratio, defined as the distance between needle’s 

center and inner fluid’s center expressed in terms of the inner radius of the needle. These 

transformations can be used to obtain the non-dimensional velocities (𝑣𝑗) of the core (vi) 

and the annular flow (vo) in the bipolar coordinate system defined as 

. Finally, the dimensionless flow rates, (where gc is the 

gravitational constant) are obtained as: 

 𝑞𝑗 =
8

𝜋
∬ 𝑣𝑗𝐽𝑑𝜉𝑑𝛽 (S17) 

Where J is the Jacobian of the transformation matrix from the Cartesian to the bipolar 

coordinate system. On integrating, we get the final expressions as: 
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Where λ is the viscosity ratio of the inner fluid to the outer fluid as defined earlier and m 

is a positive integer. The eccentricity parameter E (equation S20) captures ϵ and k into a 

single parameter that accounts for the degree of eccentricity.  

𝐸 =  
𝜖

1 − 𝑘
;  (S20) 

E varies from 0 (concentric) to 1 (fully eccentric), as shown in Figure 3b. The pressure 

reduction coefficient (η) is defined as the pressure drop across the needle in the eccentric 

core annular flow case compared to the unlubricated control, and is calculated as shown 

in equation S21.  
𝜂 = 𝜆𝑞𝑖 (S21) 

Using these definitions, we can plot the pressure reduction coefficient as a function of the 

eccentricity parameter E. By comparing the analytical solutions to our experimental data; 

we can find the best value of E that fits the model with our experimental observations. 
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The best fit was obtained for E = 0.98 and the comparison of the model and our 

experimental results is shown in Figure 3c. 
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Chapter 2: Reducing Pesticide Waste via 

Oil Cloaking 

2.1 Introduction 

Spraying is the most common method to deliver agrochemicals like pesticides to plants50. 

Poor spray retention is one of the most important inefficiencies in pesticide application. 

Sprayed droplets bounce or roll off of hydrophobic plant leaves causing a large majority 

of what is sprayed to find its way to the environment51,52. Pesticides are found in 90% of 

the time in agricultural streams, 50% in shallow wells and 33% in major deep aquifers 

across the USA53.  A recent study has shown that 31% of all global agricultural soil is at 

high risk of pesticide pollution 54. These excess pesticides not only affect soil chemistry 

but also cause the death of non-target organisms and damage soil microbiomes that are 

responsible for replenishing plant nutrients in the soil 55. Once in the environment, 

pesticides have a catastrophic impact on public health. Unintentional and occupational 

exposure to pesticides causes around twenty thousand deaths and is linked to 385M annual 

cases of acute poisoning globally 56,57. Pesticide pollution causes diseases like cancer, 

neurological conditions and birth defects and its impact is felt most in the developing 

world 56–60. In addition to having a heavy global health and environmental cost, pesticides 

represent a major financial burden for farmers. Over $60B dollars of pesticides are used 

globally as they can contribute up to 30% of the production costs of crops like cotton 61. 

Therefore, there is an urgent need to reduce pesticide waste and overuse and promoting 

spray retention offers a direct pathway to accomplish this.  

The impact and bouncing of a liquid droplet on hydrophobic and superhydrophobic 

surfaces has been studied extensively 62–71. In agricultural sprays, droplet sizes range from 

50-600 µm and droplet impact velocities range from 1 – 8m/s, which corresponds to a 

Weber number range of 1-600 72–74. During impact, such droplets undergo expansion 

driven by inertial forces and retraction that is driven by surface tension 71. Whether the 

droplet sticks or bounces is determined by surface properties, such as surface energy and 

leaf micro-texture and droplet properties like surface tension, viscosity, density and impact 

velocity. Several works have proposed methods to increase droplet retention on plant 

surfaces. These methods include using (i) adjuvants to modify droplet properties such as 

surface tension, viscosity or density, (ii) additives that can disrupt the waxy coatings on 

leaf surfaces locally and promote adhesion, (iii) chemicals that generate microscopic 

pinning sites for droplets to stick or (iv) physical charged interactions to promote droplet 

adhesion.  

Surfactants are the most widely used adjuvants that aim to enhance spray coverage and 

retention 75. While their effect on improving the spreading of droplets on plant surfaces 

under static conditions is well documented, their ability to reduce the dynamic surface 
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tension of impacting droplets and suppress their rebound is more complex 76,77. Recent 

work has shown that only specialized surfactants can diffuse to the droplet interface fast 

enough to reduce the dynamic surface tension of droplets during impact and arrest 

rebound 78,79. In addition, surfactants suffer from a lack of universality as they must be 

chemically stable with a diverse range of pesticide chemistries. As they reduce surface 

tension, they also make the sprayed droplets smaller, which exacerbates pesticide drift 

and run-off 80,81. Smaller droplets also tend to evaporate more quickly, which leads to 

product loss, especially for volatile pesticides 75. Finally, some surfactants that are used 

in agriculture can be more environmentally and biologically toxic than the active 

ingredients in the pesticides. For example, the addition of ethoxylated amine surfactants 

to Roundup® make these formulations cause more mitochondrial damage and necrosis in 

human cells and much more toxic towards non-target organisms than the active ingredient 

– glyphosate alone 82–89.  

Viscosity modifying adjuvants that utilize viscous dissipation during impact to prevent 

the droplets from bouncing off, offer limited improvement to spray retention efficiency on 

plant surfaces 90. High molecular weight polymer-based adjuvants that can significantly 

enhance the extensional rheology of droplets have also been shown to slightly enhance 

spray retention (~2% enhancement on leaf surfaces). In addition to their moderate 

improvement, the need for the careful control of pH for such formulations presents a 

significant barrier to robust implementation for this method 91,92. Electrostatic sprayers 

that physically charge spray droplets and introduce an attractive force towards grounded 

plant surfaces suffer from high costs that limit applicability 93,94. Finally, prior work from 

our group has used polyelectrolytes to enhance droplet retention on plants 95. In this 

approach, positively and negatively charged molecules are added to the sprayed liquid. 

The oppositely charged compounds undergo a precipitation reaction in-situ, creating 

microscopic pinning sites on an otherwise hydrophobic surface. While the approach has 

led to significant improvements in droplet retention both in the lab and in field trials, the 

need to keep the charged additives separated until they reach the plant surface requires 

a significant retrofit to the sprayers. 

Unlike the above approaches which are either unsustainable, toxic, non-universal or 

expensive, plant-based oils hold great promise as adjuvants that can promote droplet 

retention 75. Oils have been used in agriculture for centuries as they possess insecticidal 

and fungistatic properties 96,97. Vegetable oils are generally recognized as safe and are 

understood to pose no risks to the environment  and are widely used in food products and 

in agriculture 98–100. Since they are readily degradable by microbes in the soil, these oils 

have a much lower environmental footprint than synthetic agrochemicals 101. Their impact 

on crop health is well understood, and they are not phytotoxic when used correctly 96. 

Some oils are more robust against resistance development in pests and some plant oils 

have minimal impact on non-target insects like honeybees 102,103.  
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As spray adjuvants, the lower surface energy of oils makes them stick more easily to 

hydrophobic leaves compared to water. Oils are predominantly formulated as oil-in-water 

emulsions, necessitating the use of surfactants – which have the drawbacks mentioned 

above – and the need for complex agitation methods at the point of use 75. In comparison 

to oil-in-water emulsions, water-in-oil emulsions (>10% oil by volume) have been found 

to be more effective in enhancing retention. However the need for surfactants and the 

potential for phytotoxicity of such large oil contents limit the applicability of such 

formulations 104. In this work, we propose a more universal approach that uses minute 

quantities of plant oils (<1% by volume) to enhance spray retention without the need for 

emulsification or surfactants. By cloaking the water droplets in plant oils, we can make 

compound drops that stick to hydrophobic plant surfaces as shown in figure 11.  

Compound drop impacts have received increased interest over the past few years 105–110. 

However, water-in-oil compound droplet impacts have not been studied on 

superhydrophobic surfaces and at low concentrations of oil (≤1% vol.).  

In Figure 11c-e, we show time-lapse images of water droplets sprayed using an agricultural 

sprayer onto a cabbage leaf for 3 seconds. The nozzle in this case produces droplets with 

a volume median diameter between 341-403 µm at velocities between 5-10m/s (see 

Methods). Some droplets pin wherever there are defects on the leaf but a majority of the 

sprayed water bounces off, highlighting the problem of poor droplet retention in 

conventional agrochemical spraying. (Supplementary Movie 1). In contrast, Figures 11f-h 

demonstrate the effectiveness of cloaking water drops with ~1% of soybean oil, a 

ubiquitous plant-based oil, which (i) is used in food products, (ii) is approved by the EPA 

for agricultural use, (iii) has minimal impact on the environment and (iv) is inexpensive 
99,100,111. With a third of the spraying time, we achieve more uniform coverage. We can 

quantify the ability of this approach to reduce pesticide waste by normalizing the spray 

time by the percentage of the leaf area covered with droplets. We find that oil-cloaking 

leads to a 5.25x reduction in pesticide waste, indicating the great promise of this simple, 

inexpensive and environmentally sustainable approach. 

To fully understand this technique’s potential to enhance droplet retention, we study it 

systematically with two types of nanoengineered superhydrophobic surfaces. These 

surfaces represent the most extreme case that agricultural sprays can encounter. Studying 

enhancements in droplet retention in this extreme case would provide a conservative 

benchmark for our methodology. We examine droplet impact dynamics at a variety of 

agriculturally relevant spray velocities and Weber numbers and systematically study the 

effect of cloaking with different oils of varying surface tension and viscosity. We explore 

the effect of oil fraction and present a simple energy state framework to explain the 

rebound suppression observed with oil cloaked droplets. Finally, we then test a practical 

embodiment of this system and demonstrate significant improvements in spray retention 

on nanoengineered superhydrophobic surfaces and vegetable crop leaves.  
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Figure 10: Oil cloaking leads to enhanced droplet retention on crops. Schematics of the 

experimental set-ups used to spray (a) water and (b) oil-cloaked water droplets onto 

leaves. Unlike conventional water sprays which bounce off of hydrophobic leaf surfaces, 

droplets that are cloaked in minute quantities of a plant-derived oil (ex: soybean oil ≤ 1%) 

stick to leaves uniformly. (c-e) Time-lapse images of water sprayed using a commercial 

agricultural sprayer onto a cabbage leaf for 3 seconds. Some droplets pin and accumulate 

but a majority of what is sprayed bounces off of the leaf (see Supplementary Movie 1). 

(f-h) Time-lapse images of water drops cloaked with soybean oil (~1 wt% oil) sprayed 

onto a cabbage leaf for 1 second. (i) Droplet coverage expressed as a percentage of total 
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leaf area and normalized by spray time for the two cases shows that oil-cloaking can lead 

to a ~ 5.25x reduction in over-spraying. 

2.2 Results and discussion 

2.1.1 Single droplet impact setup and initial experiments 

Single water droplets of different diameters were created by forcing liquids through needles 

of different gauges. The oil cloaks were applied using a secondary needle as shown in figure 

12. The flow rates of all fluids were controlled using syringe pumps. For oil fractions < 

1% by volume, the stainless-steel needles were hydrophobized (see Methods) to prevent 

any wicking losses. The impact velocities were changed by controlling the release height 

of the dispensed droplets. Silicon nanograss surfaces were used as model superhydrophobic 

surfaces in this work. The surfaces had an average texture size and spacing of around 

200nm and they were functionalized with different hydrophobic modifiers (see Methods). 

The advancing and receding contact angles of DI water on this substrate were 163.9° and 

159.3° respectively on the octadecyltrichlorosilane (OTS) coated surfaces and 166.6° and 

164.8° on the trichloro(1h,1h,2h,2h-perfluorooctyl)silane (FS) coated surfaces respectively. 

The impact experiments were observed using a Photron Fastcam SA1.1 high speed 

camera.  

Figure 12a shows time-lapse images of a water droplet (diameter ≈ 3 mm and impact 

speed ≈ 1.25 m/s) impacting on an OTS-Nanograss surface from the side and top-down 

views. The droplet behaves as expected, going through a symmetric retraction phase and 

completely rebounding from the surface (Supplementary videos 3,4). Figure 12b shows 

impacts under identical conditions (velocity and diameter) with droplets that are cloaked 

in 1% soybean oil by volume. While the expansion phase is nearly identical in terms of 

the maximum diameter and the expansion time, the retraction phase in the cloaked case 

is markedly different. (Supplementary videos 5,6). During retraction, the droplet’s contact 

line is pinned to the surface due to the oil. This significantly reduces the retraction speed 

and causes the droplet to stick to the surface. Our setup allows us to track the maximum 

height of the droplet’s center of mass (hcm), offering a quantitative measurement to track 

rebound suppression. Illustratively, hcm is labeled in figure 12b. To confirm that the 

spreading phase of the impacts are undisturbed, and to study the dynamics of rebound 

suppression more thoroughly, we conducted drop impact experiments with 9 different oils 

of varying viscosities and surface tensions.  

2.1.2 Impact dynamics 

Figure 13a shows the time evolution of the contact diameter of droplets (D(t)) normalized 

by their initial diameter D0 for 6 representative oil cloaking conditions. These experiments 

were all conducted at 1% oil fraction by volume and at an impact velocity of ≈1.25 m/s 

on OTS-coated nanograss surfaces. Only the control DI water droplet loses contact with 

the surface after rebound under these conditions as all the oil cloaks were successful in 
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suppressing rebound. The observations in figure 12 are further confirmed here, as the 

expansion phase is approximately identical in terms of maximum droplet diameter and 

the expansion time for all the droplets. During the retraction phase the contact lines of  

 
Figure 11: Single droplet impact on an engineered superhydrophobic surface. Schematics 

of the experimental setups used to study droplet impact are shown in the left column. 

Time-lapse images of impacts of (a) a water droplet and (b) a water droplet cloaked with 

soybean oil (1% oil by volume) from side and top-down views. The DI water droplet 

undergoes a symmetric retraction phase and maintains a high contact angle with the 

surface until eventually bouncing off (see Supplementary Movies 3, 4). The oil cloaked 

droplet undergoes a nearly identical expansion phase, however, the droplet pins during 

retraction and experiences a significant reduction in its receding contact angle. This 

pinning leads to the suppression of the rebound and leaves the droplet adhered to the 
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surface and constrains the maximum rebound height of the center of mass (hcm) (see 

Supplementary Movies 5, 6).  

the cloaked droplets begin to pin to the surface and slow down the receding front. Figure 

13b shows the normalized maximum diameter for impact experiments with different oil 

cloaks, droplet sizes and impact velocities. The Weber numbers of the droplets were varied 

from 45-639 and the Reynolds numbers from 1972 – 7875 to span agriculturally relevant 

conditions. For this regime, the normalized maximum diameter at full expansion scales as 

shown in the equation below.  

𝐷𝑚𝑎𝑥 𝐷0⁄ =  𝑓(𝑅𝑒, 𝑊𝑒) =  
𝑊𝑒1/2

1.24 + 𝑊𝑒1/2𝑅𝑒−1/5
  

where We is the Weber number and Re is the Reynolds number, as was shown in previous 

studies for droplet impact on superhydrophobic surfaces 112. Once again, we observe that 

the maximum diameters are nearly identical for cases with and without oil cloaks and 

follow the trend indicated by equation 1. This demonstrates that the expansion phase of 

the droplet impacts is largely unaffected by the presence of an oil cloak at a variety of 

impact velocities and for different oils. 

2.1.3 Rebound suppression 

Focusing our attention now on the retraction phase and the rebound behavior of cloaked 

droplets, we revisit the maximum height the droplet’s center of mass - hcm as defined 

earlier. Using the highspeed videos of the droplet impacts, we measure hcm of the droplets 

and normalize it by the initial droplet diameter D0. (See Methods for the estimation of 

center of mass). Figure 13c plots the normalized rebound height for various impact 

velocities, oil cloaking conditions and surfaces. In all of these experiments, the oil fraction 

was kept constant at 1% by volume for the cloaked droplets. This plot demonstrates the 

robustness of the approach in promoting droplet retention. Regardless of the type of the 

oil, the oil viscosity or oil surface tension, all the cases with cloaking led to droplets 

sticking on superhydrophobic surfaces for velocities from 0.8 – 2.3 m/s which correspond 

to the agriculturally relevant We numbers of 81-646). Oil viscosities were varied between 

1.3cst and 68cst, as any oil that is too viscous would be difficult to work with in practice. 

The surface tensions of the oil were varied as much as possible, between 16mN/m to 

32mN/m.  

We observe a general trend of lower hcm for higher surface tensions and viscosities in these 

experiments.  At the higher end of the impact velocities we explored, we observe splashing 

of both the DI water droplets and the oil cloaked droplets. Interestingly while the satellite 

droplets in the control case scatter off the surface, nearly all the satellite droplets in the 

oil-cloaked case adhere to the surface (see Supplementary movies 7,8). Typically, smaller 

droplet sizes that are more prone to drift are chosen to enhance coverage on plant surfaces, 

but these results indicate that our methodology could enable the use of large droplets that  
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Figure 12: Droplet impact dynamics and retention behavior. (a) Normalized contact 

diameter as a function of time for 7 different oil cloaks for an impact velocity ≈ 1.25m/s. 

Complete rebound is only observed for the pure water drop as contact is always 

maintained for all the oil-cloaked droplets (1% oil by volume). (b) Normalized maximum 

diameter as a function of the correlation function f (We,Re). The weber number spanned 

45 – 639 in our experiments. (c) Rebound height of the center of mass of droplets (hcm) 
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is normalized by droplet diameter (D) for different impact velocities, oils and oil 

viscosities. All oil cloaked droplets had an oil fraction of 1% by volume and diameters ≈ 

3mm. The bouncing transition is defined at h/D = 1.75, where the droplet lifts off the 

surface completely. All the oils helped suppress droplet rebound at a variety of impact 

velocities. (d) Rebound height of the center of mass of droplets (hcm) normalized by 

droplet diameter (D) for different impact experiments is plotted as a function of oil volume 

fraction in cloaked droplets. 10cSt silicone oil and soybean oil were chosen as 

representative oils and both demonstrate the robustness of rebound suppression even for 

droplets with 0.1% of oil by volume (see Supplementary movies 9-13). (e-i) Snapshots of 

the highest points of the centers of mass of droplets during retraction or rebound for 

selected experiments. The labels for these snapshots indicate the oils used, the normalized 

rebound heights.  

are resistant to drift while still benefiting from enhanced coverage afforded by satellite 

droplets. 

2.1.4 Effect of oil volume fraction 

Figure 13d demonstrates the effect of the oil fraction for two representative oils of low 

and high viscosity. Both oils are effective at preventing retention at 0.1% by volume, 

furthering the practical robustness of our approach. This volume of oil is comparable to 

the total amount of adjuvants currently used in agricultural spraying, including when oil-

in-water emulsions are employed 75.  

Supplementary videos 9-13 and supplementary figure 1 indicate some of the complexities 

that arise at lower oil fractions. As the volume fraction reaches 0.1%, we notice that the 

rim of oil that pins the droplet becomes discontinuous. This rim subsequently disappears 

as the oil fractions go below 0.1%. At these volume fractions, the average contact angle 

during the retraction phase also changes drastically from about 30° to about 140°. At 

0.01% volume fraction, the retraction phase is comparable to that of a DI water droplet, 

indicating that there is a minimum amount of oil needed for the approach to be effective. 

Figures 13e-i show some examples of the maximum normalized rebound height for different 

impact conditions to highlight the distinction between the bouncing, sticking and 

splashing regimes. 

2.1.5 Energy dissipation in cloaked droplets 

We have been able to demonstrate that oil-cloaking offers a simple yet robust approach 

to enhance droplet retention on superhydrophobic surfaces over a range of agriculturally 

relevant impact conditions, for a wide range of oils, oil viscosities and oil volume fractions. 

However, it’s also clear from the top-down videos of these impacts (Supplementary video 

6, 9-13) that the mechanisms that govern retraction dynamics are fairly complex. There 

are several macroscopic and microscopic pinning events that lead to energy loss during 

retraction. These videos indicate the formation of a rim of oil plays a role in pinning the 
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droplets to the surface. However, it is also evident that the thickness, continuity and 

symmetry of the rims are highly variable. While some prior work has been done on the 

formation of compound droplet rims experimentally and in computational studies, this 

particular behavior hasn’t yet been observed 107,108,110.  An added complication arises 

when the volume fraction of the oil goes down below 0.1%. In this case, oil scarcity at the 

interface needs to be considered in any model that attempts to accurately capture the 

dynamics of these compound droplet impacts. While explaining the explicit dynamics of 

this system will require more examination of the fluidic and interfacial interactions at 

play, we can use a simple analysis of energy states to explain droplet retention – which is 

the fundamental experimental outcome we care most about. 

We can consider an impacting droplet in two states: (i) at the maximum diameter during 

impact and (ii) after the droplet has rebounded. We first focus on the latter state. When 

a water droplet rebounds off of a superhydrophobic surface, its kinetic energy can be 

expressed as a product of its incoming kinetic energy and the coefficient of restitution (e0) 

and shown in figure 14a. In the case of water droplets, the coefficient of restitution on a 

superhydrophobic surface is a function of the Weber number 113. Using this trend, for any 

water droplet of a given size and incoming velocity, one can estimate the rebound kinetic 

energy that the droplet would carry. For any technique to suppress this rebound, this 

energy would have to be removed from the droplet. Returning to the other state of 

interest– when the droplet reaches its maximum diameter, we can consider two types of 

energy dissipation mechanisms as shown in figure 14a, one due to surface tension and 

another due to viscosity. 

The work of adhesion (Es) – the term that captures the amount of work needed to remove 

a droplet from a surface can be written in terms of the surface tension of the fluid in 

contact with the surface (σouter), the receding contact angle of the droplet (θr) and the 

maximum radius of the droplet on the surface (Rmax) as shown in the equation below 114. 

𝐸𝑠~ 𝜎𝑜(1 + cos(𝜃𝑟))𝜋𝑅𝑚𝑎𝑥
2  

In the cloaked cases, we can assume that the entire contact area with the surface is covered by oil 

during the impact event. This is a reasonable assumption given the fact that the oil is 

preferentially wetting on the surface compared to water. We also choose to model 

dissipation in experiments where the oil fraction was 1 %; as at lower volume fractions, 

the situation is more complex due to the discontinuity of the oil ridge during the impact 

event. The second dissipation mechanism is only present in the oil cloaked cases and is 

due to the viscosity of the oil cloak itself. Using prior work on the viscous dissipation rate 

due to the oil cloak on droplets, we can express the viscous dissipation rate Eµ
’ as a sum 

of three terms, dissipation in the oil cap (𝐸𝜇𝐼
′), dissipation in the oil film underneath the 

droplet (𝐸𝜇𝐼𝐼
′) and dissipation in the oil ridge (𝐸𝜇𝐼𝐼𝐼

′), as shown in the following equation 

set115.  

 𝐸𝜇
′~ 𝐸𝜇𝐼

′ + 𝐸𝜇𝐼𝐼
′ + 𝐸𝜇𝐼𝐼𝐼

′  
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Figure 13: Sticking-bouncing transition for droplet impacts (a) As a pure water droplet 

rebounds from a superhydrophobic surface – the upward arrow indicating its motion away 

from the surface, it carries a kinetic energy that can be expressed in terms of the coefficient 

of restitution (e0), the rebound velocity (v) and the mass of the droplet (m). (b) To arrest 

the rebound of such a droplet and make it stick to a surface, this kinetic energy must be 

removed from the droplet by the work of adhesion (Es) and viscous dissipation (EµI + 

EµII + EµIII). (c) The data points correspond to droplet impacts at different droplet 

velocities, and oil cloaks. The shaded regions correspond to the different experimental 

outcomes. The vertical axis plots a ratio of the kinetic energy of rebound of a pure water 

droplet for all the experimental conditions (a particular impact velocity and drop size) 

and sum of the work of adhesion and the viscous dissipation. This demonstrates that in 

the case of oil-cloaking, the work of adhesion and the viscous dissipation is comparable to 

the rebound kinetic energy which leads to sticking.   
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In the equations above, µw and µo represent the viscosities of the water and oil, 

respectively. Ur represents the velocity of the retracting droplet, t is the thickness of the 

oil film underneath the droplet, Rmax is the maximum contact radius of the droplet in its 

fully expanded state and tret is the retraction time for the droplet to go from its maximum 

diameter to its final contact diameter.  

Comparing the relative magnitude of these terms, we can see that the viscous dissipation 

in the oil ridge at the contact line of the receding droplet would be the dominant term. 

We note here that the dissipation in the water drop doesn’t need to be considered in this 

energy balance as it is already accounted for in the coefficient of restitution. Using this 

framework if the sum of the work of adhesion and the viscous dissipation scales with the 

rebound kinetic energy, the droplet will stick, and if the rebound kinetic energy is much 

greater than the sum of these terms, the droplet should bounce 71,116.   

Figure 14b plots the rebound kinetic energy normalized by the sum of the work of adhesion 

and the viscous dissipation for each experimental condition that our model is applicable 

to.  We explicitly do not plot data points that fall in the splashing regime as our estimate 

of the coefficient of restitution does not apply to those data points. We also do not consider 

oil volume fractions <1% given that the oil might not cover the entire interfacial area in 

those cases. For each droplet, we estimate the rebound kinetic energy that would be 

carried by a water droplet of similar size and incoming velocity using the coefficient of 

restitution. We estimate the work of adhesion and the viscous dissipation using the 

maximum contact diameter observed during each droplet impact. The contact angle used 

in this case is the quasi-static receding angle of the compound droplets on the 

superhydrophobic surface as reported in Supplementary Figure 2. Given these 

clarifications, we can see that the sum of the work of adhesion and viscous dissipation, 

scales well with the rebound kinetic energy for all the oil cloaked droplets, illustrating 

why they are able to stick. In contrast, the pure water droplets (which are the only 

experiments in which the droplet rebounded) have kinetic energies that are approximately 

3x larger than the sum of the dissipative terms. 

2.1.6 Cloaking timescales 

Given that our energy dissipation model is able to capture the rebound behavior of 

droplets accurately, it’s worth commenting on higher viscosities and the effect of the 

cloaking timescale. Supplementary movie 14 shows the impact of a droplet cloaked in 500 

cSt silicone oil with a 1% oil volume fraction. While this high viscosity oil slightly effects 

the retraction phase, as compared to the pure water case, it is much less effective at 

suppressing rebound than the other cases of cloaked droplets where the oil viscosity was 

less than 70 cSt. This experiment with extremely a high viscosity oil thus provides some 

insight into cloaking timescales and its importance in rebound suppression. Indeed, the 

simple energy state model presented above would have predicted that the droplet would 

stick provided all other assumptions held. However, prior work on cloaking timescales of 
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oils of different viscosities on water drops suggest that the assumption of the oil covering 

the entire interfacial area wouldn’t hold in this case of cloaking with a highly viscous oil 
117,118.  Specifically, all of the other oils that were used in the study have viscosities < 70 

cSt, suggesting that they should be able to cloak the water drops and the interface between 

the droplet and the SHS as well due to their low viscosity in about 0.5ms.  In contrast, 

the high viscosity oil would take about 50ms to cover the entire droplet and around tens 

of milliseconds to cloak the interfacial area between the droplet and the SHS.  Given that 

the entire retraction phase occurs in about 10-20ms this might not be enough time for a 

highly viscous oil to be able to suppress rebound.  

2.1.6 Practical embodiment 

We have demonstrated that oil cloaking is an extremely simple, effective and robust 

method to promote droplet retention on superhydrophobic surfaces. Having explored a 

wide regime of fluidic and interfacial parameters with single droplet impacts, we sought 

to implement our knowledge into a practical device that could be used to demonstrate 

practical enhancements to spray retention. We developed a prototype that involved two 

nozzles, one for the water and another for the oil. (see Methods) 

To test the ability of our sprayer to enhance retention in the most extreme case, we 

sprayed both water and soybean oil – cloaked water droplets onto a large OTS- nanograss 

surface. In order to measure retention performance in terms of mass, we weighed the 

retained mass of droplets in both cases. Figure 15a shows a photograph of the end result 

of spraying water drops onto the surface for 3 seconds. As expected, almost all the water 

drops sprayed onto the superhydrophobic surface bounce off (see Supplementary movie 

15). Figure 15b shows a photograph of the end result of spraying water drops cloaked in 

~ 1 wt % soybean oil for 3 seconds. Almost immediately after spraying commences, the 

water drops begin sticking to the surface (see Supplementary movie 16) and by the end 

of 3 seconds, we measure a 96x enhancement in retained mass (Figure 15c) for the case of 

soybean oil. Figure 15c also shows retention data for experiments where oil cloaked 

droplets were only sprayed for 1 and 2 seconds. We find that this trend is consistent for 

other vegetable oils that are commonly used in agriculture such as canola or cotton seed 

oil, illustrating the robustness of our approach 98,99. These experiments show the potential 

of this technology to greatly reduce the amount of pesticides sprayed as with even a third 

of the spray time, the technique allows for 7.3x-14x enhancements in mass retention based 

on the oil used. Crucially, these enhancements are achieved with oils that are inexpensive, 

widely used and safe for the environment, farm workers and crops. These oils are also 

known to be widely compatible with pesticide chemistries, delay evaporation of 

agrochemical spray droplets and promote foliar uptake of pesticides 75,96.  

In figure 11, we demonstrated the ability of our prototype sprayer to reduce spray waste 

in terms of surface coverage on leaves. In order to demonstrate the ability of our sprayer 



51 

 

 

to enhance the retained mass, we spray 3 more crop leaves (kale, spinach and lettuce) and 

the end result of 1s of spraying on all the leaves is shown in figure 15d-g. The total retained 

mass of droplets is normalized by the area of the leaf and the spraying time for both water 

and soybean oil cloaked droplets and is presented in figure 15h. We observe >3x 

enhancements in normalized retained mass across leaves demonstrating the wide practical 

applicability of our approach in enhancing droplet retention.  
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Figure 14: Water and oil-cloaked water droplets sprayed on a superhydrophobic surface 

and different crop leaves. (a) The end result of spraying a 6-inch superhydrophobic wafer 

with pure water through a conventional agricultural spray nozzle for 3 seconds (see 

Supplementary Movie 7) (b) The same wafer after 3s of spraying oil cloaked (1% by 

volume - soybean oil) droplets generated by the same spray nozzle (see Supplementary 

Movie 8). (c) Retained mass of droplets on the engineered superhydrophobic surface for 

different spray times and different oil cloaks. (d-g) Snapshots to demonstrate the coverage 

attainable with 1 second of spraying with soybean oil-cloaked droplets on (d) cabbage, (e) 

kale, (f) lettuce and (g) spinach leaves. (h) Mass of droplets retained on the leaf 

normalized by leaf area and spray time are compared on 4 crop leaves for pure water and 

soybean oil cloaked droplets (~ 1 wt%)  
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2.3 Conclusions and Outlook 

In conclusion, we have demonstrated a simple, environmentally sustainable, inexpensive 

and effective approach to enhance the retention of sprays on hydrophobic and 

superhydrophobic surfaces. By cloaking droplets in minute quantities of oil (<1% by 

volume), we were able to demonstrate robust rebound suppression on two types of 

superhydrophobic surfaces with 9 different oils that span a wide range of viscosities and 

surface tensions across agriculturally relevant impact conditions. We were able to 

demonstrate the rebound suppression with as little as 0.1% oil by volume per droplet. By 

modeling the viscous and surface energy-based dissipation during the impacts of these 

cloaked droplets, we were able to provide a physical understanding of the rebound 

suppression across our experiments. Finally, we translated these findings into a prototype 

sprayer which was able to demonstrate up to a 102x enhancement in retention on 

superhydrophobic surfaces and up to a 5.25x reduction in waste when spraying on crop 

leaves. These enhancements were achieved using food and environmentally safe vegetable 

oils and the methodology presented here demonstrates great promise in reducing the 

human health and environmental impact of pesticides.  

2.4 M aterials and M ethods 

2.4.1 Impact velocity, center of mass, and coefficient of restitution estimation 

Impact velocity and Center of Mass (COM) data was extracted from the high-speed videos 

via image analysis of each frame.  Care was taken when lighting the background and 

surface such that the edges of the droplet were the darkest features of the video. This 

enabled the use of a simple thresholding method to create a mask of droplet’s outline. For 

each row of pixels in the droplet mask, the width of the mask was taken to be the local 

diameter of the droplet under the assumption that the droplet remained axisymmetric at 

all times. The partial mass of each row was calculated as the mass of a disk one pixel 

thick. The mass-average of these partial masses weighted by their vertical position yielded 

the COM. The impact velocity was calculated by differentiating the frame-by-frame 

vertical COM with respect to time and taking the velocity just before impact. Because 

the rebound velocity of a droplet is highly variable throughout the rebound process, an 

alternative definition of the coefficient of restitution was established, where 𝑒𝑜 =
√2𝑔ℎ𝐶𝑂𝑀

𝑉𝑖
. 

By using the maximum COM height of the droplet after rebound to calculate an 

equivalent velocity, a much more reliable value is obtained.  

2.4.2 Practical embodiment setup  

In order to test the coverage of leaf surfaces by an agriculturally relevant spray, a reservoir 

of deionized water was pressurized at 2 atm (30 psi) and flowed through a TG-1 TeeJet 
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Full Cone Spray Tip (Spray Smarter), with the resulting spray directed at the leaf. A 

distance of approximately 75cm was maintained between the sprayer and leaf. An 

AA250AUH Automatic Spray Nozzle (Spraying Systems) was installed just upstream of 

the spray tip to control the spray time by switching on and off. The water droplets from 

the primary nozzle were cloaked in oils using a secondary airbrush sprayer. Care was 

taken to ensure that the overlap angle of the two nozzles ensured that none of the oil from 

the secondary sprayer contaminated the surfaces directly. The flow rates of both fluids 

were controlled to ensure 1wt% cloaking.  

2.4.3 Hydrophobizing needles 

The stainless-steel needles were hydrophobized by submerging them for 24 hours in a 

solution of 5mM Fluoroalkyl(C10) phosphonic acid (SP-06-003, obtained from Specific 

Polymers) solvated in methanol. A flat stainless-steel control surface subjected to the 

same conditions had a water-air contact angle of >90º confirming successful 

hydrophobization.  

2.4.4 Contact angle measurements 

Contact angles were measured using a Ramé-Hart contact angle goniometer. 

2.4.5 Confirming low volume fractions of oil 

All the volume fractions of oil were confirmed by measuring the weights of dispensed 

liquids over time.  
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2.5 Supplementary figures 

 

 
Figure S1: (a) Average dynamic contact angle measured during the retraction phase for 

water droplets cloaked in 10cSt Silicone oil at the low oil volume fractions shown in Figure 

4. The increase in retraction contact angle at 0.03% oil fraction accompanies the increase 

in restitution coefficient observed in Figure 12, indicating that at sufficiently low oil 

fractions the oil can no longer pin the contact line and suppress droplet rebound. (b) and 

(c) are snapshots taken during the retraction of oil cloaked droplets with 0.10% and 0.03% 

oil by volume, respectively, demonstrating the markedly different contact angle. 
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Figure S2: Advancing and receding contact angles of water and cloaking oils on the 

engineered superhydrophobic surface. Measurements were obtained by gently placing a 

droplet on the surface and dispensing fluid into or withdrawing fluid from the droplet to 

measure advancing and receding angles, respectively. These measurements were performed 

for (a) homogenous liquid drops composed of only oil or only water and (b) oil-cloaked 

water droplets (1% oil by volume).  
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Chapter 3: Enhanced CO2 absorption via mists and 

space charge injection 

3.1 Introduction and Background 

Global CO2 emissions reached 36Gt in 2019, placing an enormous strain on the Earth’s 

climate 119,120. Post combustion carbon capture in power plants offers an efficient pathway 

to reducing anthropomorphic emissions as capturing the CO2 produced by a single 500MW 

natural gas power plant over a year would be equivalent to eliminating emissions from  

two hundred thousand cars over the same timespan 121,122. Post-combustion carbon 

capture technologies can be classified into three main approaches: chemical, physical and 

biochemical 123–125. Chemical approaches include adsorption, direct or membrane-assisted 

absorption into a liquid, and chemical looping combustion 126–130. Physical approaches 

include membrane separation, physical absorption and cryogenic distillation 131–133. More 

recently a variety of biochemical methods utilizing enzymatic and algae-based approaches 

have also been proposed 134,135. Of these methods, chemical absorption into a liquid 

absorbent is widely considered to be the most promising technology due to the higher 

efficiencies, lower costs and techno-economic maturity that it offers 123,124.  

Most practical chemical absorption plants utilize packed bed reactors – an illustration of 

which is shown in figure 16a. These reactors are tall towers filled with a number of packing 

units. Sorbent solution is provided at the top of the tower and flows down over the surface 

of the packing units; forming films of liquid that react with the rising flue gas stream. The 

packing units are designed to enhance the interfacial area and the contact time between 

the flue gas and the liquid absorbent 136. In order to capture >90% of the CO2 released 

from a power plant (where flue gas flow rates can vary between 100-800 kg/s), packed 

bed reactors need to be large enough to provide enough area and time for absorption to 

take place 137–139. As a result, packed bed towers are routinely over 10m in diameter and 

over 20m in height; contributing to approximately 30% of the overall capital requirements 

for such carbon capture systems 140,141. With prohibitively expensive costs being the 

primary reason for only 28 large scale carbon capture facilities existing worldwide, 

reducing the size of these absorption towers would help enhance the practicality of post 

combustion carbon capture systems 142.  

Spray towers theoretically provide a pathway towards much smaller absorber units. In 

spray towers, droplets of the absorbent are sprayed against the rising gas stream 143–145. 

These droplets absorb CO2 from the flue gas and are collected at the bottom of the tower. 

Equation set 1 demonstrates the enhancement to interfacial area afforded by droplets in 

comparison to the liquid films in packed beds.  
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In the above equations, Ap is the area of the packed bed, V is the volume of the liquid 

absorbent, t is the thickness of the liquid film in the packed bed, Ad is the area of the 

droplets that would make up the same volume of absorbent, and R and D are the droplet 

radius and diameter respectively. For the same characteristic length, droplets offer 6 times 

more interfacial area than films in packed beds 137,139,146. Despite this advantage, in 

practice, spray towers offer lower CO2 capture efficiencies than packed beds. There can 

be droplet loss to the walls of the reactor which reduces the overall CO2 capture efficiency 
143. Conventional spray towers are counterflow systems and thus rely on gravity to collect 

the absorbent droplets. The drops cannot be smaller than a few hundred microns as they 

could be entrained by the flue gas and escape through the exhaust.  While passive 

demisters could be considered, they tend to fail at high liquid loading rates and introduce 

unfavorable back pressures to the exhaust system 147,148. This means that the benefit of 

high interfacial area cannot fully be exploited in conventional spray towers. Droplets that 

are too large also present a problem as such droplets have slower reaction rates and fall 

faster through the tower.  

Here we propose a two-stage system (shown in figure 16b) to leverage the advantages 

offered by droplets to a greater extent. In the first – absorption stage, we propose using 

mist-scale droplets with diameters between 15 and 50 µm, which would allow our system 

to achieve up to a 280-fold increase to the interfacial area available between the absorbent 

and the gas compared to packed bed reactors. While this could allow for absorber units 

that are significantly shorter, droplets of this size will be easily entrained by the gas flow. 

In order to capture this large liquid volume, we propose a second – electrostatic droplet 

capture stage. Specifically, by utilizing a corona discharge, we will charge the mist-scale 

droplets and introduce an electrical force that will drive them to a collector from where 

the liquid absorbent can be collected, processed and recirculated 149,150.  

To better understand the ability of our proposed system to reduce the overall size of 

absorbers, we theoretically estimate the lengths required for both stages of our system. 

We can model CO2 absorption into droplets of different radii using an existing empirical 

model as shown in equation 2 which was developed by Choi et al. 151. Since the benefits 

afforded by our proposed system are agnostic of the specific absorbent chemistry, we will 

utilize ammonia as a model absorbent. 
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Figure 15: Mists can enable significantly cheaper CO2 capture systems. (a) Conventional 

absorption towers use tall towers (10-20m in height) and packed beds to enhance the 

interfacial area and the residence time of the scrubbing liquid and the flue gas during 

absorption. (b) Misting the scrubbing fluid would allow for significantly shorter absorbers 

due to higher interfacial areas afforded by small droplets, however such mists are difficult 

to capture and recycle using passive demisters. An active electrostatic demister can 

capture these mists without imposing significant back pressures. (c) Calculated CO2 

capture efficiency for mist-based CO2 capture as a function of absorber length and droplet 

size for a liquid to gas mass flow ratio of 1:1 using a single droplet model from literature 
151. (d) Calculated mist capture efficiency for an electrostatic demister unit as a function 

of length for different average mist droplet diameters.   
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𝑚̇𝐶𝑂2,𝑗

𝐴
= 𝑘0.48 𝐶𝑔,𝑠,𝑗𝐶𝑙,𝑗 [

2.15 × 10−6

𝐶𝑙,𝑖
0.5 +

1.4 × 10−7

𝐷0.3
 (1 −

𝐶𝑙,𝑗

𝐶𝑙,𝑖
)

2.5

] (2) 

In the above equation. 𝑚̇𝐶𝑂2
 is the mass flux of CO2 into the droplet, A is the droplet 

area, k is the reaction rate, C represents concentration, and D is the droplet diameter. 

The subscripts, g and l represent the CO2 and the sorbent respectively. The subscripts s 

and i represent the surface of the droplet and the inlet respectively and j is an iteration 

counter. Using a gas flow velocity of 3 m/s, an inlet CO2 concentration of 15% and an 

ammonia concentration of 15wt%, we can estimate the CO2 absorbed by a single droplet 

from its sphere of influence as a function of droplet travel distance. We use a liquid-to-

gas mass flow ratio of 1:1 to define the control volume that follows an individual droplet 

as it travels with the gas flow. Using this framework, we can examine the benefit 

theoretically afforded by our approach for droplets of different sizes 140. Since absorbent 

films in packed bed reactors are typically 600-700 µm thick, we can replicate the interfacial 

area offered by packing units with a droplet diameter of 3600µm for a given volume of 

liquid 139,146. We observe, that such large droplets would also require absorber towers that 

are >20 m tall, confirming the role of interfacial area in absorption. In contrast, when we 

move to droplet diameters of 50µm and 15µm, the required lengths for >95% CO 

absorption reduce significantly. In practice, the length of the absorption stage will be 

markedly larger than the dimensions predicted by the single drop model presented in 

figure 16c as the model doesn’t account for droplet-droplet interactions, local 

concentration gradients and for the practical constraints of introducing up to 800 kg/s of 

absorbent into a flue gas stream. However, the model does show that drastic reductions 

to absorber dimensions are possible by transitioning to mist-scale droplets.  

For the second stage of our system, we can also estimate the maximum length required 

to capture >95% of the mist droplets.  Considering the cylindrical design of our 

electrostatic collector shown in figure 16b we can compare the electrostatic force that a 

charged droplet would experience with the aerodynamic drag force. We estimate the 

characteristic radial velocity (Ur) of a mist-scale droplet as shown in equation 3. Using 

the Deutsch-Anderson equation (equation 4), we can then estimate the droplet collection 

efficiency (η) as a function of cylinder length (Lc), diameter (Dc) and gas flow rate (Q) as 

shown in figure 16d 149,152–154.  

 𝑈𝑟 ~ 
𝑞𝐸

6𝜋𝜇𝑅
=

4𝜋𝑅2𝜀0𝐸2

6𝜋𝜇𝑅
=

2𝑅𝜀0𝐸2

3𝜇
 (3) 
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 𝜂 = 1 − 𝑒
(−

𝑈𝑟𝐴𝑐
𝑄

)
=  1 − 𝑒

(−
𝑈𝑟𝜋𝐷𝑐𝐿𝑐

𝐶𝐷𝐴𝑄
)
 (4) 

In the above equations q represents the charge accumulated on a single droplet, E 

represents the electric field strength, µ is the viscosity of the flue gas, R is the droplet 

radius, 𝜀0 is the permittivity of free space and CDA is the correction factor to the Deutsch-

Anderson equation used for practical systems 149.  

From figure 16c and 16d we see that the overall length of the absorber unit could be 

reduced from around approximately 20m in packed bed reactors for a 400MW power plant 

to less than 4m in the system proposed here 140. This would enable a drastic reduction to 

the capital required for CO2 absorber units 141. To validate these models, we develop and 

test a scaled down version of our two-stage design. For the first stage of our system, we 

match the gas flux of industrial absorber units and study the effect of input CO2 and 

catalyst concentration on CO2 capture efficiency. For the second stage, we explore the 

droplet capture efficiency of a scaled down electrostatic system as a function of gas flow 

rate and the electric field strength. Finally, we present an economic analysis to capture 

the reduction to plant capital expenditure that could be enabled by our mist-based system.  

3.2 Results and Discussion 

3.2.1 Experimental setup 

Figure 16: Scaled down experimental setup for mist-based CO2 capture (a) CO2 was 

mixed with air at various ratios and introduced into a misting unit. The catalyst (KOH) 

mist was entrained by the gas flow and proceeded to absorb the CO2 in the gas stream. 

The mist laden gas flow was then directed to an electrostatic capture unit before exiting 

into a CO2 sensor that measured CO2 capture efficiency. (b) Histogram of droplet  
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parameters generated by the misting unit indicate that a majority of droplets fall within 

a diameter range of 10-20 µm.  

Figure 17a presents an illustration of the experimental setup used in this work. Flow 

controlled CO2 and air streams were mixed to achieve desired concentrations of CO2 at 

the inlet to the system. The gas was then introduced to a misting unit where droplets 

were entrained into the gas flow (see Materials and Methods section). In our setup, 

potassium hydroxide was used as the absorbent due to experimental simplicity. The gas 

and the entrained mist then flowed through a fixed length of piping to allow time for 

absorption. The mixture then flowed into the electrostatic demister unit where all the 

absorbent drops were removed. Finally, an infrared CO2 sensor was used to quantify the 

CO2 captured in the system. Figure 17b shows a histogram of droplet diameters produced 

by our misting unit. This histogram was obtained by visually recording the mist droplets 

as the passed through the viewing window when the electrostatic droplet capture unit was 

turned off. This gave us an accurate representation of the droplets that were being 

entrained by the gas flow.  

3.2.2 Absorption stage 

In order to appropriately scale down our experimental absorber, the flow rate of the inlet 

gas was varied between 1 and 5 lpm while keeping the CO2 concentration constant at 

50%. Figure 18a shows the CO2 capture efficiency of the system for these experiments. 

We observe that while the capture efficiency reached ~74 ± 5% for the flowrates of 1 and 

3 lpm, it dropped down to about 64 ± 5% for the 5 lpm case. To characterize this reduction 

in performance, we normalize the gas flux through our experimental setup by the flux  

achieved in industrial absorption systems 155. We do this, as industrial absorber systems 

are carefully designed to optimize the gas flux to achieve the maximum capture efficiency 

possible. In figure 18b, we plot the ratio of the experimental and the industrial gas fluxes 

and find that the case of 5 lpm has an unfavorable flux ratio which could explain the 

drop-in performance.  

Setting the flow rate to 3 lpm, to stay in a favorable flux regime for the remaining 

absorption experiments, we varied the input CO2 concentration from approximately 17% 

to 50% as shown in figure 18c. In all of these cases, we observe a capture efficiency of 

approximately 70 ± 5% which is consistent with other industrial KOH-based absorption 

units 156. The liquid to gas mass flow ratio (L/G) of was measured to be approximately 

21 ± 4 for a gas flow rate of  3 lpm and this value is also of the same order as industrial 

and other experimental systems 143,156.  

Equation 5 shows the stoichiometric reaction between KOH and CO2. In our experimental 

setup, at a gas flow rate of 3 lpm, the molar flow rates of KOH and CO2 are 1.7 and 1.1 

milli-moles per second.  Since two moles of KOH are needed to react with every mole of 

CO2, the stoichiometric capture efficiency is 76%. To validate that the 74 ± 5% 
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experimental capture efficiency observed here is indeed limited by the chemical 

concentration of the absorbent, we increase the KOH concentration from 1M to 2M and 

observe that the CO2 capture efficiency increases to 95 ± 5% for the case of a 3 lpm gas 

flow rate and a 50% inlet CO2 concentration. These results illustrate the promise of mist-

based carbon capture, especially in terms of enabling a wider range of absorbents that  

 

Figure 17: Mists enable high absorption efficiencies. (a) CO2 capture efficiency is plotted 

as a function of time after the misting unit is switched on for varying gas flow rates, and 

an input CO2 concentration of 50%. At a gas flow rate of 5 lpm, the capture efficiency 

drops from 75 ± 5% to 64 ± 5 % indicating that that the liquid to gas ratio and the 

residence time are too low for the scrubbing to be maximally effective. (b) A comparison 

of normalized gas flux in kg/m2s of our experimental setup and industrial systems further 

confirms that in the 5 lpm case, the flow rate of the gas is too high to optimize CO2 

capture. (c) Demonstrates the effect of varying the CO2 concentration while holding 

flowrates constant. In these experiments, all the capture efficiencies were > 70% 

demonstrating the ability of the technique to be robust to input CO2 concentrations and 
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demonstrating that at these conditions, the capture efficiency is limited by absorbent 

chemistry (d) Illustrates the effect of changing absorbent chemistry by plotting the CO2 

capture efficiency for different concentrations of the catalyst (KOH). Up to 95% capture 

efficiency can achieved with 2M KOH solution. The liquid to gas flow ratio was measured 

to be 21 ± 4 for these experiments in the case of 3 lpm gas flow rate.  

could have a better environmental and safety profile than the alcoholic amines that are 

currently preferred in absorber units 124.  

 2𝐾𝑂𝐻 + 𝐶𝑂2 → 𝐾2𝐶𝑂3 + 𝐻2𝑂 (5) 

3.2.3 Mist droplet capture stage 

 

Figure 18: Capturing mist using space charge injection (a,b) Conceptual schematics of 

the mist capture system in the off and on states. (c,d) Photographs corresponding to the 

extreme states tested in the mist capture unit. The scale bar is 1 cm wide. When the 

voltage source is off, mist exists the misting unit as it is entrained by the gas flow, but 

when the emitter electrode produces a strong corona discharge, all the mist is captured. 

(d) The droplet capture efficiency is plotted as a function of the applied voltage and for 
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different gas flow rates, illustrating the ability of our active approach to efficiently capture 

mist.  

Having demonstrated the ability of mist-scaled droplets to achieve CO2 capture efficiencies 

>70 % we explore the ability of our scaled down electrostatic unit to capture the mist 

droplets. Figure 19a and 19b show conceptual schematics of the mist capture unit when 

there is no corona discharge and when there is a stronger discharge respectively. Figure 

19c and 19d show digital photographs of the exit of the demisting unit under no corona 

and strong corona conditions, visually illustrating the ability of our scaled-down demister 

to completely capture mist for a gas flow rate of 3lpm and a voltage of approximately 8 

kV. Figure 19f shows the mist capture efficiency as a function of gas flow rate and applied 

voltage. When the voltage isn’t high enough to the generate a corona discharge, the 

droplets aren’t charged and therefore don’t get collected. As the voltage is increased, we 

pass the corona onset voltage and begin to collect droplets. In this state, the concentration 

of free ions in the gas stream isn’t high enough to charge all the mist-scale droplets that 

are entrained and therefore we only achieve partial capture. In the region of strong corona, 

we are able to achieve 100% capture as nearly all the droplets become charged and are 

transported to the grounded collector. The electric field strength applied in our scaled 

down system is about 2 KV/cm which is well within the field strength used in scaled-up 

electrostatic precipitation systems indicating the practical promise of our two-stage system 
149.  

3.2.4 Economic Analysis of a scaled-up absorber unit 

Our experiments show that when our two-stage absorber is appropriately scaled down, we 

can achieve CO2 capture efficiencies between 70-95% and that all the mist droplets can 

be captured effectively. To assess the economic feasibility of our mist-based post 

combustion carbon capture approach, we estimate the required capital expenditures 

(CAPEX) to install our system and compare it to the CAPEX required for a conventional 

vertical packed bed absorber tower. For the conventional vertical packed bed architecture, 

two absorber towers of heights 19.06m and diameters of 11.93m are chosen from an 

optimized MEA CO2 capture system for a 400MW gas-fired power plant with a flue gas 

rates of 622 kg/s 140. Purchased costs of the absorber tower housing and the internal 

components are estimated from average historical data and subsequently adjusted via the 

Chemical Engineering Plant Cost Index (CEPCI) to 2019 USD 157. A typical Lang Factor 

of 4.74 was applied to yield the estimated installed cost of the system components 

tabulated in Table 1.  

The estimated total CAPEX for the packed bed system is $149M, which agrees with 

values estimated by Agbonghae et al. for the same absorber configuration 140,141. As 

expected, the stainless steel-clad carbon steel absorber tower is a key cost driver, 

accounting for over 50% of the cost. To estimate an analogous CAPEX for our mist-based 

CO2 absorption system, the same flue gas flow rate and absorber unit housing diameter 
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were used as in the previous case. By leveraging the enhanced absorption kinetics of mists, 

the absorber housing unit length can be reduced by a factor of 5x as shown earlier. 

Moreover, it can be installed in a horizontal configuration as it no longer uses gravity-

driven flows, thereby reducing installation cost factors. The costs of the electrostatic mist 

capture unit are derived from historical costs and installation factors, scaled for capacity, 

and adjusted with the CEPCI index 158. At a CAPEX of $57.3M, our mist-based CO2 

absorption system offers a ~2.6x reduction in capital cost compared to conventional 

packed bed absorption towers. These savings are due to the elimination of the packed 

beds in addition to a reduction in absorber unit housing costs associated with smaller total 

dimensions.  

Subsystem description 
Packed Bed Architecture 

Cost ($USD MM) 

Mist Capture Architecture 

Cost ($USD MM) 

Absorber unit - CAPEX   

Absorber unit housing 81.3 9.0 

Packed Bed 57.9 -- 

Liquid nozzles 4.9 3.8 

Pressure pumps 2.8 3.4 

Mist capture system - 

CAPEX 
  

Passive de-misting 2.5 -- 

Space charge capture -- 42.6 

Total CAPEX 149.4 57.3 

Table 1: CO2 absorption capital expenditure estimates for a 400MW gas fired coal plant 

for conventional vertical packed-bed architectures compared to the proposed mist-capture 

architecture. Owing to the substantial reduction in absorber unit housing size and the 

avoidance of packed beds, the mist capture architecture has a CAPEX ~2.6x lower than 

conventional packed bed architectures. Costs are based on historical pricing (Turton et. 

al) and scaled accordingly for their capacity, material selection, and operational pressures. 

3.3 Conclusions and Outlook 

In conclusion, we have demonstrated a simple, yet efficient proof-of-concept absorber 

system to capture CO2 using mist-scale droplets. Using a scaled down experimental setup 

that matches the gas flux and L/G ratios of other industrial and experimental post 

combustion carbon capture systems, we were able to achieve CO2 capture efficiencies up 

to 95% using potassium hydroxide as the absorbent. We were also able to demonstrate 

the ability of our electrostatic droplet capture unit to collect > 95% of the entrained 

droplets at an electric field strength that is consistent with industrial systems. Finally, we 

use chemical engineering plant economic models to estimate that a scaled-up installation 

of the proposed system could reduce CO2 absorber costs by a factor of 2.6.  While these 
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results are promising there are experimental avenues to explore before the methodology 

can be validated for scaled up use. Making the L/G ratio independent of the gas flow rate 

would allow for the exploration of lower liquid fractions and help benchmark the 

performance under a wider range of industrially relevant operating conditions. Secondly, 

testing the system with other absorbents would help develop models that can more 

accurately predict absorption efficiency as a function of length by taking droplet 

interactions into account. While such efforts and experiments that can more accurately 

capture the flow conditions inside flue gas streams would greatly improve understanding, 

the concept, framework and experimental results presented in this work prove the promise 

of using mist-scale droplets for CO2 capture.  

3.4 M aterials and M ethods 

3.4.1 Gas mixing and mist generation 

Brooks® mechanical flow meters were used to control the flow rates of the CO2 and air 

before the two gas streams were mixed using a T-junction. The mixed gas was introduced 

into the headspace of an air-tight container that contained a bath of the absorbent and 

an ultrasonic misting unit (Mxmoonant® 6 Head Ultrasonic Mist/Fog maker). The 

experiments were started with the misting unit and the mist capture units turned off. The 

initial concentration of the CO2 was recorded after the gas flowed through the headspace 

of the air-tight container so that any effects of the bath of absorbent were considered in 

the control measurement. When the ultrasonic mister was turned on, mist scale droplets 

were ejected into the headspace of the air-tight container and subsequently entrained by 

the gas flow.  

3.4.2 CO2 sensor 

CO2 concentrations were measured using a GC-0007 ExplorIR® sensor. The sensor was 

placed in line with the gas stream in a vented container.  
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Conclusion 

In this work, we explored how engineering physico-chemical interactions by introducing 

new interfaces or interfacial forces can be leveraged to achieve efficiency enhancements in 

a wide range of phenomena. 

In Chapter 1 we demonstrated a simple, yet efficient technique to enhance the injectability 

of highly concentrated and viscous biopharmaceuticals using core annular flows. We 

established a regime map of flow rates and viscosity ratios required to attain stable core 

annular flow while minimizing the flow rate of the lubricant. We found that significant 

pressure reduction can be achieved in core annular flows for a variety of payload 

viscosities. We initially achieved up to a 7x reduction in pressure for a viscosity ratio of 

33. In addition, we examined the role of buoyancy-induced eccentricity and compared our 

measurements to predicted pressure reduction in such eccentric core annular flows. We 

found that this model accurately captures the results of our experiments. We applied this 

knowledge to design, fabricate and test a first-generation prototype syringe. We showed 

substantial pressure reduction (up to 5x reduction for λ = 26) in our syringe which is 

consistent with our eccentric flow model, therefore significantly expanding the regime of 

injectable viscosities for biologics without increasing costs, risk of cross-contamination or 

manufacturing complexity by itself. We then examined the role of convection and 

eccentricity timescales in mitigating buoyancy effects and demonstrated viscosity agnostic 

injectability. We demonstrate manually applicable injection forces for formulations with 

viscosities up to 500cP. Finally, we implement these learnings into the design of an easy-

to-manufacture second generation prototype. 

Chapter 2 explored a simple, environmentally sustainable, inexpensive and effective 

approach to enhance the retention of sprays on hydrophobic and superhydrophobic 

surfaces. By cloaking droplets in minute quantities of oil (<1% by volume), we were able 

to demonstrate robust rebound suppression on two types of superhydrophobic surfaces 

with 9 different oils that span a wide range of viscosities and surface tensions across 

agriculturally relevant impact conditions. We were able to demonstrate the rebound 

suppression with as little as 0.1% oil by volume per droplet. By modeling the viscous and 

surface energy-based dissipation during the impacts of these cloaked droplets, we were 

able to provide a physical understanding of the rebound suppression across our 

experiments. Finally, we translated these findings into a prototype sprayer which was able 

to demonstrate up to a 102x enhancement in retention on superhydrophobic surfaces and 

up to a 5.25x reduction in waste when spraying on crop leaves. These enhancements were 

achieved using food and environmentally safe vegetable oils and the methodology 

presented here demonstrates great promise in reducing the human health and 

environmental impact of pesticides.  
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Finally, Chapter 3 presented a simple, yet efficient proof-of-concept absorber system to 

capture CO2 using mist-scale droplets. Using a scaled down experimental setup that 

matched the gas flux and L/G ratios of other industrial and experimental post combustion 

carbon capture systems, we were able to achieve CO2 capture efficiencies up to 95%. We 

were also able to demonstrate the ability of our electrostatic droplet capture unit to collect 

> 95% of the entrained droplets at an electric field strength that is consistent with 

industrial systems. Finally, we used chemical engineering plant economic models to 

estimate that a scaled-up installation of the proposed system could reduce CO2 absorber 

costs by a factor of 2.6.   
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