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ABSTRACT 

“To raise new questions, new possibilities, to regard old problems from a new angle, require 

creative imagination and marks real advance in science.” 

 Albert Einstein 

Condensation of petroleum retrograde gas especially around the wellbore in unconventional 

reservoirs can decrease well deliverability significantly. Better estimation of the dew point helps 

to improve production by minimizing the condensate dropout. 

Over geologic time, organic matter deposited in source rocks turns into oil and gas through a 

maturation process. These hydrocarbons then migrate away from source rock due to pressure, 

and find structural or stratigraphic traps and form conventional reservoirs. In unconventional 

reservoirs such as tight oil and shale gas, hydrocarbons were generated in source rocks with 

extremely low permeability. As a result, hydrocarbons do not migrate far away from the source 

rock or even stay within the source rock. 

Prediction of the productivity of unconventional reservoirs depends on the understanding of 

the phase behavior of its hydrocarbon content. Unconventional reservoirs have abundant nano-

pores, in which the phase behaviors of hydrocarbons are expected to deviate from phase 

behaviors of bulk fluids; i.e. condensation/ vaporization can happen at conditions different from 

those measured in conventional PVT cells. Better understanding of phase behaviors in nano-

pores should, therefore, yield better analytical and numerical models and better unconventional 

reservoir engineering practices. 

Many studies have focused on the theoretical causes of unconventional hydrocarbon phase 

behavior in nano-pores and modeling. However, direct observations of phase behaviors are 

scarce and very few experimental data are available. 

In this study, phase changes of pure propane gas in nano-fluidic devices were directly 

observed for the first time. Propane gas prefers to condense in nano-pores at pressures lower than 

the regular vapor pressure and condensation in nano-pores occurs before condensation in larger 

pores. Calculations show that intermolecular forces in nano-channels lead to lower vapor 

pressures than those predicted from conventional expectations. These forces do not affect phase 

behavior in conventional petroleum reservoirs but, their effects can be significant in 

unconventional reservoirs. 
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CHAPTER 1  

INTRODUCTION 

“If the facts don't fit the theory, change the facts.” 

                  Albert Einstein 

This research project is conducted to fulfill the requirement of a Doctor of Philosophy degree 

that is conducted at the Marathon Center of Excellence for Reservoir Studies (MCERS) in the 

Petroleum Engineering Department of the Colorado School of Mines, United States of America.  

1.1 Motivation of research 

There is a very basic hypothesis that as long as we know the temperature we can calculate the 

saturation pressure of a pure substance or a mixture. In other words, for each pure component or 

a mixture of known composition, there can be a correlation between temperature and pressure of 

phase change. Such correlations are presented as vapor-pressure lines for pure components and 

phase envelopes for mixtures on Pressure-Temperature diagrams (Figure 1-1). Vapor pressure 

and phase envelopes can be measured in PVT cells or computed through equations of state. In 

this work, we call these correlations “the conventional saturation pressure correlations”.  

However, the conventional theory assumes that there are many more molecules within the 

volume of the fluid than at the surface of its container – an assumption that permits neglecting 

the surface forces acting on the fluid molecules in favor of the intermolecular forces of the bulk 

fluid.  When the size of the container (pore space for our purposes) is in the nanometer range, 

capillary and van der Waals forces that arise from fluid-surface interactions are no longer 

negligible and the phase behavior becomes a function of the size of the container (confinement 

effect) in addition to pressure and temperature (unconventional behavior; Figure 1-2).  

Pore sizes of unconventional reservoir rocks (shale-gas and tight oil) are predominantly in 

the nanometer range (Bruner and Smosna 2011) making their fluid phase-behavior susceptible to 

pore confinement effects. Therefore, to understand the production characteristics of 

unconventional reservoirs, it is important to understand the dependence of phase behavior on 

pore size. This topic has been the subject of a large number of theoretical studies (based on 

equilibrium thermodynamics) recently (Du and Chu 2012; Firincioglu 2013; Ma et al. 2013; 
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Rahmani Didar and Akkutlu 2015; Zhang et al. 2015; Zhang et al. 2016; Dong et al. 2016; and 

Ozgen et al. 2016) but very limited experimental evidences or verifications were presented in the 

literature (Wang et al. 2014; Luo et al. 2015; Alfi et al. 2016).  

 

 

Figure 1-1 Simple schematic of phase diagram of a mixture (left) and a pure component (right). 

 

 

 

Figure 1-2 Phase diagram of a hydrocarbon mixture in bulk (red curve) and in 5 nm, 4 nm and 2 
nm confinement (green, blue and black curves respectively) (Sapmanee, 2011) 
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1.2 Hypotheses 

The objective of this study is to directly observe phase behavior of propane gas in nano-

fluidic devices so that the following hypotheses can be evaluated: 

Hypothesis 1: Nano-pores (diameters in the range of tens of nanometers) in unconventional oil 

and gas reservoirs can generate noticeable deviations in fluid phase behaviors from conventional 

bulk phase behaviors.  

Hypothesis 2: Conventional equations of state, which represent fluid phase behavior as a 

function of pressure and temperature only, cannot predict fluid phase behavior in unconventional 

reservoirs.  

Hypothesis 3: The effect of pore size (confinement) on fluid phase behavior in nano-pores can 

be attributed to capillary forces that are significant in nano-pores.   

Hypothesis 4: Effect of pore confinement on hydrocarbon fluids can be preliminarily understood 

by experimental observations of propane phase behavior on nano-fluidic chips with channels in 

the range of O(10 nm) depth. 

The specific scope of the work includes:  

Task 1: Conduct experiments to observe bulk phase behavior of propane. Calibrate the 

experimental setup and establish the base case to delineate the deviations caused by confinement.  

Task 2: Experimentally verify the effect of confinement on propane phase behavior. Observe 

and document the phase diagram shift as a function of pressure and temperature. 

Task 3: Compare the experimental results with equations of state. Investigate the possibility of 

developing models to quantitatively predict unconventional phase behavior.  

1.3 Phases of the research 

This research has consisted of exploratory, constructive, and verification phases: 

Exploratory phase: In the exploratory phase  

(i) Hypotheses of the research were stated. 

(ii)  Existing knowledge and data were compiled. 

(iii)  Specific objectives and the boundaries of the research were defined.  
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(iv) Appropriate research methods (experimental and modeling) were described. 

Constructive phase: During the constructive phase,  

(i) Direct observations of propane phase behavior at bulk and at confinement were 

accomplished. 

(ii)  Peng-Robinson Equation of State was studied to understand the single component 

hydrocarbon phase behavior in bulk and confinement. 

Verification phase: In the verification phase,  

(i) Experimental observations were compared with the results of equilibrium 

thermodynamics models and Kelvin’s equation. 

(ii)  Revisions of the experimental set up and necessary conditions to improve the quantitative 

accuracy of the measurements were delineated.   

1.4 Method of study 

Both experimental and analytical methods were used for this research. First, a literature 

review was conducted to find relevant studies and their conclusions about unconventional phase 

behavior in pore confinement. Then, in the laboratory, propane gas was injected into micro/nano-

fluidic chips of different sizes at the ambient temperature. Propane gas was pressurized until 

condensation was observed in the chips, and then depressurized until the condensate was re-

vaporized (if any). Pressures and temperatures at phase transitions were recorded, together with 

the images and videos of phase transitions. 

The results of our experiments were compared with the results reported in the literature to 

find similarities and differences. Proper equations and methods were used to model our 

experimental results. All analytical models of this work were coded in either Fortran 90 or 

MATL AB.   

1.5 Organization of the dissertation 

This dissertation explains the motivation, methodology, hypotheses, and the objectives of the 

conducted study and presents the results. It is divided into six chapters.  



5 
 

Chapter 1 is the motivation behind the study and contains the hypotheses of the conducted 

research along with tasks, phases, and methods of the study.  

Chapter 2 presents a review of the relevant literature. 

Chapter 3 confers about the micro/nano-fluidic chips and their fabrication procedure.  

Chapter 4 explains the experiments conducted in micro/nano-fluidic chips of different sizes. 

This chapter also compares the results of bulk phase behavior experiments (micro-fluidic chips) 

with confined phase behaviors (nano-fluidic chips).   

Chapter 5 presents the equations that were used to predict the bulk and confined propane 

saturation pressures.   

Chapter 6 documents the conclusions of this research and suggests potential future directions. 
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CHAPTER 2   

BACKGROUND AND LITERATURE REVIEW  

 

 “I believe there are no questions that science can't answer about a physical universe.” 

Stephen Hawking  

 

Natural shales and source clays consist of pores mostly smaller than 100 nm according to 

nitrogen gas adsorption and mercury intrusion (Kuila and Prasad, 2013). In an earlier study, 

based on analytical calculations, Udell (1982) concluded that in pores with radii less than 0.1 

micrometer, vaporization and condensation would probably be controlled by adsorption. 

Similarly, Yeh et al. (1986) reported from an experimental analysis that the vapor pressures of 

ethanol and water in confinement (7-27 micrometer pore size) were significantly lower than their 

values in bulk. Later, Brusilovsky (1992) developed a new vapor-liquid equilibrium calculation 

procedure and showed that the bubble-point pressure and dew point pressure of confined 

hydrocarbons could decrease or increase due to capillary pressure.  

Danesh (1998), in his book, also cited that fluid phase behavior in porous media should 

deviate from the standard (bulk) expectations when pore size is less than 10 nm. Concurrently, 

Schoen and Diestler (1998) applied a perturbation theory to confined fluids in slit pores to 

modify the van der Waals equation of state. Their modified equation of state predicts capillary 

condensation and critical temperature depression of fluids in meso-pores. In a related work, 

Vishnyakov et al. (2001) used the Gibbs ensemble Monte Carlo method along with a lattice gas 

model to conclude that, in graphite pores up to 10 molecular diameters, the critical temperature 

of the adsorbate was lower and the critical density was higher than their bulk values.  

Derouane (2007) modified the van der Waals equation of state by proposing a new term that 

accounts for the interactions between fluid molecules and pore wall. This modified van der 

Waals equation of state was applied to a fluid inside zeolite with average pore size of 0.54 nm. It 

predicted that fluid critical pressure would be above and critical temperature would be below 

their respective bulk values. Later, Zeigermann et al. (2009) used a pulsed field gradient NMR 

experimental technique to show that the critical temperature of a confined fluid would decrease. 
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Similarly, Meyer et al. (2009) showed that the existence of a stable bubble in the porous media 

strongly depended on capillary forces between the fluids, as well as van der Waals surface forces. 

He defined the pressure balance term as a summation of capillary and surface forces.  

At about the same time, Singh et al. (2009) used molecular simulations and showed that 

thermo-physical and structural properties of hydrocarbons, such as the critical temperature, 

critical pressure, and critical density, would deviate from their bulk values in confined pores of 5 

nm and smaller. Fluid-wall and fluid-fluid forces were found to be responsible for this deviation 

(especially, the fluid-wall interactions were significant in the nano-pores).  

 

 
Figure 2-1 Variation of reduced saturation pressures vs reduced temperature of the bulk and 
confined n-octane in (a) graphite and (b) mica slit pores of varying slit widths. Solid lines 
represent bulk values; filled and open symbols show positive and negative deviations 
respectively (Singh et al. 2009). 

Travaloni et al. (2010) extended the van der Waals equation of state to confined fluids. This 

extended equation predicts either one or two mechanically stable critical points. In their model, 

the critical temperature decreases in confined pores and the critical density of the confined fluid 

increases in attractive pores and decreases in repulsive pores.  

Nojabaei et al. (2012) included the effect of the capillary pressure in vapor-liquid equilibrium 

to show that bubble-point pressure can be significantly suppressed in the Bakken formation when 

the pore sizes are in the range of 10 to 20 nm.  They showed that the change in dew-point 

pressure is a function of the difference between the cricondentherm pressure and pressure.  
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Ma et al. (2013) modified the van der Waals equation of state by including the fluid 

molecule-pore wall interactions and this model showed that, when the pore size decreases to 10 

nm or less, the phase envelope of fluid mixtures would shrink. In the case of retrograde gas 

condensation, pressure dropped near the wellbore and, as a result, the permeability damage 

increased. Also, the critical point, bubble point and dew point (and in general the phase envelope) 

changed from its respective bulk values as shown in Figure 2-2. This figure indicates that 

bubble-point and dew-point lines are elevated for a hydrocarbons mixture that is in contrast with 

the Kelvin equation that predicts that the saturation line drops compared to the bulk conditions. 

Viscosity, density, interfacial tension and other thermo-physical properties of the fluid likewise 

change under confinement.  

 

Figure 2-2 Phase envelopes for a mixture of 7% methane, 20% n-butane and 5% n-octane for 
different pore sizes Ma et al. (2013). 

Consistent with the previous studies, Wang et al. (2013) described recently that a typical 

matrix pore size of unconventional oil reservoirs such as the Bakken were in the range of 10 nm 

to 50 nm. They reiterated that this confinement caused fluid phase behavior and properties to 
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deviate from the bulk measurements. Therefore, the simulated and predicted results such as GOR 

were expected to be different. Similarly, Jin et al. (2013) developed an unconventional reservoir 

model by including the capillary pressure in the flash calculation and by using confined fluid 

properties (from molecular simulation).  

Wang et al. (2014) conducted experiments in nano-fluidic chips and showed that 

hydrocarbon phase transition in porous media goes along the sequence imposed by the pore size, 

capillary force, and surface energy. 

Sandoval et al. (2015) modified the Soave-Redlich-Kwong equation of state by including the 

effect of capillary confinement (Young-Laplace equation) in order to generate phase envelopes 

of several different reservoir fluid mixtures.  They also calculated the effect of pore size, GOR, 

and vapor fraction in bubble-point and dew-point pressures of hydrocarbon mixtures.  

The results show that, in the presence of capillary force, the bubble-point line moves to the 

right and the dew-point line may shift either way to increase the phase envelop compared to the 

standard (i.e. unconfined) P-T diagram. Smaller capillaries create further shift from the standard 

phase diagram. The lighter the mixture (higher GOR), the more change in the dew-point line, 

whereas, the heavier the mixture (lower GOR), the more shift in the bubble-point line.  

Luo (2015) used differential scanning calorimetry to vaporize confined octane and decane in 

38.1 nm and 4.3 nm porous media at atmospheric pressure by increasing the temperature.  They 

observed that, in 38.1 nm porous media, hydrocarbon bubble-points were relatively similar to the 

bulk values. In the 4.3 nm porous media, on the other hand, hydrocarbons showed two peaks in 

the scanning curve that were both different from the bulk values. This result was in contradiction 

with the conventional theory of thermodynamics, which indicates a single temperature of phase 

transition at a given pressure. Luo (2015) did not justify this dual-peak behavior at 4.3 nm.  

Finally, most recently, Alfi (2016) measured the bubble-point pressure of different 

hydrocarbons inside 50-nm fluidic chips. They observed that, inside the channels with 50-nm 

depth and 5-micron width, hexane, heptane, and octane showed the same bubble-point pressures 

as their bulk values; that is, the effect of confinement in 50-nm channels was not seen.  
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Figure 2-3 Comparison between experimental measurements and results from Peng-Robinson 
equation of state with the capillary pressure effect and Peng-Robinson equation of state without 
capillary pressure effect for pure hexane, heptane and octane. The error bars or experimental 
measurements are less than the symbol size Alfi (2016). 
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CHAPTER 3   

MICRO/NANO-FLUIDIC CHIPS 

 “Progress is made by trial and failure; the failures are generally a hundred times more 

numerous than the successes; yet they are usually left unchronicled.” 

               William Ramsay  

This chapter presents a summary of the fabrication process of micro/nano-fluidic chips and 

their applications in phase behavior experiments. 

3.1 Micro/nano-fluidic chips 

Silicon micro/nano-fluidic chips or in general silicon “fluidic” chips are made by etching 

micro/nano-channels into a silicon wafer (Figure 3-1), and then sealing the channels with a piece 

of borosilicate glass (Pyrex) slip to allow viewing inside the channels (Figure 3-2). The 

borosilicate glass slip is bonded to the top of the silicon wafer by anodic bonding at high 

temperature and high voltage.  

 

Figure 3-1 Two different silicon fluidic chips. Left: two straight micro-channels on top and 
bottom, and randomly connected nano-channels between the micro-channels. Right: two straight 
micro-channels on top and bottom, and parallel nano-channels perpendicular to the micro-
channels. (Different background colors are due to different lights.) 

3.1.1 Fabrication of silicon fluidic chips 

Fabrication of fluidic chips consists of a set of steps to etch a specific pattern of channels and 

pores on a silicon wafer.  
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  In this study, fluidic chips were fabricated at the Oakridge National Lab. The patterns used in 

the chips were designed by AutoCAD and transferred to a mask. 

 

Figure 3-2 Left: Silicon wafer with etched channels and 4 holes one on each corner. Center: 
borosilicate glass cover slip. Right: bonded borosilicate glass and silicon wafer (nano-fluidic 
chip). 

In order to etch the channels on silicon, first, a positive photoresist was spin coated at the top 

of the silicon wafer and, consequently, nano-channels, micro-channels, dicing and atomic layer, 

and finally inlet and outlet channels were formed. The details of the fabrication of silicon fluidic 

chips can be found in Appendix A. 

3.1.2 Measurements of the nano-channel sizes  

After the fabrication of the chips, sizes of the nano-channels were verified by profilometer 

measurements. A profilometer is a device with a diamond stylus that physically touches the 

surface and measures the surface's profile or roughness at the nanometer level. After fabricating 

a chip and prior to anodic bonding, channels depths (as the depth is the smallest channel 

dimension) were measured by a profilometer (rate/resolution = 13 µm / 0.0078 
o

A ).  

Each fluidic chip was placed in the profilometer with two different alignments as shown in 

Figure 3-3. Three scans at each alignment, totaling six scans, for each chip were made. With the 

depth being the characteristic dimension, our main target was to measure the depth of the 

channels. After each scan, the depths of the shallowest and deepest channels were recorded. 

Figure 3-4 is an example of one scan by profilometer in a 50 nm chip with parallel channels. 

Table 3-1 provides the average minimum and maximum depth of nano-channels in each fluidic 

chip that is measured by profilometer. 
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Figure 3-3 Fluidic chips alignment in the profilometer. Each alignment is scanned 3 times at 
different locations. Chips with parallel channels only scanned as right alignment. 

 

 

Figure 3-4 Example of a profilometer scan of a 50-nm chip with parallel channels. Eight 
channels are shown in the plot. 
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Table 3-1 Average minimum and maximum channel depths measured by profilometer. 

Chip, 

nm 

Average 

minimum 

channel's depth, 

nm 

Average 

maximum 

channel's depth, 

nm 

30 25 39 

50 47 78 

100 118 146 

300 289 305 

500 462 486 

 

3.2 Cleaning the silicon wafer and borosilicate glass cover slip  

After measuring the depths of the channels in the silicon chip, the chip and a borosilicate 

glass slip were bonded. Before bonding, the silicon chip and borosilicate glass slip were 

thoroughly cleaned of possible organic contamination. The cleaning procedure involved the 

following steps: 

1) Soak the silicon chip, with channels etched on it, and borosilicate glass slip (40 × 20 × 

0.2 mm, Newport Industrial Glass, Inc.) in Piranha solution (H2SO4 3: H2O2 1) for 15 

minutes. 

2) Wash the silicon chip and borosilicate glass slip with deionized water and dry them with 

blowing N2 gas or clean air. Drying should use high-speed gas streams to completely 

remove traces of liquid on the surfaces of the silicon chip and the borosilicate glass slip.  

3.2.1 Piranha solution 

Piranha solution also known as Piranha etch, is an extremely exothermic solution with a 

strong oxidizing agent that used to clean organic residues off substrates. It is a mixture of 3 part 

of concentrated sulfuric acid (H2SO4) and 1 part of 30% hydrogen peroxide (H2O2). Piranha 

makes the surface highly hydrophilic by adding the OH groups to it (hydroxylate). Piranha 



15 
 

solution must be prepared by adding hydrogen peroxide slowly to sulfuric acid under the vacuum 

hood. More details about Piranha solution preparation are provided in Appendix A. 

3.3 Bonding the silicon wafer and the borosilicate glass slip 

Immediately after cleaning the silicon wafer and the borosilicate glass cover slip, they were 

transferred to an anodic bonding machine (Figure 3-5). Anodic bonding process includes the 

following steps (Figure 3-6): 

1) Position the borosilicate glass cover slip on top of the silicon wafer to cover channels and 

place them on top of the aluminum plate. 

2) Heat the aluminum plate to at least 300°C. 

3) Increase the voltage up to 800 V while avoiding current over 0.2 mA. 

4) The appearance of a dark shadow that covers the entire contact area between the silicon 

wafer and the borosilicate glass cover slip should indicates that bonding between the 

silicon wafer and the borosilicate glass cover slip is established.  

5) Decrease the voltage to 0.0 V and then turn off the power supply. 

6) Adjust the temperature setting to room conditions, let the temperature drop slowly, and 

then turn off the bonding machine. 

7) Take the micro/nano-fluidic chip out.  

 

Figure 3-5 Anodic bonder device combined of a ceramic hot plate and a high voltage power 
supply. 
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Figure 3-6 The Anodic Bonding Process between Silicon and borosilicate glass. 

3.3.1 Failures in anodic bonding 

Anodic bonding between the silicon chip and the borosilicate glass slip can fail due to a 

number of reasons. A major reason that many chips failed is inadequate temperature. Our 

experience suggests that if temperature is less than 295°C, a very weak bonding develops 

between the silicon and the borosilicate glass quickly, followed by appearance of cracks on the 

borosilicate glass (Figure 3-7). As a result neither the silicon chip nor the borosilicate glass slip 

can be recovered to be used again.  

 

Figure 3-7 Failed anodic bonding between silicon and borosilicate glass due to low temperature. 

Another reason for the anodic bonding process to fail is contaminants on silicon/ borosilicate 

glass surfaces. Contaminants on the chip surface result in unbonded areas, which appear as light, 

circular spots in the chip. Arrows in Figure 3-8 point to two unbonded spots on the silicon chip 

due to contamination. 
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Figure 3-8 Bubble-shape spots indicating unbonded borosilicate glass to silicon due to 
contamination.  

3.4 Connecting coned ports to nano-fluidic chip inlet/outlet holes 

In order to inject (or produce) fluids to (from) a fluidic chip, four coned ports (IDEX-HS, N-

124; Figure 3-9) are connected to the four holes in the back of the silicon wafer by either Epoxy 

glue or Super glue, as shown in Figure 3-10. Types of ports and glues used in the experiments 

vary depending on the temperature and pressure range of the experiment.  

 

 

Figure 3-9 Coned ports used to transfer fluids from the tubing into the fluidic chips. Coned ports 
have different colors due to differences in their materials. Each material is designed for a specific 
temperature / pressure range and in general for specific environments.  
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Figure 3-10 Coned ports connected to the silicon chip with Epoxy (right) and Super Glue (right). 

All coned ports, micro-tubing, and micro fittings used in this research are made of Polyether 

Ether Ketone (PEEK), which are compatible with hydrocarbons. They are manufactured by 

IDEX Health and Science and can withstand up to 1000 psi pressure, and 200 ˚C temperature.  

Coned ports are connected to the holes by either Epoxy glue or Super Glue (Figure 3-11). 

Fastening of both Epoxy and Super Glue can be accelerated by placing the chip in 300 ˚F oven 

for at least an hour. Both Epoxy and Super Glue can be cleaned from the surface by acetone and 

other chemical solvents (Figure 3-12). Therefore, after experiments, chips with ports can be 

soaked in acetone to remove the ports off of the chip such that the ports can be reused. 

 

 

Figure 3-11 Clamping the coned ports to silicon chip with epoxy sandwiched in between. 
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Figure 3-12 Epoxy is removed by soaking the chips in acetone overnight. 

When gluing the ports to the back of silicon chips, it is possible to unintentionally fill the 

channels of fluidic chips with glue. In this case, the chip is no longer usable. Therefore, gluing 

the coned ports to the chip needs extra caution. We recommend applying the glue as little as 

possible initially. After the initially applied glue solidifies (about 30 minutes), apply more glue 

around the ports and this process should be repeated for several times to finally build a strong 

connection with no leakage.  

Finally, micro-fluidic tubes of 360-micrometer diameter (Figure 3-13) are connected to the 

ports to transfer the fluid in and out of the chips. 

 

 

Figure 3-13 Micro-fluidic tubes (yellow) made of PEEK with 360 micrometer diameter. 
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CHAPTER 4   

PVT EXPERIMENTS IN FLUIDIC CHIPS 

“An experiment is a question which science poses to nature, and a measurement is the recording 

of nature’s answer.” 

          Max Planck 

This chapter explains phase behavior experiments conducted with pure propane in bulk 

(micro-fluidic chips) and confinement (nano-fluidic chips) conditions. All experiments were 

conducted at the room temperature (68 ˚F – 73 ˚F) and phase behavior inside the chips was 

observed with an optical microscope. Pressures were recorded by a digital pressure gauge with 

±0.15 psi accuracy and temperatures were measured by multimeter (Figure 4-1). No experiment 

was performed at high temperatures (T > 75 ˚F) in this work, partly due to the concern that the 

higher pressure needed to condense propane at higher temperatures would stress the mechanical 

integrity of the chip and the connections.  

The general experimental procedure is to pressurize pure propane inside the fluidic chip at 

the ambient temperature until it condenses and, then, depressurize the condensed propane it is 

vaporized. Finally, the condensation and vaporization pressures are compared with the standard 

(bulk) saturation pressure of propane. National Institute of Standard and Technology (NIST) 

database and Peng-Robinson equation of state were used to verify the measured bulk saturation 

pressures of propane. As NIST and Peng-Robinson equation of state agree with each other 

(Figure 4-2), in this work, experimental data were only compared to Peng-Robinson equation of 

state.     

    

Figure 4-1 Right: Druck DPI 104 digital pressure gauge with ±0.15 psi accuracy. Left: OMEGA 
multimeter used for temperature measurement. 
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Figure 4-2 Propane saturation pressure line by NIST database (dots) and Peng-Robinson 
equation of state (solid line). 

A 100 cc, stainless steel, high-pressure, manual pump was used to control the pressure of 

propane in the experiments (Figure 4-3). Due to the limited pump volume, the following 

procedure was used to increase the pressure of propane to the point of condensation. 

1. Reduce the pump volume to its minimum. Open the gas source valve and increase the 

pump volume to its maximum to fill the pump with gas. Open the valve to the chip and 

let the chip be filled with gas. At this point, the maximum possible pressure of the gas 

source is achieved. 

2. Close the valve between the gas source and the pump and run the pump to its minimum 

volume again to raise the pressure. Record the gauge pressure. This is the maximum 

pressure attained in this run. 

3. Close the valve to the chip to keep pressure inside the chip. Open the valve to the gas 

source again and run the pump to its maximum volume to feed more gas from the source 

into the pump.  

4. Close the valve to the gas source, run the pump until the last recorded pressure is 

achieved; then open the valve to the chip and run the pump to its minimum volume. This 

injects more gas into the chip and increases the pressure.   

5. Record the pressure and go to Step 3. 
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6. Repeat 3, 4 and 5 until condensation is observed in the chip. At the bulk condensation 

point, pressure does not increase anymore when the volume is decreased, until all the gas 

condenses.    

 

Figure 4-3 100 cc stainless steel high pressure pump (HPP). 

4.1 Leaking test prior to the experiment 

Before each experiment, tests are required to ensure that gas flows into the chip and there is 

no leak in the system. For the leakage test, the system is completely closed and pressurized. If 

some pressure drop is observed over time, first, the joints are checked by applying the snoop 

solution (liquid soap) to the joints. If the leak is in one of the joints, it can be fixed by either 

tightening or reconnecting the joint. If the leak is in the chip, it may be because of bad gluing of 

the ports to the chip.  

The following steps should be taken at a constant temperature to make sure the chip is ready 

prior to the experiment: 

1. Before connecting the chip to the experimental set up make sure there is no leak in the 

system. 

2. Connect one of the ports of the chip to the system and let the other three ports to be open. 

You should see a noticeable pressure drop in the system since three of the ports are open 

to atmosphere. 

3. After observing some pressure drop, close the port that is connected to the injection port 

trough the micro channel. You should see that pressure drop slows down but there is still 

some drop since two other ports are open. Observing pressure drop in this step may take 



23 
 

longer but it must happen; otherwise, it is concluded that the nano-channels are not 

feeling the flow. 

4. After observing some pressure drop, close the open ports to make it a closed system. 

Pressure shouldn’t drop in this step unless the ports are not perfectly glued to the chip 

(there is a leak). If you experience any pressure drop, then apply the snoop solution to the 

chip-port connections and find the source of the leak.  If no pressure drop is observed, 

then the chip is good to be used for the experiment. 

Steps 2, 3 and 4 are summarized in Figure 4-4 but refer to Appendix B for the details of the 

pressure-leak test in the chips. 

 

Figure 4-4 Schematic of leak test prior to the experiment. 

4.2 Pressure stabilization time 

It is important to know how fast to run the experiment. If the pump volume is changed too 

fast, then the pressure corresponding to the phase transition may not be accurately recorded 

(overestimation of the condensation pressure or underestimation of the vaporization pressure 

may result). To avoid this problem, it is recommended to change the pressure by a small amount 

(e.g., 0.1 psi) and wait long enough for the pressure to be stabilized in the entire system. In the 
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experiments reported in this dissertation, pressure stabilization time was tested inside the pump 

and the pump-chip system at different temperatures and pressures. Of course, increasing dead 

volumes in the system (longer tubing and/or more joints) increases the pressure stabilization time.  

However, adding a nano-fluidic chip to the system should not affect the pressure stabilization 

time considerably because of the negligible volume of the chip.   

For the experimental set up used in this work, gas pressure stabilized in the system in less 

than 60 seconds if the volume was decreased by up to 50 cc. and in less than 120 seconds if the 

volume increased by up to 75 cc (Figure 4-5 and Figure 4-6). 

 

Figure 4-5 Pressure response over time for different volume change inside a 100 cc manual 
pump. Only response of 50 cc volume change is plotted in the right vertical axis. 

To be on the safe side, after changing the pressure by 0.1 psi, at least a 5-minute waiting 

period was incorporated into the experimental procedure used in this study to ensure the 

stabilization of the gas pressure. As a result, each experiment could take several hours to conduct. 
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Figure 4-6 Pressure response over time for different volume change inside a 100 cc manual 
pump. 

4.3 Propane phase behavior in bulk (micro-fluidic chips)  

Figure 4-7 shows the experimental set up used in this research.  Pure propane (99.99%) gas 

(GENERAL AIR, PR 4.0RS-LP5) was injected to a 100 cc, stainless-steel, manual pump 

(RUSKA INSTRUMENT CORPORATION, SER NO. 22779), and then, flowed through a 500-

micrometer filter (Swagelok SS-6TF-05). To observe the propane phase behavior in bulk, a 

micro-fluidic chip was connected to the filter via micro tubing (Figure 4-7).  

All experiments were done in room temperature (approximately constant). For safety 

concerns (since propane is highly flammable), the temperature was not increased over the room 

temperature (approximately 75 ˚F).  By progressively decreasing the pump volume, propane 

pressure inside the pump and micro-fluidic chip was increased until the condensation was 

observed in the chip by the optical microscope (OLYMPUS, BX60, Figure 4-8). These pressures 

along with the temperature were recorded as the saturation point of the propane.  
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Figure 4-7 Schematic view of the general PVT experiments set up. (Not scaled) 

  

 

Figure 4-8 Olympus BX60 optical microscope with two manual eyepieces and a camera. 

The results of propane condensation pressure in bulk (micro-fluidic chips) are plotted in 

Figure 4-9 as red squares while the Peng-Robinson equation of state appears as a black solid line. 

The match between the experimental results and the Peng-Robinson equation of state confirms 

the stability and reliability of our experimental set up under bulk conditions.  
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Figure 4-9 Black line: propane saturation pressure by Peng-Robinson equation of state. Red dots: 
propane saturation pressure at bulk experiments.  

4.4 Propane phase behavior inside confinement (nano-fluidic chips) 

To observe propane phase behavior in confinement, a nano-fluidic chip was connected to the 

filter and the pump. At constant temperature, pump volume was decreased step by step until 

condensation was observed in the nano-channels of the fluidic chip by the optical microscope 

(OLYMPUS, BX60). The pressure and temperature of this moment was recorded as the 

condensation point of propane in confinement. In all the fluidic chips with channels of 300 nm 

and smaller, propane condensed in nano-channels prior to the micro-channels. This demonstrates 

the confinement effect that nano-channels smaller than 300 nm cause early condensation of gas. 

Inside fluidic chips with channels larger than 300 nm, condensation happened in all channels 

(nano and micro) at the same time. These observations verify the hypothesis of this dissertation 

that confinement has significant effects on propane’s phase behavior. 

After recording the condensation point, pump volume was increased slowly to decrease the 

pressure in the system to vaporize the condensates inside nano-channels of the fluidic chip. This 

moment is called the vaporization point. At a constant temperature, propane condensation and 

vaporization pressures are not equal due to hysteresis. In most experiments conducted in this 
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work, vaporization did not occur even when the pressure was reduced to the ambient pressure at 

room temperature.  

4.4.1 Nano-fluidic chips 

Six different nano-fluidic chips were used for the experiments to observe the effect of 

channel size on propane phase behavior. Nano-channel dimensions were the same within a single 

chip. Nano-fluidic chips were named after their smallest dimension that is the nano-channel 

depth into the silicon wafer. For example, a 500-nm chip had nano-channels of 500 nm depth. In 

the experiments, 500-nm, 300-nm, 100-nm, 50-nm, 30-nm, and 10-nm chips were used. In 500-

nm, 50-nm and 10-nm chips, twenty parallel nano-channels (non-interconnected) were attached 

to two micro-channels from both ends and in 300-nm, 100-nm and 30-nm chips, random 

networks of nano-channels covered the area between the two micro-channels. 

Figure 4-10 through Figure 4-13 show the top view of a fluidic chip used in this research 

along with a table of channels dimensions. In all chips, there are three main channels with 

different depths, lengths, and widths. Channel 1s are the largest channels that connect the 

inlet/outlet holes to the center of the chip. Channel 2s are parallel channels that connect Channel 

1s to the nano-channels. Both Channel 1s and 2s are micrometers in dimension and are called 

micro-channels. Nano-channels or Channel 3s at the center of the chip are placed between 

Channel 2s. Basically, fluid first flows into Channel 1s and then moves to Channel 2s and finally 

reaches to Channel 3s.    

 

 

 Figure 4-10 Left: top view of 500-nm fluidic chip with optical microscope. Right: dimensions of 
micro and nano-channels in a 500-nm chip.   
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Figure 4-11 Left: top view of 50-nm fluidic chip with optical microscope. Right: dimensions of 
micro and nano-channels in a 50-nm chip.   

 

 

Figure 4-12 Left: top view of 10-nm fluidic chip with optical microscope. Right: dimensions of 
micro and nano-channels in the 10-nm chip.   

 

 

 

Channel Depth Width Length 

1 10 µm 25 µm 1.5 cm 

2 10 µm 12 µm 800 µm 

3 300 nm 3 µm Random 

Channel Depth Width Length 

1 10 µm 25 µm 1.5 cm 

2 10 µm 12 µm 800 µm 

3 100 nm 3 µm Random 
 

Channel Depth Width Length 

1 10 µm 25 µm 1.5 cm 

2 10 µm 12 µm 800 µm 

3 30 nm 3 µm Random 
 

Figure 4-13 Top left: top view of random pattern fluidic chips with optical microscope. Tables: 
dimensions of micro and nano-channels in random pattern chips (300-nm, 100-nm, and 30-nm 
chips). 
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4.4.2 Nano-fluidic chips with parallel channels 

500-nm, 50-nm and 10-nm chips have parallel nano-channels that are not inter-connected. As 

shown in Figure 4-10, in a 500-nm chip, there are four Channel 1s, two Channel 2s, and twenty 

Channel 1s. In these chips, propane condensation was observed in all micro and nano-channels 

at the same time. Then, pressure was reduced slowly and propane vaporized everywhere at the 

same time. This indicated that 500-nm chips could be assumed as bulk environment. It must be 

noted that the condensation / vaporization sequence was repeated several times in each 

experiment. The data points of the same color in Figure 4-14 correspond to the sequence of 

measurements in the same experiment. The first condensation of propane seems to have occurred 

at higher pressures than the subsequent re-condensations. Pressures of re-condensations are in 

general better aligned to the bulk vapor pressures predicted by the Peng-Robinson equation of 

state. This behavior suggests that some extra pressure is needed for the nucleation of the first 

liquid droplet in the first condensations. 

 

Figure 4-14 Black line: propane bulk saturation pressure by PR equation of state. Dots: propane 
saturation pressures inside 500-nm chips. 

The geometry of the 50-nm fluidic chips is almost identical to that of the 500-nm chips, 

except for the sizes of the nano-channels. In all experiments in the 50-nm fluidic chips, it was 
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observed that propane condensed first in the nano-channels at a lower pressure, followed by 

condensation in the micro-channels at a higher pressure. Conversely, when the pressure was 

decreased, propane vaporized first in the micro-channels and then in the nano-channels at a 

lower pressure. These observations suggest that in 50-nm channels, saturation pressure was 

indeed reduced.   

Similar to the 50-nm chips, in 10-nm chips, it was also observed that propane condensed in 

the nano-channels prior to in the micro-channels and vaporized in the nano-channels later than in 

the micro-channels at significantly lower pressure (Figure 4-15). This shows that confinement 

reduced the saturation (condensation and vaporization) pressure of propane in 10-nm channels. 

 

 

Figure 4-15 Black line: propane bulk saturation (condensation and vaporization) pressure by PR 
equation of state. Dots: propane saturation pressures inside 10-nm chips. 

4.4.3 Random-network chips 

300-nm, 100-nm and 30-nm chips are those with random-network nano-channnels. All 

random-pattern chips have the same geometry pattern as shown in Figure 4-13 but different 

depths. Channel 1s and 2s in random pattern chips are identical to those in 500-nm chips. Within 

a single chip, channel 3s have different lengths but the same widths and depths.  
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In random-pattern chips, propane condensation was first observed in dead ended nano-

channels and at the edges of some nano-channels as shown in Figure 4-16. When the pressure is 

further increased in the 300-nm chip, all nano-channels and micro-channels were filled with 

condensate at the same time. Therefore, 300-nm was considered as “bulk”.  

In 100-nm and 30-nm chips, on the other hand, increasing pressure beyond the point of first 

condensation caused pore-filling condensation in the nano-channels first; filling the micro-

channels with condensate required further increase of pressure. Therefore, 100-nm and 30-nm 

channels were noted as dimensions that reduced the saturation pressure of propane. First pore-

filling condensation pressures are usually higher owning to the need to nucleate the first liquid 

drop. Subsequent condensations after vaporization occur at lower pressures.  

 

Figure 4-16 300-nm, 100-nm and 30-nm channels have tiny crevices at their intersections where 
propane condenses earlier than inside the channels. Yellow color in channels is gas while the 
dark color is the condensed gas. 
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Figure 4-17 Black line: propane bulk saturation pressure by PR equation of state. Dots: propane 
saturation pressures inside the 300-nm chips. 

Figure 4-17 and Figure 4-18 show the propane saturation pressure points inside 300-nm and 

100-nm chips.  A common observation from experiments carried out in the 300-nm, 100-nm and 

30-nm chips with random channel pattern was that condensation first happened in dead ended 

nano-channels as well as along certain edges of the nano-channels at pressures lower than the 

bulk vapor pressure of propane. It was noted that these condensates were predominantly attached 

to the edges and did not fill the channels. In order to fill the nano-channels with condensate, 

pressure had to be further increased.  

In an attempt to explain the observed early condensation attached to the edges, surface 

profiles of chips with random patterns were examined by profilometer. The results for the 300-

nm, 100-nm and 30-nm chips indicated that there may be fabrication imperfections in the forms 

of crevices and shallow zones (top panel of Figure 4-19). These imperfections could lead to early 

condensation due to their much smaller dimension compared to the designed depths of the nano-

channels. In contrast, we did not observe such imperfections in chips with parallel nano-channels 

(500-nm, 50-nm and 10-nm). Those chips, due to their uniformity, did not display early 

condensation behavior (bottom panel of Figure 4-19). 
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Figure 4-18 Black line: propane bulk saturation pressure by PR equation of state. Dots: propane 
saturation pressures inside the 100-nm chips. 

 

Figure 4-19 Two examples of nano-channel profiles measured by a profilometer. Top: a 30-nm 
random pattern chip that has shallow zones in some channels. Bottom: a 50-nm chip with parallel 
nano-channels. 
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It must be noted that, precise determination of the point of condensation was hampered by 

instability of the condensed phase in the experiments. In most experiments, condensate and gas 

were observed to appear and disappear alternately at a range of pressures. This instability can be 

attributed to the sensitivity of phase behavior near the vapor pressure line to minute changes in 

pressure and temperature of the nano-channels. Due to this instability, it was difficult to 

determine the precise moment of pore-filling condensation. 

4.5 Condensation-vaporization hysteresis   

In nano-pores, it has been observed that vaporization of a liquid can happen at pressures 

lower than that of condensation due to hysteresis (Neimark 2003). We also observed this 

difference between pressures of condensation and vaporization in 100-nm or smaller chips. In 

these experiments, vaporization of the condensed propane required a lower pressure than the 

condensation pressure. In some cases, lowering the pressure even to the atmosphere condition 

did not vaporize the liquid in the nano-channels. Casanova et al. (2008) also reported hysteresis 

in their adsorption-desorption experiments with organic vapors in nano-pores (10-60 nm 

diameter). They interpreted this hysteresis by the Cohan (1938) model, which explained 

hysteresis in capillary condensation by fluid-solid interactions in a metastable state.  

There are three prevalent theories about hysteresis: 

1- Incomplete wetting theory: The most admitted theory, proposed by Zsigmondy (1911) 

and McGavack (1920), holds imperfect wetting during adsorption responsible for a 

higher equilibrium vapor pressure. 

2- Bottle neck theory: Kraemer (1931) and McBain (1935) used the analogy of ink-bottles. 

They stated that the adsorption pressure was controlled by the large diameter of a bottle, 

while desorption pressure was limited by the narrow neck of a bottle. 

3- Open pore theory: Foster (1932) determined that the delay in forming a meniscus in the 

sorbent capillaries causes hysteresis. Similarly, Huber (2015), in an experimental study, 

showed that even for a perfect cylindrical pore, the vaporization pressure is smaller than 

the condensation pressure (hysteresis) as shown in Figure 4-20. 
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Figure 4-20 Sorption isotherm of n-hexane condensed in a silica membrane at T=281 K. open 
symbols refer to adsorption, solid symbols to desorption by Huber (2015). 

4.6 Removing condensed propane from nano-fluidic chips 

Since propane is a gas at room pressure and temperature, and used nano-fluidic channels are 

open to the atmosphere room conditions, we did not anticipate that condensed propane would 

continue to exist in nano-channels after experiments.  

It was observed, however, that after the experiments, chips disconnected from the 

experimental system opened to the atmospheric pressure and temperature still contained 

condensed liquid, allegedly propane, in the nano-channels (Figure 4-21). What this condensed 

liquid really is, and (if it is propane) why it does not vaporize at the room condition are questions 

that require further study.  

 

Figure 4-21 Top view of the 30-nm chip with an optical microscope. Left: the clean chip before 
an experiment. Right: the chip full of condensation after the experiment (bigger channels are 
exposed to atmosphere but the liquid stays inside the nano-channels). 
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 Assuming that the liquid is propane and it is fully wetting the surface of the chips, the high 

capillary pressures (Table 4-1) calculated using the dimension of the nano-channels and the 

interfacial tension calculated by the Eq. (5-13) suggests that the liquid has negative pressure and 

is under tension. 

Table 4-1. Propane capillary pressure inside different nano-channels at 21˚ C. 

Channel depth, 
nm 

Capillary 
pressure, psi 

500 7.6 

300 13.6 

100 38.3 

50 75.5 

30 124.7 

10 371.8 
 

It is very difficult to remove condensed liquid from used chips. The following is a list of the 

attempts:  

1. Vacuum the chip at −0.8 atm for one day: No change in the liquid volume in the channels. 

2. Heat the chip up to 300 ˚F in the oven for 12 days: Significant amount of liquid still 

remained in the channels.  

3. Inject high pressure (1500−2000 psi) nitrogen gas: liquid did not move at all and nitrogen 

could not enter the channels. High pressure instead broke the chip at the injection point. 

4. Heat the chip up to 600 ˚F on a heating stage for one day: Most of the liquid was 

removed from the nano-channels, but longer heating still could not remove some 

residuals. Because there was no flow inside the nano-channels during heating, for the 

liquid to leave the channels by diffusion a very long time is needed (Figure 4-23). 
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Figure 4-22 Top view of a 30-nm chip. The chip full of liquid was heated up to 600 ˚F and most 
of the liquid was vaporized. 

4.7 Experimental limitations 

For the record and the repeatability of the experiments in this study, following limitations 

and potential sources of errors must be noted: 

i. The purest possible propane (research grade, 99.99%) was used in this study, but the 

impurities (about 0.01%) may still affect the observed phase behavior. 

ii.  Druck DPI 104 gauge, which was used for pressure measurements, had 0.05% full scale 

accuracy (± 0.15 psi for 300 psi gauge) including non-linearity, hysteresis, repeatability 

and temperature effects from 14°F to122°F (−10°C to 50°C). 

iii.  Currently, it is not possible to measure pressure inside the chips. Therefore, the pressure 

inside the nano-channels was assumed to be the same as the pressure measured at the 

pump. It is possible that the pressure inside the nano-channels was less than the pressure 

at the pump. Although a second gauge could be installed closer to the chip on the other 

side of the nano-channels (i.e. gas must flow through the nano-channels to reach the 

second gauge), it takes a formidably long time for the second gauge to reach the pressure 

of the first gauge, especially for tighter chips. Appendix B shows a detailed calculation of 

the second gauge’s would-be response time. 

iv. The OMEGA multimeter used for temperature measurements has ± 0.9 ˚F accuracy.  

v. Temperature during the experiments had minor fluctuations. Since phase behavior is 

strongly temperature dependent, even small errors or fluctuations in the temperature can 

cause significant deviations that could shadow the effect of confinement on the saturation 
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pressure. Moreover, phase transition is not an instantaneous phenomenon; that is, phase 

transition extends through a time interval. The choice of the exact moment for phase 

transition and the accuracy of recorded pressure and temperature at that moment are also 

potential sources of error.  
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CHAPTER 5   

ANALYTICAL MODELS 

           

“Our greatest weakness lies in giving up. The most certain way to succeed is always to try just 

one more time.”  

   Thomas A. Edison 

This chapter presents the analytical models that can be used to predict hydrocarbon phase 

behaviors in confinement. Although the models did not quantitatively predict the experimental 

results, due, predominantly, to the experimental shortcoming, such as not measuring the pressure 

and temperature at the exact location and moment of the phase transition, a discussion of the 

models is presented here for completeness.  

5.1 Saturation point in the bulk  

Gas molecules need pressures higher than the gas-liquid equilibrium pressure (known as 

saturation pressure) to form liquid nuclei (molecular cluster). Then, the pressure drops slightly to 

the saturation pressure and the nuclei grow and form the liquid phase that fills the pores. Kinetic 

details of the condensation are not in the scope of this study. Below, several fundamental models 

used to estimate the saturation point of bulk fluids are presented.   

Peng-Robinson (1976) equation of state is widely used to describe the PVT behavior of 

hydrocarbon mixtures and in petroleum reservoir simulations. This equation can predict the 

saturation pressure of a pure component at a given temperature. It can also be extended to 

calculate the bubble-point and dew-point pressures of mixtures at given temperatures. Since pure 

propane was used in the experiments in this research, we only focus on the Peng-Robinson 

equation of state for a single component.  

Peng-Robinson equation of state, as well as other conventional equations of state, assumes 

that: 

 Saturation pressure is only a function of temperature and molar volume (there is no effect 

of confinement in these equations) 

http://www.goodreads.com/author/show/3091287.Thomas_A_Edison
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 Gas condensation pressure is equal to liquid vaporization pressure. In other words, 

equations of state do not consider hysteresis in phase change.  

Peng-Robinson equation of state is given by: 

( )

( ) ( )

RT a T
P

v b v v b c v b
                                                                                  (5-1)          

 

2 2

0.45724 c
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R T
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P
                                                                                                                           (5-2) 
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c

RT
b

P

                                                                    (5-3) 

where P is the pressure, T is the temperature, R is the universal gas constant, v is the molar 

specific volume, Pc and Tc are critical pressure and temperature respectively, a is the “attraction” 

parameter, and b represents the “repulsion” between molecules.  In Eq. (5-2), 

20.51 (1 )rT                                                                                    (5-4) 

 

where Tr is the reduced temperature and  is a dimensionless parameter estimated from the 

following equations based on the acentric factor, ω:  

2

2 3

0.49 :  0.37464 1.54226 0.26992

0.49 :  0.379642 1.48503 0.164423 0.016666

   
    
           

                         (5-5) 

Defining new variables, 
2 2

. .
  and  

a p b p
A B

R T RT
  , Peng-Robinson equation of state can be 

written in terms of the compressibility factor (Z) as follows    

3 2 2 2 3( 1) ( 2 3 ) ( ) 0Z B Z A B B Z AB B B                                                                                (5-6) 

At the saturation pressure, the largest root of Eq.(5-6) is the compressibility factor of the 

vapor and the smallest root is that of the liquid.  

Vaporization and condensation pressures of propane measured in 500-nm and 300-nm 

channels in this study were approximately equal to that calculated by the Peng-Robinson 

equation of state. However, phase transition pressures measured in the experiments with the 100-

nm, 50-nm and 30-nm channels had more deviations from the bulk values predicted by the Peng-

Robinson equation of state.  
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Figure 5-1 Pressure as a function of compressibility factor. In gas and liquid equilibrium 
(saturation pressure) there are three possible roots for compressibility factor. Smallest and 
biggest roots are the liquid, and gas compressibility factor respectively. The middle root doesn’t 
have any meaning. 

Table 5-1. An example of the vapor pressure calculated by different equations of state. Peng-
Robinson equation of state shows the closest match to the NIST value. 

T=290 K and V=0.0026 m3/mole 

 Equation of State Vapor pressure, psi 

Redlich-Kwong (1949) 113.40 

Soave-Redlich-Kwong (1972) 112.61 

Peng-Robinson (1976) 111.71 

Stryjek-Vera-Peng-Robinson (1986) 122.52 

Patel-Teja (1982) 114.63 

Van der Waals 117.14 

NIST 111.53 

There are other equations of state to predict the vapor pressure. In this study, Peng-Robinson 

equation of state was used since it was in good agreement with the NIST data base (NIST 

provides the measured data).  
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5.2 Saturation point in confinement  

At a given temperature, pure gas condensation is observed if clusters (i.e., microscopic 

regions of liquid) of a ‘critical’ size are formed and the gas pressure does not go above the 

thermodynamic liquid-gas equilibrium pressure (Klapp et al. 2002). In confinement, due to the 

effect of capillary and surface forces, saturation point could be lowered from its standard value in 

the bulk. In other words, saturation pressure in nano-pores is expected to be lower than that in 

the bigger pores.  

5.2.1 Adsorption 

A potential reason for the early condensation observed inside nano-channels compared to that 

in microchannels in our experiments is propane adsorption to the nano-channel walls. Surface 

forces (van der Waals, in particular) are the main reason of surface adsorption. Li et al. (2013) 

explains that capillary condensation is the process, by which several layers of condensate come 

out of the vapor phase and adsorb to the pore walls. In shale gas reservoirs, due to confinement, 

capillary condensation pressure is related to pore size. Adsorption and desorption do not 

necessarily follow the same path due to hysteresis.  

To study the possibility of adsorption in a nano-channel one should calculate forces between 

channel surface and the fluid. In conventional reservoirs, because of larger pore sizes, fluid 

molecules to pore wall interactions are ignored and molecule to molecule interactions are the 

only interactions considered to build equations of state.  

 In unconventional reservoirs, because of the existence of nano-pores, effect of fluid 

molecule to pore wall interactions need to be examined. Van der Waals surface forces between 

fluid and pore walls may be phenomenologically added to the capillary forces as follows: 

(Scovazzo and Todd, 2001) 

1 2

1 1
c vdwP

r r
        

 

                                                              (5-7) 

where vdw is the van der Waals surface forces between fluid molecules and the pore wall and is 

given by 

132
36vdw

A

r                                                                  (5-8) 
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    In Eq. 5-7, r is the fluid thickness and 132A  is the effective Hamaker constant for substance 

“1” and “2” in presence of medium “3” that is given by  

 
1 3 2 3

1 3 2 3

2 2 2 2132
1 3 2 3

2 2 2 2 2 2 2 2
1 3 2 3 1 3 2 3

3
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3 ( )( )
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                             (5-9) 

where h is the Planck’s constant, k is the Boltzman constant, T is temperature, ev  is the 

adsorption frequency, ε is the dielectric constant, and nr is the refractive index.  

Van der Waals forces of pure propane inside the silicon-Pyrex channels are shown in Table 

5-2. In the size range relevant to in our experiments, van der Waals forces are negligible. 

Firincioglu (2013) states that surface forces only reach the magnitude of capillary forces when 

pore sizes become less than 5 nm. 

Table 5-2. Contribution of van der Waals forces to vapor pressures computed by the Kelvin 

equation. 

Chip 

Depth, 

nm 

Van der Waals 

surface 

pressure, ∏vdw, 

psi 

Vapor pressure by 

Kelvin Eq (No van 

der Waals surface  

pressure), psi 

Vapor pressure by 

Kelvin Eq (with van 

der Waals surface  

pressure), psi 

500 -9.0E-06 122.346785 122.346785 

300 -4.2E-05 118.275430 118.275428 

100 -1.1E-03 115.195099 115.194825 

50 -9.0E-03 113.850357 113.850355 

10 -1.1E+00 106.557500 106.525859 

5 -9.0E+00 98.030464 98.263466 

2 -1.4E+02 73.625815 76.408168 
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5.2.2 Capillary condensation 

As explained by Zickler (2006), an adsorbed film in confined capillary continues growing in 

thickness with increasing pressure until adsorbed fluid fills the capillary as shown in Figure 5-2. 

Capillary condensation is a first-order phase transition in a confined geometry and normally 

exhibits a significant hysteresis with respect to vaporization.  

Kelly (2013) showed that some extra forces may apply on condensation in a very small pore 

space. These forces (or pressure, ) are van der Waals forces that may be either disjoining 

(positive value, repulsive force) or conjoining (negative value, attractive force). 

 

Figure 5-2 Cross-section view of the smallest pore dimension (channel depth in fluidic chips of 
this study). Black parallel lines are the opposite pore walls. 1- Pore is full of gas at T and P1. 2- 
The very first layer of liquid is adsorbed on the walls at T and P2>P1. 3- Adsorbed layers grow 
at T and P3>P2. 4- Adsorbed layers join at the center of pore and liquid fills the cross-section of 
the pore.   

Fluid molecules at the gas-liquid interface seek to minimize interfacial energy by assuming 

the lowest energy position at a three-phase boundary (in petroleum systems, this is usually the 

contact line between two immiscible fluids on a grain surface). As a result, a contact angle is 

formed and a pressure difference between gas and liquid phases develops. This pressure 

difference is called capillary pressure. 

The non-wetting phase on the concave side of the meniscus has higher pressure than the 

wetting phase on the convex side. Assuming liquid is the wetting phase; this pressure difference 

across the meniscus (capillary pressure) can be written as 

cap g lP P P                                                               (5-10)          

Capillary pressure is a function of the pore size, liquid-gas interfacial tension (l g  ) and 

fluid wettability toward the pore wall evaluated by the contact angle θ. The Young-Laplace 



46 
 

equations for a pore with cylindrical (Eq.(5-11)) or rectangular cross-sections (Eq.(5-12)) are 

given, respectively, by 

l g

coscapP
r

                                                               (5-11)          

l g 1 1
2 ( )coscapP

d w
                                                                (5-12)          

where 
l g 

is the gas-liquid surface tension of the bulk fluid, r is the pore radius, d is the pore 

depth, and w is the pore width. 

  

Laplace equation has been experimentally proven to be valid in capillaries with radii of 40-

200 nm (Sobolev 1999).  

Zuo and Stenby (1998) used the Parachor model to estimate the interfacial tension between 

liquid and gas phases by the following expression: 

 n
l g

L Vpa                                                                  (5-13)          

where  

  1.03406 0.826368.21307 1.97473 c cpa T P                                                                (5-14) 

 

3

3

3

:  Liquid-gas interfacial tension, mN/m =10 N/m

, :  Molar density of bulk liquid/vapor phases, mole/cm

:  Scaling exponent, mostly 3.6 or 4

: Parachor of pure components, cm mN/m /mol

:  Acentric 
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Pitzer (1995) presented the acentric factor as a function of reduced saturation pressure. 

10log ( ) 1 at  0.7sat
r rP T                                                                  (5-15) 

where 

:Reduced saturation pressure, unitless

T : Reduced temperature, unitless

sat
r

r

P
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Capillary condensation occurs at a pressure higher than the pressure of capillary vaporization 

(Wallacher et al. 2004). At the capillary condensation pressure, gas pressure is different from the 

standard saturation pressure. Both the Kelvin equation and a modified vapor pressure calculation 

procedure using the Peng-Robinson equation of state considering the effect of capillary pressure 

can predict this difference.  

5.2.3 The Kelvin equation 

Kelvin equation, which predicts the difference between the saturation pressure in the nano-

channels and that in the bulk, is given by (Tester and Modell (1996))  

l g2 1 1
exp

conf l
s
bulk

s

P v

P RT d w

           

     

                                                            (5-16)          

                                                             

where 

bulk
sP is the bulk saturation pressure conf

sP is the saturation pressure of confined fluid, and lv is 

the molar volume of bulk liquid. 

The Kelvin equation is derived based on the following assumptions: 

 Temperatures well below the critical temperature 

 Pure component 

 Equilibrium between gas and liquid phase 

 Ideal gas 

 Incompressible liquid  

 Negligible density oscillation due to the walls 

 Large enough system to define a surface tension 

 l g 1 1
2 ( )conf bulk

v vP P
d w

     

Kelvin equation describes the phase behavior of confined fluids. However, it still uses the 

interfacial tension and molar volume of the bulk fluid. It is, therefore, a “first-order” description 

of the effect of confinement. In larger pores where conf
sP is not significantly different from bulk

sP , 
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Kelvin equation is valid; but for pore radius below about 7.5 nm, owning to the effect of 

adsorbed wetting phase film prior to condensation, Kelvin equation becomes inaccurate (Walton 

et. al 1989). According to Fisher (1981), presence of impurity and lack of equilibration time can 

also lead to discrepancies between the predictions of the Kelvin equation and experimental data. 

Horvath-Kawazoe (1983) modified the Kelvin equation by considering strong solid-fluid 

attractive forces in micro-pores but did not account for pore wetting. At a critical width of 13.6 

angstrom, a transition from capillary condensation to continuous filling is observed. When pore 

width is smaller than 0.7 nm, the overlap of the repulsive wall potentials increases the filling 

pressure precipitously.  

If two pores with different width are filled with the same liquid, on desorption path the larger 

pore reaches its vaporization pressure earlier than the smaller pore. If the large pores are 

connected through small pores, however, phase transition will not occur in the larger pores 

unless the pressure is further reduced to the vaporization pressure of the smaller pores, at which 

point vaporization is observed in both pores. Therefore, in a network of different pore sizes, 

vaporization pressure is defined by the smallest pores. This generates hysteresis in the phase 

transition.   

It is shown that pore size distribution (PSD) extracted from capillary condensation data 

interpreted using the Kelvin equation underestimates the pore sizes (Coasne et al. 2002). This 

report serves as evidence that the Kelvin equation could underestimates the reduction in the 

saturation pressure due to confinement. 

5.2.4 Modified saturation pressure considering the effect of capillary pressure 

Firincioglu (2013) included the effect of capillary pressure and used the Peng-Robinson 

equation of state to calculate the saturation pressure in confinement following the flow chart 

shown in Figure 5-3. This model uses interfacial tension and density of confined fluids and 

therefore should have fewer assumptions than the Kelvin equation. 
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Figure 5-3 Schematic chart of the modified Peng-Robinson equation of sate by capillary pressure 
to calculate the saturation pressure of a single pure component at confinement (Firincioglu 2013) 

In this calculation procedure, fluid molar volume is updated for each pore size. Vapor molar 

volume does not have a significant effect on the calculated saturation pressure because it is only 

participating in the calculation of the interfacial tension in the Parachor model. 

For a pure component at bulk state, when only equilibrium is considered (i.e., hysteresis is 

ignored), condensation and vaporization pressures should be the same. In the experiments with 

confined pores, due to hysteresis, condensation point is generally higher than the vaporization 

point. 

Figure 5-4 compares the experimental condensation pressures of propane inside nano-fluidic 

chips with those predicted by the procedure outlined in Figure 5-3. In all experiments, observed 

condensation pressures are very close to the bulk vapor pressures. 

 



50 
 

 

Figure 5-4 Comparison of propane saturation pressures calculated by the approach outlined in 
Figure 5-2 and experimental data. Dots: experimental results. Lines: calculated results. 

5.2.5 Modified Peng-Robinson equation of state by local density theory 

Due to fluid-wall interactions, fluid density is different at different locations inside a nano-

pore (local density). Mohammad et al. (2009) indicates that, in nano-pores, fluids can take two 

forms: free fluids (toward the center of the pore) and adsorbed fluids (near the pore walls). 

Adsorbed fluids owning to their strongly interactions with pore walls have higher density than 

free fluids (local-density theory- LDT). Conventional equations of state, however, do not capture 

these interactions. Ma et al. (2014) combined LDT with a modified Peng-Robinson equation of 

state and showed that the density profile of methane in nano-pores is not uniform. Both 

Mohammad et al. (2009) and Ma et al. (2014) let parameter a in the Peng-Robinson equation of 

state vary with the distance of fluid molecule to the closest solid wall of the pore according to the 

dimensionless pore width (pore width / fluid molecular diameter).  

Figure 5-5 shows the schematic of a slit-shaped pore.  Molecules adsorb to the surface and 

increases local density near the walls (Derouane 2007). Calculations show that, in the size range 

of the fluidic chips used in our experiments, including the effect of propane local density in the 

calculation (following Figure 5-3) does not change the predicted saturation pressure significantly. 
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Figure 5-5 Schematic of fluid component in respect with pore walls in a slit-shaped pore. For a 
fixed width and a particular fluid, modification to parameter a in the Peng-Robinson equation 
only depends on the position z (Derouane 2007). 

In fact, when local density is included, saturation pressures are reduced even more, and it 

does not help to match our experimental results. Details of local density theory calculations are 

provided in Appendix C. As Figure 5-6 shows, propane density becomes significantly different 

from its bulk density only in pores smaller than 5 nm.  

 

 

Figure 5-6 Density profile in nano-channels of different widths. Only in 5 nm pores propane 
density elevated significantly from its bulk value. In other pores, propane has a density same as 
bulk except near the wall.   
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CHAPTER 6 :  

CONCLUSIONS AND SUGGESTIONS  

“The important thing is to not stop questioning. Curiosity has its own reason for existence. 

One cannot help but be in awe when he contemplates the mysteries of eternity, of life, of the 

marvelous structure of reality. It is enough if one tries merely to comprehend a little of this 

mystery each day.” 

                  Albert Einstein 

In this research, a detailed description of an experimental investigation of phase behavior in 

pore confinement was carried out. The research focused on propane saturation pressure 

measurements in the micro/nano-fluidic chips. Also, some analytical studies of propane 

saturation point under confinement were conducted using the Kelvin equation and a vapor-liquid 

equilibrium calculation procedure that used the Peng-Robinson equation of state and included the 

capillary pressure.    

6.1 Conclusions 

Literature reviews indicate that fluid phase behavior under confinement deviates from its 

behavior in the bulk. The results of our experiments, in the pore size ranges from 100 nm to 10 

nm, verify this deviation, albeit it is minor. We pressurized/depressurized propane in bulk and 

confined environments and recorded the pressures and temperatures of the condensation point. It 

was observed that propane gas condensed in nano-channels at a slightly lower pressure than that 

in micro-channels which represented the bulk conditions. Also, it was noted that liquid propane 

in the nano-channels vaporized at a lower pressure than the bulk saturation pressure indicating 

hysteresis between capillary condensation and vaporizations in channels tighter than 100 nm. 

We tried to modify the liquid and gas densities using results of local density theory. Also, we 

evaluated the effect of van der Waals forces. However, calculations show that in the ranges of 

our fluidic-chip sizes, neither effect considerably influence saturation pressures.  

Below is a list of specific findings of this research: 

i. Propane gas condensed in confinement (depth < 300 nm) earlier (at lower pressure) than 

it did in bulk. 
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ii.  Condensed propane vaporized in confinement (depth < 300 nm) later (at lower pressure) 

than it did in bulk. 

iii.  Capillary condensations occurred at pressures higher than predicted by a modified vapor-

liquid equilibrium calculation procedure, while vaporization pressures are below the 

calculated pressures showing hysteresis. 

iv. Both the Kelvin equation and the vapor-liquid equilibrium calculation procedure 

modified with capillary pressure can be used to predict the effect of confinement 

Experimental and theoretical predictions are not in good agreement, suggesting that 1) 

experimental conditions may need to be better controlled or monitored; 2) kinetic effects may 

have influenced the measurements; and 3) surface properties of the chips may be different from 

those assumed by the models. 

6.2 Suggestions 

The following suggestions may be considered to improve the experimental procedures and 

enhance our understanding of phase behavior in confinement: 

 Clean room with less temperature fluctuations.  

 Microscope objectives with higher magnifications. 

 Technique to attach ports to fluidic chips with no leak. 

 Experiments performed at different temperatures.  

 Experiments for hydrocarbon mixtures.   
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NOMENCLATURE 

Symbol   Definition      Unit 

a                 Attraction Parameter 

b     Repulsion Parameter 

c     Repulsion Parameter 

d     Channel depth       m  

f                                    Fugacity                                                                             psi   

h    Planck’s constant 

k     Boltzman constant 

L     Characteristic Length     m 

N     Number of Moles     mole 

rn     Refractive Index 

M     Molecular Weight     lbm/lbm-mol 

P     Pressure      psi 

cP     Critical Pressure     psi 

capP                                 Capillary Pressure                                                              psi                 

r     Radius        ft 

R     Gas Constant, 10.73                psi-ft3/lbmmol-oR 

SG    Specific Gravity     fraction 

T     Temperature                 oR, oF, K, oC 

cT     Critical Temperature                oR, oF, K, oC 
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rT     Reduced Temperature                fraction 

t     Time       second 

v     Molar Specific Volume                 lb mole/ ft3 

V     Volume       cc, ft3 

eV     Adsorption Frequency 

w     Channel width      m 

Z     Gas Compressibility Factor    fraction 

  

GREEK 

                                         Partial derivative      

 Difference operator      

                                         Dielectric Constant                                                                     

                                    Dimensionless Parameter                                                         

                                   Surface Forces                                                                    N 

     Density                   lbm/ft3 

     Interfacial tension     dynes/cm 

     Acentric factor       

  

Subscripts & Superscripts 

c                                     Critical                                                                                 

g                                    Gas        

l     Liquid     

s                                     Saturation                   

sc    Standard Condition      

t                      Total  

v                                     Vapor  

vdw                                    van der Waals 
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APPENDIX A:  

Fabrication and Cleaning of Fluidic Chips  

 

A-1 Fabrication of Silicon Fluidic Chips  

Fabrication of the fluidic chips was conducted at Oak Ridge National Laboratories and 

included a series of steps to etch a specific pattern of channels and pores on a silicon wafer. The 

pattern was designed by AutoCAD and transferred to a mask. In order to etch the channels on 

Silicon, first, a positive photoresist was spin coated on the wafer by a procedure outlined below.  

Material: 

Double-side polished 4” Si wafers (250 µm thick) with Low-Pressure Chemical Vapor 

Deposition (LPCVD) SiN (52 - 120 nm thick) 

Employed Equipment: 

UV-aligner (Quintel, Q7500), Plasma Asher (Branson, IPC 3000), Oxford Inductively 

Coupled Plasma Etcher, Veeco optical profiler, Tenco stylus profiler, Scanning Electron 

Microscope (SEM). 

A) Nano-channel formation: Photolithography, Si 10, 30, 50, 300, 500 nm thick etching  

1) Dehydrate Si wafers at 115°C for 3 minutes 

2) Positive photoresist P-20 and S1818 were spin-coated by 3 krpm for 45 seconds  

3) Soft bake at 95°C for 1 minute and 30 seconds 

4) UV-expose for 5.5 seconds (Q7500 Quintel Mask Aligner, UV intensity: ~150 

mJ/cm2) 

5) Microposit® MF® CD-26 developer for 1 minute (a developer suitable for wafer 

fabrication without a potential source of metal ion contamination) 

6) Si 30-500 nm thick etching by OPT-Si waveguide for specific times based on the etch 

rate (typical value ~ 170 nm/min, every time we need measure it with test round) 

7) Photoresist stripping by NMP for 20 minutes or Aceone 4 minutes cleaning with 

ultra-sonicator (IPA washing follow) 
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8) Plasma asher for 3 minutes to remove photoresist residues (if required based on 

optical inspection);  

 

B) Microchannel formation: Photolithography, SiN etching, Si 10 µm thick etching 

1) Dehydrate at 115°C for 3 minutes 

2) Positive photoresist P-20 and S1818 were spin-coated by 3 krpm for 30 seconds 

3) Soft bake at 95°C for 1 minute 

4) UV-expose for 5.5 seconds (150 mJ/cm2) 

5) MF CD-26 develop for 1 minute 

6) Si 10 µm thick etching by Nick’s Secret Bosch reactive ion etching (RIE) for 17 

loops (0.6 µm/loop). Nick’s Secret Bosch recipe: 1st cycle) C4F8 (octa-fluoro-cyclo-

butane, a deposition gas serves an etchant): 45 sccm, SF6 (sulfur hexafluoride gas): 

2.0 sccm for 3 sec and 2nd cycle) C4F8: 1 sccm, SF6: 120 sccm for 10 sec. 

 

C) Dicing and Atomic Layer Deposition (ALD): SiO2 2 nm deposition 

1) Dice 4 inches wafers into 24 mm x 40 mm based on mark (Disco wafer saw, DAD-

2H/6T) 

2) PR stripping by NMP (1-Methyl-2-pyrrolidon) for 20 minutes 

3) Plasma asher for 3 minutes to remove PR residue 

4) ALD 2 nm deposition by DPB-SiO2 plasma at 150 °C H2 pre-clean (17 loops based 

on deposition rate of 1.17 A per loop) 

 

D) Inlet and outlet formation: Photolithography, SiN etching, Si etch out 

1) Dehydrate at 120°C for 3 minutes 

2) Positive photoresist P-20 and AZ40XT were spin-coated by 4 krpm for 45 seconds. 

3) Soft bake at 95°C for 1 minute and 115°C for 6 minutes 

4) UV-expose for 30 seconds (800 mJ/cm2) 

5) Post-Expose Baking at 115°C for 100 seconds 

6) MF CD-26 develop for 2 minutes 

7) Plasma asher for 1 minute to remove PR residue 
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8) SiN etching by OPT-Silicon Dioxide or Nitride (3 minutes 30 seconds – 4 minutes 15 

seconds) 

9) Si etch out by Nick’s Secret Bosch RIE for 300 loops (0.6 µm/loop) 

10)  PR stripping by NMP for 20 minutes 

Steps A trough D were conducted at the Oak Ridge National Laboratories. 

 

A-2 Cleaning the chips and borosilicate glass 

First pour 150 ml of H2SO4 into a beaker under hood. Add 50 ml of H2O2 to the acid to 

form the Piranha solution. Add one drop of H2O2 at a time, as much heat is generated during 

dissolution. These liquids are highly corrosive and extreme care should be taken. Wait five 

minutes and let the mixture cool down a little, then put chips and borosilicate glass into this 

solution for 15 minutes (it is recommended to make two separate containers of this solution). 

Special Teflon clips (Fluoroware®, D-11) should be used to carry both chip and borosilicate 

glass all the time inside the solution. After 15 minutes, remove chip and glass held by the clips 

from the Piranha solution carefully and wash them with propanol in another empty beaker under 

hood (never touch them). Make sure that all the piranha solution is washed away. Blow the chip 

and the borosilicate glass cover with compressed nitrogen to remove all the remaining liquids. 

Never touch them with hands and always use the clips. After everything is dried, carefully 

transfer the chip and borosilicate glass to a clean container that is already blown with nitrogen 

also. Even a small dust can ruin the bonding. 
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APPENDIX B:  

Pressure Drop Calculations  

 

When a fluidic chip is connected to the system (pump, filter and tubing) through one port and 

the other ports are open, allowing gas to flow through the nano-channels and then leave the chip, 

pressure measured at the pump would drop. However, if all the other ports are closed, pressure 

should remain constant. This must be checked for every single chip prior to the experiment. 

Sometimes, even after closing all the ports, pressure still drops. 

In general, there are three reasons for the pressure to drop: 

1. Temperature drop 

2. Leak in the chip (due to bad gluing of the ports) 

3. Gas exiting the chip through open ports 

Below, simple guidelines and examples are presented to help identify the reason for the 

pressure drop: 

1. Pressure drop because of temperature drop: 

Here we can use the gas equation of state holding the volume and mass constant.  

1 1 1

2 2 2

1 2

2 2

1 1

Assume: 

PV Z nRT

PV Z nRT

Z Z

P T

P T







  

Example 1: No leak in the chip 

At 8 am, pressure in the system (120 cc volume) is 60 psi at room temperature of 20 C. A 

500-nm chip is connected to the system and all the ports are closed. At 10 am, pressure gauge 

shows 59.60 psi while temperature is 18 C. Is there a leak in the system? 

Solution 1: 

If there is no leak in the system, then pressure at 10 am should be calculated as  
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2

2

(19 273.15)

60 (20 273.15)

59.590 psi

P

P

 


 

Therefore, there is no leak in the system and pressure drop is only because of temperature 

drop. 

 

Example 2: Pressure drop because of leak in the chip 

Solve the problem in Example 1 if pressure is 59 psi at 10 am. 

Solution 2: 

We have found in Example 1 that the drop in the room temperature caused pressure to drop 

to 59.59 psi. Because the gauge shows 59 psi, there is a leak in the system at the rate of 

59.59 59

2
0.295 psi/hr

P
Rate

time
Rate

  


 

This is a significant pressure drop that is detectable by the snoop and may be due to bad 

gluing of the ports to the chip. 

2. Pressure drop because of gas exiting the chip through open ports 

Before every experiment, ports can be intentionally kept open to make sure gas can flow into 

the micro and nano-channels as designed. 

Example 3: Gas flows to the chip and exits from the open ports 

Consider the same configuration as in Example 1. Assume that we inject gas into the chip 

from one port and the other ports are open (Figure B-1). What would be the pressure in the 

system at 10 am if the temperature remains constant? 
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Figure B-1 Chip configuration for Example 3. 

Solution 3: 

Assume there is no leak in the system and gas flows to the chip and exits from the open ports. 

There are two channels for the gas to flow in: micro channels and nano channels. Let’s assume 

all the gas flows into the micro channels only since it has higher permeability (Figure B-2).  

 

Figure B-2 Gas flow in the micro channels only – Example 3. 

First calculate the system properties at the initial condition: 

1

1

5
1

1

60 psi 60 0.00689476 0.4136 Mpa

0.4136 120
n = 0.02036 mol

8.314 (20 273.15)K

0.02036
16.97 10  mol/cc

120
0.02036 44.1

0.00748 g/cc
120

n

m

P

PV cc

RT

n

V
nM

V






   
  

   
  

  

Now assume that a small opening (microchannel) created in the system that gas passes 

through that opening and exit to the atmosphere. By Bernoulli equation: 
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Therefore at 10 am all the gases are gone and system pressure is 0.  

Example 4: Gas flows to through the nano-channel and exits the chip 

Solve Example 3 if a port connected to the microchannel is closed and gas flows inside the 

nano channels and exits the chip (Figure B-3). 

 
Figure B-3 Gas flow in the micro channels only – Example 4. 

Solution 4: 
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Bernouli’s equation does not apply here, because it was intended to solve inviscid flows. 

Here, as the exits (micro and nanochannels) are very small, viscous effects are high and we 

cannot use Bernouli’s equation to estimate exit velocity. But our experimental records show that 

in this situation pressure drop through the nano-channels is minor and can be neglected during 

the time of experiment.  

In some experiments, we tried to use a second gauge down stream of nano-channels (Figure 

B-4) but we found that it takes such a long time for this gauge to read the same pressure as the 

first gauge on the pump. The slow rate for G2 to catch up with G1 is due to the very slow rate of 

gas flow through the nano-channels. As flow alters the distribution of pressure in the system, G2, 

with a dead volume of 10 cc, should not be installed downstream of nano-channels. Any dead 

volume (valve, tubing) downstream of nano-channels should be avoided or reduced. 

 

Figure B-4 Second pressure gauge in the system.  
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APPENDIX C:  

Local Density Calculations  

 

Mohammad et al. (2009) and Ma et al. (2014) correlated the a parameter in the Peng-

Robinson equation of state to the dimensionless pore width / ffL     (L: pore width, ff  : fluid 

molecular diameter) and the position of interest inside the pore, z. Here, z is the distance from 

the closest solid wall of the pore. Figure D-1 is a schematic of a slit-shaped pore model. For a 

fixed width and a particular fluid, parameter a only depends on the position, z. 

 

Figure C-1 Schematic of fluid molecule with respect to pore walls (Derouane et al. 2007). 

Using this model, density variation across the channel can be phenomenologically calculated 

using the Peng-Robinson equation of state, yielding a density profile ( )z  . At equilibrium, the 

chemical potential of the adsorbed phase is equal to the bulk chemical potential and they are the 

summation of the chemical potentials from fluid-fluid interactions and fluid-solid (pore walls) 

interactions. 

Equations to be used in the calculation of the local density are the following:

( ) ( )bulk ads ff fsz z     
                                      (C-1)

1 2( ) ( ) ( )bulk ads ff fs fsz z L z        
                                    (C-2) 
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L – z is the distance of fluid from the farther solid wall. Converting the chemical potential to 

fugacity gives: 

0
0

( ) ln( )bulk
bulk

f
T RT

f
                   (C-3) 

0
0

( )
( ) ln( )ff

ff

f z
T RT

f
                   (C-4) 

( ) ( ) ( )fs fs
fs Az N z L z                                (C-5) 

where 

3

3

3

23

3

m .Pa
: :8.314 (K)

K.mol

m .Pa
:

mol

m .Pa
mol

:
6.02 10 molecules/mol

m .Pa joule
:

molecule molecule

A

RT T

N








   
   

    

        

     

( )fs z  is the fluid-solid potential energy function. Lee (1988) partially integrated Lennard-

Jones potential to describe such an interaction: 

10 44
2

10 4
1

1
( ) 4

5( ') 2 ( ' ( 1) )
fs fsfs

atoms fs fs
i ss

z
z z i

     
                    (C-6) 

Where 

joule
:

molecule
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The counter “I” varies from 1 to 4 because it is assumed that the solid-fluid interaction after 

the forth layer is very week and negligible. Also, 

225 atoms/nm ,  number of silicon plane atomes per unit area 

:  fluid-solid interaction energy parameter

: Average diameter of fluid and solid molecule

= 0.313 nm,  silicon interplanar dista

atoms

fs

fs

ss








nce 

 

Steps one should take in order to calculate the local density are the following: 

 Calculate ( )fs z  by Equation (C-6). 

 Calculate ( )fs z  by Equation (C-5). 

 Calculate bulkf  by Equation (C-10), assuming that is the propane gas density at the given 

T and P (find it in NIST) bulk  

 Calculate ( )fff z  by equation from the bellow Equation (C-8). 

 Calculate ( )z  by Equation (C-11). 
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The inter-planar spacing is the distance between two parallel planes of atoms in a crystalline 

material. Inter-planar spacing is determined by “XRD: X-ray diffraction”. 

2
' / 2

ff ss
fs

ffz z

 



 
                                   (C-7)  

Combining the equations: 

1 2( ) ( )
( ) exp fs fs

ff bulk

z L z
f z f

RT

                          (C-8)

    

Peng-Robinson equation of state is used to calculate fugacity: 

1 ( )

(1 ) 1 (1 2) 1 (1 2)

P a T

RT b RT b b


              

            (C-9)
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 and bulk fugacity: 

 2 2

( )

(1 ) 1 2
ln

1 (1 2)( )
ln ln

2 2 1 (1 2)

bulk bulk

bulk bulk bulk
bulk

bulk

bulk bulk

b a T

b RT b bf

P bP Pb a T

RT RT bRT b

 
  


 

                       
             (C-10)          

Equation (C-10) can be written for the local density of fluid at any position (z):   
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