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ABSTRACT 

Trends show that the fraction of the world’s population with electronic devices 

using modern integrated circuits is increasing at a rapid rate. To meet consumer demands: 

less expensive, faster, and smaller electronics; while still making a profit, manufacturers 

must shrink transistor dimensions while increasing the number of transistors per integrated 

circuit; a trend predicted by Gorden E. Moore more than 44 years prior. As CMOS 

transistors scale down in size, new techniques such as atomic-layer deposition (ALD) are 

used to grow features one atomic layer at a time. ALD and other manufacturing processes 

are requiring increasingly stringent purities of process gases and liquids in order to 

minimize circuit killing defects which reduces yield and drives up manufacturing cost. 

Circuit killing defects caused by impurity incursions into UHP gas distribution system can 

come from a variety of sources and one of the impurity transport mechanisms investigated 

was back diffusion; the transport of impurities against convective flow. Once impurity 

incursions transpire, entire production lines are shut down and purging with UHP gas is 

initiated; a process that can take months thus resulting in tens of millions of dollars in lost 

revenue and substantial environment, safety, and health (ESH) impacts associated with 

high purge gas consumption. 

A combination of experimental investigation and process simulation was used to 

analyze the effect of various operational parameters on impurity back diffusion into UHP 

gas distribution systems. Advanced and highly sensitive analytical equipment, such as the 

Tiger Optics MTO 1000 H2O cavity ring-down spectrometer (CRDS), was used in 

experiments to measure real time back diffusing moisture concentrations exiting an electro-

polished stainless-steel (EPSS) UHP distribution pipe. Design and operating parameters; 
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main and lateral flow rates, system pressure, restrictive flow orifice (RFO) aperture size, 

and lateral length were changed to impact the extent of back diffusing impurities from a 

venting lateral. The process model developed in this work was validated by comparing its 

predictions with data from the experiment test bed. The process model includes convection, 

molecular diffusion in the bulk, surface diffusion, boundary layer transport, and all modes 

of dispersion; applicable in both laminar and turbulent flow regimes. Fluid dynamic 

properties were directly measured or were obtained by solving Navier-Stokes and 

continuity equations. Surface diffusion as well as convection and dispersion in the bulk 

fluid played a strong role in the transport of moisture from vents and lateral branches into 

the main line. In this analysis, a dimensionless number (Peclet Number) was derived and 

applied as the key indicator of the relative significance of various transport mechanisms in 

moisture back-diffusion. Guidelines and critical values of Peclet number were identified 

for assuring the operating conditions meet the purity requirements at the point of use while 

minimizing UHP gas usage. These guidelines allowed the determination of lateral lengths, 

lateral diameters, flow rates, and restrictive flow device configurations to minimize 

contamination and UHP gas consumption. 

Once a distribution system is contaminated, a significant amount of purge time is 

required to recover the system background due to the strong interactions between moisture 

molecules and the inner surfaces of the components in a gas distribution system.  Because 

of the very high cost of UHP gases and factory downtime, it is critical for high-volume 

semiconductor manufacturers to reduce purge gas usage as well as purge time during the 

dry-down process. The removal of moisture contamination in UHP gas distribution systems 

was approached by using a novel technique dubbed pressure cyclic purge (PCP).  EPSS 
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piping was contaminated with moisture, from a controlled source, and then purged using a 

conventional purge technique or a PCP technique. Moisture removal rates and overall 

moisture removal was determined by measuring gas phase moisture concentration in real 

time via a CRDS moisture analyzer. When compared to conventional purge, PCP reduced 

the time required and purge gas needed to clean the UHP gas distribution systems.  

However, results indicate that indiscriminately initiating PCP can have less than ideal or 

even detrimental results. An investigation of purge techniques on the removal of gas phase, 

chemisorbed, and physisorbed moisture, coupled with the model predictions, led to the 

testing of hybrid PCP. The hybrid PCP approach proved to be the most adaptable purge 

technique and was used in next phase of testing and modeling. Experiments and modeling 

progressed to include testing the effectiveness of hybrid PCP in systems with laterals; more 

specifically, laterals that are “dead volumes” and results show that hybrid PCP becomes 

more purge time and purge gas efficient in systems with increasing number and size of 

dead volumes. The process model was used as a dry-down optimization tool requiring 

inputs of; geometry and size, temperature, starting contamination level, pressure swing 

limits of inline equipment, target cleanliness, and optimization goals; such as, minimizing 

pure time, minimizing purge gas usage, or minimizing total dry-down cost. 
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CHAPTER 1 

RESEARCH BACKGROUND AND LITERATURE REVIEW 

1.1. SEMICONDUCTOR TECHNOLOGY TRENDS 

By the end of 2013, more than 226 million global TV shipments were made and 

more than 1.4 billion people owned a PC, smartphone, and/or tablet; furthermore, trends 

show that these numbers are on the rise (see Figure 1.1).1 Based on past and current trends, 

consumers are looking for sleeker, more energy efficient, faster, and less expensive 

technology. 

 

Figure 1.1: Trends of installed base of devices (PCs, smartphones, tablets) as a % of 

global population1 

One of the fathers of modern integrated circuits (ICs), Gorden E. Moore, saw and 

predicted similar trends more than 44 years ago in an article he wrote Cramming More 
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Components onto Integrated Circuits.2 Moore saw how consumer demand and sustainable 

IC manufacturing were linked. More specifically, Moore stated that reducing 

manufacturing cost was coupled to an increase in IC functionality or number of 

components. Figure 1.2 shows the relative manufacturing cost per component as a function 

of the number of components per integrated circuit. The IC cost decreases as more 

components are added; yet, there becomes a point where the added complexity decreases 

yield enough to cause a rise in manufacturing cost. The main point of Figure 1.2 is that 

there is a profitable region in which increasing transistor/component density decreases IC 

manufacturing cost which in turn aids in meeting the “cheaper technology” demand. 

 

Figure 1.2: Relative manufacturing cost per component as a function of number of 

components per integrated circuit (IC)2 

On one hand, increasing the number of transistors/components increases computing 

power and decreases cost per IC. On the other hand, there are inherent problems with this 
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trend; increasing the number of components per IC will cause an ever increasing IC size, 

power consumption, and heat dissipation issues.2 To meet the demand for sleeker/smaller 

technologies with greater power efficiency IC scientists, like Moore, determined that each 

component/transistor needs to shrink in size. Reducing the size of each component has the 

obvious effect of preventing the IC from growing to enormous sizes as transistor count is 

increased; again, transistor count is increased to increase functionality/computing power 

of the IC. The not so obvious effect of reducing transistor size can be seen by taking a look 

at the average dynamic power consumption of a CMOS circuit: 

𝑃𝑜𝑤𝑒𝑟 =
1

2
𝑓𝑉𝑑𝑑

2 ∑𝐶𝑖
𝑙𝑜𝑎𝑑𝛼𝑖

𝑛

𝑖=1

 
(1.1) 

 

𝐶𝑖
𝑙𝑜𝑎𝑑 ∝ 𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑊𝑐ℎ𝑎𝑛𝑛𝑒𝑙 (1.2) 

where, 𝑓 is the clock frequency, 𝑉𝑑𝑑 is the supply voltage, 𝐶𝑖
𝑙𝑜𝑎𝑑 and 𝛼𝑖 are capacitance 

load and average switching of the logic gate 𝑖, respectively.3 

Reducing the transistor size via reducing the transistor channel length, 𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙, 

and/or width, 𝑊𝑐ℎ𝑎𝑛𝑛𝑒𝑙, reduces the capacitance, 𝐶𝑖
𝑙𝑜𝑎𝑑, of a given logic gate results in a 

reduction in IC power consumption. In other words, when comparing two ICs, both having 

the same computing power (𝑓 and number of transistors are the same); one IC could 

perform the same job with less power and less generated heat if its transistors are smaller 

compared to the other IC.  

Increasing the number of transistor per IC and decreasing the transistor size was the 

trend that Moore and others said needed to happen in order to meet consumer demands 

while also maintaining manufacturing profitability. Moore’s Law emerged from these 
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observations and predicts that CMOS scaling, meaning CMOS transistors scaling down in 

size, results in the doubling of the number of transistors per IC every two years.2 This 

doubling effect results in an exponential growth of the number of transistors; using a 

logarithmic scale to represent transistor count is of common practice as seen in Figure 1.3. 

There have been many hurdles to overcome in order to follow Moore’s law, more so within 

the past decade and a half. For instance, pure dimensional scaling ceased to work during 

the development of the 130 nm transistor due to high gate leakage through silicon oxide. 

However, the use of high k/metal gate (first seen in Sandy Bridge), low k ILD, immersion 

lithography, tri-gate transistors (first seen in Ivy Bridge), and atomic layer deposition, to 

name a few, have toppled many hurdles and have allowed the continued scaling of 

transistors in ICs. 

 

Figure 1.3: A comparison of microprocessor evolution to Moore's law; the doubling 

of transistor density every two years4 
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To provide some prospective, in 1971 Intel released one of the first single chip 

microprocessors; The Intel 4004, which contained 2,300 transistors employing the 10,000 

nm silicon-gate technology.5 In 2013, Intel released the Haswell core-series processors; the 

Core i7 4770K microprocessor contained 1.4 billion transistors utilizing 22 nm 3D tri-gate 

technology.6 The Haswell mobile microprocessors uses 30% less power than the previous 

generation all while costing slightly less. In 2014, Intel is scheduled to announce the new 

Broadwell microprocessors that utilize 14 nm 3D tri-gate technology which is predicted to 

provide another 30% decrease in power consumption.7 

It has been shown that ICs/microprocessors are becoming more powerful, more 

energy efficient, smaller (due to shrinking heat dissipation requirements), and slightly less 

expensive. However, this trend becomes harder and harder to follow due to exponentially 

increasing complexities in design and manufacturing. 

1.2. UHP PROCESS FLUID REQUIREMENTS AND ESH IMPACTS 

Today’s competitive semiconductor business environment places continuous 

pressure to reduce cost of operation. Major costs in semiconductor manufacturing are the 

resources consumed.8 Additionally, as technology nodes keep shrinking, simple scaling is 

no longer the dominant factor (as mentioned previously) rather increasing chemical and 

material utilization are required to meet performance roadmaps likes Moore’s law. For 

instance, during the transition for 45 nm to 32 nm nodes there was a twofold increase in 

the number and quantity of chemicals consumed.8 While working at Intel, I observed that 

the process gas and liquid chemical demands were rising exponentially due to increasing 

architecture complexity and process steps, increasing purge and rinsing times to reduce 
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contaminant concentrations to newer more stringent standards, and the transition to single 

wafer process tools in order to prevent wafer to wafer contamination.  

While at Intel Corporation, I discovered that the transition to single wafer tools was 

predicted to force chemical consumption to rise exponentially compared to the 45 nm to 

32 nm transition. For instance, a new N2 gas header was installed in Chandler, AZ to supply 

Intel’s new super fabrication facility, Fab 42. This N2 gas header can supply more than 

2200 cubic feet per hour of nitrogen gas with a moderate pressure of around 80 psig. The 

main reason for the increased nitrogen gas demand is that new 14 nm technology nodes 

and future nodes require that wafers be blanketed in an UHP nitrogen for the entire 

microprocessor manufacturing process. 

14 nm technology nodes, codename broadwell, will be announced by Intel in the 

second half of 2014. Intel has also released a roadmap for 10 nm, 7 nm, and 5 nm 

technology nodes; where, research will begin in 2014/2015. Current and more so future 

technology nodes are requiring mastery of the molecular and atomic level deposition 

techniques in order to deposit materials no thicker than a handful of angstroms.9 For 

instance, atomic layer deposition (ALD) utilizes a precursor controlled/limiting deposition 

to deposit a single layer of atoms. Figure 1.4 provides a simplified perspective on how 

tantalum nitride, TaN, films are deposited on silicon nitride, SiN, for the purpose of 

providing a diffusion barrier.10 

Step 1 involves passing UHP hydrogen gas, H2, over a SiN forming SiN-H; SiN-H 

acts as a precursor for the deposition of the next layer of atoms. Enough H2 is used to 

deposit a mono-layer and then the remaining H2 is purged using argon, Ar, in step 2. Step 

3 entails passing tantalum(V) chloride, TaCl5, over the substrate to form SiN-TaCl3 (new 
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precursor) and HCl vapor. Once a monolayer of TaCl3 is formed, the remaining 

reactants/products are purged using Ar in step 4. Ammonia gas, NH3, is then pulsed over 

the substrate to form SiN-Ta-N and HCl in step 5. All remaining reactants and byproducts 

are purged using Ar in step 6 thus leaving behind a pristine layer of deposited TaN with 

sub-nm conformity. 

Ammonia and hydroxyl compound contaminants can form undesirable reactions 

with TaCl3 and TaCl5 thus creating defects in the deposited film. Additionally, any oxygen 

could form unwanted byproducts with NH3 thus creating more defects.10 

 

Figure 1.4: Simplified process diagram of TaN deposition on SiN using ALD 
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Theoretically, it would only take one molecular contaminant to disrupt the diffusion 

barrier that is TaN; therefore, process gases entering the ALD chamber must be very pure. 

Moreover, some reactants/byproducts of a given ALD step must be completely evacuated 

before the next step begins in order to prevent unwanted reactions from occurring with 

subsequent steps thus leaving behind defects; consequently, thorough purging with UHP 

inert gases must ensue.10 The duration of purge and the purity of purge gas is rapidly 

increasing as a result of defect requirements in current and future nodes of technology. 

If a UHP gas distribution system was contaminated for reasons discussed later, 

defects will increase in frequency and product yields will plummet thus making it difficult 

if not impossible for the manufacturer to  competitively price their products. The shutdown 

of a process tool line due to contamination of UHP gases can result in the loss of tens of 

millions of dollars in lost revenue per day not including the cost of purge gas required to 

requalify distribution lines and process tools.11  

To provide some perspective, a newly built 1525 foot long UHP O2 distribution 

system at an undisclosed location needed to be brought online and qualified to sub-ppb 

purity. The starting impurity concentration was only 10 ppb; using standard purging 

methods, it would take 3 months to reach the purity levels required for qualifying the 

system. During the 3 month down time, no wafers would be processed thus resulting in 

tens of millions of lost revenue per day. Moreover, more than 700 standard cubic feet per 

hour of O2 would have been consumed over a period of 3 months which is equivalent to 

more than 1.5 million standard cubic feet of O2. A large amount of energy, fossil fuels, 

water, and other resources would have been needed to generate and purify the 1.5 million 
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standard cubic feet of O2 to sub-ppb levels; this obviously would have had large ESH 

impacts. 

1.3. ANALYTICAL GAS IMPURITY MEASUREMENT TECHNIQUES 

Being able to measure trace contaminants in the bulk carrier gas is necessary for 

UHP gas distribution system startup/qualification and normal operation; furthermore, these 

techniques can be leveraged in the researching of novel methods for minimizing 

contamination in UHP systems. There are few analytic techniques that can measure real 

time trace contaminants concentrations and fewer yet that are sensitive enough for sub-ppb 

ranges. 

1.3.1. ATMOSPHERIC-PRESSURE-IONIZATION MASS-SPECTROMETRY 

(APIMS) 

One such technique is called atmospheric-pressure-ionization (API) mass-

spectrometry (MS). Ionization in the APIMS occurs at atmospheric pressure in the source 

chamber instead of under vacuum. In conventional mass spectrometers, such as electron 

impact mass spectrometers, ionization of the process gas occurs under vacuum. However, 

under low vacuum, the probability of an electron striking thus ionizing an impurity 

molecule that exits in ppt-ppb concentrations is nil. As a result, such mass spectrometers 

have horrid detection limits for measurement of trance level impurity.12  

The novel APIMS approach is not burdened by the same limitations because 

ionizations occur at or near atmospheric pressure using corona discharge ionization. Not to 

infer that the probability of ionizing trace impurities at or near atmospheric pressures 

greatly increases since the number of impurity ions has increased; in reality, the total 
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number of impurities in the ionization chamber are still very low. However, the number of 

carrier gas molecules are very large. What actually happens is that there is an initial or 

primary ionization step where a large fraction of the carrier gas, in our studies this would 

be N2, becomes ionized. These primary ions create secondary ions via collisions. In a 

vacuum the mean free path is relatively large thus drastically reducing the probability of 

primary ions colliding with molecules to produce secondary ions; however, at atmospheric 

pressure, the mean free path is relatively small thus greatly increasing the probability that 

primary ions will strike and ionize other carrier gas molecules and impurity molecules. As 

a result of a high ratio of ionized carrier gas molecules to impurity molecules, nearly 100% 

of the trace impurity molecules in the carrier gas are ionized due to the high frequency of 

charged collisions.12 Figure 1.5 provides a visual example of the two mechanism of 

impurity ionization. 

 

Figure 1.5: Primary and secondary impurity, 𝑰, ionization mechanisms 

The secondary ionization mechanism has the potential to drastically increase the 

sensitivity of the APIMS; however, this secondary ionization can occur in varying degrees 

of effectiveness. The charge transfer during secondary collisions is thermodynamically 

favored when the primary ion has a higher ionization potential than the molecule/ion it is 

colliding with. In order to take full advantage of this secondary ionization mechanism, the 

carrier gas must have an ionization potential higher than that of the trace impurities to be 

detected. Table 2.1 provides a list of ionization potentials of varies gaseous species. 
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Table 1.1: Ionization potentials of various gases13 

Gaseous Species Ionization Potential (eV) 

He 24.56 

Ar 15.755 

N2 15.576 

H2 15.427 

CO 14.013 

CO2 13.769 

CH4 12.6 

H2O 12.6 

O2 12.063 

C2H6 11.5 

C3H8 11.1 

 

The APIMS located in the micro/nano fabrication center at the University of 

Arizona is a Vacuum Generators (VG) Trace+ Quadrupole APIMS; a schematic diagram 

of the VG Trace+ can be seen in Figure 1.6.  

1. The 760 torr sample gas enters into an ionization chamber where it is passed over 

a tungsten needle kept at 5 kV thus generating a corona used for ionization.  

2. The mixture of ions and neutral gas molecules are separated from lens, focusing 

and quadrupole sections by a 200 micron orifice plate, F1. This orifice plate helps 

maintain near atmospheric pressures in the ionization chamber on one side while 
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creating a bottleneck for ion/molecule transport into the vacuum chambers on the 

other side. 

3. Once through the orifice, ion/molecule clusters are dispersed due to expansion and 

are guided into a quadrupole chamber through a series of pressure reductions, 

lenses, and focusing stages.  

4. The quadrupoles separate ions according to their mass to charge (m/e) ratio. The 

ions of desired m/e ratio are filtered through the quadrupoles and are detected/ 

amplified using a channeltron detector with a pulse counter.12,13  

 

Figure 1.6: Schematic diagram of the Vacuum Generators (VG) Trace+ triple 

quadrupole APIMS13 

 

Mass spectrometers separate ions based on a number of different physical principles 

thus resulting is several types of mass analyzers; for example, there are quadrupole, time 

of flight, sector, ion trap, and Fourier transform ion cyclotron resonance instrument; all of 

which can be used individually or in combination.14 The choice of mass spectrometer type 

depends on the demand; in this case, quadrupole provides the necessary sensitivity for our 

studies.12 
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There are three quadrupoles to aid in differentiating ions with similar m/e ratios 

which result in peak overlaps if only one quadrupole is used. Each quadrole can be tuned 

to different m/e ratios; moreover, the center quardrupole is isolated from the other two 

quadrupoles thus allowing it to be slightly pressurized with argon gas. At the slightly higher 

pressure of 10-3 torr versus 10-6 torr, collision induced dissociation occurs.12,13 Collision 

induced dissociation will break up ionized molecules further. This is beneficial in the case 

where two molecules have near identical m/e ratios while their constituent atoms m/e ratios 

differ greatly. For example, CO impurity in an N2 carrier gas. Both have molecular weights 

of 18. However, if the CO and N2 can be broken up into single atom ions via collision 

induced dissociation in the 2nd quadrupole, the 3rd quadrupole could then be tuned for an 

m/e of let’s say 12 for the oxygen atom. Some sample detection limits, generated by Asad 

Mahmood Haider, are listed below. 

Table 1.2: Limit of detection for the VG Trace+ APIMS14 

 H2O O2 CO CO2 CH4 

Limit of 

Detection 

(ppt) 

7.7 1.5 54 1.6 2.7 

 

The 30+ year old VG Trace+ APIMS at the University of Arizona has been going 

through a computer upgrade, software updates, roughing pump maintenance, and 

component replacement which is not a trivial matter due to rarity of parts.  As a result, the 

subsequent studies did not utilize the APIMS for trace contaminant analysis. 
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1.3.2. ATMOSPHERIC-PRESSURE-IONIZATION MASS-SPECTROMETRY 

(APIMS)  

Cavity Ring-Down Spectroscopy (CRDS), also called cavity ring-down laser 

absorption spectroscopy (CRLAS), is a light absorption technique that has the potential to 

provide real time trace contaminant concentrations in the low to sub-ppb range.16 Typically 

in absorption spectroscopy, light is passed through a sample cell and the measured ratio of 

incident light to transmitted light intensity is used to determine the concentration of the 

sample situations via Beer-Lambert’s law.16 In the case of UHP gases with sub-ppb 

impurity concentrations, the ratio of incident to transmitted light intensities would be 

immeasurable if the light passed through a short sample cell only once. In other words, if 

the light travels a short distance in a sub-ppb sample, then there will be nearly an 

immeasurable amount of absorption occurring; however, if the path length through the 

same sample is increased then the sensitivity of measurement will increase. CRDS 

technology leverages the use of highly reflective opposing mirrors in a cylindrical chamber 

where light emitted from a laser will bounce between the two mirrors thus increasing the 

path length from half a meter to 100 kilometers.16 Of course, the higher the reflectivity of 

the mirrors, the better the lower detection limit of the analyzer. 

The laser needs to have its wavelength/intensity tuned for the unique absorption 

finger print of the contaminant of interest. Initially, CRDS units were outfitted with a 

pulsed laser source and the decay time of each pulse was recorded; however, an alternative 

to pulsed lasers was developed by Professor Kevin Lehmann of Princeton University which 

utilized compact, relatively inexpensive, and widely available Continuous Wave (CW) 

lasers.17 
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Figure 1.7: Block process flow diagram of the inner workings of a CRDS 

Figure 1.7 is a block diagram of a CRDS unit; where, a pulsed or CW laser can be used. 

The CRDS used at the University of Arizona uses a CW diode laser and the process in 

which it operates is as follows: 

1. A CW diode laser emits a directed beam of light through an ultra-high reflective 

mirror into the absorption cell (cavity). 

2. The light reflects back and forth between two ultra-high reflective mirrors multiple 

times, up to a total path length of 100 kilometers. 

3. Once the photodiode detector “sees” a preset level of light energy, the trigger sends 

a signal to the modulator to shutter or divert the light source. 

4. On each successive pass, a small amount of light or ring-down signal emits through 

the second mirror and is sensed by the photodiode. 

5. Once the light “rings down”, the detector will no longer detect light thus completing 

the measurement; ring-down is on the order of milliseconds. 

On the software side of the CRDS: 
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1. The computer-controlled system tunes the laser off the absorption peak for the 

sample species to determine the baseline ring-down time, 𝜏𝑏𝑎𝑠𝑒, equivalent to zero 

baseline correction. 

2. The computer tunes back to the absorption peak to determine the sample species 

ring-down time, 𝜏, dependent on the sample species concentration. 

3. The concentration of the sample species is directly calculated using Equations 1.3 

through 1.5. 

𝜏𝑏𝑎𝑠𝑒 =
𝑑𝑐𝑒𝑙𝑙

𝑐(1 − 𝑅𝑚)
 

(1.3) 

 

𝜏(𝐹) =
𝑑𝑐𝑒𝑙𝑙

𝑐(1 − 𝑅𝑚 + 𝜎(𝐹)𝑁𝑑𝑐𝑒𝑙𝑙)
 

(1.4) 

 

𝑁 =
1

𝑐𝜎(𝐹)
(

1

𝜏(𝐹)
−

1

𝜏𝑏𝑎𝑠𝑒
) 

(1.5) 

𝑐 is the speed of light, 𝑑𝑐𝑒𝑙𝑙 is the cell length, 𝑅𝑚 is the reflectivity of the mirror, 𝜎 is the 

absorption cross-section, 𝐹 is the frequency, 𝜏𝑏𝑎𝑠𝑒 is the baseline ring-down time, 𝜏 is the 

ring-down time, 𝑁 is the concentration in ppb.18  

A Tiger Optics MTO 1000 H2O CRDS was used in all of the studies presented in 

the preceding chapters. The MTO 1000 measures H2O in a N2 carrier gas.  Figure 1.8 shows 

the ring-down time measurement of the water spectrum using the MTO 1000 H2O. The 

spectrum was taken at a moisture concentration 750 ppb in a 5 psig N2 carrier gas. There 

is a clear baseline around 1391.8-1392.0 nm, and this is where the first measurement is 
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taken; Equation 1.3. The second measurement, Equation 1.4, is taken at the largest peak 

located around 1392.5 nm; this peak is unique to H2O.19 

 

Figure 1.8: Ring-down time vs wavelength in the water spectrum19 

Figure 1.9 shows the dependence of laser temperature on detecting the desired 

adsorption peak. The water, methane, and carbon dioxide peaks have clear spatial 

separation; however, if the proper laser temperature is not used, the adsorption spectra 

collected may not be from the desired adsorption peak. Therefore, it is important to tune 

the laser every 6 month or so since it has been shown that the laser temperature can wonder 

with respect to time.13 Laser temperature tuning is straight forward; yet, a procedure for 

tuning the MTO 1000 H2O is included in Appendix B. 
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Figure 1.9: Dependence of laser temperature on detecting desired absorption 

peaks19 

 

Figure 1.10 depicts the concept of ring-down decay within the cavity after the laser 

source is shuttered. As the laser light bounces back and forth between the ultra-high 

reflective mirrors, the samples species absorbs the light energy until it is all gone. A small 

fraction of the light escapes the mirror and is detected by the light detector. Since the value 

of concentration measurement constitutes an absolute measurement, light loses outside the 

ring-down cavity do not affect the measured concentration. 
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Figure 1.10: Graph showing the rate of decay of a reflected light energy as it is 

adsorbed by trace contaminants in a CRDS ring-down cell 

The MTO 1000 H2O analyzer is currently setup to sample from two sources (up to 

a max of 4). Observations while working with the CRDS have indicated that the MTO 1000 

can only sample from one source at a time. Measurements from two sources occur by 

alternating between sample lines on specified intervals. This observation contradicts what 

was written by Harpreet Singh Juneja.13 Unfortunately, when switching from one sample 

line to the other, flow through the sample line not being measured is nearly stopped (except 

through a small orifice in the bypass). The flow through the orifice was lower than the 

detection limit of the 10 SLPM rated MFC. For example, if a dry-down is occurring through 

two separate experiments, and each effluent is fed entirely into the CRDS, dry-down will 

be abruptly stopped each time the CRDS alternates between sample lines. This will ruin 

dry-down profiles requiring a restart of experiments. This alternating sample feature is only 
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useful if the entire effluent flow of the experiment is not directly fed into the CRDS; only 

have the CRDS “T” into the effluent so that the CRDS is not a fluid dynamic bottleneck. 

Figure 1.11 is a flow diagram of a two sample setup of the MTO 1000 H2O. 

 

Figure 1.11: Process gas flow diagram inside the MTO 1000 H2O utilizing the 

current 2 inlet setup 

1.4. RESEARCH OBJECTIVE AND APPROACH 

Our research objectives involve developing techniques for reducing contamination 

in UHP gas distribution systems and lowering UHP gas usage in fabs. These research 

objectives were broken up into two subtasks: 1) Analysis of “back diffusion” as a major 

source of contamination 2) Novel purge methods to remove contaminants during steady 

operation, start-ups, or recovery from system upsets.  

 As mentioned previously, contamination control is of great importance especially 

as IC features continue to shrink; therefore, it makes sense to investigate the methods of 

contamination. Since our laboratory in the micro/nano fabrication center at the University 
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of Arizona is uniquely qualified to measure trace contaminants in UHP gas distribution 

systems down to low ppt concentrations, our primary focus has been on UHP gas 

distribution system rather than UHP liquid systems. Note that our method of approach is 

mostly applicable to all fluidic systems.  

 The method of contamination that will be the primary focus is “back diffusion”. 

The term back diffusion was conceived within our research group at the SRC Engineering 

Research Center for Environmentally Benign Semiconductor Manufacturing at the 

University of Arizona. Back diffusion of impurities refers to the transport of contaminants 

against the convective flow of a fluid resulting in contamination of the upstream fluid. 

Impurity back diffusion is not a rare occurrence only applicable to the semiconductor 

industry. Dust and chemicals can travel up wind from the source via the mechanism of 

back diffusion; however, their concentrations may be small enough that they go undetected 

by human senses. The point is that back diffusion occurs all the time unbeknownst to many 

or is of little concern. The same unconcern may have been held by the semiconductor 

industries in the past but this has changed. Purity requirements are becoming more and 

more stringent and any source of contamination must be snuffed out; this includes back 

diffusion. 

 The second subtask involves purging or drying down UHP gas distribution systems 

that have already been contaminated during normal system operations or during system 

startup. As hinted by the Fab 12 O2 system example, drying down of contaminant UHP 

distribution systems is very time and resource intensive. The goal is to reduce dry down 

times while reducing purge gas consumption. Achieving these goals will save tens of 

millions of dollars a day in lost revenue due to process tool down time and reduce the waste 
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of valuable resources needed to create and purify the enormous volumes of purge gas 

required during dry down. 

 When brainstorming methods to reduce purge time and gas usage, it was important 

to keep in mind that the novel approach needs to be practical; practical meaning not heating 

thousands of feet of piping carrying explosive gases or installing new equipment that could 

unintentionally serve as another source of contamination. Put simply, the developed 

approach should be applicable to any new or used system without the need of 

modifications.  

Built upon promising data from pressure swing adsorption (PSA),20 the novel 

method of pressure-cyclic-purge (PCP) was developed at the SRC Engineering Research 

Center. This approach required no modifications to existing UHP distributions systems and 

is applicable to not only piping systems, but also to process tools and UHP storage vessel.  

One method of approach for the study of back diffusion and PCP involves the 

development and application of a unique experimental test bed. Experiments thus far use 

UHP nitrogen as the main process gas and moisture as the model contaminant. A CRDS 

moisture analyzer was used for both studies to measure the level of contamination in our 

test bed. The second method of approach for back diffusion and PCP involves the 

development of a comprehensive process simulator for data analysis and predictions. A 

combination of analytical and numerical techniques was used to solve systems of 

governing equations. For numerical work, COMSOL multiphysics software was primarily 

used. 
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CHAPTER 2 

CONTAMINATION OF ULTRA-HIGH-PURITY (UHP) GAS DISTRIBUTION 

SYSTEMS BY BACK DIFFUSION OF IMPURITIES 

2.1. INTRODUCTION 

Avoiding contamination in the fluid distribution systems is very important and 

often challenging in semiconductor manufacturing as well as in other industries using ultra-

pure fluids.21, 22 Back diffusion of impurities refers to the transport of contaminants against 

the convective flow of a fluid in the distribution and supply lines; it can occur in the bulk 

fluid phase as well as along the pipe surfaces as long as there is a concentration gradient as 

the driving force. The typical sources of impurities causing back diffusion are openings to 

vents, secondary lines branching from the main line, dead spaces in the lines, and 

connections to process tools. Contamination of bulk gases due to the back diffusion of 

impurities, such as moisture, is often a major issue in semiconductor fabrication facilities, 

resulting in operation down time and need for lengthy purging of supply lines using large 

quantities of expensive ultra-pure gases.  Contamination due to back diffusion is also an 

issue inside process tools.  For example, back-diffusion in high-temperature furnaces and 

process tools has been reported in previous studies.23, 24 

In most gas supply lines, leaks are typically in the direction of convective fluid flow 

from inside the system to outside. Therefore, the migration of species from outside into the 

system is usually overlooked. Fickian diffusion relates the diffusive flux of a species to the 

concentration gradient of that species.25 Consequently, one should not assume that in 

pressurized systems leaks are always from inside to outside; in fact, back diffusion will 

occur in pressurized systems thus bringing impurities from outside into the pressurized 
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lines. For instance, in systems that transport ultra-pure fluids and where impurity tolerance 

is in trace levels (low or sub parts per billion), back diffusion of impurities, such as 

moisture, into the supply lines is a significant factor and a challenging issue.    

 This chapter focuses on studying the mechanism of back diffusion and 

identification of the effective operational and design strategies to control its occurrence in 

the gas distribution systems. In particular, the objective is to develop and validate a process 

simulator that can be used by process engineers during the design of the new gas 

distribution networks as well as in the operation of the existing ones to prevent, or at least 

to minimize, the detrimental effects of back diffusion. 

2.2. EXPERIMENTAL METHOD 

In this work, one method of approach for the study of back diffusion has been the 

development and application of a unique experimental test bed.  In these experiments, UHP 

nitrogen gas was used as the main process gas and moisture as the model contaminant.  

Moisture was chosen as the test case impurity because it is a common contaminant and is 

difficult to remove.23, 26, 27, 28  
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Figure 2.1: System diagram of the experimental setup 

As shown in Figure 1, the experimental setup includes a multistage gas purification 

system that takes gas-phase moisture concentrations below 0.2 ppb, a moisture generation 

and gas mixing section, a sample of delivery system to be tested, and a set of trace 

contaminant analyzers with detection ranges from 10 ppt to 5 ppm. The experimental setup 

allowed for the testing of a wide variety of branching geometries, restrictive flow orifice 

(RFO) sizes used on vents, system flow rates, and system pressures. The setup was 

designed to allow adjustment and control of the back diffusion source. The dead volumes 

in all parts of the system were minimized by maintaining a continuous flow through the 

entire setup during experiments. All lines were 316L electro-polished stainless-steel 

(EPSS) tubing with a 0.003175 m (1/8 in) O.D. and were kept at 20±1°C. 

Three groups of experiments were performed to test the effect of operational 

parameters on back diffusion. The first group of experiments involved varying main supply 

line flow rate and/or system pressure. The second group involved testing the effect of 
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lateral length or separation distance between the source of contamination and the main 

supply line.  A restrictive-flow-orifice (RFO) of fixed size attached to the vented end of 

the lateral, was used in the first and second groups of experiments. The third group of 

experiments involved installing RFOs of differing sizes onto the end of a vented lateral of 

fixed length. 

 For the first and third groups of experiments, an additional section of pipe 0.6069 

m (24 in) in length and 0.0127 m (1/2 in) O.D. was threaded onto the 0.0762 m (3 in) long 

0.0127 m (1/2 in) O.D. lateral that was already welded to the main.  For the second group 

of experiments, the lateral length was varied from 0.0762 m (3 in) to 1.2954 m (51 in) by 

adding or removing 0.6069 m (24 in) long and 0.0127 m (1/2 in) O.D. sections of pipe. The 

third group of experiments involved attaching 0.0127 m (1/2 in) RFOs of differing aperture 

sizes to a 0.6858 m (27 in) long and 0.0127 m (1/2 in) O.D. lateral attached midway along 

the main supply line. 

 In order to achieve a very low base line for moisture concentration, the system was 

purged extensively until a purge gas moisture level was achieved before initiating each 

experiment. Afterwards, the lateral was allowed to vent to atmosphere and the Cavity-

Ring-Down-Spectrometer (CRDS) collected real time data on the moisture concentration 

of the gas exiting the experimental test bed. The CRDS lower detection limit, 200 ppt, was 

satisfactory for measuring back streaming under typical UHP gas system operating 

conditions. 

2.3. PROCESS MODEL 

A comprehensive process simulator was developed and used for data analysis and 

parametric studies. The predictive abilities of the process simulator were used to 
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determine operational and design parameters for meeting target impurity concentrations 

while minimizing the purge gas usage. The transient formulation of the back diffusion 

simulator consists of Navier-Stokes, continuity, gas-phase impurity balance, and surface-

phase (adsorbed) impurity balance equations, as shown by the following Equations 2.1-

2.4; the subscript i represents each section (zone) in the system.25   

𝜌𝑖 (
𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑖 ∙ ∇𝑢𝑖) = −∇𝑃𝑖 

(2.1) 

 

𝜕𝜌𝑖

𝜕𝑡
+ ∇ ∙ (𝜌𝑖𝑢𝑖) = 0 

(2.2) 

 

𝜕𝐶𝑖

𝜕𝑡
= −∇ ∙ (𝑢𝑖𝐶𝑖) + ∇ ∙ (𝐷𝑖∇𝐶𝑖) +

4

𝑑𝑖

[𝑘𝑑𝐶𝑠𝑖 − 𝑘𝑎𝐶𝑖(𝑆0 − 𝐶𝑠𝑖)] 
(2.3) 

 

𝜕𝐶𝑠𝑖

𝜕𝑡
= ∇ ∙ (𝐷𝑠∇𝐶𝑠𝑖) + 𝑘𝑎𝐶𝑖(𝑆0 − 𝐶𝑠𝑖) − 𝑘𝑑𝐶𝑠𝑖 

(2.4) 

The gas-phase impurity balance, Equation 2.3, includes accumulation, convective, 

dispersive, and adsorption/desorption reaction terms, respectively. The surface-phase 

mass balance, Equation 2.4, includes an accumulation, surface diffusion, and 

adsorption/desorption reaction terms, respectively. Variables/parameters in Equations 2.1 

through 2.4 are defined as follows; 𝑡 is time, 𝐶𝑖 is the gas phase moisture concentration in 

zone 𝑖,  𝐶𝑠𝑖 is the surface phase moisture concentration, 𝑆0 is the number of moisture 

adsorption sites per unit area of delivery system surface, 𝑉𝑖 is the bulk fluid velocity, 𝐷𝑖 is 

the diffusion coefficient, 𝑑𝑖 is the diameter of zone 𝑖, 𝑘𝑎 is the adsorption reaction rate 

constant, 𝑘𝑑 is the desorption reaction rate constant, 𝑃𝑖 is system pressure, 𝜌𝑖 is the 
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density of the process gas. The reaction terms in Equations 2.3 and 2.4 both follow a 

Langmuir adsorption/desorption model applicable for surface concentrations up to a 

mono-layer.11, 29  

While the transient model can provide insight into system bottlenecks and response 

times, the results presented here focus on the steady-state conditions.  Steady-state is the 

condition of interest in most practical applications and typical operations.  Besides, the 

steady-state solutions to the above equations involve fewer fitting parameters and present 

an efficient method for finding the model parameters. These parameters can then be used 

in predictive parametric studies as well as in detailed transient analyses, if needed. 

 

Figure 2.2: A sketch of a 1-dimensional modeling approach to simply solving a 

system of governing equations 

As illustrated in Figure 2.2a, the system being modeled consists of a lateral 

connected to a relatively large header. Figure 2.2b, a skewed version of Figure 2.2a, is a 

one dimensional approach to the same problem thus simplifying the model formulation and 

the method of solving the system of equations.  In this model, UHP gas enters the main 

header at a volumetric flow rate of 𝑄1;  the bulk gas exits the main header and the lateral 

with volumetric flow rates of 𝑄3 and 𝑄2, respectively. The gas exiting the lateral, 𝑄2, passes 

through a RFO and enters the zone that contains the back-diffusing contaminant. 
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 The moisture material balance across a control volume for a given zone, i, is equal 

to a reaction term (adsorption and desorption) plus the sum of convective, dispersive, and 

surface diffusive fluxes (denoted by 𝐽𝑖
𝑐, 𝐽𝑖, and  𝐽𝑖

𝑠 and given by Equations 2.5, 2.6, and 2.7, 

respectively) multiplied by an appropriate characteristic length or area.  The surface 

diffusive flux, 𝐽𝑖
𝑠, is in units of mass flow rate per unit length; thus, 𝐽𝑖

𝑠 must be multiplied 

by the circumference of zone i.  All of the other fluxes are in the gas phase and are in units 

of mass flow rate per unit area; therefore, they are multiplied by the cross-sectional area of 

zone i, 𝐴𝑖. The resulting steady state mass balance equation is given by Equation 2.8: 

𝐽𝑖
𝑐 = 𝑈𝑖𝐶𝑖 (2.5) 

 

𝐽𝑖 = −𝐷𝑖

𝑑𝐶𝑖

𝑑𝑥
 

(2.6) 

 

𝐽𝑖
𝑠 = −𝐷𝑠

𝑑𝐶𝑠𝑖

𝑑𝑥
 

(2.7) 

where, 𝐷𝑠 is the surface diffusivity of moisture on surfaces. A mass balance was performed 

around a control volume as indicated by Figure 2.3 and Equation 2.9. 

 

Figure 2.3: Pictorial representation of a mass balance around a control volume 
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𝜋𝑟𝑖
2𝐽𝑖

𝑐|𝑥=𝑥 + 𝜋𝑟𝑖
2𝐽𝑖|𝑥=𝑥 + 2𝜋𝑟𝑖𝐽𝑖

𝑠|𝑥=𝑥

= 𝜋𝑟𝑖
2𝐽𝑖

𝑐|𝑥=𝑥+∆𝑥 + 𝜋𝑟𝑖
2𝐽𝑖|𝑥=𝑥+∆𝑥 + 2𝜋𝑟𝑖𝐽𝑖

𝑠|𝑥=𝑥+∆𝑥 

(2.8) 

Equations 2.5 through 2.7 were substituted into Equations 2.8 to generate Equation 2.9. 

𝜋𝑟𝑖
2𝑈𝑖𝐶𝑖|𝑥=𝑥 − 𝜋𝑟𝑖

2𝐷𝑖

𝑑𝐶𝑖

𝑑𝑥
|𝑥=𝑥 − 2𝜋𝑟𝑖𝐷𝑠

𝑑𝐶𝑠𝑖

𝑑𝑥
|𝑥=𝑥

= 𝜋𝑟𝑖
2𝑈𝑖𝐶𝑖|𝑥=𝑥+∆𝑥 − 𝜋𝑟𝑖

2𝐷𝑖

𝑑𝐶𝑖

𝑑𝑥
|𝑥=𝑥+∆𝑥 − 2𝜋𝑟𝑖𝐷𝑠

𝑑𝐶𝑠𝑖

𝑑𝑥
|𝑥=𝑥+∆𝑥 

(2.9) 

The adsorption and desorption steps are considered to be fast relative to mass transport, 

thus allowing a Henry’s equilibrium relationship between 𝐶𝑖 and 𝐶𝑠𝑖 as shown in Equations 

2.10 and 2.11: 

𝐶𝑠𝑖 = 𝐾𝑒𝑞𝐶𝑖 (2.10) 

 

𝐾𝑒𝑞 =
𝑘𝑎

𝑘𝑑
 

(2.11) 

where, 𝐾𝑒𝑞 is the adsorption/desorption equilibrium constant.30 Implementing Henry’s 

equilibrium constraint, the governing equation for zone i is simplified as shown by 

Equation 2.12: 

𝑈𝑖𝐶𝑖|𝑥=𝑥 − (𝐷𝑖 −
2𝜋𝑟𝑖

𝜋𝑟𝑖
2 𝐷𝑠𝐾𝑒𝑞)

𝑑𝐶𝑖

𝑑𝑥
|𝑥=𝑥

= 𝑈𝑖𝐶𝑖|𝑥=𝑥+∆𝑥 − (𝐷𝑖 −
2𝜋𝑟𝑖

𝜋𝑟𝑖
2 𝐷𝑠𝐾𝑒𝑞)

𝑑𝐶𝑖

𝑑𝑥
|𝑥=𝑥+∆𝑥 

(2.12) 

 

𝐷𝑒𝑖 = 𝐷𝑖 +
4

𝑑𝑖
𝐷𝑠𝐾𝑒𝑞 

(2.13) 
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where, 𝐷𝑒𝑖 is the total effective dispersion coefficient. Terms were arranged to utilize the 

definition of a derivative; Equation 2.15, to generate final form of the governing equation; 

Equation 2.16. 

𝑈3𝐶𝑔|𝑥=𝑥 − 𝐷𝑒

𝑑𝐶𝑔

𝑑𝑧
|𝑥=𝑥 = 𝑈3𝐶𝑔|𝑥=𝑥+∆𝑥 − 𝐷𝑒

𝑑𝐶𝑔

𝑑𝑧
|𝑥=𝑥+∆𝑥 

(2.14) 

 

0 = lim
∆𝑥→0

[−𝑈3

(𝐶𝑔|𝑥=𝑥+∆𝑥 − 𝐶𝑔|𝑥=𝑥)

∆𝑥
+ 𝐷𝑒

(
𝑑𝐶𝑔

𝑑𝑧
|𝑥=𝑥+∆𝑥 −

𝑑𝐶𝑔

𝑑𝑧
|𝑥=𝑥)

∆𝑥
] 

(2.15) 

 

0 = −𝑈𝑖

𝑑𝐶𝑖

𝑑𝑥
+ 𝐷𝑒𝑖

𝑑2𝐶𝑖

𝑑𝑥2
 

(2.16) 

There are published theoretical and experimental results that show dispersion 

coefficient, 𝐷𝑖, changes as a function of Reynolds number, 𝑅𝑒.30  For a given Schmidt 

number in the laminar flow regime, the dispersion coefficient is defined by the Aris-Taylor 

equation;  

𝑅𝑒𝑖 =
𝑈𝑖𝑑𝑖

𝜈
< 2100, 𝐷𝑖 = 𝐷𝑚 +

𝑈𝑖
2𝑑𝑖

2

192𝐷𝑚
 

(2.17) 

where, 𝐷𝑚 is the molecular diffusivity of moisture in the carrier gas and 𝜈 is the kinematic 

viscosity of the carrier gas. Figure 2.4 provides a correlation for the dispersion of fluids 

flowing in pipes. For the derivation of the Aris-Taylor dispersion coefficient, refer to 

Appendix C. 
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Figure 2.4: A correlation for the dispersion of fluids flowing in pipes.26 

A different correlation is used to determine the function of 𝐷𝑖 in the turbulent flow 

regime, 𝑅𝑒 > 2100.  In 1975, Wen and Fan published a correlation between 𝐷𝑖 and 𝑅𝑒.31 

Equation 2.18 was created by averaging the results generated from a dozen models; these 

model predictions can be seen in Figure 2.5. 

𝑅𝑒𝑖 =
𝑈𝑖𝑑𝑖

𝜈
> 2100, 𝐷𝑖 = 𝑈𝑖𝑑𝑖 (

3.0 × 107

𝑅𝑒𝑖
2.1 +

1.35

𝑅𝑒𝑖
1

8⁄
) 

(2.18) 
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Figure 2.5: A correlation of axial dispersion coefficient for flow of fluids through 

pipes for Reynolds numbers larger than 2000.27 

The steady state governing equation, Equation 2.16, is applicable in all three zones 

and unique solutions to each zone are found by applying well-defined boundary conditions. 

Equations 2.19 and 2.20 are the boundary conditions for zone 1. 

𝑥 = −𝐿1, 𝐶1 = 𝐶𝑖𝑛 (2.19) 

 

𝑥 = 0, 𝐴1𝑈1𝐶1 − 𝐴1𝐷𝑒1

𝑑𝐶1

𝑑𝑥

= 𝐴2𝑈2𝐶2 − 𝐴2𝐷𝑒2

𝑑𝐶2

𝑑𝑥
+ 𝐴3𝑈3𝐶3 − 𝐴3𝐷𝑒3

𝑑𝐶3

𝑑𝑥
 

(2.20) 

Equation 2.20 is a mass balance around the junction as seen by Figure 2.6.  
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Figure 2.6: The right hand side boundary condition for zone 1/inlet side was 

generated by performing a mass balance around the junction. 

Equation 2.20 was simplified by assuming excellent mixing resulting in continuity of 

composition at 𝑥 = 0. 

𝑥 = 0, 𝐶1 = 𝐶2 = 𝐶3 (2.21) 

Assuming that the gas mixture is comprised primarily of the bulk gas with constant density, 

the convective mass balance was simplified and is represented by Equation 2.22. 

𝑥 = 0, (𝐴1𝑈1 − 𝐴2𝑈2 − 𝐴3𝑈3) = 0 (2.22) 

Using Equations 2.21 and 2.22, Equation 2.20 was simplified to Equation 2.23. 

𝑥 = 0, 0 = 𝐴1𝐷𝑒1

𝑑𝐶1

𝑑𝑥
− 𝐴2𝐷𝑒2

𝑑𝐶2

𝑑𝑥
− 𝐴3𝐷𝑒3

𝑑𝐶3

𝑑𝑥
 

(2.23) 

Equations 2.24 and 2.25 are the boundary conditions for zone 2: 

𝑥 = 0, 𝐶2 = 𝐶1 (2.24) 

 

𝑥 = 𝐿2, 𝐴2  (−𝑈2𝐶2 + 𝐷𝑒2

𝑑𝐶2

𝑑𝑥
) = 𝑎(𝐶𝑠𝑜𝑢𝑟𝑐𝑒 − 𝐶2) 

(2.25) 
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𝑎 = 𝑎0

𝑃0

𝑃
 

(2.26) 

where, 𝐶𝑠𝑜𝑢𝑟𝑐𝑒 is the contaminant concentration at the source, 𝑎0 is the standard orifice 

mass transport coefficient [m3/s], 𝑃0 is the standard pressure at 101325 Pa, and 𝑎 is the 

orifice mass transport coefficient at system pressure [m3/s]. Equation 2.24 falls in line with 

the continuity of composition assumption made previously and Equation 2.25 was derived 

by performing a moisture mass balance across the RFO; see Figure 2.7.  

 

Figure 2.7: Reasoning behind orifice mass transport boundary condition 

Note that Equation 2.25 assumes that there is no dilution effect from UHP gas exiting the 

orifice and diluting 𝐶𝑠𝑜𝑢𝑟𝑐𝑒; this approximation is acceptable since 𝑎0 is a fitting parameter 

(dilution if any will be folded into 𝑎0). The boundary conditions for zone 3 are given by 

Equations 2.27 and 2.28: 

𝑥 = 0, 𝐶3 = 𝐶1 (2.27) 
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𝑥 = 𝐿3,
𝑑𝐶3

𝑑𝑥
= 0 

(2.28) 

where, Equations 2.27 and 2.28 follow continuity of composition and Dankwert’s 

condition, respectively. Solving the above equations simultaneously leads to the following 

equation which gives the moisture concentration at the point-of-use (POU). 

𝐶𝑃𝑂𝑈

= 𝐶𝑖𝑛 +

[
 
 
 𝑎𝐶𝑠𝑜𝑢𝑟𝑐𝑒 + (𝐴2𝑈2 − 𝑎)𝐶𝑖𝑛

𝐴1𝑈1

𝐴2𝑈2
[𝐴2𝑈2 + 𝑎 (𝑒

𝑈2
𝐷𝑒2

𝐿2 − 1)] − (𝐴2𝑈2 − 𝑎) (1 − 𝑒
−

𝑈1
𝐷𝑒1

𝐿1)]
 
 
 
(1

− 𝑒
−

𝑈1
𝐷𝑒1

𝐿1) 

(2.29) 

For more complex geometries and transient studies, numerical methods for solving 

large coupled systems of equations needs to be implemented.  Equation 2.29 uses the 

system fluid mechanic properties that were directly measured or, as in the case parametric 

studies, were obtained by solving the Navier-Stokes and continuity equations using 

COMSOL Multi-physics software. An example of how COMSOL was used to perform the 

fluid dynamic simulation can be seen in Appendix D. 

2.4. RESULTS AND DISCUSSION 

Verifying the model required that fitting parameters 𝐷𝑠𝐾𝑒𝑞 and 𝑎0 be found. 𝐷𝑠𝐾𝑒𝑞 

and/or 𝑎0 are functions of system temperature, pipe surface material, carrier gas, pipe 

roughness, adsorption/desorption species, and size/type of restrictive flow device (if an 

orifice is used).  All experimental and modeling studies presented were performed at a 

temperature of 210C.  The predicted moisture concentration at POU was set equal to the 
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measured moisture concentration reading on the CRDS moisture analyzer while varying 

system parameters that would not affect 𝐷𝑠𝐾𝑒𝑞 and 𝑎0.  The minor changes in 𝐷𝑠𝐾𝑒𝑞 and 

𝑎0 are shown in Figure 2.8. 

 

Figure 2.8: A distribution of DsKeq and a0 for multiple experiments 

While Figure 2.9 shows that the model predictions are in good agreement with the 

experimental results; properly characterizing fundamental interactions and basic operating 

conditions is absolutely necessary for the model to have good predictive capabilities. 
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Figure 2.9: A comparison of model prediction to experimental results 

The validated model is used to scan the large number of system parameters and 

operating conditions that affect back diffusion. For example, Figure 2.10 demonstrates how 

lateral length or separation distance affects impurity back diffusion into the main supply 

line.  For each case tested, less moisture is found in the main supply line and at POU when 

the distance between the source of moisture and the main supply line is increased. 
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Figure 2.10: Parametric study on lateral length/separation distance and its effect on 

back diffusion for a variety of operating conditions 

Although the trend is expected and obvious, the process simulator is necessary for 

eliminating guess work and determining the minimum separation distance between a tool, 

vent, or any potential source of contaminant and the main supply line.  This will protect 

the main supply line from back diffusing contaminants and eliminates wasting of valuable 

space and material resulting from an overkill approach and use of unnecessarily large 

factors of safety.  

Another example, seen in Figure 2.11, shows the effect of varying lateral diameter 

in a system that uses a 100 micron RFO at the lateral outlet. Changes in lateral diameter 

has a negligible effect on the mass transport of moisture and the fluid dynamics of this 
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system. The lack of variation in  𝐶𝑃𝑂𝑈 and 𝑄2 indicates that RFO is a fluid dynamic and 

mass transport bottleneck.  

 

Figure 2.11: Parametric study on lateral diameter and its effect on lateral flow rate 

and the extent of contamination at the POU 

During experiment and modeling studies, the bottleneck effect of the RFO 

continued to appear thus making it obvious that the RFO and its impact should be 

thoroughly characterized. Orifice fluid dynamic and mass transport calibration curves, as 

seen in Figure 2.12, were generated experimentally for the purpose of RFO 

characterization.  
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Figure 2.12: Fluid dynamic (solid line) and mass transport (dotted line) orifice 

calibration curves 

The fluid dynamic calibration curve was generated by performing experiments that 

measured 𝑄2 for a given pressure drop at a constant orifice size. For a given orifice size, 

𝑄2 is linearly proportional to pressure drop, with 𝐾 being the proportionality constant. This 

result agrees well with simplifications made of complex flow characteristics through an 

orifice or other flow restrictors thus justifying adding orifice calibration curves to the 

comprehensive process model.32 The model’s orifice mass transport calibration curve was 

generated by solving for an 𝑎0, at given orifice diameter, that satisfies an overall system 

mass balance. Using both calibration curves in conjunction with the process simulator, 

parametric studies on orifice diameter,  𝑑𝑜𝑟𝑖, were performed. All subsequent studies were 

performed at a constant pressure of 639114.2 Pa (92.7 psia). 
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Figure 2.13: Parametric study on orifice aperture diameter and its effect on 

impurity concentration at POU 

Figure 2.13 shows the consequence of changing  𝑑𝑜𝑟𝑖 on the extent of moisture back 

diffusion into the main supply line. Firstly, for a given orifice diameter, flow rate in the 

main supply line plays a large role in diluting the contaminants entering from the lateral.  

The figure also indicates that there is no back diffusion of moisture, meaning  𝐶𝑃𝑂𝑈=0.2 

ppb, into the main if the lateral is completely isolated from the source of contamination.  

Isolation could mean that the lateral is capped. However, capping or isolating a 

lateral/branch from the source of contamination may not always be an option since the 

source of contamination may be a process tool or a point in which different gases are 

brought together and mixed before being sent elsewhere. Even if the lateral(s) in question 
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are not currently being used, it is common to vent them to prevent the formation of dead 

volumes which tend to trap and concentrate contaminants. Assuming that flow through the 

lateral is required, Figure 2.14 indicates there is a region to the right of the peak in which 

back diffusion is completely stopped. 

 

Figure 2.14: A close inspection of the mechanism involved in back diffusion and the 

identification of critical points 

Figure 2.14 clarifies the mechanisms at work when varying 𝑑𝑜𝑟𝑖. In this particular 

study, when  𝑑𝑜𝑟𝑖 is greater than zero but less than 590 microns, dispersion is the dominant 

transport mechanism thus causing  𝐶𝑃𝑂𝑈 to be greater than the baseline of 0.2 ppb. 

However, there is a critical point at which the competing dispersive and convective fluxes 

are equal thus resulting in a zero net flux of moisture into the main supply line. Operating 

to the left of this critical point results in contamination of the main supply line and operating 
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to the right of this critical point results in no contamination.  Yet, operating far right of the 

critical point has no added benefit compared to operating near the critical point; in case of 

a vent, it will only result in wasting of valuable process gas. 

In order to press the importance of using the process simulator rather than crude 

estimations, the following example should makes things clear. Figure 2.15 combines lateral 

flow/orifice diameter and lateral length parametric studies in order to see the compounded 

effect on back diffusion. As mentioned previously, increasing the separation distance 

between the source of contamination and the main header reduces the impurity 

concentration at POU. However, the added benefit of increasing separation distance is the 

reduction of process gas flow required to meet purity requirements. 

For example, at a system pressure of 95 psig and a main header flow rate of 6 liter 

per minute, increasing the separation distance from 0.69 m to 2.40 m would require 600% 

less process gas to achieve a POU purity requirement of 0.2 ppb. Figure 2.15 is a very 

useful graph for designing a vented lateral; vented because dead volumes need to be 

avoided. 
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Figure 2.15: Application of the process simulator to determine process gas savings 

as a result of increasing lateral length/separation distance 

 Graphs start getting complicated when process optimization begins to include many 

adjustable parameters; for example, separation distance, pipe diameter, orifice size/lateral 

flow rate, main flow rate, system pressure, etc. Grouping operational and design parameters 

into dimensionless groups has many advantages: It aids in generating generalized graphs 

applicable to performing parametric studies and scaling up in design without having to 

work with a large number of correlations for each case and each process variable. They 

also reveal the bottlenecks of the process and how to overcome it in design.  

For example, Figure 2.16 illustrates how a key dimensionless group, called Peclet 

Number, can be used to identify design and operational parameters needed to achieve a 
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zero net flux of moisture into the main supply line.  Consider a case where a process tool, 

needing to be fed 5 liters per minute of process gas, needs to be connected to a main supply 

line via a 0.0127 m (1/2 in) O.D. connection line. Knowing the thermodynamic properties 

of the gases in the supply line and inside the tool, an orifice fluid dynamic calibration curve 

can be generated that identifies the  𝑑𝑜𝑟𝑖 needed to ensure 𝑄2 is equal to the 5 liter per 

minute requirement of the process tool. After the orifice calibration and characterizing the 

fundamental interactions between contaminant A, the bulk gas, and the distribution system 

surfaces, 𝐷𝑠, 𝐾𝑒𝑞, 𝐷𝑚, 𝐷𝑒2, and 𝑈2 can be determined. Then by using the process simulator 

to generate a graph similar to Figure 2.16, a Peclet Number is determined that corresponds 

to a zero net flux of moisture into the main supply line. Using this critical Peclet Number, 

the parameters such as the safe separation distance between the process tool and the main 

supply line can be determined.  Using this systematic approach eliminates the need for any 

guess work and risk of contamination due to insufficient fluid flow. 
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Figure 2.16: A parametric study on Peclet Number and how it was used to identify 

operational and design parameters 

2.5. CONCLUSIONS 

A combination of experimental and process modeling was used to study the 

mechanism of back diffusion in ultra-pure gas distribution systems. The experimental test 

bed provided an adjustable and controllable source of impurity back diffusion.  The process 

model included convection, bulk gas diffusion, surface diffusion, and various modes of 

dispersion.  The process model was applicable in both the laminar and turbulent flow 

regimes and was in good agreement with experiments. Parametric studies revealed that 

contamination due to the back diffusion of impurities into fluidic distribution systems was 

a strong function of orifice diameter, system dimensions, and main flow rate. A key 

dimensionless group, Peclet Number, was identified and used as the key indicator of the 

role of convection relative to the other modes of impurity transport.  The results showed 

that the process simulator could be a valuable tool for reducing the contamination in UHP 
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gas distribution networks; it can be used both for the proper design of a new gas distribution 

network as well as for the efficient operation of an existing system. 
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CHAPTER 3 

APPLICATION OF PRESSURE-CYCLE PURGE (PCP) IN DRY-DOWN OF ULTRA-

HIGH-PURITY GAS DISTRIBUTION SYSTEMS 

3.1. INTRODUCTION 

Ultra-high-purity (UHP) gas distribution systems that are used to deliver process 

gases from point-of-storage (POS) to point-of-use (POU) has historically been a challenge 

in semiconductor manufacturing.21,22,33,34 New technologies with shrinking geometries and 

with increased sensitivities to defects and trace contaminants, particularly moisture, make 

the problem increasingly more difficult. The cost and competition-driven need to shorten 

new facility qualification schedules is in direct conflict with the basic physics and time 

dependency of moisture elimination from new piping and distribution system components 

due to the fact that moisture molecules chemisorb dissociatively on most surfaces of the 

gas delivery components such as pipes, valves, regulators and flow controllers, producing 

a tightly bound layer with a high activation energy of desorption.23,26,27,28 Upset events such 

as a contaminated delivery or catastrophic failure of a purifier can shut down a 

manufacturing line for weeks while the distribution system is decontaminated and dried 

down; this may result in tens of millions of dollars in lost revenue per day. Conventionally, 

steady-state purge (SSP) is performed in the decontamination process by maintaining a 

steady pressure and flow of gas through the system to drive out the contaminants. Lowering 

the purge time and reducing the usage of ultra-pure gas and energy during the dry-down 

and cleanup process save cost and reduce revenue loss; they also help in achieving a 

greener semiconductor manufacturing.35,36  
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These challenges underscore the need for thorough characterization of the physics 

and chemistry involved in system dry-down, as well as designing the most effective 

methods of accelerating the dry-down process in a high-volume-manufacturing 

environment. There have been extensive studies on the interaction mechanisms between 

moisture molecules and gas delivery components and the methods of cleaning moisture 

contaminated UHP gas distribution systems. However, these studies have typically focused 

on purging the system under SSP conditions.37,38,39,40,41 

The present study systematically explored the characteristics and performances of 

pressure-cycle purge (PCP) in removing moisture from contaminated UHP systems with 

lateral dead volumes. The PCP process has some fundamental similarities with the pressure 

swing adsorption (PSA) and temperature swing adsorption (TSA) processes that are widely 

used for gas separation and purification.41,42 Figure 3.1 indicates that there is a pressure 

dependence of amount of impurity adsorbed on surfaces. This implies that decreasing the 

system pressure will cause adsorbed/difficult-to-remove contaminants to desorb into the 

gas phase. Moreover, changing temperature affects the adsorbed concentration; for 

example, increasing temperature decreases the adsorbed species concentrations.43 



P a g e  | 69 

 

 

Figure 3.1: A graph showing the pressure and temperature dependence of 

equilibrium surface concentrations43 

Figure 3.2 suggests that the time duration of temperature and pressure changes used 

to induce desorption should not be arbitrary since differing impurities have different 

adsorption/desorption characteristics.43 

 

Figure 3.2: Adsorption velocity curves43 
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In a typical PSA or TSA process, cyclic adsorption and desorption processes are 

implemented. First, the preferentially adsorbed species are extracted from the feed mixture 

gases and adsorbed on the adsorbent during the adsorption process at high system pressure 

or low temperature; then, in a following step, the strongly adsorbed species are desorbed 

from the adsorbent when the system depressurizes or is heated. Similar to a PSA process, 

a PCP process consists of cycles of depressurization and re-pressurization; these cycles are 

continued until the contaminant concentration at the POU (outlet of UHP gas distribution 

system) is reduced down to a pre-determined acceptable level. However, unlike in a PSA 

process, during the re-pressurization in a PCP process, contaminants are continuously 

removed from the contaminated system by the clean purge gas.  

The potential application of PCP process to drying down moisture contaminated 

UHP gas distribution systems was also indicated by some preliminary reports from 

industry. One example is the results shown in Figure 3.3, which compares the traditional 

SSP process with a PCP process for removing oxygen from a bulk gas delivery system.  

 

Figure 3.3: Accelerating the reduction of oxygen in Argon delivery system by PCP 

processes 
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After having the system purged by a PCP process with 10 cycles (total of 10 hours), 

the purge process was resumed to SSP for another 6 hours. The oxygen reading at the 

system outlet at the end of the above PCP-SSP process was 5 ppb less than the projected 

oxygen concentration with the continuous SSP process.  Typically the reduction in 5 ppb 

of contaminants within the low-ppb range requires a large amount of time and purge gas 

by SSP process. A few past studies have also reported the use of the PCP process for 

cleaning vessels, chambers and closed-end side-branches in natural gas facilities.44,45 

However, there has been no systematic analysis of applying the PCP process to cleaning a 

continuously flowing system as a method of enhancing the removal of contaminants.  

The principal objective of this work is to understand the fundamental mechanisms 

of the PCP process in systems with lateral dead volumes and develop modeling methods 

that would allow a process simulator to be used as a dry-down optimization tool for a wide 

variety of gas distribution systems and their unique system requirements. This principal 

objective will allow for the minimization of purge time and purge gas usage during dry-

down of UHP gas distribution systems. 

3.2. EXPERIMENTAL METHOD 

The experimental set-up was comprised of the following: a multistage nitrogen 

purification system, a moisture generation and gas mixing section, gas delivery piping 

used in our test bed, and moisture analyzers.  Figures 3.4 and 3.5 represents experimental 

step-ups for SSP and PCP without and with laterals; respectively. The nitrogen gas was 

supplied from cryogenic tanks and was transported through electro-polished stainless 

steel (EPSS) piping.  The nitrogen gas was purified through two stages of hot-metal 

getter purifiers and then purified even further with a local purifier just upstream of our 
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experimental setup.  The purification system provided UHP nitrogen gas with moisture 

concentrations that were less than 0.2 ppb. 

 

Figure 3.4: First generation SSP and PCP experimental set-up without the use of 

laterals 

 

 

Figure 3.5: Second generation SSP and PCP experimental set-up with one capped 

lateral 
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Moisture used for challenging our test bed was generated from a moisture 

permeation tube that generated 95 nano-grams/minutes of moisture at 50 C (G.C. 

Industries). The gas mixing section delivered UHP nitrogen gas and challenge gas 

(moisture diluted with UHP nitrogen) to a mixing point and then delivered the well-

mixed gas to the test bed. All dead volumes in the transfer lines were minimized by 

continuously maintaining gas flow through all lines.   

All transfer lines and test bed piping were comprised of 316L EPSS. The gas 

delivery piping used in the test bed was comprised of: a 1.93 m (76 in) long main header 

without a lateral (Figure 3.4) and with an O.D. of 0.038 m (1.5 in), and a 1.27 m (50 in) 

long capped lateral with an O.D. of 0.0127 m (0.5 in) (Figure 3.5). A two-way valve was 

installed upstream of the test bed and was used to throttle the supply of gas to the test bed 

delivery system. On the downstream side of the delivery system, an orifice was installed 

at the outlet of the main header. 

During PCP scenarios, the two-way valve was used to control the supply of UHP 

(meaning dry) gas into the test bed gas delivery system.  The two-way valve was closed 

in order to initiate the depressurization of the delivery system.  The trapped gas from the 

delivery system would continuously be released through the orifice to the moisture 

analyzer.  The orifice was used as a flow restrictor to gradually drop the gas pressure in 

the test bed piping.  Once system pressure had reached a specified level, the two-way 

valve would be opened fully in order to allow the re-pressurization of the gas delivery 

system.  A 10 L mass flow controller was used to control the flow rate of UHP purge gas 

and when used in conjunction with the orifice, a steady-state pressure of 6.34 x 105 Pa 

(92 psig) was achieved.  In a typical experiment, pressure swings between 6.34 x 105 Pa 
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(92 psig) and 2.21 x 105 Pa (32 psi).  Depressurization took roughly 3 minutes and re-

pressurization took roughly 1 minute.   

A cavity ring down spectrometer (CRDS) from Tiger Optics was used to measure 

gas phase moisture concentration at the outlet of the test bed delivery system.  The CRDS 

had a moisture detection range between 200 ppt-5000 ppb with a sensitivity of 100 ppt. 

The experimental procedure consisted of two stages: challenge (introduction of moisture 

to the delivery system) and purge (the introduction of UHP gas to the delivery system).  

Before any experimental run was performed, the system was purged with UHP gas until a 

moisture baseline was achieved.  Once a baseline has been established, moisture of 

known concentration will be challenged to the system until a steady state moisture 

concentration is achieved.  After challenging was completed, a variety of purge scenarios 

were performed.  These scenarios consisted of SSP, PCP, or a hybrid of SSP and PCP. 

 

3.3. PROCESS MODEL 

A process model is essential to predicting the purge performance of SSP and PCP 

processes with industrial-scale systems. In simulating the SSP process, the system pressure 

and gas flow rate are assumed to be constant during the purge process and along the test 

section, while in a PCP process both pressure and gas flow change with time and location. 

3.3.1. COMPREHENSIVE TRANSIENT MODEL WITHOUT LATERALS 

Section 3.3.1 represents our first attempt at creating a process model for comparison 

and predicts of the SSP and PCP processes. As shown in Figure 3.6, the system that is 

being modeled consists of a straight pipe with a two-way valve at the pipe inlet and an 

orifice at the pipe outlet. As soon as the upstream valve is closed, the depressurization step 
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initiates and continues until the system pressure reaches a set lower pressure setting value, 

then the upstream valve is opened to re-pressurize the system with the dry purge gas to the 

upper pressure setting. This depressurization and re-pressurization cycle is repeated until 

the moisture concentration at the pipe outlet reaches a desired level at the original system 

pressure. 

 

Figure 3.6: Schematic of the purge process in a pipe with no laterals 

 In order to predict the change in moisture concentration in the gas phase, 𝐶, it is 

necessary to find out how the system pressure and gas velocity respond when the system 

depressurizes or re-pressurizes. The temporal profiles of pressure and velocity and the 

distribution of them along the pipe in a transient process basically can be depicted by the 

simultaneous solution of the continuity, Equation 3.1, and the momentum balance, 

Equation 3.4. Neglecting the viscosity term in gas flow and assuming that gas is ideal and 

flow is uniform in a radial direction, the two governing equations are as follows: 

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢) = 0 

(3.1) 

In addition to substituting the ideal gas law, the chain rule was applied to the continuity 

equation thus transforming the more familiar form, Equation 3.1, to a form more practical 

for comparing experiments, Equation 3.3. 
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1

𝑅𝑇

𝜕𝑃

𝜕𝑡
+

𝑈

𝑅𝑇

𝜕𝑃

𝜕𝑥
+

𝑃

𝑅𝑇

𝜕𝑈

𝜕𝑥
= 0 

(3.2) 

 

𝜕𝑃

𝜕𝑡
= −𝑈

𝜕𝑃

𝜕𝑥
− 𝑃

𝜕𝑈

𝜕𝑥
 

(3.3) 

Pressure is a more practical parameter than density when comparing process simulator 

results to experimental pressure cycling results. For this reason, Equation 3.4, the more 

familiar form of Navier-Stokes, was transformed into a more practical form, Equation 3.5: 

𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢 ∙ 𝛻𝑢) = −𝛻𝑃 

(3.4) 

 

𝜕𝑈

𝜕𝑡
= −

𝑅𝑇

𝑃𝑀

𝜕𝑃

𝜕𝑥
− 𝑈

𝜕𝑈

𝜕𝑥
 

(3.5) 

where, 𝑃 is the gas pressure inside the pipe, 𝑡 is time, 𝑥 is the location along the pipe or 

distance from the pipe inlet, 𝑢 is the gas velocity vector in three dimensions, and 𝑈 is the 

x-component of the velocity vector, 𝑅 is the ideal gas constant, 𝑇 is gas temperature, and 

𝑀 is the molecular weight of the delivery process gas. 

 The initial and boundary conditions for the above two partial differential equations 

in a depressurization step are: 

 Initial conditions: 

𝑡 = 0, 𝑃 = 𝑃0 (3.6) 

 

𝑡 = 0, 𝑈 = 𝑘1𝑥 (3.7) 

where, 𝑃0 is the system pressure at steady-state before the upstream valve is closed. 

Equation 3.7 assumes the gas velocity is linearly proportional to 𝑥 during the 
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depressurization step once the upstream valve is shut off; this assumption is validated and 

confirmed later. Since at the pipe inlet, 𝑥 = 0, 𝑈 = 0; and at the pipe outlet, 𝑥 = 𝐿, 𝑈 =

𝑈0, which is the gas velocity at steady-state purge at 𝑃0, the proportional factor 𝑘1 equals 

to 𝑈0 𝐿⁄ . 

 Boundary conditions; 

𝑥 = 0, 𝑢 = 0 (3.8) 

 

𝑥 = 𝐿, ṁ = 𝑘2(𝑃 − 𝑃𝑜𝑢𝑡) (3.9) 

where, ṁ can be written as: 

ṁ =
𝑃𝑀

𝑅𝑇
𝑈𝐴𝑐 

(3.10) 

where, 𝐿 is the length of the pipe, ṁ is the mass flow rate through the orifice, 𝑃𝑜𝑢𝑡 is the 

pressure external to the orifice, 𝑘1 is a proportionality factor, 𝑘2, which depends on the 

geometry of the orifice or flow restrictor and the properties of the delivery gas, is the flow 

characteristic value of the orifice or flow restrictor, and 𝐴𝑐 is the cross-sectional area of the 

pipe. Equations 3.9 and 3.10 combined, represent the same validated assumption depicted 

as a solid line in Figure 2.12. 

 In the following re-pressurization step, the initial and boundary conditions are 

shown as: 

 Initial conditions: 

𝑡 = 𝑡0, 𝑃 = 𝑃(𝑡0, 𝑥) (3.11) 

 

𝑡 = 𝑡0, 𝑈 = 𝑈(𝑡0, 𝑥) (3.12) 

 Boundary conditions: 
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𝑥 = 0, ṁ′ = 𝑘3(𝑃𝑠𝑜𝑢𝑟𝑐𝑒 − 𝑃) + ṁ (3.13) 

 

𝑥 = 𝐿, ṁ = 𝑘2(𝑃 − 𝑃𝑜𝑢𝑡) (3.14) 

where, 𝑃(𝑡0, 𝑥) and 𝑈(𝑡0, 𝑥) are the values of gas pressure and velocity along the pipe at 

the end of the preceding depressurization step, 𝑡0 is the time duration up to but not 

including the re-pressurization step, ṁ′ is the mass flow rate of the supplying source via 

the upstream valve, 𝑘3, which depends on the valve characteristics (or any other fluid 

dynamic bottleneck in series with the valve) and the physical properties of the delivery gas, 

is the flow characteristic value of the upstream valve and other fluid dynamic bottlenecks 

in series with the valve, 𝑃𝑠𝑜𝑢𝑟𝑐𝑒 is the source pressure. 

 When the moisture concentration level is 150 ppb, the moisture coverage on an 

EPSS pipe wall is approximately 0.5 mono-layer.37 In most cases of system contamination, 

the moisture concentration remains well below 1 parts-per-million (ppm). Therefore, the 

Langmuir model for the rates of adsorption and desorption is applicable.29 Furthermore, it 

was assumed that the gas flow is laminar, so that the conservation equation of moisture in 

gas phase in a pressure transient process can be presented as: 

𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷

𝜕𝐶

𝜕𝑥
) −

𝜕

𝜕𝑥
(𝑈𝐶) +

4

𝑑
[𝑘𝑑𝐶𝑠 − 𝑘𝑎𝐶(𝑆0 − 𝐶𝑠)] 

(3.15) 

where, 𝐶 is the moisture concentration, mol/m3, in the gas phase, 𝐷 is the dispersion 

coefficient, 𝑑 is the inner diameter of the pipe, 𝑘𝑑 is the rate coefficient of moisture 

desorption from the pipe wall, 𝑘𝑎 is the rate coefficient of moisture adsorption on the pipe 

wall, and 𝐶𝑠 is the moisture concentration on the pipe wall. 

 The conservation equation for moisture surface concentration, 𝐶𝑠, is: 
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𝜕𝐶𝑠

𝜕𝑡
= 𝑘𝑎𝐶(𝑆0 − 𝐶𝑠) − 𝑘𝑑𝐶𝑠 

(3.16) 

where, 𝐶𝑠 is an implicit function of x, given by Equation 3.15. 

 Initial conditions in the depressurization step: 

𝑡 = 0, 𝐶 = 𝐶0 (3.17) 

 

𝑡 = 0, 𝐶𝑠 = 𝐶𝑠0 (3.18) 

where, 𝐶0 and 𝐶𝑠0 are the initial moisture concentrations in the gas phase and on the pipe 

wall, respectively. 

 Boundary conditions: 

𝑥 = 0,         − 𝐷
𝜕𝐶

𝜕𝑥
+ 𝑈𝐶 = 𝑈𝐶𝑝𝑢𝑟𝑔𝑒 𝑔𝑎𝑠 

(3.19) 

 

𝑥 = 𝐿,         
𝜕𝐶

𝜕𝑥
= 0 

(3.20) 

 Initial conditions for the re-pressurization step: 

𝑡 = 𝑡0, 𝐶 = 𝐶(𝑡0, 𝑥) (3.21) 

 

𝑡 = 𝑡0, 𝐶𝑠 = 𝐶𝑠(𝑡0, 𝑥) (3.22) 

 Boundary conditions: 

𝑥 = 0,         − 𝐷
𝜕𝐶

𝜕𝑥
+ 𝑈𝐶 = 𝑈𝐶𝑝𝑢𝑟𝑔𝑒 𝑔𝑎𝑠 

(3.23) 

 

𝑥 = 𝐿,         
𝜕𝐶

𝜕𝑥
= 0 

(3.24) 

where, 𝐶𝑝𝑢𝑟𝑔𝑒 𝑔𝑎𝑠 is moisture concentration of the dry purge gas. 



P a g e  | 80 

 

 A finite-element method was applied to solve the above coupled partial differential 

equations. According to the Aris-Taylor theory, 𝐷 in the laminar flow regime is given by: 

𝐷 = 𝐷𝑚 +
𝑈2𝑑2

192𝐷𝑚
 

(3.25) 

where, 𝐷𝑚 is the molecular diffusivity of moisture in the bulk delivery gas. 

 The three unknown parameters 𝑘𝑎, 𝑘𝑑, and 𝑆0 were estimated via data fitting to 

experimental results. 𝑘𝑎, 𝑘𝑑, and 𝑆0 are unique functions of temperature, delivery species, 

and pipe surface properties; these parameters are found using the experimental results done 

under SSP conditions. 

3.3.2. COMPREHENSIVE TRANSIENT MODEL WITH LATERALS 

The second iteration of the SSP/PCP transient model involved a major remake of 

the first iteration. The approach used in the second iteration was intended to make the 

model adaptable to a variety of UHP gas distribution system geometries; whereas the first 

iteration was not. The governing equations in iteration two are identical to those used in 

iteration one; however, this is about the only similarity. Remember, there are an infinite 

number of solutions to governing equations of PDE/ODE form; the boundary conditions 

are what determine singularly unique solutions. 

 UHP gas distribution systems can come in an infinite number of sizes and 

geometries, thus experimentally testing each possible configuration is unreasonable.  

Therefore, developing a flexible process model is highly advantageous. A modular 

approach was used to make the process simulator as flexible as possible.  Figure 3.7 is just 

one example of a basic multi-dimensional gas distribution system. 
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Figure 3.7: Multi-dimensional gas distribution system 

The multi-dimensional distribution system was broken up into sections or modules.  This 

modular approach allowed for the linearization of a multi-dimensional system as seen in 

Figure 3.8.  Linearization of complex gas distribution systems was made possible by 

coupling the modules together with connection nodes.  These nodes needed to meet two 

criteria; they must have allowed for the matching of pressure and concentration, and they 

must have allowed for the balancing of gas flow and fluxes. 

 

Figure 3.8: A linearized distribution system using a modular approach 

 As mentioned in the experimental section, data was collected from a gas 

distribution system with only one capped later. Therefore, for processes simulator 
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verification, the geometry modeled was the same as the experimental setup and can be seen 

in Figure 3.9. 

 

Figure 3.9: Multi-dimensional gas distribution system used in the second iteration of 

the process simulator 

Figure 3.10 shows how a modular approach was used to linearize the geometry.  Some 

dependent and independent variables used in the model development will have subscripts 

that refer to sections I, II, or III in Figures 3.9 and 3.10. 

 

Figure 3.10: Linearized version of a distribution system used in the second iteration 

of the process simulator 

In order to predict the change in moisture concentration in the gas phase, 𝐶, during 

PCP, it is necessary to determine how the system pressure and gas velocity change when 

the gas distribution system undergoes depressurization or re-pressurization.  The temporal 
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and spatial profiles of pressure and velocity can be determined by simultaneously solving 

the continuity and momentum balance equations.  The assumptions in Chapter 3.3.1 are 

the same; viscosity terms were neglected and it was assumed that the gas is ideal.  It was 

also assumed that the flow of gas is uniform in the radial direction.  After these assumptions 

were made, the two governing equations for pressure and velocity variation are as follows: 

𝜕𝑃𝑖

𝜕𝑡
= −𝑈𝑖

𝜕𝑃𝑖

𝜕𝑥
− 𝑃

𝜕𝑈𝑖

𝜕𝑥
 

(3.26) 

 

𝜕𝑈𝑖

𝜕𝑡
= −

𝑅𝑇

𝑃𝑖𝑀

𝜕𝑃𝑖

𝜕𝑥
− 𝑈𝑖

𝜕𝑈𝑖

𝜕𝑥
 

(3.27) 

where, 𝑃𝑖 and 𝑈𝑖 are the gas pressure and velocity in section 𝑖; respectively. As indicated 

by the notation, Equations 3.26 and 3.27 are applicable to all sections regardless of how 

many there are; in this case only three sections. 

 The initial conditions for governing equations 3.26 and 3.27 during steady-state 

purge (SSP) are: 

If initiating purge with SSP: 

𝑡 = 0,          𝑃1 =  𝑃2 =  𝑃3 =  𝑃0 (3.28) 

 

𝑡 = 0,         𝑈1 = 𝑈2 = 𝑈𝑜𝑢𝑡 (3.29) 

 

𝑡 = 0,         𝑈3 = 0 (3.30) 

If initiating SSP after PCP:  

Section 1: 

𝑡 = 𝑡0
𝑠𝑠 ,          𝑃1 =  𝑃1(𝑡0

𝑠𝑠, 𝑥) (3.31) 
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𝑡 = 𝑡0
𝑠𝑠 ,         𝑈1 =  𝑈1(𝑡0

𝑠𝑠, 𝑥) (3.32) 

Section 2: 

𝑡 = 𝑡0
𝑠𝑠 ,          𝑃2 =  𝑃2(𝑡0

𝑠𝑠 , 𝑥) (3.33) 

 

𝑡 = 𝑡0
𝑠𝑠 ,         𝑈2 =  𝑈2(𝑡0

𝑠𝑠 , 𝑥) (3.34) 

Section 3: 

𝑡 = 𝑡0
𝑠𝑠 ,          𝑃3 =  𝑃3(𝑡0

𝑠𝑠 , 𝑥) (3.35) 

 

𝑡 = 𝑡0
𝑠𝑠 ,         𝑈3 =  𝑈3(𝑡0

𝑠𝑠 , 𝑥) (3.36) 

where,  𝑃𝑖 =  𝑃𝑖(𝑡0
𝑠𝑠 , 𝑥) and 𝑈𝑖 =  𝑈𝑖(𝑡0

𝑠𝑠, 𝑥) are values of pressure and velocity stored in 

the solution matrix at 𝑡 = 𝑡0
𝑠𝑠 following a PCP cycle or other parametric study that differs 

for SSP. 

 The boundary conditions for SSP are as follows: 

Section 1: 

𝑥 = 0,          𝑃1 = 𝑃𝑜 (3.37) 

 

𝑥 =
𝐿

2
,         (𝐴𝑐,2𝑈2𝑃2) − (𝐴𝑐,1𝑈1𝑃1 + 𝐴𝑐,3𝑈3𝑃3) = 0 

(3.38) 

 Section 2: 

𝑥 = 𝐿,         𝑘2𝑃𝑜𝑢𝑡 − 𝑃2 ( 𝑘2 −
𝑀𝑈2𝐴𝑐,2

𝑅𝑇
) = 0 

(3.39) 
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𝑥 =
𝐿

2
,         𝑃2 = 𝑃1 

(3.40) 

 Section 3: 

𝑥′ = 𝐿′,         𝑃3 = 𝑃2 (3.41) 

 

𝑥′ = 0,          𝑈3 = 0 (3.42) 

where, 𝑘1 is an orifice flow characteristic coefficient, 𝑃𝑜𝑢𝑡 is the pressure at the outlet of 

the gas distribution system, 𝐴𝑐,𝑖 is the cross-sectional area of the pipe in section 𝑖, 𝑥′ is the 

axial coordinate in the lateral, and 𝐿′ is the length of the lateral. Note that 𝑥′ is not a new 

dimension or a dimension other than 𝑥; the prime symbol is to help differentiate the lateral 

section(s) from the main supply line.  

The finite-element numerical solver used to solve the system of equations treats 

each section/module as its own domain on an x-coordinate system. Solutions for each 

boundary, located at the connection node, are fed into a feedback loop every time step since 

each boundary at the node depends on the solutions of the other boundaries at the node. 

The 𝑘1 value for the orifice was determined through linear data regression; results to be 

seen in Chapter 3.4. Equations 3.38, 3.40, and 3.41 met the criteria required of connection 

nodes; the matching of pressure and the balancing of mass flow.  Equation 3.37 assumes 

that source gas pressure has equalized at the max steady-state pressure of 𝑃𝑜. Equation 3.37 

does not hold true if SSP is initiated after a depressurization step; in that case, a 𝑥 =

0,    𝑃𝐼 = 𝑃𝑠𝑜𝑢𝑟𝑐𝑒 condition would need to be used instead (see re-pressurization boundary 

conditions for an explanation of 𝑃𝑠𝑜𝑢𝑟𝑐𝑒). Equation 3.39 is a conservation equation around 

the orifice at the outlet of the gas distribution system. 
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 The initial conditions for governing equations 3.26 and 3.27 during 

depressurization steps are: 

 Section 1: 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,          𝑃𝐼 = 𝑃0 (3.43) 

 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,         𝑈1 =

𝑈𝑜𝑢𝑡

𝐿
𝑥, 0 < 𝑥 <

𝐿

2
 

(3.44) 

Section 2: 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,          𝑃2 = 𝑃0 (3.45) 

 

𝑡 = 𝑡0
𝑑𝑒𝑝 , 𝑈2 =

𝑈𝑜𝑢𝑡

𝐿
𝑥,

𝐿

2
< 𝑥 < 𝐿 

(3.46) 

 Section 3: 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,          𝑃3 = 𝑃0 (3.47) 

 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,         𝑈3 = 0  (3.48) 

where, 𝑡0
𝑑𝑒𝑝

 is the time that has passed prior to depressurization initiation, 𝑃0 is the system 

pressure at steady-state prior to the upstream valve being closed, and 𝑈𝑜𝑢𝑡 is the gas 

velocity at the system outlet during steady-state just prior to the closing of the upstream 

valve. Equations 3.43, 3.45, and 3.47 are valid only if system pressure just prior 𝑡 = 𝑡0
𝑑𝑒𝑝

 

has equalized to 𝑃0.  Equations 3.44 and 3.46 assume that the gas velocity in the main 

header linearly increases from 𝑈 = 0 at 𝑥 = 0 to a maximum velocity of 𝑈 = 𝑈𝑜𝑢𝑡 at 𝑥 =

𝐿. Equation 3.48 assumes that during steady state purge, the capped lateral acts as a dead 

volume. 
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 The boundary conditions for depressurization are as follows: 

 Section 1: 

𝑥 = 0,          𝑈1 = 0 (3.49) 

 

𝑥 =
𝐿

2
,          𝑃1 = 𝑃2 

(3.50) 

 Section 2: 

𝑥 = 𝐿,          𝑘2𝑃𝑜𝑢𝑡 − 𝑃2 ( 𝑘2 −
𝑀𝑈2𝐴𝑐,2

𝑅𝑇
) = 0 

(3.51) 

 

𝑥 =
𝐿

2
,         (𝐴𝑐,2𝑈2𝑃2) − (𝐴𝑐,1𝑈1𝑃1 + 𝐴𝑐,3𝑈3𝑃3) = 0 

(3.52) 

 Section 3: 

𝑥′ = 𝐿′,         𝑃3 = 𝑃2 (3.53) 

 

𝑥′ = 0,          𝑈3 = 0 (3.54) 

Equation 3.49 assumes that there is not any gas flow directly at the valve/system 

interface when the valve is closed for system depressurization; this is consistent with 

Equation 3.44. Equation 3.54 assumes that there is not any gas flow directly at the 

cap/system interface in the lateral. 

 After the gas distribution system had been depressurized, the inlet valve was opened 

and re-pressurization occurred. For this particular experimental setup, the inlet gas 

pressure, 𝑃𝑠𝑜𝑢𝑟𝑐𝑒, was observed to be a function of time until a steady-state pressure was 

achieved; for ease of simulation, a linear approximation of source pressure was determined 
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from observations during experiments and is represented by Equation 3.55. Justification of 

this linear approximation can be seen in Chapter 3.4. 

𝑃𝑠𝑜𝑢𝑟𝑐𝑒 = 3528.49 ∗ 𝑡𝑥 + 332299.723 (3.55) 

 

𝑡𝑥 = 𝑡 − 𝑡′ (3.56) 

Equation 3.55 is in units of Pascal and Equation 3.56 is the adjusted re-pressurization time 

equation; where, 𝑡𝑥 is the duration of re-pressurization, 𝑡 is the actual purge time, and 𝑡′ is 

the time the instant that re-pressurization begun.  If pressure is continuously cycled, 𝑡′ will 

have different values for each cycle. 

 The initial conditions for governing equations 3.26 and 3.27 during re-

pressurization steps are: 

 Section 1: 

𝑡 = 𝑡0
𝑟𝑒𝑝

,         𝑃1 = 𝑃1(𝑡0
𝑟𝑒𝑝

, 𝑥)  (3.57) 

 

𝑡 = 𝑡0
𝑟𝑒𝑝,         𝑈1 = 𝑈1(𝑡0

𝑟𝑒𝑝, 𝑥)  (3.58) 

 Section 2: 

𝑡 = 𝑡0
𝑟𝑒𝑝,         𝑃2 = 𝑃2(𝑡0

𝑟𝑒𝑝, 𝑥)  (3.59) 

 

𝑡 = 𝑡0
𝑟𝑒𝑝,         𝑈2 = 𝑈2(𝑡0

𝑟𝑒𝑝, 𝑥)  (3.60) 

 Section 3: 

𝑡 = 𝑡0
𝑟𝑒𝑝,         𝑃3 = 𝑃3(𝑡0

𝑟𝑒𝑝, 𝑥)  (3.61) 
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𝑡 = 𝑡0
𝑟𝑒𝑝

,         𝑈3 = 𝑈3(𝑡0
𝑟𝑒𝑝

, 𝑥)  (3.62) 

where, 𝑡0 is the time that has passed prior to the initiation of re-pressurization.  Each of the 

re-pressurization initial conditions state that the pressure and velocity in a given section at 

the start of re-pressurization is equal to the pressure and velocity at the end of 

depressurization. The values of 𝑃𝑖(𝑡0
𝑟𝑒𝑝, 𝑥) and 𝑈𝑖(𝑡0

𝑟𝑒𝑝, 𝑥) are stored in a solution matrix 

after depressurization has finished and are called into the initial conditions for the re-

pressurization step. 

 The boundary conditions for governing equations 3.26 and 3.27 during re-

pressurization steps are: 

 Section 1: 

𝑥 = 0,         𝑃1 = 𝑃𝑠𝑜𝑢𝑟𝑐𝑒 (3.63) 

 

𝑥 =
𝐿

2
,         (𝐴𝑐,2𝑈2𝑃2) − (𝐴𝑐,1𝑈1𝑃1 + 𝐴𝑐,3𝑈3𝑃3) = 0 

(3.64) 

 Section 2: 

𝑥 =
𝐿

2
,         𝑃2 = 𝑃1  

(3.65) 

 

𝑥 = 𝐿,         𝑘2𝑃𝑜𝑢𝑡 − 𝑃2 (𝑘2 −
𝑀𝑈2𝐴𝑐,2

𝑅𝑇
) = 0 

(3.66) 

 Section 3: 

𝑥′ = 𝐿′,         𝑃3 = 𝑃2 (3.67) 

 

𝑥′ = 0,         𝑈3 = 0  (3.68) 
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 As with the first iteration of the SSP/PCP process model, the Langmuir model for 

rates of adsorption and desorption is applicable and is coupled with convection, dispersion, 

and accumulation terms. The gas phase moisture and surface phase moisture conservation 

equation are as follows: 

𝜕𝐶𝑖

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷𝑖

𝜕𝐶𝑖

𝜕𝑥
) −

𝜕

𝜕𝑥
(𝑈𝑖𝐶𝑖) +

4

𝑑𝑖
[𝑘𝑑𝐶𝑠𝑖 − 𝑘𝑎𝐶𝑖(𝑆0 − 𝐶𝑠𝑖)] 

(3.69) 

 

𝜕𝐶𝑠𝑖

𝜕𝑡
= 𝑘𝑎𝐶𝑖(𝑆0 − 𝐶𝑠𝑖) − 𝑘𝑑𝐶𝑠𝑖 

(3.70) 

where, 𝐷𝑖 is the same Aris-Taylor dispersion coefficient defined by Equation 3.25 

applicable in zone 𝑖. The initial conditions for governing equations 3.69 and 3.70 during 

SSP are: 

If initiating purge with SSP: 

𝑡 = 0,         𝐶1 = 𝐶2 = 𝐶3 = 𝐶𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 (3.71) 

 

𝑡 = 0,         𝐶𝑠1 = 𝐶𝑠2 = 𝐶𝑠3 = 𝐶𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 (3.72) 

If initiating SSP after PCP: 

Section 1: 

𝑡 = 𝑡0
𝑠𝑠 ,          𝐶1 =  𝐶1(𝑡0

𝑠𝑠, 𝑥) (3.73) 

 

𝑡 = 𝑡0
𝑠𝑠 ,         𝐶𝑠1 =  𝐶𝑠1(𝑡0

𝑠𝑠, 𝑥) (3.74) 

Section 2: 

𝑡 = 𝑡0
𝑠𝑠 ,          𝐶2 = 𝐶2(𝑡0

𝑠𝑠 , 𝑥) (3.75) 
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𝑡 = 𝑡0
𝑠𝑠 ,         𝐶𝑠2 =  𝐶𝑠2(𝑡0

𝑠𝑠, 𝑥) (3.76) 

Section 3: 

𝑡 = 𝑡0
𝑠𝑠 ,          𝐶3 =  𝐶3(𝑡0

𝑠𝑠 , 𝑥) (3.77) 

 

𝑡 = 𝑡0
𝑠𝑠 ,         𝐶𝑠3 = 𝐶𝑠3(𝑡0

𝑠𝑠, 𝑥) (3.78) 

where, 𝐶𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 would be measured via the CRDS prior to the switch to purge and 

𝐶𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 would be calculated from 𝐶𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 using the following equilibrium 

condition: 

𝑘𝑎𝐶𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚(𝑆0 − 𝐶𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚) = 𝑘𝑑𝐶𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 (3.79) 

where, 𝐶𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 and 𝐶𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 are the equilibrium gas phase and surface phase 

moisture concentrations, respectively.  𝐶𝑖 =  𝐶𝑖(𝑡0
𝑠𝑠, 𝑥) and 𝐶𝑠𝑖 =  𝐶𝑠𝑖(𝑡0

𝑠𝑠, 𝑥) are values of 

gas phase and surface moisture concentrations storied in the solution matrix at 𝑡 = 𝑡0
𝑠𝑠 

following a PCP cycle or other parametric study that differs for SSP.  

 The boundary conditions for governing Equations 3.69 and 3.70 during SSP and all 

modes of PCP are the same; meaning, they do not differ with time unlike the fluid dynamic 

boundary conditions. The boundary conditions for SSP and PCP are: 

 Section 1: 

𝑥 = 0,         − 𝐷1

𝜕𝐶1

𝜕𝑥
+ 𝑈1𝐶1 = 𝑈1𝐶𝑝𝑢𝑟𝑔𝑒 𝑔𝑎𝑠 

(3.80) 

 

𝑥 =
𝐿

2
,         𝐶1 = 𝐶2  

(3.81) 

 Section 2: 
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𝑥 =
𝐿

2
,         (−𝐷1

𝜕𝐶1

𝜕𝑥
+ 𝐶1𝑈1)𝐴𝑐,1 + (−𝐷3

𝜕𝐶3

𝜕𝑥
+ 𝐶3𝑈3)𝐴𝑐,3

= (−𝐷2

𝜕𝐶2

𝜕𝑥
+ 𝐶2𝑈2)𝐴𝑐,2 

(3.82) 

 

𝑥 = 𝐿,         
𝜕𝐶2

𝜕𝑥
= 0 

(3.83) 

 Section 3: 

𝑥′ = 𝐿′,         𝐶3 = 𝐶2 (3.84) 

 

𝑥′ = 0,         − 𝐷3

𝜕𝐶3

𝜕𝑥
+ 𝐶3𝑈3 = 0 

(3.85) 

where, Equations 3.81, 3.82, and 3.84 meeting the connection nodes conditions of 

continuity in composition and balancing of mass. Equation 3.82, a mass balance, was 

generated as depicted in Figure 3.11. 

 

Figure 3.11: An example of a mass balance around the connection node 
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Equations 3.80, 3.83, 3.85 are flux balances at the cap of section 3, the outlet of section 2, 

and the inlet of section 1; where, 𝑈1𝐶𝑝𝑢𝑟𝑔𝑒 𝑔𝑎𝑠 is the convective flux of moisture introduced 

into section 1 from the purge gas since no purge gas is completely void of contaminants 

even with POU purification. 

 The initial conditions for PCP, depressurization and re-pressurization, differ from 

SSP unlike the boundary conditions, 3.80-3.8, mentioned above. The initial conditions for 

Equations 3.69 and 3.70 during depressurization are: 

Section 1: 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,          𝐶1 =  𝐶1(𝑡0

𝑑𝑒𝑝, 𝑥) (3.85) 

 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,         𝐶𝑠1 =  𝐶𝑠1(𝑡0

𝑑𝑒𝑝, 𝑥) (3.86) 

Section 2: 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,          𝐶2 = 𝐶2(𝑡0

𝑑𝑒𝑝, 𝑥) (3.87) 

 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,         𝐶𝑠2 =  𝐶𝑠2(𝑡0

𝑑𝑒𝑝, 𝑥) (3.88) 

Section 3: 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,          𝐶3 =  𝐶3(𝑡0

𝑑𝑒𝑝, 𝑥) (3.89) 

 

𝑡 = 𝑡0
𝑑𝑒𝑝 ,         𝐶𝑠3 = 𝐶𝑠3(𝑡0

𝑑𝑒𝑝, 𝑥) (3.90) 

More specific values other than  𝐶𝑖(𝑡0
𝑑𝑒𝑝, 𝑥) and  𝐶𝑠𝑖(𝑡0

𝑑𝑒𝑝, 𝑥) can be used if the system is 

in equilibrium prior to starting depressurization. For instance, the system was challenged 

with moisture until a steady state moisture concentration profile was achieved and then the 
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system was allowed to sit long enough until equilibrium was reached. In this scenario, 

 𝐶𝑖(𝑡0
𝑑𝑒𝑝 , 𝑥) and  𝐶𝑠𝑖(𝑡0

𝑑𝑒𝑝, 𝑥) would be equal to 𝐶𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 and 𝐶𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚. 

 Since re-pressurization follows a depressurization step, the initial conditions for re-

pressurization will not use equilibrium concentrations; therefore, the initial conditions for 

re-pressurization will be the stored values of concentration of the previous depressurization 

step. 

Initial conditions for Equations 3.67 and 3.70 during re-pressurization are: 

Section 1: 

𝑡 = 𝑡0
𝑟𝑒𝑝,          𝐶1 =  𝐶1(𝑡0

𝑟𝑒𝑝, 𝑥) (3.91) 

 

𝑡 = 𝑡0
𝑟𝑒𝑝,         𝐶𝑠1 =  𝐶𝑠1(𝑡0

𝑟𝑒𝑝, 𝑥) (3.92) 

Section 2: 

𝑡 = 𝑡0
𝑟𝑒𝑝,          𝐶2 = 𝐶2(𝑡0

𝑟𝑒𝑝, 𝑥) (3.93) 

 

𝑡 = 𝑡0
𝑟𝑒𝑝,         𝐶𝑠2 =  𝐶𝑠2(𝑡0

𝑟𝑒𝑝, 𝑥) (3.94) 

Section 3: 

𝑡 = 𝑡0
𝑟𝑒𝑝,          𝐶3 =  𝐶3(𝑡0

𝑟𝑒𝑝, 𝑥) (3.95) 

 

𝑡 = 𝑡0
𝑟𝑒𝑝,         𝐶𝑠3 = 𝐶𝑠3(𝑡0

𝑟𝑒𝑝, 𝑥) (3.96) 

where,  𝐶𝑖(𝑡0
𝑟𝑒𝑝, 𝑥) and  𝐶𝑠𝑖(𝑡0

𝑟𝑒𝑝, 𝑥) are gas phase and surface concentrations numerically 

calculated and stored in a solution matrix, respectively. These values are then called into 

the initial conditions for re-pressurization. 
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A finite-element method was used to solve the four coupled governing partial 

differential equations. The three unknown parameters, 𝑘𝑎, 𝑘𝑑, and 𝑆0, were estimated by 

fitting the model results to the experimental results. Since 𝑘𝑎, 𝑘𝑑, and 𝑆0 are functions of 

temperature, delivery species, and pipe surface properties, the parameters were found under 

SSP conditions. 

3.4. RESULTS AND DISCUSSION 

3.4.1. MAIN HEADER WITHOUT LATERALS 

Depressurization time is dependent on the upper and lower bounds of pressure and 

the size of the system; but less obviously, depressurization time is dependent on the flow 

restrictor at the outlet of the system. A flow restrictor could be a valve, muffler, orifice, 

MFC, and/or any combination thereof. Recall that there is an orifice at the outlet as seen in 

Figure 3.6 and in Equations 3.9 and 3.14. Experiments were performed with two orifice 

sizes, 100 microns and 200 microns, to determine their effect on depressurization time. The 

use of an orifice was not arbitrary. Lab scale experiments are small and depressurization 

times will not be on the same order of magnitude as a 1000 foot long 3” O.D. distribution 

line. A restrictive flow orifice was used to slow down the depressurization time to more 

closely mimic larger systems. Figure 3.12 shows how depressurization time can be slowed 

down by using a small restrictive flow orifice. 
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Figure 3.12: The effect of restrictive flow orifice size on depressurization time 

Figure 3.12 also shows the fluid dynamic aspect of the model is in good agreement 

with experimental results. In order for the model to make such an accurate prediction, 𝑘2, 

in Equations 3.9 and 3.14, must be found through experiments. Figure 3.13 validates the 

assumption made in Equations 3.9 and 3.14, which state that the flow rate through the 

orifice is approximately linearly proportional to the pressure drop across said orifice. 

 

Figure 3.13: Experimental data showing the mass flow rate through an orifice as a 

function of pressure drop 
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The model, Equations 3.9 and 3.14, assumed a linear relationship between mass 

flow rate and pressure drop across the orifice; where, 𝑘2 was the proportionality constant. 

Figure 3.13 shows that the experimental results are indeed linear; however, the model 

predictions are slightly different than experiments. The linear relationship between mass 

flow and pressure drop should have a y-intercept at the origin but error associated with 

mass flow measurements, up to 5%, were most likely the cause of the y-intercept to be 

slightly higher than zero. The model uses a 𝑘2 that provides predictions close to that of 

experiments but with a zero y-intercept. 

 Continuing with the fluid dynamic abilities of the process model, Figure 3.14 

illustrations how the velocity profile changes in the pipe as a function of pressure during 

depressurization. As indicated by the boundary conditions defined by Equation 3.8, the 

velocity is always zero at the closed valve, 𝑥 = 0, during depressurization. As expected by 

the linear velocity profile defined in the boundary conditions, velocity changes linearly 

from 𝑢 = 0 at the valve to maximum velocity at the orifice. Also as expected, the pressure 

drop across the orifice decreases as depressurization continues thus resulting in a reduction 

of flow rate.  



P a g e  | 98 

 

 

Figure 3.14: Velocity and pressure profiles during depressurization 

Since the predictive abilities of the fluid dynamic portion of the process simulator 

have been validated, the predictive abilities of the entire process model; meaning, fluid 

dynamics, dilute species transport, and surface adsorption/desorption were tested. As 

mentioned at the end of Chapter 3.3.2, There are three unknown parameters in the moisture 

mass transport equations and they are 𝑘𝑎, 𝑘𝑑, and 𝑆0. To solve for these “fitting” 

parameters, the model was fitted to experiment results by adjusting 𝑘𝑎, 𝑘𝑑, and 𝑆0.  

In this study, the values 𝑘𝑎 = 3.4x103 𝑚3𝑚𝑜𝑙−1𝑠−1, 𝑘𝑑 = 4.0x10−4 𝑠−1, and 

𝑆0 = 1.05x10−10 𝑚𝑜𝑙1𝑐𝑚−2 give a good fit to the experimental data at two different 

challenge concentrations, 110 and 55 ppb, at room temperature (See Figure 3.15). Note 

that 𝐶 in the model is represented as  𝐶𝑔; both meaning gas phase moisture concentration, 

in the following graphs of Chapter 3.4.1 and 3.4.2. The deviations between the model 

predictions and the experimental results during the initial 5 min of purge are due to the 

instrumental delay caused by the transfer lines between the point-of-samples and the point-

of-analysis.46 
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Figure 3.15: A comparison of model predictions with experiments 

It should be noted that the values of 𝑘𝑎, 𝑘𝑑 and 𝑆0 might be different for the same 

contaminants in different bulk gas species.  For instance, the interaction mechanisms 

between moisture in nitrogen bulk gas and the EPSS pipe wall and moisture in oxygen bulk 

gas and the EPSS pipe wall is dramatically different.27 Each time before applying the model 

it, is requisite to characterize the fundamental interactions between moisture and the EPSS 

pipe wall for different delivery species. 

 Figure 3.16 contains data collected from a purge scenario comprised of a 15 minute 

SSP followed by a 43 minutes of PCP and ending with a SSP until baseline was reached. 

The PCP started with a depressurization step and the last cycle ended on a re-pressurization 

step. There was a total of 10 cycles performed; each cycle beginning with depressurization 

and ending with re-pressurization. 
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Figure 3.16: Experiment data on a hybrid SSP-PCP-SSP purge scenario 

The upper and lower bounds of the pressure swing were determined by requests 

from Intel Corporation. These uppers and lowers bounds were 93 psia and 37 psia, 

respectively. For the orifice size used at the system outlet, depressurization from 93 to 37 

psia took roughly 2 minutes 50 seconds and the re-pressurization from 37 to 93 psia took 

roughly 1 minutes 25 seconds. Initially the whole gas delivery pipe was saturated with 350 

ppb of moisture at 97 psia system pressure. The pipe was first purged under SSP conditions 

until the moisture concentration at the pipe outlet reached 43 ppb; then the PCP process 

consisting of 10 cycles followed. Using the prescribed purge scenario and fitting 

parameters, the process model was compared with the experiment data presented in Figure 

3.16. Figure 3.17 indicates that the process model performed relatively well at predicting 

the PCP aspect of the purge scenario. 
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Figure 3.17: A comparison of model prediction to experiments during a SSP-PCP 

purge scenario 

Experiment results shown in Figure 3.18 compares the dry-down performance of a 

continuous SSP process and of a hybrid SSP–PCP–SSP process for a straight EPSS pipe 

with 1.93 m in length and 0.038 m in O.D. Initially the whole pipe was saturated with 340 

ppb of moisture at 93 psia. The SSP process was implemented under constant system 

pressure at 93 psia until the moisture concentration at the pipe outlet reached 10.0 ppb; the 

first stage of SSP process was then followed by a PCP process with 10 cycles with a 

pressure swing range of 93 psia to 37 psia. After 10 cycles were completed, SSP was 

resumed at 93 psia until a 5.0 ppb baseline was achieved.  
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Figure 3.18: A comparison of SSP to hybrid SSP-PCP-SSP during experiments 

The results indicate that in order to reach 5.0 ppb of moisture concentration at the 

pipe outlet, the SSP–PCP–SSP process took about 155 min, while the traditional SSP 

process required 170 min; and in the dry-down range from 10.0 to 5.0 ppb, the SSP–PCP–

SSP process only used approximately 73% of the purge gas consumed by the SSP process. 

In larger systems, savings of purge time and purge gas will be even more significant. 

Using the process model, the dry-down performances of a SSP process and a SSP–

PCP–SSP process on an industrial-scale gas distribution pipe were simulated and 

compared. The pipe was 500 meter (1640 ft) in length and 0.038 m in O.D.; it was initially 

saturated with 200 ppb of moisture at 120 psia. A flow restrictor with a 𝑘2 value of 

1.22x10−9 𝑘𝑔𝑃𝑎−1𝑠−1 was installed at the pipe outlet. The flow restrictor gave a constant 

mass flow rate at 8.90x10−4 𝑘𝑔 ∙ 𝑠−1 when the system pressure was maintained at 120 

psia. A pure SSP process was performed at 120 psia until the moisture concentration at the 

pipe outlet reached 2.0 ppb. In the SSP–PCP–SSP process, the system was first purged 
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using a SSP process at 120 psia for 7 hours; the moisture concentration at the pipe outlet 

was dropped down to 5.3 ppb. After the 7 hours of SSP, PCP was initiated with a pressure 

swing range between 120 psia and 34 psia until the moisture concentration at the pipe outlet 

reached 2 ppb. 

 

Figure 3.19: A comparison of SSP to SSP-PCP-SSP on an industrial scale using the 

process simulator 

It took the PCP process about 8 cycles, with each cycle 125 min long, to reduce the 

moisture concentration from 5.3 ppb down to 2.0 ppb. The results, shown in Figure 3.19, 

indicate that by implementing the SSP–PCP–SSP process, the purge time can be reduced 

by approximately 11 hours. Furthermore, in the dry-down range from 5.3 to 2.0 ppb, the 

purge gas usage of the SSP–PCP–SSP process is only 23% of that in the SSP process.  

Figures 3.18 and 3.19 show that moisture concentration, in ppb, increases when the 

system depressurizes. This is due to the fact that the ppb unit, commonly used and 

specified, actually represents the ratio of moisture partial pressure to the total system 

pressure. During the depressurization step, if there is no moisture desorption from the pipe 
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wall, the moisture partial pressure would decrease along with total pressure; consequently, 

the moisture level in ppb will not vary with time. However, due to the moisture desorption 

from pipe wall in the depressurization step, the decrease in the system total pressure is 

greater than that of the moisture partial pressure. Hence, the moisture concentration in ppb 

goes up as the system depressurizes. While in the following re-pressurization step, the 

opposite effect is observed. This is due to the continuous introduction of dry purge gas to 

the system causing the direct purging and dilution effects. However, at the end of each 

depressurization step, both the model and the experimental data show that the moisture 

absolute concentration by a PCP process is actually less than that of a corresponding SSP 

process at pressure 𝑃0. In other words, once the system pressure recovers back to 𝑃0, the 

ppb reading at the end of the PCP process will be less than that of the corresponding SSP 

process. 

Figures 3.20 and 3.21 indicate there are optimum start times of the PCP processes 

in order to minimize the total purge time and purge gas usage. In these two figures, the 

total purge time and the total purge gas usage were plotted against the start time of the PCP 

processes. The results for three different target concentrations at the pipe outlet at 120 psia 

are shown. Initially the pipe, 10 meters in length and a 0.038 meter O.D., was saturated 

with 200 ppb of moisture. The system pressure at steady-state was 120 psia. A flow 

restrictor with a 𝑘2 value of 2.45x10−10 𝑘𝑔𝑃𝑎−1𝑠−1 was installed at the pipe outlet, which 

gave a flow rate of 9 standard-liters-per-minute (slpm) at 120 psia. The system pressure 

swing range was between 120 psia and 28 psia. 
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Figure 3.20: The impact of PCP start time on total purge time 

 

Figure 3.21: The impact of PCP start time on total purge gas usage 
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On the x-axis of Figures 3.20 and 3.21, a PCP start time of zero indicates that the 

PCP process is implemented without delay when the switch to a purge gas is made. A PCP 

start time of 5 minutes means that the purge procedure begins with 5 minutes of SSP at 120 

psia followed by PCP until the target purity requirement is reached. Once the target purity 

is reached, the purge process is terminated and the system pressure is returned to 120 psia. 

Three different purity targets; 4 ppb, 3ppb, and 2ppb, where modeled. 

Though difficult to see in Figure 3.20, there is an upwards concavity to each curve; 

moreover, there is a minimum to each curve. The minimums for the 4 ppb, 3 ppb, and 2 

ppb curves are located at 15, 25, and 45 minutes; respectively. Therefore, for a 2 ppb purity 

target, it is ideal to begin PCP after about 45 minutes of SSP in order to reduce the total 

purge time. Figure 3.21 also illustrates that there are minima in the 4 ppb, 3 ppb, and 2 ppb 

curves. For all three purity requirements, a 7 minute SSP is recommended prior to initiating 

PCP. It appears that regardless of target purity requirements, the PCP start time should be 

between 5 to 10 minutes; about one residence time.  

The question rises as to why not initiate PCP at 𝑡 = 0? Figures 3.20 and 3.21 both 

show that an initiation of PCP at 𝑡 = 0 results in longer purge times and high gas usage. 

The reason for this is that there are three types of moisture in the system at high ppb ranges 

prior to the initiation of the purge. When contaminated with moisture at or above 300 ppb, 

there is more than a mono-layer coverage on the pipe surface.37  
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Figure 3.22: An illustration of gas phase, physisorbed, chemisorbed moisture 

Figure 3.22A represents a system contaminated with >300 ppb of moisture and is in 

equilibrium; purge has not begun. There are three types of moisture depicted in Figure 

3.22; gas phase, physisorbed, and chemisorbed moisture. The main mode of transport for 

the removal of gas phase moisture is convection; therefore, the higher the convective flow 

the faster gas phase moisture is removed. This translates to SSP being the more effective 

purge method for removing gas phase moisture. Results in Figure 3.21 indicates that SSP 

should be ran for roughly one residence time, which makes sense.  

Physisorbed and chemisorbed moisture must desorb into the gas phase before it can 

be carried away by convective flow. This desorption step is the rate limiting step or 

bottleneck for the entire purge process. However, physisorbed and chemisorbed moisture 

do not desorb at the same rates; therefore, they do not affect the purge time in an equal 

manner. Equations 3.97 and 3.98 are the adsorption and desorption reaction rate 

coefficients in the form of the Arrhenius expression: 
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𝑘𝑎 = 𝑘𝑎0
𝑒−

𝐸𝑎
𝑅𝑇 

(3.97) 

 

𝑘𝑑 = 𝑘𝑑0
𝑒−

𝐸𝑑
𝑅𝑇 

(3.98) 

where, 𝑘𝑎0
 and 𝑘𝑑0

 are the pre-exponential factors for adsorption and desorption rate 

coefficients, 𝐸𝑎 and 𝐸𝑑 are the activation energies of adsorption and desorption, 

respectively. The activation energy for desorption for a chemisorbed molecule, 𝐸𝑑
𝑐ℎ𝑒𝑚, can 

typically be three orders of magnitude higher than the activation energy for desorption of 

a physisorbed molecule, 𝐸𝑑
𝑝ℎ𝑦

. Figure 3.23 illustrates how much more difficult it is to 

desorb chemisorbed molecules versus physisorbed molecules (figure is not to scale, the 

difference is more pronounced in reality) using a potential energy plot. 

 

Figure 3.23: A potential energy plot comparing chemi- and physi- adsorption and 

desorption 
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The point is that physisorbed moisture is readily removed and is gone within one 

to two residence times. It is when the system is at low ppb concentrations, Figure 3.22C, 

that the chemisorbed moisture, which is the most difficult to remove, causes the elongated 

tail on the dry-down/purge like Figure 3.15. Other than heating, the chemisorbed moisture 

needs an additional “push” to remove it. As shown in Figure 3.1, the “push” is the pressure 

swing. Therefore, the high convective flow of SSP for one or two residence times is ideal 

for the removal of gas phase and even physisorbed moisture; while, PCP is ideal for 

removing the chemisorbed moisture.  

The process model was used to predict what purge method is more effective for a 

given starting impurity concentration. In Figure 3.24, 𝐶 at 𝑥 = 𝐿 which will be called 𝐶𝑝𝑜𝑢 

is plotted as a function of purge time and initial impurity concentration. 

 

Figure 3.24: Point-of-use (POU) gas phase moisture concentration plotted against 

purge time for a given initial impurity concentration 
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Prior to one residence time, the time it takes the average molecule to travel from 𝑥 = 0 to 

𝑥 = 𝐿 at high pressure/flow rate, PCP appears to perform better than SSP; however, after 

one residence time, calculated at high pressure/flow rate, PCP performance falls behind 

SSP for the 500, 200 and 50 ppb curves. In summary, Figure 3.24 falls in line with Figures 

3.20 and 3.21 in regards to emphasizing that SSP should initially be used until impurity 

levels drop below roughly 50 ppb followed by a switch to PCP. 

In the purge process, there are several possible operational modes such as 

continuous PCP process or a combination of PCP and SSP processes. In the combination 

mode, the SSP can be implemented at the start of the purge, as already discussed, but it can 

also be implemented after a PCP. Moreover, SSP could be implemented between cycles in 

a PCP. For example, a purge recipe could look like the following SSP-1st PCP cycle-SSP-

2nd PCP cycle-SSP….etc. Based on the above results, it is important to explore methods 

and find combinations of SSP–PCP that are capable of showing both the advantages of SSP 

and PCP processes. Figure 3.25 shows an example of 4 different purge recipes/cases. These 

four cases have identical target moisture concentration at the pipe outlet, which is 2 ppb at 

120 psia; all other system properties are the same. 
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Figure 3.25: A visual representation of the 4 different purge scenarios to be tested 

with the process simulator 

Table 3.1 lists the total purge time and the total purge gas usage to reach 2 ppb 

baseline for each case. Case 2, an uninterrupted PCP, requires the least purge time and the 

lowest purge gas usage, while case 1, most commonly used in industry, takes the longest 

purge time and consumes the most purge gas. The performances of cases 3 and 4 are 

somewhere between cases 1 and 2.  
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Table 3.1: A comparison of total purge time and purge gas consumption for 4 purge 

scenarios 

 Purge time (min) Dry purge gas consumed (sl) 

Case 1 200 1835 

Case 2 135 655 

Case 3 170 1100 

Case 4 185 670 

 

Figures 3.26 and 3.27 compares the gas phase and surface impurity distribution along the 

pipe when the target gas phase purity requirement of 2 ppb is achieved. On one hand, the 

results indicate that case 1 has the cleanest gas phase while case 2 is the least clean.  On 

the other hand, case 2 has the cleanest surfaces while case 1 has the most contaminated 

surfaces. For both gas phase and surface impurity concentrations, cases 3 and 4 were 

somewhere in between cases 1 and 2. As discussed previously, the trends noticed between 

case 1 and 3 make sense since case 1 SSP excels at removing gas phase moisture while 

case 2, PCP, excels at removing surface moisture. Although case 1 has the lowest point-

of-use impurity concentration in the gas phase, any fluctuations in systems pressure and/or 

flow may dislodge the surface moisture thus exposing point-of-use equipment to a sudden 

increase in impurities. 
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Figure 3.26: A comparison of gas phase impurity profiles for 4 different purge 

scenarios 

 

Figure 3.27: A comparison of surface impurity profiles for 4 different purge 

scenarios 
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3.4.2. MAIN HEADER WITH LATERAL DEADVOLUMES 

The experiment and modeling results shown in this section are focused on 

illustrating the impact on purge performance due to the addition of dead volumes to a UHP 

gas distribution system. Dead volumes are regions where there is no convective flow; 

including, capped branches/laterals, inactive process tools, tanks, and the like. Results 

shown in Chapter 3.4.1 demonstrated that convective flow is essential for a timely purge 

especially when coupled with PCP. Figure 3.28 shows the detrimental effects of having 

dead volumes in a UHP gas distribution system during purge; in the case shown, the dead 

volume is comprised of a 50 inch long 0.5 inch O.D. lateral with a cap added onto it to 

prevent convective flow. 

 

Figure 3.28: A comparison of experiment results from SSP and hybrid SSP-PCP-SSP 

purge scenarios with and without a lateral dead volume 
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Purge 1 scenario was performed on a 76 inch long 1.5 inch O.D. main header using 

only SSP at 95 psia. Purge scenarios 2 and 3 were performed on a 76 inch long main header 

with a 50 inch long 0.5 inch O.D. capped lateral. Purge 3 only uses SSP at 95 psia and 

purge 2 uses a combination of SSP for 15 minutes (about how long it took to reach 50 ppb), 

40 minutes of PCP, followed by SSP until a 1 ppb baseline was achieved. The PCP part of 

purge 2 was comprised of 10 cycles with a pressure swing range of 95 psia to 35 psia; the 

depressurization step was 2 minutes and 50 seconds long while the re-pressurization step 

was 1 minute 25 seconds long. The starting impurity concentration is 350 ppb and the target 

impurity concentration is 1 ppb. 

As shown in Table 3.2, the addition of the lateral dead volume increased the purge 

time and purge gas usage by 314% compared to a system without the dead volume using 

the same SSP procedure (comparing Purge 3 to Purge 1). This is a relatively large decrease 

in purge performance considering that the dead volume comprises only 7% of the total 

system volume. Using SSP to purge the system with a dead volume, Purge 3, took 65% 

longer and consumed 70% more purge gas than the SSP-PCP-SSP purge method, Purge 1.  

Table 3.2: A comparison of purge performance on a system with and without a 

lateral dead volume 

 Purge time (min) Purge gas usage (sl) 

SSP w/o lateral 425 850 

SSP w/ lateral 1760 3520 

SSP-PCP-SSP w/ lateral 1065 2070 

 

It appears that the pressure swings are aiding in pulling moisture out of the dead volumes, 

the process simulator was used to simulate a similar scenario as the one generated by 
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experiments; however, the simulator should aid in identifying what mechanisms are 

causing the observed trends seen in Figure 3.28. Validation of the process simulator was 

done prior to performing parametric studies; Figure 3.29 demonstrates that the process 

model was in good agreement with experiments. 

 

Figure 3.29: A comparison of model prediction to experiment data during dry-down 

of a main with a lateral dead volume 

 Figure 3.30 shows a comparison of SSP-PCP-SSP (hybrid PCP) to SSP for different 

lateral lengths.  This graph shows three major trends.  Firstly, to achieve a given percentage 

of moisture removal, the hybrid PCP is much faster than conventional purge, SSP.  

Secondly, purge time increases as lateral length increases. Lastly, there is a drastic increase 

in moisture removal rates when PCP is initiated.  There appears to be a mechanism change 

when PCP is initiated; therefore, an investigation of terms in the governing equations was 

performed to determine the change in mechanism. 
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Figure 3.30: A comparison of a hybrid PCP to SSP and their effect on the total 

cleanliness of the system 

The difference in mechanism between SSP and PCP can easily be depicted with 

Figures 3.31 and 3.32.  Figure 3.31 represents a distribution system with a main header 

being supplied UHP gas during a SSP dry-down process.  Attached to the main header is a 

capped lateral.  Since the purge process being used in Figure 3.31 is under constant pressure 

(SSP), the main header and the lateral will have the same pressure. The lack of differential 

pressure between the lateral and the header will result in mass transport of moisture out of 

the lateral to be controlled by the slower process of diffusion. 
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Figure 3.31: A schematic of a main and lateral dead volume being purged by SSP 

 Figure 3.32 represents the same distribution system being dried down with a PCP 

process.  When the supply of gas is reduced, main header pressure will immediately begin 

dropping.  The gas in the capped lateral is not immediately affected by the sudden reduction 

in main header pressure; therefore, the pressure in the lateral will be higher than that of the 

main header.  This differential pressure will induce a convective flow in the lateral and will 

result in mass transport of moisture out of the lateral to be facilitated by the faster combined 

process of diffusion and convection. Preliminary results have shown that the 

depressurization step must be long enough in duration that the moisture molecules at the 

farthest end of the dead volume have time to be carried to the main before re-pressurization 

occurs to carry the molecules out of the main. If the depressurization is too short, the 

impurities in at the far end of the dead volume will not make it into the main; therefore, 

when re-pressurization occurs, the impurities are pushed back into the dead volume. 
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Figure 3.32: A schematic of a main and lateral dead volume being purged by PCP 

 The process simulator was used to compare the performance of SSP to a hybrid 

PCP while changing a number of process parameters in order to provide additional purge 

guidelines that build up the guidelines provided in Chapter 3.4.1. Figure 3.33 provides a 

comparison of SSP to hybrid PCP for different lateral lengths using 92 psia for SSP with a 

flow rate of 1.8 slpm and a hybrid PCP that has 15 minutes of SSP at 92 psia and 1.8 slpm, 

40 minutes of PCP (depressurization is 2 min 50 seconds, re-pressurization is 1 minute 25 

seconds) with a pressure swing range of 92 psia to 32 psia, and SSP to follow up until a 

0.5 ppb target impurity is reached. 

 In Figure 3.33, notice that purge time required to reach 0.5 ppb is on a logarithmic 

scale. This was done because the purge time performance of the hybrid PCP is orders of 

magnitude better than SSP as dead volumes are added. The performance benefits are higher 

in this parametric study compared to the experiment results in Figure 3.28 because main 

flow rate at high pressure was reduced in the model. This effects both SSP and PCP; 

however, it obviously effects SSP more. 
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Figure 3.33: Comparison of hybrid PCP to SSP: total purge time required to reach 

0.5 ppb baseline as a function of lateral length 

Figure 3.33 illustrates that the hybrid PCP performs better than SSP in all cases; 

furthermore, hybrid PCP purge time efficiency becomes more pronounced over SSP as 

dead volume size increases. Figure 3.33 can be misleading in regards to how dead volume 

size effects hybrid PCP purge time as it appears unchanged due to the log scale; 

nevertheless, there is an increase in purge time of 8.5% when using hybrid PCP with no 

lateral compared to a 2 meter lateral. The 2 meter lateral dead volume was 10% of the total 

system volume. 

 Given a contaminated UHP gas distribution system with dead volumes, a hybrid 

PCP approach was shown to reduce valuable process tool down time by up to a factor of 

10 or more depending of the process parameters used. Figure 3.34 shows how a hybrid 

PCP recipe can minimize ESH impacts by reducing the total purge gas usage for a given 

lateral length.  Hybrid PCP reduced the total purge gas usage in all three scenarios shown 

in Figure 3.34; moreover, PCP reduced total purge gas usage by at least two orders of 

magnitude when a lateral dead volume was present. There is an increase of purge gas usage 
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of 22% when using hybrid PCP with no lateral compared to hybrid PCP with a 2 meter 

lateral. 

 

Figure 3.34: Comparison of hybrid PCP to SSP: total purge gas used to reach 0.5 

ppb baseline as a function of lateral length 

 A parametric study was performed on gas velocity and its effect on purge time and 

purge gas usage for PCP and SSP.  The gas delivery system in the model had a 1.93 m (76 

in) long main header with an O.D. of 0.038 m (1.5 in) and a 1.27 m (50 in) long capped 

lateral with an O.D. of 0.0127 m (0.5 in).  The simulation had a two-way isolation valve 

upstream of the test bed and an orifice downstream of the test bed. 𝑘2 of the orifice in 

Equations 3.39, 3.51, 3.66 were changed to increase or decrease gas velocity while keeping 

system pressure constant at 92 psia. 

 Figure 3.34 illustrates the affects that gas velocity has on purge time for PCP and 

SSP.  Higher gas velocities resulted in higher volumetric flow rates (for the same pipe 

diameter); the higher flow rates resulted in more convective mass transport and thus shorter 

purge times.  Based on Figure 3.35, one can see that hybrid PCP is already a highly efficient 

process thus changing little when compared to SSP as gas velocity is increased. 
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Figure 3.35: Comparison of hybrid PCP to SSP: total purge time required to reach 

0.5 ppb baseline as a function of gas velocity 

Closer inspection into the hybrid PCP dry-down times shows that doubling the gas velocity 

reduced dry-down times by 22% and quadrupling gas velocity reduced dry-down times by 

only 34%; this trend indicates a diminishing of returns as gas velocity is increased. 

 Figure 3.36 shows the effect of gas velocity on the total purge gas used to obtain a 

0.5 ppb baseline for SSP and hybrid PCP.  The figure shows that gas usage decreased for 

SSP as gas velocity increased.  This means that the reduction in total purge time offset the 

increase volumetric flow rates, thus resulting in a reduction of total purge gas usage for 

SSP.  Since hybrid PCP is already purge time efficient, the reduction in total purge time 

did not offset the increase in volumetric flow rates; therefore, the total purge gas used to 

achieve baseline for hybrid PCP increased with gas velocity. It could be speculated that the 

reduction in SSP purge time as gas velocity increases will reach a region of diminishing 

returns thus making it not possible to offset the increase in gas consumption; regardless, 

this brute force approach is more time consuming, resource intensive, and not realistic. 
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Figure 3.36: Comparison of hybrid PCP to SSP: total purge gas used required to 

reach 0.5 ppb baseline as a function of gas velocity 

When comparing Figures 3.35 and 3.36, it is clear that increasing gas velocity 

during hybrid PCP reduces purge time but at the cost of increasing purge gas consumption. 

This indicates that an optimization for hybrid PCP is needed based on constraints desired 

for the purge process; constraints meaning, minimizing purge time, minimizing purge gas 

usage, or minimizing total dry-down cost. Total dry-down cost is the sum costs associated 

with process tool down time and purge gas consumption. 

 The true power of the process simulator can be seen when scaling up to industrial 

scale systems; a feat not possible in the lab. Investigation into how hybrid PCP performs 

as UHP gas distribution systems approach more realistic sizes and complexity was 

performed. Figure 3.37 compares two systems, each containing a main and one lateral dead 

volume, of differing sizes. The x-axis is given in % surface cleanup and the y-axis is given 

as a percentage relative purge gas reduction; relative in regards to a standard PCP. Using a 

hybrid PCP for both systems reduced gas consumption anywhere from 20% to 85% for a 

2.5%-9% cleanup. Due to extreme computational time, % cleanup out to higher numbers 
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were not performed; however, the trends show that the more stringent the purity 

requirements the more gas savings can be achieved by using a hybrid PCP for either system.  

 

Figure 3.37: A comparison of hybrid PCP purge gas savings over SSP for two large 

scale systems of differing sizes 

Additionally, Figure 3.37 shows that the larger system with the larger dead volume 

experienced larger gas savings using hybrid PCP than the smaller system. This results 

coincides well Figure 3.34. 

 A step up in geometry complexity was investigated by simulating hybrid PCP 

performance against SSP for two systems with laterals numbering 1 and 3. Figures 3.38 

and 3.39 demonstrate that hybrid PCP was more efficient purging systems with more 

laterals (a larger total dead volume size).  
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Figure 3.38: A comparison of hybrid PCP purge gas savings over SSP for two large 

scale systems of differing number of lateral dead volumes 

 

Figure 3.39: A comparison of hybrid PCP purge time savings over SSP for two large 

scale systems of differing number of lateral dead volumes 

Parametric studies performed on the use of PCP in UHP gas distribution systems 

during dry-down has shown that a large number of factors affect the dry-down process.  

This abundance of factors has made it necessary to adapt the process simulator to a wide 
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variety of dry-down scenarios.  Using the process simulator as a dry-down optimization 

tool has been a major goal of this project. It has been shown that the process simulator can 

be used as a dry-down process optimization tool contingent upon the input of; geometry 

and size, temperature, starting contamination level, pressure swing limits (this may be 

determined by pressure limits of equipment in the UHP gas distribution system), target 

cleanliness, and optimization goals; such as, minimizing purge time, minimizing purge gas 

usage, or minimizing total dry-down cost. 

3.5. CONCLUSIONS 

A technique for removing moisture and other adsorbing molecular contaminants 

from UHP gas distribution systems using pressure-cycle purge (PCP) was investigated both 

experimentally and theoretically. A process model was developed that couples the gas 

phase transport with fluid dynamics and the surface interactions. This model is scalable 

and applicable to industrial scale UHP gas distribution systems and can also be used for 

parametric studies and purge process optimization to minimize the purge time and the 

purge gas usage.  The results indicate that the hybrid PCP process takes less purge time 

and consumes less purge gas as compared to the traditional steady-state purge (SSP). 

Current work has shown that system geometry and system dead volumes play a very large 

role in how the purge scenario should be performed. Randomly implementing PCP can 

result in less than optimum results and thus a process optimization tool should be developed 

and used. The best choice for a purge scenario required an optimization of key operational 

parameters and this was achieved by utilizing the processes simulator as an optimization 

tool.  Examples of these parameters include but are not limited to: PCP start time in a hybrid 
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SSP-PCP process, volumetric flow rates of the purge gas,  and pressure swing ratios (if not 

already defined by equipment limitations). 
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CHAPTER 4 

SUMMARY AND FUTURE WORK 

4.1. SUBTASK 1: BACK DIFFUSION 

The study of back diffusion in UHP gas distribution systems was carried out 

through a combination of experimental investigation and process simulation. The 

experiment setup was designed to provide an adjustable and controllable source of back 

diffusion and the testing of a wide variety of branching geometries, restrictive flow orifice 

sizes used in vents, system flow rates, and system pressures. A Tiger Optics CRDS MTO 

1000 H2O was used to measure the concentration of back diffusing moisture exiting a main 

supply line with sub-ppb sensitivity. A comprehensive process model was developed using 

Navier-Stokes, continuity, gas-phase impurity mass balance, and surface phase impurity 

mass balance equations. The model included convection, all modes of dispersion, 

molecular diffusion in the bulk, surface diffusion, and adsorption/desorption; furthermore, 

the model is applicable in laminar and turbulent flow regimes. In the work presented, 

analysis of the special case of steady-state was performed with experiments and the process 

model. Fitting parameters 𝐷𝑠𝐾𝑒𝑞 and 𝑎0; which are functions of system temperature, pipe 

surface material, carrier gas, pipe roughness, adsorption/desorption species, and size/type 

of restrictive flow device, were found by fitting the model predictions to a dozen 

experiment results. The validated process simulator illustrated that lateral length/separation 

distance, orifice aperture size, and system pressure had significant impact on the extent of 

back diffusion. It was determined that RFOs are a fluid dynamic and mass transport 

bottleneck thus requiring thorough mass transport and fluid dynamic calibration curves to 

be added to the process simulator. A key dimensionless group, called Peclet number, was 
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used to identify design and operational parameters needed to achieve a zero net flux of 

moisture from the source of impurity into the main supply line. The process model was 

used as an optimization tool in order to significantly reduce ESH impacts associated with 

excessive purging through vented laterals and as a tool for properly designing a new gas 

distribution network and/or efficiently operating exiting systems. 

 Future work of back diffusion should include investigating the compound effect of 

having multiple sources of back diffusion in series along a main supply line. For example, 

Figure 4.1 represents some preliminary results using an unverified process model; 

unverified meaning that it has not been fitting to experiments since the experiments have 

not been performed. The preliminary results show that the process model in conjunction 

with COMSOL multiphysics software can be a powerful tool for simulation of impurity 

back diffusion in much more complex networks than what has been shown in Chapter 2. 

Figure 4.1 only shows vents as the source of back diffusion; however, the process tools 

could have just as easily been added as a source of contamination. In vent design and 

operation, more degrees of freedom are available for finding design and operational 

parameters that can stop back diffusion; on the contrary, process tool recipes are very 

specific thus changing flow rates and/or system pressure is strictly forbidden. Use of a 

simulator similar can help engineers decide how far apart process tools must be from each 

other so that there is not any cross-contamination. 
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Figure 4.1: Effect of orifice aperture size on venting lateral flow rate and impurity 

back diffusion to process tools in series with the vents 

Funding for modifying the experiment setup by the addition of more transfer lines, 

mass flow controllers, valves, and etc. would make performing experiments necessary for 

simulator verification a reality. The model results presented in Figure 4.1 were generated 

using a steady-state model. While this is clearly useful, a comprehensive transient model 

could be a more powerful tool since UHP gas distribution systems undergo frequent 

transients due to process tools coming on and off line with a variety of recipes. Preliminary 

work has already begun and has yielded a fully formulated 1D transient non-dimensional 

model that includes convection, dispersion, molecular diffusion, adsorption/desorption, 

surface diffusion, and is applicable in both laminar and turbulent flow regimes. Future work 

requires that this model be coupled with Navier-Stokes and continuity equations as well as 

orifice mass transport and fluid dynamic calibration curves followed by correctly adding 
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the system of equations into a numerical solver, such as COMSOL, followed by fitting to 

future experiments for verification. The formulation of the non-dimensional 

comprehensive transient back diffusion model can be seen in Appendix E. 

4.2. SUBTASK 1: PCP 

The application of PCP as a UHP gas distribution system purge technique was 

investigated using a combination of experiments and model simulation. The first 

generation model and experiments were designed around a main header with no branches. 

The transient 1D model was formulated from Navier-Stokes, continuity, gas phase mass 

balance, and surface phase mass balance equations. The model includes dispersion, 

convection, molecular diffusion, and adsorption/desorption applicable in the laminar flow 

regime. Experiments were designed to provide control over system flow rates, pressure, 

temperature, and RFO size. RFOs were added to the outlet of the supply line in order to 

provide a level of control over the rates of depressurization and re-pressurization; this was 

necessary to more closely simulate scaling to larger systems that have longer 

depressurizing and re-pressuring times. Experiments showed that the hybrid PCP process 

(SSP-PCP-SSP) had shorter purge times and used less purge gas while meeting the same 

purity requirements has traditional SSP. For process model verification, it was necessary 

to generate orifice calibration curves using experiments in order to properly simulate the 

orifice with the process model. The process model was in good agreement with the SSP 

and PCP experiment data once fitting parameters 𝑘𝑎, 𝑘𝑑 and 𝑆0 were found. The process 

model was used to determine dry-down performances for SSP and PCP on an industrial-

scale gas distribution pipe (no branches). The results indicated that PCP continued to be a 

more efficient purge method even at the industrial scale; however, arbitrarily initiating PCP 
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was shown to have less than ideal if not detrimental results. Optimal PCP start times were 

identified for different target purity requirements; results differing depending on where 

minimization of purge time or purge gas usage was of priority. Trends pointed to a hybrid 

PCP process as being an ideal approach for purge; hybrid meaning, SSP followed by PCP 

followed by SSP. The duration of the initial SSP was dependent on the starting impurity 

concentration and the system residence time. It was shown that SSP was more efficient 

than PCP during the initial stages of purge until low ppb ranges were achieved. PCP was 

highly efficient in low ppb range thus leading to the identification of ideal purge methods 

for removing Gas phase, physisorbed, and chemisorbed moisture. The performance of four 

different purge techniques were investigated by comparing gas phase and surface 

cleanliness. Continuous cycling between high pressure and low pressure yielded the 

shortest purge times, lowest purge gas usage, most contaminated gas phase, and the least 

contaminated surfaces. SSP had the longest purge time, the highest purge gas usage, the 

cleanest gas phase, and the dirtiest surfaces. 

The second generation process model and experiments were designed around a 

main header with branches/laterals that were capped thus generating lateral dead volumes. 

Experiments show that the addition of dead volumes had a drastic effect on SSP efficiency 

as indicated by substantial increases in purge time and purge gas usage. Hybrid PCP 

experiments showed a drastic improvement over SSP when dead volumes were included. 

The new generation of process simulator was in good agreement with the experiments and 

was initially used to identify mechanism changes when switching from SSP to PCP. Model 

results indicated that there was a notable mechanism change during PCP; an induced 

convection in the lateral that aided in the removal of moisture from the lateral. Hybrid PCP 
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became more efficient as the number and size of the dead volumes increased. Increasing 

high pressure gas velocity had a minimal effect on the efficiency of the hybrid PCP process; 

however, there was indication that an optimization needs to be performed depending on 

whether purge time, purge gas usage, or total dry-down cost was of most importance.  

Future work in PCP should include developing a new or modified process model 

for simulating large systems with 25 to 50 laterals, if not more. The module approach 

shown in this work was reasonable when 1 maybe 2 laterals were modeled; however, the 

number of governing equations and boundary conditions grow exponentially as the number 

of laterals increase thus greatly slowing down simulations and increasing operator work 

load. Future work should also include experiments and simulation of tank and/or process 

tool dry-down. Current speculation is that PCP benefits should be greater when purging 

large odd shaped dead volumes that are connected to main supply lines. Lastly, the PCP 

models, current and future, should be coupled with the back diffusion model. The coupling 

of the two models is necessary to ensure that unwanted impurity back diffusion does not 

occur during depressurization by providing a safe minimum purge pressure that does not 

enhance back diffusion to the point that dry-down is compromised. 

4.3. AMMONIA BAND-PASS PURIFICATION 

4.3.1. PROVIDING BACKGROUND AND DEFINING THE PROBLEM 

STATEMENT 

Bulk gases are gases delivered to semiconductor fabs from a gas manufacturer via 

pipe lines, in gas form not liquid. For example, Nitrogen, N2, is delivered to Intel’s 

Chandler facility through a main supply line that is at least 12 inches in diameter. Spec 

gases are gases typically delivered as a liquid in tanks. These tanks can range from 600 lbs 
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to greater than 22,000 lbs. For example, ammonia, NH3, is considered a spec gas and is 

delivered in tonner tanks containing 600 lbs of liquid NH3 or in Isotainers containing 

22,000 lbs of liquid NH3. The problem that will be described is in regards to spec gases 

delivered as a liquid in a variety of sized bottles; more specifically, ammonia will be the 

spec gas of concern. Ammonia is the most common nitrogen precursor in the growth of 

nitride-based thin films and epitaxial crystals. For instance, UHP ammonia is critical for 

epitaxial crystal application in the LED industry. 

While interning at Intel Corporation’s Chandler facility, I was asked to look into 

the rising consumption of NH3 and the impacts it will have on manufacturing. I was also 

asked to give my opinion on the impacts of switching from 600 lbs tonner tanks to 22,000 

isotainers (will not be discussed). 

Currently, two 600 lbs tonners in parallel supply gas to an entire fab. Typically, the 

two tanks would be swapped out every 6 days or so. However, flow rates for NH3 during 

a ramp up of a new technology node increased to the point where tonners needed to be 

swapped out every 2 days. I noticed that more than half of the NH3 consuming tools do not 

use point-of-use (POU) purifiers thus leaving the tool at the mercy of what moisture is 

coming out of the tanks and supply lines. A tank swap is not a trivial event considering that 

operator error could cause a contamination spike to travel through the entire NH3 

distribution line thus requiring a shutdown costing tens of millions of dollars a day in lost 

revenue. Increasing ammonia consumption tripled the frequency of tank swaps and 

consequently tripling the risk to production.  

The other risks to manufacturing due to the effects of ramping ammonia 

consumption were less obvious. Ammonia and water are present in the liquid phase with 
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water concentrations between 0.1-0.8 ppm. However, as the ammonia evaporates, the water 

tends to stay in the liquid phase and concentrate thus increasing the water vapor pressure. 

This effect can be seen in Figure 4.2. As a result of the exponential increase in vapor phase 

moisture as a function of tank heel, 40-50% of the liquid ammonia is discarded (sent back 

to the gas provider) to prevent exceeding recipe moisture concentration limits. The practice 

of discarding half of the highly purified ammonia has large economic and ESH impacts. 

 

Figure 4.2: An illustration of how vapor phase moisture increases as a function of 

ammonia consumed 

Figure 4.2 also foreshadows that moisture concentration in the gas phase is a 

function of temperature. The top curve is at the highest temperature of 97 degrees 

Fahrenheit and the bottom curves is at the lowest temperature of 72 degrees Fahrenheit. 

This correlation was hinted at in Chapter 3 with Equations 3.97 and 3.98; the 
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adsorption/desorption rate coefficients. As temperature increases, the impurities will have 

enough energy to overcome the energy activation barrier for desorption thus resulting in 

more impurity staying in the gas phase rather than on the surfaces. 

 Figure 4.3 shows real time temperature data from a thermocouple placed in a tonner 

of ammonia. It should be pointed out that all ammonia tanks, tonner up to isotainer, are 

kept outside exposed to ambient conditions in order to save space and for safety reasons. 

With that said, while the tonner is offline, changes in the tank temperature are due to the 

diurnal effect.  

 

Figure 4.3: Real time data of an ammonia tank temperature before and after it is 

brought online 

The diurnal effect is essentially the warming and cooling of objects exposed to 

ambient due to the rise and fall of the sun. Once the tank is brought online, Joule-Thompson 

cooling drops the tank temperature down to a heater set-point. The heater is used to keep 

the ammonia warm enough so that sufficient head pressure can be maintained. The rapid 
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fluctuations in temperature are due to the heater turning on and off to maintain a constant 

temperature (apparently not very constant).  

Figure 4.3 is broken up into 2 regimes beginning as the tanks are brought online. In 

the first regime, gas phase moisture concentration is primarily determined by rapid 

temperature change as a result of Joule-Thompson cooling. Once the tank temperature 

reaches the heater set-point, the second regime begins; where, gas phase moisture 

concentrations are primarily determined by the amount of ammonia withdrawn from the 

tank (Figure 4.2). 

 Using gas phase moisture as a function of temperature, temperature as a function 

of tank online time, and gas phase moisture as a function of tank heel, Figure 4.4 was 

generated. Figure 4.4 illustrates how gas phase moisture in the supply line just down-stream 

of the tank connection changes with time. The red curves represent 44 tonners brought 

online one after another. The blue curve represents one Isotainer. Both tanks show the same 

trend, the gas phase moisture decreases as Joule-Thompson cooling drops the tank 

temperature followed by an exponential increase in gas phase moisture due to moisture 

concentrating in the tank heel. An obvious risk to manufacturing is that the process tools 

are seeing relatively rapid changes in gas phase moisture as these tanks are consumed and 

others brought online. Another point that was purposely added to Figure 4.4 was the 

different initial moisture concentrations of each tank. There is no way that all 44 tanks are 

delivered with the exact same concentration. The manufacturer only guarantees that the 

tank has less than 0.8 ppm of moisture in the liquid phase. Therefore, there is gas phase 

moisture variation with respect to time as a result from tank to tank variation. 
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Figure 4.4: An illustration of gas phase moisture as 44 tonners are brought online 

one at a time as they are consumed 

 Three major assumptions where made in the model used to develop Figure 4.4; no 

diurnal affects to the tank due to Joule-Thompson and tank heaters controlling temperature, 

constant mass flow rate of the cylinder, and the moisture in the tank head is what is seen at 

the process tool. The 2nd and 3rd assumptions turn out to be poor assumptions because of 

the following; there is at least 500 feet of pipe exposed to ambient conditions prior to it 

entering the fab and mass flow rate out of the tanks is very transient. Figure 4.5 is real data 

collected from just upstream of a process tool. The diurnal effect may not have much of an 

impact on the tank; however, it has an overwhelming impact on the 500 feet of pipe. That 

is a lot of surface area for ambient temperatures to heat or cool the gas inside thus changing 

the adsorption/desorption effects. 
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Figure 4.5: Real time data of gas phase moisture upstream of a process tool 

Notice that the average moisture concentration decreases initially, Joule-Thompson 

cooling, and then increases exponentially thereafter, tank heel effects. This trend follows 

the model very well, except for the diurnal effect. 

 The second assumption, constant mass flow rate, is not true because there can be 

anywhere from one tool to a dozen tools operating at one time and this changes every 10-

15 seconds. This data cannot be shown for confidential reasons; nevertheless, it is true. 

This leads to another mechanism that impacts gas phase moisture concentration; flow 

rate/boiling mechanism. Figure 4.6 shows how gas phase moisture concentration changes 

as a function of ammonia flow rate/boiling mechanism. It just so happens that the flow 

rates seen at the fab are between 50 to 100 liters per minute which around the most transient 

area of the nucleate boiling regime. Nucleate boiling is a violent boiling which ejects entire 
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droplets of liquid into the gas phase. The liquid droplet, having the same composition as 

the bulk liquid, evaporates rapidly due to the increase in surface area of being a droplet 

thus introducing higher amounts of moisture. The rapid changes in system flow rate due to 

tool recipes coupled with unstable boiling mechanism results is rapid and substantial 

changes in gas phase moisture concentration. 

 

Figure 4.6: Gas phase moisture as a function of ammonia flow rate/boiling 

mechanism 

 To summarize, gas phase moisture concentration changes as a function of tank to 

tank variability, Joule-Thompson cooling, cycling of the tank heaters, diurnal effect acting 

on hundreds of feet on piping, the amount of ammonia withdrawn, and ammonia flow-

rate/boiling mechanism. More than half of the process tools using ammonia do not have 

POU purifiers and thus experience all of these effects. To make things more interesting, 

using POU purifiers on all of the process tools is not a viable options since many films 

created using ammonia with <1 ppb moisture failed sort & test; suggesting, that moisture 

aids in providing superior performing films. Rather than spending millions on R&D to 
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redesign the nitride-based thin film deposition process to operate with sub ppb moisture 

concentrations (requires POU purifiers), an alternate approach was investigated. It started 

out with Carl Geisert asking me if heated getters had a “knob” on them that can be turned 

to changing the outlet moisture concentration to one’s desire. After explaining why this 

was not possible, investigation into purifiers that purified to a specific range began. It turns 

out that with purifiers, it is an all or nothing kind of deal. In other words, using a POU 

purifier gave sub-ppb purification and nothing above that. 

 The problem statement is as follows: To provide processes tools a controlled source 

of moisture while minimizing risk to production and economical/ESH impacts associated 

with wasting 50% of the purchased ammonia.  

4.3.2. PROPOSED METHOD OF APPROACH 

The method of approach is based on the principle of band-pass filters which allows 

a range of frequencies to enter and rejects/attenuates frequencies outside a specified range. 

The proposed novel approach is called band-pass purification (BPP) in which a wide range 

of moisture concentrations enter the BPP and specified narrow range of moisture 

concentrations leave the BPP. The proposed experiment setup is shown in Figure 4.7.  

MFC 1 will supply NH3 to the permeation tube where the NH3 will pick up 

moisture. Transients in moisture can be mimicked by changing MFC 1 flow rate or 

changing the temperature setting of the heater used on the permeation device. Transient 

system mass flow rates can be simulated by changing MFC 2. RACV 1 and 2 do not control 

the mass flow rate since these are control valves not mass flow controllers. Control valves 

can only provide a bottleneck or an adjustable opening. Let’s say that there is a 1/2 inch 

pipe and a 1 inch pipe; both with a MFC controller the mass flow. If the both MFCs are set 
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to and reading 10 standard liters per minute, then there will be an equal amount of mass 

passing through each pipe despite the difference in diameter. Now let’s suppose that there 

is a fully open RACV (kind of like a 1” pipe) with an MFC set at and reading 10 standard 

liters per minute connected downstream and second RACV halfway open (kind of like a 

1/2” pipe) with an MFC set at and reading 10 standard liters per minute connected 

downstream, the mass flow rates through both valves should be equal.  

 

Figure 4.7: Lab scale band pass purification experiment setup 

With that said, the RACV are there to control the ratio of flow through the purifier 

to flow through the bypass. RACVs exist and they come from the manufacturer with fluid 

dynamic calibration curves that are nearly linear thus making it easier to program into our 

PID Controller software (LABVIEW). As moisture concentration increases or decreases, 

the moisture analyzer will measure the change and if the moisture concentration goes above 

or below preset values, a signal will be sent to the RACVs to divert flow towards the 

purifier or to the bypass, respectively. 
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Experiments and modeling will need to be performed to determine the response 

time of the BPP and to determine the separation distance needed between the mixing point 

and the process tools. The tools will need to be far enough away so that gas phase and 

surface concentrations have time to equilibrate. This will require adsorption/desorption 

studies which our lab is capable of performing.  

In conclusion; A novel NH3 BPP technique was proposed that has the potential to 

provide numerous benefits to HVM fabs and Intel including: 

 Reducing process variability by providing a means of setting moisture 

concentrations to nearly any desired value. 

 Enabling 90-95% of the NH3 in the tank to be utilized rather than the current 50%. 

o Added benefit of reducing the disposal cost for returning NH3 

 Reducing NH3 cylinder change frequency which has the benefits of reducing: 

o NH3 cylinder transportation cost 

o NH3 cylinder warehouse storage 

o Risk of excursion from ill performed cylinder change 
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APPENDIX A: NOTATION AND ABBREVIATIONS 
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Notation 

𝛼𝑖 average switching of logic gate 

𝑎 orifice mass transfer coefficient, m3·s-1 

𝑎0 standard orifice mass transfer coefficient, m3·s-1 

𝐴𝑐 pipe cross-sectional area, m2 

𝐴𝑖 pipe cross-sectional area in section i=1,2,3,…,n, m2 

𝑐 speed of light, m·s-1 

𝐶𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 equilibrium gas phase moisture concentration, mol·m-3 

𝐶𝑖 gas phase moisture concentration in section i=1,2,3,…,n, mol·m-3 

𝐶𝑖
𝑙𝑜𝑎𝑑 capacitance load, farad 

𝐶𝑠𝑜𝑢𝑟𝑐𝑒 gas phase moisture concentration at source of contamination, 

mol·m-3 

𝐶𝑃𝑂𝑈 gas phase moisture concentration at point of use, mol·m-3 

𝐶𝑝𝑢𝑟𝑔𝑒 𝑔𝑎𝑠 gas phase moisture concentration of purge gas, mol·m-3 

𝐶𝑠𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 equilibrium surface moisture concentration, mol·m-2 

𝐶𝑠𝑖 surface moisture concentration in section i=1,2,3,…,n, mol·m-2 

𝐶𝑖𝑛 inlet gas phase moisture concentration, mol·m-3 

𝑑𝑐𝑒𝑙𝑙 cell length, m 

𝑑𝑖 pipe diameter in section i=1,2,3,…,n, m 

𝐷𝑖 dispersion coefficient in section i=1,2,3,…,n, m2·s-1 

𝐷𝑒𝑖 total effective dispersion coefficient in section i=1,2,3,…,n, m2·s-1 

𝐷𝑚 molecular diffusivity of moisture in nitrogen, m2·s-1 

𝐷𝑠 surface diffusivity of moisture on EPSS, m2·s-1 

𝐸𝑎 adsorption activation energy, J∙mole-1 

𝐸𝑑 desorption activation energy, J∙mole-1 

𝐸𝑑
𝑐ℎ𝑒𝑚 chemi-desorption activation energy, J∙mole-1 

𝐸𝑑
𝑝ℎ𝑦

 physic-desorption activation energy, J∙mole-1 

𝑓 clock frequency, s-1 

𝐹 frequency, s-1 

𝐹𝑖 Flux of moisture in section i=1,2,3,…,n, mol·m-2∙s-1 

𝐽𝑖 dispersive flux of moisture in section i=1,2,3,…,n, mol·m-2·s-1 

𝐽𝑖
𝑐 convective flux of moisture in section i=1,2,3,…,n, mol·m-2·s-1 

𝐽𝑖
𝑠 surface flux of moisture in section i=1,2,3,…,n, mol·m-1·s-1 

𝑘1 orifice fluid dynamic coefficient, s-1 

𝑘2 orifice mass transfer coefficient, kg ·Pa-1·s-1 

𝑘3 valve mass transfer coefficient, kg ·Pa-1·s-1 

𝑘𝑎 moisture adsorption rate constant, m3·s-1 

𝑘𝑑 moisture desorption rate constant, m2·s-1 

𝑘𝑎0
 Arrhenius pre-exponential factor for adsorption, m3·s-1 
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𝑘𝑑0
 Arrhenius pre-exponential factor for desorption, m2·s-1 

𝐾𝑒𝑞 moisture adsorption/desorption equilibrium constant, m 

𝐾 orifice fluid dynamic transport coefficient, s∙m4∙kg-1 

𝐿𝑐ℎ𝑎𝑛𝑛𝑒𝑙 transistor channel length, m 

𝐿𝑖 length of section i=1,2,3,…,n, m 

ṁ orifice mass flow rate, kg·s-1 

𝑀 molecular weight of bulk gas, kg·mol-1 

𝑁 concentration reading from CRDS, ppb 

𝑃𝑒 Peclet number 

𝑃𝑖 system pressure in section i=1,2,3,…,n, Pa 

𝑃0 standard pressure, Pa 

𝑃𝑜𝑢𝑡 outlet pressure, Pa 

𝑃𝑠𝑜𝑢𝑟𝑐𝑒 source pressure, Pa 

𝑄𝑖 carrier gas volumetric flow rate in section i=1,2,3,…,n, m3·s-1 

𝑅 ideal gas constant, J∙mol-1∙K-1 

𝑅𝑒 Reynolds number 

𝑅𝑚 reflectivity of the mirror 

𝜌𝑖 density of process gas in section i=1,2,3,…,n, kg∙m-3 

𝜎(𝐹) absorption cross-section, m 

𝑆0 number of moisture adsorption sites per unit surface area, sites∙m-2 

𝜏𝑏𝑎𝑠𝑒 baseline ring-down time, sec 

𝜏(𝐹) ring-down time, sec 

𝑡 time, sec 

𝑡′ time that re-pressurization begun, sec 

𝑡0
𝑖  initial time stamp for process i, sec 

𝑡𝑥 duration of re-pressurization, sec 

𝑇 system temperature, K 

𝑢𝑖 carrier gas velocity vector in section i=1,2,3,…,n, m·s-1 

𝑈0 gas velocity at steady-state, m·s-1 

𝑈𝑖 carrier gas velocity in section i=1,2,3,…,n, m·s-1 

𝑈𝑜𝑢𝑡 outlet gas velocity, m·s-1 

𝜈 kinematic viscosity of carrier gas, m2∙s-1 

𝑉𝑑𝑑 supply voltage, volts 

𝑉𝑖 flow velocity vector in section i=1,2,3,…,n, m ∙s-1 

𝑊𝑐ℎ𝑎𝑛𝑛𝑒𝑙 transistor channel width, m 

𝑥 position in entire geometry, m 

𝑦 axial position in the lateral, m 
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Abbreviations 

ALD atomic layer deposition 

API atmospheric-pressure-ionization 

APIMS atmospheric-pressure-ionization-mass-spectrometry 

CMOS complementary metal-oxide-semiconductor 

CRDS cavity-ring-down-spectroscopy 

CRLAS cavity ring-down laser absorption spectroscopy 

CW continuous wave 

EPSS electro-polished-stainless-steel 

HVM high volume manufacturing 

IC integrated circuit 

ILD inter layer dielectric 

LED light-emitting diode 

MFC mass-flow-controller  

MS mass-spectrometry 

O.D. outer diameter 

ODE ordinary differential equation 

PC personal computer 

PCP pressure cycle/cyclic purge 

PDE partial differential equation 

POU point-of-use 

POS point-of-storage 

ppb parts-per-billion 

ppm parts-per-million 

ppt parts-per-trillion 

PSA pressure swing adsorption 

psia pound per square inch absolute 

RACV remote actuated control valve 

RFO restrictive-flow-orifice 

SLPM standard liters per minute 
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SSP steady-state purge 

TSA temperature swing adsorption 

TV television 

UHP ultra-high-purity 

VG vacuum generators 
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APPENDIX B: PROCEDURE FOR TUNING THE MTO 1000 H2O 
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A step-by-step procedure has been provided to help those who wish to tune/calibrate the 

MTO 1000 H20 analyzer. Tuning should be done every 4-6 months due to laser temperature 

drift. SECTION 1 SHOULD BE COMPLETED EVERY 4-6 MONTHS. IF NOT 

POSSIBLE TO PERFORM SECTION 1, SECTIONS 2 & 3 MUST BE 

PERFORMED. 

 

SECTION 1: ON PEAK TEMPERATURE SCAN & TAU-EMPTY (𝝉𝒃𝒂𝒔𝒆) 

IF THERE IS A SOURCE OF MOISTURE THAT CAN PROVIDE 25-1500 ppb TO THE 

ANALYZER, PERFORMING THE FOLLOW STEPS (IF BELOW 25 ppb, SKIP 

SECTION 1 AND GO TO SECTION 2): 

1. Assuming your experiment setup has a source of moisture, such as a permeation 

tube; setup the permeation and dilution to provide anywhere from 25-1500 ppb of 

moisture. Use the CRDS to validate what the ppb levels are. 

2. Place the CRDS in SERVICE mode then go to SETTINGS and select the 

MANUAL settings tab. 

3. Double check to make sure that the INLET containing the calibrated gas is OPEN 

and/or has not switched to a different INLET.  

4. Set the appropriate INLET flow rate to 1000 sccm (if you cannot provide that much 

through your setup, do not go less than 500 sccm). Close the SETTINGS window. 

5. Click once on the TUNE button and a window should pop up with 3 tuning options. 

6. Go to the 3rd option that says “Sample Cell Scan” 

7. Enter 0 as the Starting Temperature. 

8. Enter 40 as the Ending Temperature. 
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9. Enter 0.02 as the Step Temperature. 

10. Click once on Ok and another box will pop-up 

11. Click OK once and another prompt will open 

12. The software will ask that you verify that your source of moisture is stable and that 

you can provide between 25-1500 ppb. If you can, click once on OK. 

The temperature laser scan will scan across the contaminant absorption peak and the 

temperature associated with the strongest absorption peak will be automatically uploaded 

into settings. Moreover, the scan will also calculate the TauEmpy and automatically update 

this value as well. Once finished with the scan (can take 2 hours if not more), the software 

will automatically switch from SERVICE mode to MEASURE mode. YOU ARE DONE! 

SECTION 2: OFF PEAK TEMPERATURE SCAN 

IF THERE IS LITTLE TO NO MOISTURE, < 25 ppb, PERFORM THE FOLLOWING 

STEPS: 

1. Confirm with the CRDS that the moisture concentration is STABLE and is < 25 

ppb. 

2. Switch to SERVICE mode. 

3. Go to SETTINGS and click on the MANUAL settings tab. 

4. Double check that the INLET with the <25 ppb gas is OPEN. 

5. Set the INLET flow rate to 1000 sccm (if 1000 sccm is too much, do not go below 

500 sccm). Close the SETTINGS window. 

6. Click once on the TUNE button and a window should pop-up with three tuning 

options. 

7. Go to the 2nd option, “Ref. Cell Scan”. 
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8. Enter 0 for Starting Temperature. 

9. Enter 40 for Ending Temperature. 

10. Enter 0.02 for Temp Step. 

11. Click once on Ok. 

The scan measures the internal reference cell contaminant concentration as a function of 

temperature to determine the correct Laser Temperature. After the scan, the contaminant 

absorption peak temperature will be automatically updated. After the scan is completed 

and data uploaded, the unit will automatically switch from SERVICE mode to MEASURE 

mode. YOU’RE DONE! 

SECTION 3: TAU-EMPTY/TAU-ZERO SCAN (𝝉𝒃𝒂𝒔𝒆) 

THERE ARE NO PRE-REQUISITE MOISTURE CONCENTRATIONS NEEDED FOR 

THE FOLLOWING: 

1. Place the MTO 1000 into SERVICE mode. 

2. Go to SETTINGS. 

3. Go to MANUAL settings. 

4. Double check that an INLET is OPEN that contains process gas. 

5. Set the INLET flow rate to 1000 sccm. Close SETTINGS window. 

6. Click on the TUNE button. A window with three tune options will appear. 

7. Click on the 1st tune option, “Tune-Just TauZero”. 

8. Click Ok. 

9. When the scan is complete (very fast compared to the other scans) a window will 

pop-up. Click Ok. 
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It does not appear that a full, if any, temperature scan is performed. It appears that the 

laser temperature is changed to an “off peak” temperature (calculated in SECTION 2 and 

perhaps SECTIONS 1) and then performs a ring-down at the off peak temperature. The 

ring-down rate should be much slower since the laser wave length (modified by 

temperature) is not within the absorption window of water. This provides a baseline ring-

down; otherwise called Tau-Empty or Tau-Zero. 
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APPENDIX C: DERIVATION OF ARIS-TAYLOR DISPERSION COEFFICIENT 
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In a lamina flow reactor or pipe we know that the axial velocity varies in the radial direction 

according to the Hagen-Poiseuille equation; 

𝑢(𝑟) = 2�̅� [1 − (
𝑟

𝑅𝑝𝑖𝑝𝑒
)

2

] 
(C1) 

where, �̅� is the average velocity, 𝑅𝑝𝑖𝑝𝑒 is the radius of the pipe, 𝑟 is the radial location in 

the pipe. For laminar flow, the residence time distribution (RTD) function, 𝑅𝑇𝐷(𝑡), is 

given by; 

𝑅𝑇𝐷(𝑡) = {
𝑜 𝑓𝑜𝑟 𝑡 <  

𝜏

2
(𝜏 =

𝐿

�̅�
)

𝜏2

2𝑡3
𝑓𝑜𝑟 𝑡 ≥

𝜏

2

} 

(C2) 

where, 𝑡 is time and 𝜏 is the residence time. In arriving at this distribution, 𝑅𝑇𝐷(𝑡), it was 

assumed that there was no transfer of molecules in the radial direction between streamlines. 

Consequently, with the aid of Equation C3, we know that the molecules on the center 

streamline, 𝑟 = 0, exited the react at a time 𝑡 =
𝜏

2
, and the molecules traveling on the 

streamline at 𝑟 =
3𝑅𝑝𝑖𝑝𝑒

4
 exited the reactor at time: 

𝑡 =
𝐿

𝑢
=

𝐿

2�̅� [1 − (
𝑟

𝑅𝑝𝑖𝑝𝑒
)
2

]

=
𝜏

2 [1 − (
3
4)

2

]

=
8

7
𝜏 

(C3) 

Let’s assume that molecules can diffusion from one streamline to another and let’s also 

assume molecules can diffusion axial in either direction; all of which follow Fick’s law. 

Molecules diffusing from streamline 𝑟 = 0 to 𝑟 =
3𝑅𝑝𝑖𝑝𝑒

4
 will exit the pipe later than if they 

had just stayed in 𝑟 = 0 streamline. Conversely, molecules diffusing from 𝑟 =
3𝑅𝑝𝑖𝑝𝑒

4
 to 

𝑟 = 0 streamline will exit the pipe earlier than if it just stayed in streamline 𝑟 =
3𝑅𝑝𝑖𝑝𝑒

4
. 
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With both axial and radial diffusion occurring, the RTD defined by Equation C2 will no 

longer suffice.  

 

Figure C1: An illustration of radial and axial diffusion in laminar flow 

To account for axial and radial diffusion mechanisms, an axial dispersion coefficient called 

the Aris-Taylor dispersion coefficient can be used. The derivation is as follows: 

The convective-diffusion equation for dilute species transport in both axial and 

radial directions is; 

𝜕𝐶

𝜕𝑡
+ 𝑢(𝑟)

𝜕𝐶

𝜕𝑧
= 𝐷𝑚 {

1

𝑟

𝜕 [𝑟 (
𝜕𝐶
𝜕𝑟

)]

𝜕𝑟
+

𝜕2𝐶

𝜕𝑧2
} 

(C4) 

where, 𝑧 is the axial direction and 𝐷𝑚 is the molecular diffusivity. A change of variables 

will be performed in the axial direction which corresponds to an observer moving with the 

fluid. 

𝑧∗ = 𝑧 − �̅�𝑡 (C5) 

A value of 𝑧∗ = 0 corresponds to an observer moving with the fluid on the center 

streamline. Using the chain rule; 



P a g e  | 157 

 

𝜕𝐶

𝜕𝑡
|
𝑧∗

+ [𝑢(𝑟) − �̅�]
𝜕𝐶

𝜕𝑧∗
= 𝐷𝑚 {

1

𝑟

𝜕 [𝑟 (
𝜕𝐶
𝜕𝑟

)]

𝜕𝑟
+

𝜕2𝐶

𝜕𝑧∗2} 

(C6) 

The concentration at the exit of the pipe can be written as an average axial concentration, 

𝐶̅. 

𝐶̅(𝑧, 𝑡) =
1

𝜋𝑅𝑝𝑖𝑝𝑒
2 ∫ 𝑐(𝑟, 𝑧, 𝑡)2𝜋𝑟𝑑𝑟

𝑅𝑝𝑖𝑝𝑒

0

 
(C7) 

To use Equation C7, the concentration, 𝐶, must be solved for in Equation C6. To solve for 

Equations C4 to C7 to determine the Aris-Taylor dispersion coefficient, the following 

assumptions are made: 

1. There are only spatial variations in the solute concentration in the axial and radial 

directions 

2. Axial diffusion is negligible with respect to axial convection; meaning, 

[𝑢(𝑟) − �̅�]
𝜕𝐶

𝜕𝑧∗
≫ 𝐷𝑚

𝜕2𝐶

𝜕𝑧∗2 
(C8) 

3. As one moving with the bulk fluid, the dilute species concentration does not change 

with time; meaning, 

𝜕𝐶

𝜕𝑡
|
𝑧∗

≈ 0 
(C9) 

4. While moving along with the bulk fluid for a long period of time, the axial 

concentration gradient will become independent of the radial position; meaning, 

𝜕𝐶

𝜕𝑧∗
≅

𝜕𝐶̅

𝜕𝑧∗
 

(C10) 
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After applying the preceding approximations to Equations C4 through C7, the following 

equation can be written; 

{2�̅� [1 − (
𝑟

𝑅𝑝𝑖𝑝𝑒
)

2

] − �̅�}
𝜕𝐶̅

𝜕𝑧∗
= 𝐷𝑚

1

𝑟

𝜕 [𝑟 (
𝜕𝐶
𝜕𝑟

)]

𝜕𝑟
 

(C11) 

Because 
𝜕�̅�

𝜕𝑧∗ is independent of 𝑟, Equation C11 can be rearranged and integrated with 

respect to 𝑟; 

𝑟
𝑑𝐶

𝑑𝑟
=

�̅�

𝐷𝑚

𝜕𝐶̅

𝜕𝑧∗
∫ [1 − 2(

𝑟

𝑅𝑝𝑖𝑝𝑒
)

2

]
𝑟

0

𝑟𝑑𝑟 =
�̅�

𝐷𝑚

𝜕𝐶̅

𝜕𝑧∗
(
𝑟2

2
−

2

4

𝑟4

𝑅𝑝𝑖𝑝𝑒
2) + 𝛽1 

(C12) 

where, 𝛽1 is a constant of integration. However, symmetry conditions dictate that at 𝑟 = 0, 

𝑑𝐶

𝑑𝑟
= 0 thus resulting in 𝛽1 = 0. After dividing both side by 𝑟, a second integration yields; 

𝐶(𝑟, 𝑧∗, 𝑡) = 𝛽2 +
𝑅𝑝𝑖𝑝𝑒

2�̅�

4𝐷𝑚

𝜕𝐶̅

𝜕𝑧∗
[(

𝑟

𝑅𝑝𝑖𝑝𝑒
)

2

−
1

2
(

𝑟

𝑅𝑝𝑖𝑝𝑒
)

4

] 
(C13) 

Where, 𝛽2 is the second integration constant and can be evaluated using the equation for 

average concentration, C7. 

𝐶̅(𝑧∗, 𝑡) =
1

𝜋𝑅𝑝𝑖𝑝𝑒
2 ∫ [𝛽2

𝑅𝑝𝑖𝑝𝑒

0

+
𝑅𝑝𝑖𝑝𝑒

2�̅�

4𝐷𝑚

𝜕𝐶̅

𝜕𝑧∗
[(

𝑟

𝑅𝑝𝑖𝑝𝑒
)

2

−
1

2
(

𝑟

𝑅𝑝𝑖𝑝𝑒
)

4

]] 2𝜋𝑟𝑑𝑟 

(C14) 

Let 𝑥 =
𝑟

𝑅𝑝𝑖𝑝𝑒
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𝐶̅(𝑧∗, 𝑡) = 𝛽2 +
2𝑅𝑝𝑖𝑝𝑒

2�̅�

4𝐷𝑚

𝜕𝐶̅

𝜕𝑧∗
∫ (𝑥3 −

𝑥5

2
)

1

0

𝑑𝑥

= 𝛽2 + [
𝑥4

4
+

𝑥6

12
]
1

0

2𝑅𝑝𝑖𝑝𝑒
2�̅�

4𝐷𝐴𝑇

𝜕𝐶̅

𝜕𝑧∗
 

(C15) 

Solving for 𝛽2 yields: 

𝛽2 = 𝐶̅ −
𝑅𝑝𝑖𝑝𝑒

2�̅�

12𝐷𝑚

𝜕𝐶̅

𝜕𝑧∗
 

(C16) 

Substituting Equation C16 into C13 yields: 

𝐶(𝑟, 𝑧∗, 𝑡) = 𝐶̅(𝑧∗, 𝑡) +
𝑅𝑝𝑖𝑝𝑒

2�̅�

4𝐷𝑚

𝜕𝐶̅

𝜕𝑧∗
[−

1

3
+ (

𝑟

𝑅𝑝𝑖𝑝𝑒
)

2

−
1

2
(

𝑟

𝑅𝑝𝑖𝑝𝑒
)

4

] 
(C17) 

Multiply Equation C6 by the differential cross-sectional area, 2𝜋𝑟𝑑𝑟, and carry out an 

integration over the pipe radius, 𝑅𝑝𝑖𝑝𝑒. 

1

𝜋𝑅𝑝𝑖𝑝𝑒
2 [∫

𝜕𝐶

𝜕𝑡
|
𝑧∗

2𝜋𝑟𝑑𝑟
𝑅𝑝𝑖𝑝𝑒

0

+ ∫ �̅� [1 − 2(
𝑟

𝑅𝑝𝑖𝑝𝑒
)

2

]
𝜕𝐶̅

𝜕𝑧∗
2𝜋𝑟𝑑𝑟

𝑅𝑝𝑖𝑝𝑒

0

]

=
1

𝜋𝑅𝑝𝑖𝑝𝑒
2 [𝐷𝑚 ∫

1

𝑟

𝜕 [𝑟 (
𝜕𝐶
𝜕𝑟

)]

𝜕𝑟

𝑅𝑝𝑖𝑝𝑒

0

2𝜋𝑟𝑑𝑟 + 𝐷𝑚 ∫
𝜕2𝐶

𝜕𝑧∗2

𝑅𝑝𝑖𝑝𝑒

0

2𝜋𝑟𝑑𝑟] 

(C18) 

By changing the order of the differentiation and integration for the first and last terms and 

using Equation C7, Equation C18 becomes: 

𝜕𝐶̅

𝜕𝑡
|
𝑧∗

+ 2�̅�∫ [1 − 2(𝑥)2]
𝜕𝐶̅

𝜕𝑧∗
2𝜋𝑥𝑑𝑥

1

0

=
2

𝑅𝑝𝑖𝑝𝑒
2 𝐷𝑚 ∫ 𝑑 (𝑟

𝜕𝐶

𝜕𝑟
)

𝑅𝑝𝑖𝑝𝑒

0

+ 𝐷𝑚

𝜕2𝐶̅

𝜕𝑧∗2 
(C19) 

Assuming there is not transport of solute through the pipe wall 

𝑟 = 𝑅𝑝𝑖𝑝𝑒,
𝜕𝐶

𝜕𝑟
= 0 

(C20) 
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and integrating the first term on the RHS of Equation C19 with the boundary condition 

C20 gives: 

𝐷𝑚 ∫ 𝑑 (𝑟
𝜕𝐶

𝜕𝑟
)

𝑅𝑝𝑖𝑝𝑒

0

= 𝐷𝑚 [𝑟
𝜕𝐶

𝜕𝑟
|
𝑅𝑝𝑖𝑝𝑒

− 𝑟
𝜕𝐶

𝜕𝑟
|
0
] = 0 

(C21) 

Next involves differentiating Equation C17 with respect to 𝑧∗ and substituting it into the LHS 

of Equation C19. 

𝜕𝐶̅

𝜕𝑡
|
𝑧∗

+ 2�̅�∫ {[1 − 2(𝑥)2]
𝜕𝐶̅

𝜕𝑧∗
+

𝑅𝑝𝑖𝑝𝑒
2�̅�

4𝐷𝑚

𝜕2𝐶̅

𝜕𝑧∗2 [−
1

3
+ (𝑥)2 −

1

2
(𝑥)4]} 𝑥𝑑𝑥

1

0

= 𝐷𝑚

𝜕2𝐶̅

𝜕𝑧∗2 

(C22) 

Performing the integration between 0 and 1; 

𝜕𝐶̅

𝜕𝑡
−

𝑅𝑝𝑖𝑝𝑒
2�̅�

2

48𝐷𝑚

𝜕2𝐶̅

𝜕𝑧∗2 = 𝐷𝑚

𝜕2𝐶̅

𝜕𝑧∗2 

(C23) 

 

𝜕𝐶̅

𝜕𝑡
= [𝐷𝑚 +

𝑅𝑝𝑖𝑝𝑒
2�̅�

2

48𝐷𝑚
]
𝜕2𝐶̅

𝜕𝑧∗2 

(C24) 

Reverting the change in variables; 

𝜕𝐶̅

𝜕𝑡
+ �̅�

𝜕�̅�

𝜕𝑧
= 𝐷𝐴𝑇

𝜕2𝐶̅

𝜕𝑧2
 

(C26) 

where, 𝐷𝐴𝑇 is the Aris-Taylor dispersion coefficient. 

𝐷𝐴𝑇 = 𝐷𝑚 +
𝑑𝑝𝑖𝑝𝑒

2�̅�
2

192𝐷𝑚
 

(C27) 
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APPENDIX D: EXAMPLE OF PERFORMING A FLUID DYNAMIC SIMULATION 

IN COMSOL MULTIPHYSICS 
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COMSOL multiphysics software, version 4.3a, was used to perform fluid dynamic 

simulations in the study of back diffusion when parametric studies were performed with 

the process simulator in Chapter 2. 

 

STEP 1: Open “COMSOL Multiplysics 4.3a” and there will be a prompt to select the space 

dimension. Section 2D and procede to next step. 

 

STEP 2: Select the study type: Time Dependent.  
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STEP 3: Right click on Geometry and select Polygon.  

 

STEP 4: Make sure you select Open curve otherwise a triangle will be created 
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STEP 5: Enter the vector values as seen in the following picture 

 

STEP 6: Create a second polygon 
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STEP 7: Select Open curve to just be consistence and enter in the vectors coordinates and 

select Build All 

 

STEP 8: Right click Geometry and find and select Union 

 

 

 



P a g e  | 166 

 

STEP 9: Add both polygons (pol1 and pol2) into input objects and select Build All 

 

STEP 10: Although not entirely necessary, it is a good idea to let COMSOL know what 

material is your bulk fluid since COMSOL has built in physical properties of hundreds or 

more of fluids. Right click Materials and Open Material Browser 
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STEP 11: Find Nitrogen under gases and click the plus symbol above to add material to 

model. 

 

Step 12: Right click on Global Definitions and select Parameters 
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STEP 13: Entire the parameters exactly as shown 

 

STEP 14: Create pressure function (2 steps) 
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STEP 15: Input values as seen for step function and set smoothing to 40 

 

STEP 16: Add an analytic function 
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STEP 17: Enter values as seen below. This assumes a simulation of 1000 seconds this can 

be changed if it takes longer to reach steady state. 

 

STEP 18: Add variables 
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STEP 19: Write in the variable names and expression exactly as seen 

 

STEP 20: Input fluid properties 
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STEP 21: Input main Pipe properties 
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STEP 22: Right click on Boundaries and add another pipe properties condition. Select the 

lateral and add the lateral boundary selection box (seen as a “2”). Input Lateral pipe 

properties 

 

STEP 23: Input initial values 
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STEP 24: Input Point boundary option was created by right click on Pipe flow dynamic 

and splitting the conditions into boundary conditions and point conditions. Point conditions 

allow for the defining of tailored made boundary conditions. Lateral pressure point 

conditions is applied to point number 2 only. 

 

STEP 25: Main outlet pressure applied to point 5 
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STEP 26: Main inlet pressure applied to point 1 

 

STEP 27: An outlet valve was used to help build pressure in the main; applied to point 4 
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STEP 28: Creating a mesh. Use settings seen and select Build All to see mesh  

 

 

 

 

STEP 29: Setting up time dependent solver. Select a range from 0 to 1000 with a step of 1 
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STEP 30: setup the absolute tolerance and time stepping method 
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APPENDIX E: 1D NON-DIMENSIONAL TRANSIENT BACK DIFFUSION 

FORMULATION 
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The following is a formulation the dilute species transport equations that should be used in 

future back diffusion work. These equations are only part of the work that must be done; 

meaning that these equations need to be coupled with Navier-Stokes and continuity 

equations as well as orifice fluid dynamic and mass transport calibration curves/equations. 

After the fluid dynamic equations are fully defined, everything needs to be coded into a 

numerical solver. A skewed/1D approach was used to make coding easier. 

 As many steps were included in this formulation so that others may follow and 

perhaps catch any errors if any. In each Zone, I start with gas phase dilute and surface phase 

dilute mass balances coupled with initial and boundary conditions. I then proceed to non-

dimensionalize the mass balance, initial condition, and boundary condition equations. 

 

1D DIMENSIONLESS TRANSIENT BACK DIFFUSION 

 

𝐺𝑖 ≡ 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑔𝑎𝑠 𝑝ℎ𝑎𝑠𝑒 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ≡
𝐶𝑖

𝐶0
 

𝑆𝑖 ≡ 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ≡
𝐶𝑠𝑖

𝑆0
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X ≡ 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑙𝑒𝑛𝑔𝑡ℎ ≡
𝑥

𝐿1
 

T ≡ 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑡𝑖𝑚𝑒 ≡
𝐷1𝑡

𝐿1
2 

𝐺𝑠𝑜𝑢𝑟𝑐𝑒 ≡ 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ≡
𝐶𝑠𝑜𝑢𝑟𝑐𝑒

𝐶0
 

𝑃𝑒𝑖 ≡ 𝑃𝑒𝑐𝑙𝑒𝑡 𝑛𝑢𝑚𝑏𝑒𝑟 ≡
𝑈𝑖𝐿𝑖

𝐷𝑖
 

𝐷𝑎𝑎𝑑𝑠 ≡ 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐷𝑎𝑚𝑘𝑜ℎ𝑙𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 ≡
𝑘𝑎𝐶0𝑆0

𝐷1𝐶0

𝐿1

 

𝐷𝑎𝑑𝑒𝑠 ≡ 𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐷𝑎𝑚𝑘𝑜ℎ𝑙𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟 ≡
𝑘𝑑𝑆0

𝐷1𝐶0

𝐿1

 

E =
𝐿1𝐶0

𝑆0
 

𝑑𝑖1 =
𝑑𝑖

𝑑1
 

𝐿𝑖1 =
𝐿𝑖

𝐿1
 

𝐷𝑖1 =
𝐷𝑖

𝐷1
 

𝐷𝑆1 =
𝐷𝑆

𝐷1
 

Λ𝑖 =
𝐿𝑖

𝑑𝑖
 

Φ =
𝑎

𝐴2𝑈2
 

 

Comprehensive Approach 

Mass balance around junction is included as a boundary condition thus requiring 

all PDEs to be solved for simultaneously using numerical methods. 

ZONE 1: Inlet 
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𝐺𝑎𝑠 𝑃ℎ𝑎𝑠𝑒,
𝜕𝐶1

𝜕𝑡
= −𝑈1

𝜕𝐶1

𝜕𝑥
+ 𝐷1

𝜕2𝐶1

𝜕𝑥2
+

𝐴1,𝑝𝑖𝑝𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑉1,𝑝𝑖𝑝𝑒

[𝑘𝑑𝐶𝑠1 − 𝑘𝑎𝐶1(𝑆0 − 𝐶𝑠1)] 

 

𝐷1𝐶0

𝐿1
2

𝜕𝐺1

𝜕𝑇
= −

𝑈1𝐶0

𝐿1

𝜕𝐺1

𝜕𝑋
+

𝐷1𝐶0

𝐿1
2

𝜕2𝐺1

𝜕𝑋2
+

𝜋𝑑1𝐿1

𝜋
𝑑1

4

2

𝐿1

[𝑘𝑑𝑆0𝑆1 − 𝑘𝑎𝐶0𝐺1(𝑆0 − 𝑆0𝑆1)] 

 

𝜕𝐺1

𝜕𝑇
= −

𝐿1
2𝑈1𝐶0

𝐿1𝐷1𝐶0

𝜕𝐺1

𝜕𝑋
+

𝐿1
2𝐷1𝐶0

𝐿1
2𝐷1𝐶0

𝜕2𝐺1

𝜕𝑋2
+

4𝜋𝑑1𝐿1𝐿1
2

𝜋𝑑1
2𝐿1𝐷1𝐶0

[𝑘𝑑𝑆0𝑆1 − 𝑘𝑎𝐶0𝐺1(𝑆0 − 𝑆0𝑆1)] 

 

𝜕𝐺1

𝜕𝑇
= −

𝐿1𝑈1

𝐷1

𝜕𝐺1

𝜕𝑋
+

𝜕2𝐺1

𝜕𝑋2
+

4𝑑1𝐿1
2

𝑑1
2𝐿1

[
𝑘𝑑𝑆0

𝐷1𝐶0

𝐿1

𝑆1 −
𝑘𝑎𝐶0𝑆0𝐺1

𝐷1𝐶0

𝐿1

(1 − 𝑆1)] 

 

𝜕𝐺1

𝜕𝑇
= −

𝐿1𝑈1

𝐷1

𝜕𝐺1

𝜕𝑋
+

𝜕2𝐺1

𝜕𝑋2
+

4𝑑1𝐿1
2

𝑑1
2𝐿1

[𝐷𝑎𝑑𝑒𝑠𝑆1 − 𝐷𝑎𝑎𝑑𝑠𝐺1(1 − 𝑆1)] 

 

𝝏𝑮𝟏

𝝏𝑻
= −𝑷𝒆𝟏

𝝏𝑮𝟏

𝝏𝑿
+

𝝏𝟐𝑮𝟏

𝝏𝑿𝟐
+ 𝟒𝚲𝟏[𝑫𝒂𝒅𝒆𝒔𝑺𝟏 − 𝑫𝒂𝒂𝒅𝒔𝑮𝟏(𝟏 − 𝑺𝟏)] 

 

 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑃ℎ𝑎𝑠𝑒,
𝜕𝐶𝑠1

𝜕𝑡
= 𝐷𝑠

𝜕2𝐶𝑠1

𝜕𝑥2
+ 𝑘𝑎𝐶1(𝑆0 − 𝐶𝑠1) − 𝑘𝑑𝐶𝑠1 

 

𝐷1𝑆0

𝐿1
2

𝜕𝑆1

𝜕𝑇
=

𝐷𝑠𝑆0

𝐿1
2

𝜕2𝑆1

𝜕𝑋2
+ [𝑘𝑎𝐶0𝐺1(𝑆0 − 𝑆0𝑆1) − 𝑘𝑑𝑆0𝑆1] 

 

𝜕𝑆1

𝜕𝑇
=

𝐿1
2

𝐷1𝑆0

𝐷𝑠𝑆0

𝐿1
2

𝜕2𝑆1

𝜕𝑋2
+

𝐿1
2

𝐷1𝑆0

[𝑘𝑎𝐶0𝑆0𝐺1(1 − 𝑆1) − 𝑘𝑑𝑆0𝑆1] 
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𝜕𝑆1

𝜕𝑇
=

𝐷𝑠

𝐷1

𝜕2𝑆1

𝜕𝑋2
+

𝐶0

𝐶0

𝐿1
2

𝐷1𝑆0

[𝑘𝑎𝐶0𝑆0𝐺1(1 − 𝑆1) − 𝑘𝑑𝑆0𝑆1] 

 

𝜕𝑆1

𝜕𝑇
=

𝐷𝑠

𝐷1

𝜕2𝑆1

𝜕𝑋2
+

𝐿1𝐶0

𝑆0
[
𝑘𝑎𝐶0𝑆0

𝐷1𝐶0

𝐿1

𝐺1(1 − 𝑆1) −
𝑘𝑑𝑆0

𝐷1𝐶0

𝐿1

𝑆1] 

 

𝝏𝑺𝟏

𝝏𝑻
= 𝑫𝑺𝟏

𝝏𝟐𝑺𝟏

𝝏𝑿𝟐
+ 𝚬[𝑫𝒂𝒂𝒅𝒔𝑮𝟏(𝟏 − 𝑺𝟏) − 𝑫𝒂𝒅𝒆𝒔𝑺𝟏] 

 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝐺𝑎𝑠, 𝑡 = 0, 𝐶1 = 𝐶0 

 

𝑻 = 𝟎, 𝑮𝟏 = 𝟏 

 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑆𝑢𝑟𝑓𝑎𝑐𝑒, 𝑡 = 0, 𝐶𝑠1 = 𝐶𝑠0 =
𝑘𝑎𝐶0𝑆0

𝑘𝑎𝐶0 + 𝑘𝑑
 

 

𝑻 = 𝟎, 𝑺𝟏 =
𝑪𝒔𝟎

𝑺𝟎
=

𝒌𝒂𝑪𝟎

𝒌𝒂𝑪𝟎 + 𝒌𝒅
 

 

𝐵𝑜𝑢𝑛𝑑𝑎𝑟 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 1, 𝑋 = 0, 0 = 𝐴1𝐷1

𝑑𝐶1

𝑑𝑥
− 𝐴2𝐷2

𝑑𝐶2

𝑑𝑥
− 𝐴3𝐷3

𝑑𝐶3

𝑑𝑥
 

 

𝑋 = 0, 0 =
𝑑𝐺1

𝑑𝑋
−

𝐴2𝐷2

𝐴1𝐷1

𝑑𝐺2

𝑑𝑋
−

𝐴3𝐷3

𝐴1𝐷1

𝑑𝐺3

𝑑𝑋
 

 

𝑿 = 𝟎, 𝟎 =
𝒅𝑮𝟏

𝒅𝑿
− (𝒅𝟐𝟏)

𝟐𝑫𝟐𝟏

𝒅𝑮𝟐

𝒅𝑿
− (𝒅𝟑𝟏)

𝟐𝑫𝟑𝟏

𝒅𝑮𝟑

𝒅𝑿
 

 

𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 2, 𝑥 = −𝐿1, 𝐶1 = 𝐶0 
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𝑿 = −𝟏, 𝑮𝟏 = 𝟏 

 

 

ZONE 2: Lateral w/ Orifice 

𝐺𝑎𝑠 𝑃ℎ𝑎𝑠𝑒,
𝜕𝐶2

𝜕𝑡
= −𝑈2

𝜕𝐶2

𝜕𝑥
+ 𝐷2

𝜕2𝐶2

𝜕𝑥2
+

𝐴2,𝑝𝑖𝑝𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑉2,𝑝𝑖𝑝𝑒

[𝑘𝑑𝐶𝑠2 − 𝑘𝑎𝐶2(𝑆0 − 𝐶𝑠2)] 

 

𝐷1𝐶0

𝐿1
2

𝜕𝐺2

𝜕𝑇
= −

𝑈2𝐶0

𝐿1

𝜕𝐺2

𝜕𝑋
+

𝐷2𝐶0

𝐿1
2

𝜕2𝐺2

𝜕𝑋2
+

𝜋𝑑2𝐿2

𝜋
𝑑2

4

2

𝐿2

[𝑘𝑑𝑆0𝑆2 − 𝑘𝑎𝐶0𝐺2(𝑆0 − 𝑆0𝑆2)] 

 

𝐷1𝐶0

𝐿1
2

𝜕𝐺2

𝜕𝑇
= −

𝑈2𝐶0

𝐿1

𝜕𝐺2

𝜕𝑋
+

𝐷2𝐶0

𝐿1
2

𝜕2𝐺2

𝜕𝑋2
+

𝜋𝑑2𝐿2

𝜋
𝑑2

4

2

𝐿2

[𝑘𝑑𝑆0𝑆2 − 𝑘𝑎𝐶0𝐺2(𝑆0 − 𝑆0𝑆2)] 

 

𝜕𝐺2

𝜕𝑇
= −

𝐿1
2𝑈2𝐶0

𝐿1𝐷1𝐶0

𝜕𝐺2

𝜕𝑋
+

𝐿1
2𝐷2𝐶0

𝐿1
2𝐷1𝐶0

𝜕2𝐺2

𝜕𝑋2
+

4𝑑2𝐿2𝐿1
2

𝑑2
2𝐿2𝐷1𝐶0

[𝑘𝑑𝑆0𝑆2 − 𝑘𝑎𝐶0𝑆0𝐺2(1 − 𝑆2)] 

 

𝜕𝐺2

𝜕𝑇
= −

𝐿2𝐷2𝐿1
2𝑈2𝐶0

𝐿2𝐷2𝐿1𝐷1𝐶0

𝜕𝐺2

𝜕𝑋
+

𝐿1
2𝐷2𝐶0

𝐿1
2𝐷1𝐶0

𝜕2𝐺2

𝜕𝑋2
+

4𝐿2𝐿1

𝑑2𝐿2
[
𝑘𝑑𝑆0

𝐷1𝐶0

𝐿1

𝑆2 −
𝑘𝑎𝐶0𝑆0

𝐷1𝐶0

𝐿1

𝐺2(1 − 𝑆2)] 

 

𝝏𝑮𝟐

𝝏𝑻
= −

𝑫𝟐𝟏𝑷𝒆𝟐

𝑳𝟐𝟏

𝝏𝑮𝟐

𝝏𝑿
+ 𝑫𝟐𝟏

𝝏𝟐𝑮𝟐

𝝏𝑿𝟐
+

𝟒𝚲𝟐

𝑳𝟐𝟏
[𝑫𝒂𝒅𝒆𝒔𝑺𝟐 − 𝑫𝒂𝒂𝒅𝒔𝑮𝟐(𝟏 − 𝑺𝟐)] 

 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑃ℎ𝑎𝑠𝑒,
𝜕𝐶𝑠2

𝜕𝑡
= 𝐷𝑠

𝜕2𝐶𝑠2

𝜕𝑥2
+ 𝑘𝑎𝐶2(𝑆0 − 𝐶𝑠2) − 𝑘𝑑𝐶𝑠2 

 

𝐷1𝑆0

𝐿1
2

𝜕𝑆2

𝜕𝑇
=

𝐷𝑠𝑆0

𝐿1
2

𝜕2𝑆2

𝜕𝑋2
+ [𝑘𝑎𝐶0𝐺2(𝑆0 − 𝑆0𝑆2) − 𝑘𝑑𝑆0𝑆2] 
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𝜕𝑆2

𝜕𝑇
=

𝐿1
2

𝐷1𝑆0

𝐷𝑠𝑆0

𝐿1
2

𝜕2𝑆2

𝜕𝑋2
+

𝐿1
2

𝐷1𝑆0

[𝑘𝑎𝐶0𝐺2(𝑆0 − 𝑆0𝑆2) − 𝑘𝑑𝑆0𝑆2] 

 

𝜕𝑆2

𝜕𝑇
=

𝐷𝑠

𝐷1

𝜕2𝑆2

𝜕𝑋2
+

𝐶0𝐿1
2

𝐶0𝐷1𝑆0

[𝑘𝑎𝐶0𝐺2(𝑆0 − 𝑆0𝑆2) − 𝑘𝑑𝑆0𝑆2] 

 

𝜕𝑆2

𝜕𝑇
=

𝐷𝑠

𝐷1

𝜕2𝑆2

𝜕𝑋2
+

𝐶0𝐿1

𝑆0
[
𝑘𝑑𝑆0

𝐷1𝐶0

𝐿1

𝑆2 −
𝑘𝑎𝐶0𝑆0

𝐷1𝐶0

𝐿1

𝐺2(1 − 𝑆2)] 

 

𝝏𝑺𝟐

𝝏𝑻
= 𝑫𝑺𝟏

𝝏𝟐𝑺𝟐

𝝏𝑿𝟐
+ 𝚬[𝑫𝒂𝒂𝒅𝒔𝑮𝟐(𝟏 − 𝑺𝟐) − 𝑫𝒂𝒅𝒆𝒔𝑺𝟐] 

 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝐺𝑎𝑠, 𝑡 = 0, 𝐶2 = 𝐶0 

 

𝑻 = 𝟎, 𝑮𝟐 = 𝟏 

 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑆𝑢𝑟𝑓𝑎𝑐𝑒, 𝑡 = 0, 𝐶𝑠2 = 𝐶𝑠0 =
𝑘𝑎𝐶0𝑆0

𝑘𝑎𝐶0 + 𝑘𝑑
 

 

𝑻 = 𝟎, 𝑺𝟐 =
𝑪𝒔𝟎

𝑺𝟎
=

𝒌𝒂𝑪𝟎

𝒌𝒂𝑪𝟎 + 𝒌𝒅
 

 

𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 1, 𝑥 = 0, 𝐶2 = 𝐶1 

 

𝑿 = 𝟎, 𝑮𝟐 = 𝑮𝟏 

 

𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 2, 𝑥 = 𝐿2, 𝐴2  (−𝑈2𝐶2 + 𝐷2

𝑑𝐶2

𝑑𝑥
) = 𝑎(𝐶𝑠𝑜𝑢𝑟𝑐𝑒 − 𝐶2) 
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𝑋 =
𝐿2

𝐿1
, 𝐴2  (−𝑈2𝐶0𝐺2 +

𝐷2𝐶0

𝐿1

𝑑𝐺2

𝑑𝑋
) = 𝑎(𝐶0𝐺𝑠𝑜𝑢𝑟𝑐𝑒 − 𝐶0𝐺2) 

 

𝑋 =
𝐿2

𝐿1
, −𝐴2𝑈2𝐺2 +

𝐴2𝐷2

𝐿1

𝑑𝐺2

𝑑𝑋
= 𝑎(𝐺𝑠𝑜𝑢𝑟𝑐𝑒 − 𝐺2) 

 

𝑋 =
𝐿2

𝐿1
, −𝐺2 +

𝐷2

𝑈2𝐿1

𝑑𝐺2

𝑑𝑋
=

𝑎

𝐴2𝑈2

(𝐺𝑠𝑜𝑢𝑟𝑐𝑒 − 𝐺2) 

 

𝑿 =
𝑳𝟐

𝑳𝟏
, −𝑮𝟐 +

𝑫𝟐

𝑼𝟐𝑳𝟏

𝒅𝑮𝟐

𝒅𝑿
= 𝚽(𝑮𝒔𝒐𝒖𝒓𝒄𝒆 − 𝑮𝟐) 

 

ZONE 3: Outlet 

𝐺𝑎𝑠 𝑃ℎ𝑎𝑠𝑒,
𝜕𝐶3

𝜕𝑡
= −𝑈3

𝜕𝐶3

𝜕𝑥
+ 𝐷3

𝜕2𝐶3

𝜕𝑥2
+

𝐴3,𝑝𝑖𝑝𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑉3,𝑝𝑖𝑝𝑒

[𝑘𝑑𝐶𝑠3 − 𝑘𝑎𝐶3(𝑆0 − 𝐶𝑠3)] 

 

𝐷1𝐶0

𝐿1
2

𝜕𝐺3

𝜕𝑇
= −

𝑈3𝐶0

𝐿1

𝜕𝐺3

𝜕𝑋
+

𝐷3𝐶0

𝐿1
2

𝜕2𝐺3

𝜕𝑋2
+

𝜋𝑑3𝐿3

𝜋
𝑑3

4

2

𝐿3

[𝑘𝑑𝑆0𝑆3 − 𝑘𝑎𝐶0𝐺3(𝑆0 − 𝑆0𝑆3)] 

 

𝐷1𝐶0

𝐿1
2

𝜕𝐺3

𝜕𝑇
= −

𝑈3𝐶0

𝐿1

𝜕𝐺3

𝜕𝑋
+

𝐷3𝐶0

𝐿1
2

𝜕2𝐺3

𝜕𝑋2
+

𝜋𝑑3𝐿3

𝜋
𝑑3

4

2

𝐿3

[𝑘𝑑𝑆0𝑆3 − 𝑘𝑎𝐶0𝐺3(𝑆0 − 𝑆0𝑆3)] 

 

𝜕𝐺3

𝜕𝑇
= −

𝐿1
2𝐿3𝐷3𝑈3𝐶0

𝐿1𝐿3𝐷3𝐷1𝐶0

𝜕𝐺3

𝜕𝑋
+

𝐿1
2𝐷3𝐶0

𝐿1
2𝐷1𝐶0

𝜕2𝐺3

𝜕𝑋2

+
4𝜋𝑑3𝐿3𝐿1

2

𝜋𝑑3
2𝐿3𝐷1𝐶0

[𝑘𝑑𝑆0𝑆3 − 𝑘𝑎𝐶0𝐺3(𝑆0 − 𝑆0𝑆3)] 

 

𝜕𝐺3

𝜕𝑇
= −

𝐿3𝐷3𝐿1
2𝑈3𝐶0

𝐿3𝐷3𝐿1𝐷1𝐶0

𝜕𝐺3

𝜕𝑋
+

𝐿1
2𝐷3𝐶0

𝐿1
2𝐷1𝐶0

𝜕2𝐺3

𝜕𝑋2
+

4𝐿3𝐿1

𝑑3𝐿3
[
𝑘𝑑𝑆0

𝐷1𝐶0

𝐿1

𝑆3 −
𝑘𝑎𝐶0𝑆0

𝐷1𝐶0

𝐿1

𝐺3(1 − 𝑆3)] 
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𝝏𝑮𝟑

𝝏𝑻
= −

𝑫𝟑𝟏𝑷𝒆𝟑

𝑳𝟑𝟏

𝝏𝑮𝟑

𝝏𝑿
+ 𝑫𝟑𝟏

𝝏𝟐𝑮𝟑

𝝏𝑿𝟐
+

𝟒𝚲𝟑

𝑳𝟑𝟏
[𝑫𝒂𝒅𝒆𝒔𝑺𝟑 − 𝑫𝒂𝒂𝒅𝒔𝑮𝟑(𝟏 − 𝑺𝟑)] 

 

 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑃ℎ𝑎𝑠𝑒,
𝜕𝐶𝑠3

𝜕𝑡
= 𝐷𝑠

𝜕2𝐶𝑠3

𝜕𝑥2
+ 𝑘𝑎𝐶3(𝑆0 − 𝐶𝑠3) − 𝑘𝑑𝐶𝑠3 

 

𝐷1𝑆0

𝐿1
2

𝜕𝑆3

𝜕𝑇
=

𝐷𝑠𝑆0

𝐿1
2

𝜕2𝑆3

𝜕𝑋2
+ [𝑘𝑎𝐶0𝐺3(𝑆0 − 𝑆0𝑆3) − 𝑘𝑑𝑆0𝑆3] 

 

𝜕𝑆3

𝜕𝑇
=

𝐷𝑠

𝐷1

𝜕2𝑆3

𝜕𝑋2
+

𝐶0𝐿1
2

𝐶0𝐷1𝑆0

[𝑘𝑎𝐶0𝐺3(𝑆0 − 𝑆0𝑆3) − 𝑘𝑑𝑆0𝑆3] 

 

𝜕𝑆3

𝜕𝑇
=

𝐷𝑠

𝐷1

𝜕2𝑆3

𝜕𝑋2
+

𝐶0𝐿1

𝑆0
[
𝑘𝑎𝐶0𝑆0

𝐷1𝐶0

𝐿1

𝐺3(1 − 𝑆3) −
𝑘𝑑𝑆0

𝐷1𝐶0

𝐿1

𝑆3] 

 

𝝏𝑺𝟑

𝝏𝑻
= 𝑫𝑺𝟏

𝝏𝟐𝑺𝟑

𝝏𝑿𝟐
+ 𝚬[𝑫𝒂𝒂𝒅𝒔𝑮𝟑(𝟏 − 𝑺𝟑) − 𝑫𝒂𝒅𝒆𝒔𝑺𝟑] 

 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝐺𝑎𝑠, 𝑡 = 0, 𝐶3 = 𝐶0 

 

𝑻 = 𝟎, 𝑮𝟑 = 𝟏 

 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 𝑆𝑢𝑟𝑓𝑎𝑐𝑒, 𝑡 = 0, 𝐶𝑠3 = 𝐶𝑠0 =
𝑘𝑎𝐶0𝑆0

𝑘𝑎𝐶0 + 𝑘𝑑
 

 

𝑻 = 𝟎, 𝑺𝟑 =
𝑪𝒔𝟎

𝑺𝟎
=

𝒌𝒂𝑪𝟎

𝒌𝒂𝑪𝟎 + 𝒌𝒅
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𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 1, 𝑥 = 0, 𝐶3 = 𝐶1 

 

𝑿 = 𝟎, 𝑮𝟑 = 𝑮𝟏 

 

𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 2, 𝑥 = 𝐿3,
𝑑𝐶3

𝑑𝑥
= 0 

 

𝑿 =
𝑳𝟑

𝑳𝟏
,

𝒅𝑮𝟑

𝒅𝒙
= 𝟎 

 

------------------------------------------------------------------------------------------------------------ 

Note that 𝐷𝑖 is the Aris-Taylor dispersion coefficient (derivation in Appendix C); 

𝑫𝒊  = 𝑫𝒎 +
𝑼𝟐𝒅𝟐

𝟏𝟗𝟐𝑫𝒎
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