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Abstract 
Clean water is a critical natural resource.  We do not have much available: only 

2.5% of water on Earth is freshwater and of that only 31% is in liquid form.  96% of the 

liquid fresh water is groundwater.  Unfortunately that resource is subject to 

contamination by hazardous materials accidentally or illicitly spilled, leaked, or deposited 

in or on the ground.  Among the methods to remediate these disasters, pump-and-treat 

(P&T) is the most common.  The vertical circulation well (VCW) is a P&T configuration 

with extraction and injection sites within the same well.  It can be adapted to many 

remediation techniques and has been gaining popularity since the 1990s and is often a 

better alternative to conventional P&T.  Conventional P&T and VCWs are typically run 

with steady flow. 

The major bottleneck to steady flow remediation is that contaminants become 

trapped in dead-end pores.  In an aquifer there are two types of pores: pass-through pores 

and dead-end pores.  The flow in former completely sweeps through the pore space while 

the flow does not enter the later; however, the flow through the pass-through pore 

induces a vortex in the dead-end pore.  Under steady flow the only mechanism for 

contaminants to escape the dead-end pores is molecular diffusion. 

A similar problem is encountered in the removal of surfactants in the manufacture 

of semiconductor and the removal of oil residue build-up in small ducts.  Manufacturers 

discovered that pulsed flow would accelerate the mass transfer between the cavities and 

grooves on these surfaces and the external flow.  This was because the unsteady ramp-up 
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in flow rate initiated a deep sweep of the cavities.  The unsteady ramp-down in flow rate 

initiated a vortex ejection where the sequestered vortex is no longer constrained and 

protrudes from the cavity. 

We hypothesized that just as pulsed flow improves cleaning of grooved surfaces 

in several manufacturing procedures, rapidly pulsed pumping (with a period on the order 

of a second rather than weeks or months) in pump-and-treat groundwater remediation 

would boost the diffusion-limited removal of contaminants trapped in dead-end pores by 

generating transient deep sweeps and vortex ejections in these pores. These processes 

have not yet been exploited in groundwater remediation to any significant degree. 

We tested our hypothesis in a series of numerical and laboratory experiments.  We 

considered unwashed and washed media.  For unwashed media (Chapter 1) we used as a 

square pore in the numerical domain and crushed glass (for its negligible sorption 

capacity) in laboratory column studies.  For washed media (Chapter 2) we used a smooth 

dead-end pore constructed with two tangential quarter circles as the pore in the numerical 

domain and glass spheres in the laboratory column studies. In all our laboratory 

experiments we used a fluorescent dye, Fluorescein, as a conservative tracer.  We used 

the same parameters in our numerical experiments. However, in some we also considered 

immiscible contaminants such as NAPLs (Chapter 4). 

All numerical experiments were conducted with the computational fluid dynamics 

software, FIDAP.  In numerical experiments we studied the contaminant removal from 

interacting dead-end pores connected to both a straight pass-through pore and a divergent 
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pass-through pore.  The latter with the flow somewhat analogous to the radial spreading 

encountered around a around a well in field applications (Chapter 5). 

To elucidate the dead-end pore dynamics (Chapter 3), we performed numerical 

experiments and used a physical model to obtain a relationship between the rapidly 

pulsed flow frequency and length of the pore.  Our dimensional analysis pointed to the 

change in pressure as the key component in the initiation of transient deep sweeps and 

vortex ejections, two new pore-cleaning mechanisms. 

We conclude that the rapidly pulsed flow improves the recovery of contaminants 

from unwashed, or rough, porous media. In numerical experiments with a pore system 

consisting of just a single square dead-end pore and a single pass-through pore, at 100 

pore volumes pumped the rapidly pulsed flow improved cleanup of the dead-end pore 

alone by approximately 40%.  This translates into a 10% improvement of the cleanup of 

the pore system (dead-end and pass-through pore).  Since the dead-end pore is the 

bottleneck of the current groundwater remediation, it the first measure that is relevant. 

In corresponding laboratory column experiments with crushed glass, the dead-end 

pore volume alone is not known.  The cleanup of the whole pore space was improved by 

roughly 10% with the rapidly pulsed pumping, which corresponds nicely to our 

numerical results. 

Our numerical experiments demonstrate that there exists an optimal pulsed 

pumping frequency that is a function of the local flow velocity and the pore geometry 

(size and morphology). 
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The contaminant recovery from washed, or rounded, media was not as 

pronounced in the laboratory experiments and the numerical experiments showed no 

improvement.  While both rapidly pulsed and steady flow recovered all of the 

contaminant in the laboratory column tests, the difference in the time between the two 

pumping schemes was approximately 0.9 pore volumes pumped.  This improvement is 

likely to be amplified with sorbing contaminants. 

Many contaminants are non-aqueous phase liquids (NAPLs), which do not readily 

dissolve in water.  We showed in numerical experiments that rapidly pulsed flow can 

recover NAPLs with viscosity lower than water, but is not as effective with higher 

viscosity materials; however, these results were based on a model that did not account for 

interfacial tension and wetting; therefore we will require additional numerical and 

laboratory experiments. 

In practice, a flow through porous media is significantly more complex than the 

one-directional dominated flows considered in our numerical and laboratory column 

experiments.  Around a well the flow is typically three-dimensional and largely radially 

dominated.  We constructed two numerical domains to study the interactions between the 

cleanup of three square pores: one in a straight channel and one in a divergent channel to 

study the radial spread that would be experienced around a well.  For a series of three 

dead-end pores, there was a 35% improvement by rapidly pulsed flow over steady flow 

in the straight channel and a 33% improvement in the divergent domain.  The optimal 

frequency was different in the divergent flow even though the pores were the same size 
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as in the previous study.  Since the divergent channel reduced the flow velocity, the 

pulses reached the pores at a decreasing rate.  Due to this divergence and the range of 

pore-sizes in a natural aquifer, implementation of rapidly pulsed flow should likely 

include a range of frequencies. 

We concluded that the rapidly pulsed flow on the time scale of one-second would 

greatly enhance the cleanup of contaminated aquifers by P&T or VCW approaches.  We 

measured significant improvements in the time to recovery.  For our preliminary VCW 

experiment showed that rapidly pulsed pumping recovers 50% of the contaminant four 

times faster than steady pumping.  P&T and VCW remediation typically use a steady 

flow; there are some methods that change the flow rate in P&T and other configurations, 

such as the VCW.  These periodic changes in rate are on the scale of months to years.  

Some VCWs and air sparging technologies pulse oxygen, surfactants, and/or nutrients 

into the aquifer to oxidize, mobilize, or bioremediate the contaminants.  As reviewed in 

chapter 6 in detail, all pulsing so far applied in remediation is on the time scale of a day 

or longer.  Such low pulsing frequency does not produce sufficiently many deep sweeps 

to make a significant difference in cleaning dead-end pores. 

Implementation of rapidly pulsed technology will utilize the same extraction and 

injection wells currently used in pump-and-treat remediation but will require replacement 

or significant modification of the pumps. 

There are public health and financial implications of this research.  In the 

dissertation conclusions section we reinterpret our numerical experiments with the 
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multiple interacting dead-end pores and a divergent pass-through pore and laboratory 

experiments with a vertical circulation well chamber by calculating and plotting the ratio 

of times needed to reach a specified fraction recovered (specified cleanup level) in the 

steady and rapidly pulsed pumping modes, τs / τp.  This ratio represents the speedup 

factor, i.e., the factor by which the time needed to reach the specified cleanup level with 

the conventional remediation (with steady pumping) would be reduced.  From our 

experiments it appears that with the increasing level of targeted cleanup (contaminant 

fraction recovered), the speedup factor increases and may even exceed an order of 

magnitude.  As we demonstrate in the dissertation conclusions section, this could 

translate into tens of billions of dollars in savings.  Whether or not the laboratory speedup 

factors would hold in the field cannot be established without field-scale experiments. 
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0. Introduction 

0.1 Motivation 

As the world’s population grows, the demand for clean water increases and the 

availability decreases.  Groundwater comprises 30% of the available fresh water on 

Earth; the only greater constituent is ice with 69% (Figure 1).  In all, fresh surface water 

represents 0.009% while groundwater represents 0.9% of all water.  Groundwater has the 

distinct advantage of built-in filtration as water percolates from the surface to the aquifer; 

which gives it special appeal, especially when surface water is unsuitable due to 

contaminants.  In some locations, such as desert regions, groundwater is the only reliable 

 

Figure 1: Distribution of Earth’s water.  From the United States Geological Survey, Water Science 
for Schools [United States Geological Survey, 2011] (public domain). 
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option since surface water is intermittent and reservoirs increase evaporative loss.  

Globally, groundwater depletion (withdrawals minus recharge) has doubled from 1960 to 

2000 and in 2000 it was estimated that 35% of the world population lived in a state of 

severe water stress: that is, water use is ≥140% of what is available [Wada et al., 2010].  

Marks [2009] reported that 30% of consumers in the United States in 2009 with 

community water systems rely on groundwater resources. As we see here, our most 

abundant water resource is already stressed; therefore, it is of utmost importance to 

safeguard this resource and return it to a usable state where we have damaged it.  The loss 

of groundwater resources could mean turning to a more labor-intensive and difficult 

source such as rainwater harvesting. 

Populations that have already lost, or never had, access to clean groundwater 

resources, significantly more labor-intensive and unreliable sources of water have been 

implemented.  For example, much of India’s groundwater is contaminated with natural 

arsenic and contaminant-levels of fluoride.  As a result, the affected population has 

resorted to rainwater harvesting – collecting rainwater directly and from runoff.  Other 

locations have implemented rainwater harvesting to ease the burden on groundwater 

resources.  On the other hand, it was illegal to harvest rainwater in most of the Western 

United States because the water is so critical to groundwater recharge (which is assigned 

by water rights [Johnson, 2009]). 

Unfortunately, the cost of groundwater cleanup is high – in 1994 the National 

Research Council estimated the cleanup debt in the United States at $1 trillion [National 

Research Council, 1994].  Since then some sites have been remediated; however, more 
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contaminants have been identified and more spills have occurred, pushing that number 

significantly higher. Ryan et al. [2000] discussed one example, a study of the remediation 

of a plume of volatile organic compounds in Cape Cod.  The cleanup of this one plume 

was estimated to take 20 years with a capital cost of about $7 million and estimated 

operations and maintenance costs are about $1.4 million per year for a total of $35 

million.  Furthermore, the cleanup would likely take much longer and be much more 

expensive. 

Congress passed the Comprehensive Environmental Response, Compensation, 

and Liability Act of 1980, commonly called Superfund, which established a plan and 

fund to set up and pay for remediation of the worst, otherwise abandoned, contaminated 

sites in the country.  Superfund was placed in the National Oil and Hazardous Substance 

Pollution Contingency Plan, which was first established in 1968 to codify a plan to 

respond to a large oil spill [Environmental Protection Agency, 2010a]. 

The legislation was largely in response to the Love Canal incident in New York 

adjacent to Niagara Falls.  The canal was never finished due to lack of funding and was 

used as a waste landfill from 1920 to 1953.  In 1953 the waste site was filled in and sold 

to the local school board with the warning that it was used as a waste landfill.  In 1980, 

President Jimmy Carter evacuated all families from the area [Gibbs and Levine, 1982]. 

In September 2010, there were 1277 sites on the final National Priorities List 

(NPL), the list of Superfund sites [Environmental Protection Agency, 2010b].  In surveys 

of NPL sites, 89% of them utilize pump-and-treat remediation [National Research 

Council, 1999] and of these sites there was an average $4.9 million capital investment 
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[Environmental Protection Agency, 1999a]; furthermore, nearly half of the sites surveyed 

by the National Research Council (NRC) were highly unlikely to achieve their cleanup 

goals within their projected time. 

There are several examples that have gained national attention.  One is Camp 

Lejeune Marine Corps Base: in the early 1980s two drinking water supplies, both which 

drew from groundwater, were contaminated with tetrachloroethelyne (or PERC for 

perchloroethelyne) from dry cleaners that allegedly caused health problems.  A 

committee charged by the Department of the Navy was unable to prove that the toxins 

that contaminated the water supply caused any of the health problems, but concluded that 

the contaminants must be removed from the groundwater [Savitz et al., 2009].  Two 

factors in this example point to a precarious position for human health: first, groundwater 

is our most abundant, local source for freshwater; and second, water treatment plants 

have been unable to keep pace with the contaminants (both natural and anthropomorphic) 

that have become prevalent in our water sources [Marks, 2009]. 

Another example was popularized by the book A Civil Action [Harr, 1995] and 

subsequent movie by the same name.  In this case a cancer cluster (childhood leukemia) 

was identified in Woburn, Massachusetts and linked to the local drinking water supply.  

Studies eventually demonstrated children had an elevated risk of developing certain 

cancers if their mothers consumed water from wells tainted with trichloroethylene (TCE), 

an industrial solvent, PERC, chloroform, and several other organic solvents.  These 

contaminants were introduced by a variety of industrial sources including a leather 

tannery and chemical manufacturer. 
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0.2 Diffusion and Dispersion in Groundwater Flow 

To properly address groundwater contamination, we must first survey the state of 

knowledge of flow through porous media.  There are many incarnations of groundwater 

flow models.  Darcy’s Law is the classical groundwater flux formula: 

€ 

q = −K∇h  (1) 

where q is the water flux with units of volume flow rate per cross-sectional area with 

normal vector, xi, K is the hydraulic conductivity, shown here for isotropic flow, but 

which can be treated as a tensor, and h is the hydraulic head [Bear, 1972] valid for 

laminar flow.  This formulation, with the continuity equation, is useful to compute the 

flow of water through an aquifer – “a rock unit sufficiently permeable so as to supply 

water to wells” [from Domenico and Schwartz, 1998].  Darcy’s Law explains fluid flow 

in porous media; the diffusion equation describes the spread of solute from high potential 

(high concentration) to low potential (lower concentration): 

€ 

∂C
∂t

= D∂
2C
∂x 2

 (2) 

where C is the concentration flux, D is the dispersion coefficient (which will be discussed 

later), t is time, and x is position.  This is the same mathematical form as for molecular 

diffusion [see Einstein, 1906, 1907, 1908 in German, Einstein et al., 1956 republication].  

Whitaker [1967] analytically supplemented a term to include a modified dispersion 

coefficient and tortuosity coefficient; which are both empirically found. 

The Fickian model of diffusion is useful for overall estimate of the spread of a 

solute; however, the coefficient of diffusion is difficult to predict without 
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experimentation [Rashidi et al., 1996].  Furthermore, the solute plume dynamics are 

estimated, but the pore-scale dynamics are not.  Taylor [1953, 1954] and Aris [1956] 

described the additional spread of a solute in a tube (somewhat analogous to a pass-

through pore) as a result of the non-uniform (i.e., Poiseuille flow) velocity distribution. 

On larger scales up to the entire aquifer, the spread of solutes is not uniform due 

to heterogeneities in hydraulic conductivity in the aquifer; the distribution in two 

dimensions is examined by Dagan [1982, 1984] and in three dimensions by Sudicky 

[1986].  Average spread has been described by an effective dispersion coefficient 

determined by a function of porosity [Helfferich, 1966], porosity and an empirical 

coefficient [Greenkorn, 1983], and porosity and tortuosity coefficient [Bear, 1972, 

Greenkorn and Kessler, 1972].  The dispersion on the aquifer scale is somewhat random 

and can be characterized by certain stochastic processes [Dagan, 1982]; which can also 

be extended to include reactive solutes [Kabala and Sposito, 1991]. 

Dispersion studies by Pfannkuch in 1962 in a column [cited in Domenico and 

Schwartz, 1998] show a relationship between the dispersion of flow through an aquifer 

based on the Peclet number (ratio of advective, product of grain size and fluid velocity, to 

molecular diffusion).  In field experiments, dispersion values had more variability than in 

column studies; Gelhar et al [1992] examined 59 field experiments and found at any 

given scale (size of experiment), the dispersion values spanned two to three orders of 

magnitude. 

Models were originally used to estimate the flow of water in an aquifer for well 

water demand. Later they were applied to estimate the spread of contaminant. 
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0.2.1 Dead-End and Pass-Through Pores 

To analyze the flow of solutes on the pore scale in an aquifer there is a need to 

examine the different types of pores.  Porous media consist of pores and solid material; 

the pores can be defined by their interaction with the flow: pass-through pores are those 

pores that allow fluid to pass from one end to another, as shown in Figure 2a, while dead-

end pores are those that only allow fluid in and out one, typically constrained, location, as 

shown in Figure 2b.  The defining flow characteristic of the dead-end pore is the 

separatrix, which comes to formation when a pass-through pore extends outward from 

the flow further and further until the side of the pore expands so sharply that the flow 

near the side of the wall separates from the wall of the pore.  This can be visualized with  

 

Figure 2: Two-dimensional representation of porous media: (a) the conductive, pass-through pores; 
and (b) pass-through pores with several adjacent dead-end pores. 
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Figure 3: An idealized dead-end pore is represented here as a two-dimensional expansion on a pass-
through pore of a medium.  The mean flow is from left to right.  Four streamlines are shown in the 

diagram – two in the pass-through region and two in the vortex of the dead-end pore.  The middle two 
streamlines appear to merge (only due to line thickness) and are in the approximate location of the 

separatrix.  Similarly, the outer vortex streamline appears to touch the wall of the pore, but this 
again is only due to line thickness. 

streamlines (a series of lines drawn tangential to the velocity vectors) as in Figure 3.  As 

the flow travels past the [now formed] dead-end pore, [viscous] flow will cause the water 

within the dead-end pore adjacent to the flow in the pass-through region and recirculate 

inside the dead-end pore.  This recirculation generates a vortex.  The separatrix is the 

streamline between all pass-through regions and all dead-end pore vortex streamlines. 

The concept of a separated flow was studied in heat transfer.  Nusselt [1908] 

introduced the dimensionless quantity now known as the Nusselt number, 

€ 

Nu = hLK , 

which compares the convective transport to the conductive transport in heat.  They wrote 

the Nusselt number as function of Reynolds number and frequency.  Niemella et al. 

[2000] studied heat transfer into a flow from a heated plate and Qu and Mudawer [2002] 

modeled such heat transfer in three-dimensions.  Alazmi and Vafai [2001] found that heat 

transfer in a solid matrix was a function of the Reynolds number and interface conditions 
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including porosity.  MacKley and Stonestreet [1995] introduced the effect of the surface 

on heat transfer in experiments through a baffled tube under steady and oscillatory flow. 

As we described, there are two types of pores considered here: one where water 

flows through and the other where water does not enter or exit out of the pore.  The 

concept of the dead-end pore was initially described by Coats and Smith [1964] for oil 

reservoirs and applied to aquifers by van Genuchten and Wierenga [1976].  They 

proposed the model for the mobile and immobile zones.  The pass-through pores form 

the mobile zone because the water travels through the pore.  The dead-end pores form the 

immobile zone because the water was assumed to be stagnant in them.  While the 

immobile zone does not have a flow in and out of its pores, it is not immobile [Kim, 

2006], shown by Figure 3 and the following experiments; therefore, the term immobile 

zone is misleading. 

The idealization of the pore space into mobile and immobile zones led to the 

concept of a transfer coefficient (3) [Coats and Smith, 1964, van Genuchten and 

Wierenga, 1976, Haggerty and Gorelick, 1995]: 

€ 

∂Cim

∂t
= α Cm −Cim( ) (3) 

where t is time and the subscripts on Cm and Cim refer to the mobile and immobile zone, 

respectively. 

Variations in the transfer coefficient, α, have been observed, but with little 

explanation [e.g., Brusseau, 1992, Bajracharya and Barry, 1997]; however, in numerical 

and laboratory studies of solute transport from a single, dead-end pore [Kim, 2006], α 
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was found to be a function of Reynolds number,   

€ 

Re = u /ν , where u is the characteristic 

velocity,  is the characteristic length scale, and ν is the kinematic viscosity.  In a truly 

immobile zone, the contaminant can leave the dead-end pore only by the slow process of 

molecular diffusion.  The existence of the vortex in the dead-end pore brings the 

contaminant from deep inside the dead-end pore closer to the separatrix.  This increases 

the concentration gradient across the separatrix (Figure 3) and consequently increases the 

mass transfer between the dead-end pore and the adjacent pass-through pore.  The faster 

the vortex rotates, the higher the mass transfer.  The increase in mass transfer due to 

theses vortices in dead-end pores was termed vortex-enhanced dispersion by Kim [2006]. 

0.2.3 Types of Porous Media 

Porous media can be classified in a number of ways.  Two general classes, based 

on the shape of the mineral particles, are those with mostly smooth edges and those with 

mostly rough or sharp edges.  The former is usually composed of washed sediment, 

where the mineral particles are rounded from grinding against other sediment in a flow, 

and hereafter referred to as washed porous media.  The latter is usually composed of 

fractured rock as the particles were fractured from the country rock, such as grinded from 

glacial movement or deep marine sediment, and hereafter referred to as unwashed porous 

media.  These sediments will be used in the experiments presented here, while analogous 

experiments for washed porous media will be presented in the companion paper. 

Porous media may also contain organic material to which contaminants can sorb.  

In this paper (and its companion papers) we use and model mainly tracers (non-sorbing 

solutes) to model idealized contamination (i.e., non-sorbing contaminants). 

  

! 

!
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0.2.4 Steady Pump-and-Treat Remediation 

Pump-and-treat (P&T) remediation is a common method used to remove 

contaminants from an aquifer.  P&T pumps contaminant-rich water from the aquifer and 

cleans it at the surface by one of several methods [Khan et al., 2004, Mohan and Pittman, 

2007]; then pumps it back into the aquifer or releases it to surface water.  Treatment 

times depend on the contaminant, porous media, and other hydrologic factors, but 

typically are on the order of decades and may last even hundreds of years [Environmental 

Protection Agency, 1996]. 

In most P&T sites, effluent concentrations begin high as the contaminant is 

removed from the aquifer; then the effluent concentration decrease relatively quickly to a 

quasi-steady level.  The effluent concentration should not be naively thought to represent 

the concentration in the aquifer.  Remediation is evaluated based on effluent or test well 

measurement; that is, remediation is often stopped when the effluent concentration 

reaches the target level.  Unfortunately, there are regions of the aquifer that have 

considerably higher concentrations, namely, the dead-end pores.  A sufficiently long time 

after remediation stops, the contaminant diffuses from the dead-end pores to the pass-

through.  This results in a high contaminant level in the effluent, often higher than the 

target and often above the regulatory level.  As discussed earlier, there is enhanced 

dispersion from the dead-end pores, but this is still limited by molecular diffusion at the 

separatrix and does not transfer the contaminant fast enough to contribute to the initial 

remediation.  At the pore scale the molecular diffusion between the dead-end and pass-

through pores that is the bottleneck of the P&T technique. 
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0.2.5 Time-Variable Pump-and-Treat Remediation 

The so far proposed solutions to the bottleneck problem in P&T can be classified 

as turn-on-turn-off [e.g., Harvey et al., 1994] and turn-on-turn-down [e.g., Saez and 

Harmon, 2006, Colombani et al., 2009] pumping schemes.  These techniques can lower 

the pumping time and thus energy costs.  In the turn-on-turn-off scheme, the flow is 

stopped for a period of weeks or even months to allow trapped contaminants to diffuse 

from the dead-end pores to the pass-through pores where they can be pumped out.  The 

subsequent periods have effectively removed more contaminant with a lower amount of 

pumping [Keely et al., 1987, Mackay et al., 2000]; however, while such time-variable 

pumping reduces the time that the pumps are on, and therefore saves money, the overall 

time required is longer than with continuous pumping [Borden and Kao, 1992, Harvey et 

al., 1994].  The premise is similar in the turn-on-turn-down scheme. 

Currently, the EPA suggests the process named adaptive pumping [Environmental 

Protection Agency, 1996], where, every one to five years, the pumping scheme is 

evaluated and the pump rate adjusted to reduce stagnant zones – that is, regions of 

reduced flow, i.e., those of low hydraulic conductivity [see Gillham et al., 1984, Tsang et 

al., 2009].  Unfortunately, adaptive pumping does not dramatically decrease overall 

remediation treatment times [Isherwood et al., 1991, National Research Council, 1999].  

This strategy, designed to handle reduced flow regions, does not address the problem of 

contaminant trapped in dead-end pores.  There is still a need to accelerate the removal of 

contaminant from the dead-end pores; which, as already discussed, is governed by 

molecular diffusion at the separatrix.  Since we cannot speed up molecular diffusion, we 
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must seek a different flow regime that will change the mechanism of contaminant 

removal in dead-end pores. 

0.2.6 Flow Past Cavities 

Separation of a flow is common and observable in many fluid mechanics 

applications.  For example, a river flow separates to form an eddy as it passes a rock, log, 

or other obstruction of the flow.  Burggraf [1966] extensively studied flow separation 

under several domains.  Bozeman and Dalton [1973], and Shankar and Deshpande [2000] 

reported on the vortices that are generated from flow past a cavities and the vortices in 

the corners of side such cavities.  Gustafson and Halasi [1986] used computation fluid 

dynamics to analyze the cascade of vortices within the cavity; Kawaguti [1961], and Pan 

and Acrivos [1967] examined the effect of aspect ratio on the pore dynamics, especially 

the series, or cascade, of vortices that are established throughout the cavity and in the 

corners.  Hasimoto and Sano [1980] also used computational fluid dynamics to explore 

non-square cavities.  Trevelyan et al. [2001] studied the flow in a single, isolated two-

dimensional pore whose motion is driven by the lid of the cavity.  Duck [1982] worked 

on a similar cavity with an oscillatory lid, and Patankar and Spalding [1972] considered 

the heat convection in such a cavity in three-dimensions.  Chang et al. [1987] used 

computational fluid dynamics to model the mass transfer out of a cavity with an external 

flow.  Wang et al. [2009] explored the flow under an unsteady startup of the flow across a 

cavity in numerical and physical models and John et al. [2010] examined the unsteady 

flow driven by lid velocity with numerical experiments.  These last two studies examine a 

transient sweep that plunges deep into the cavity. 
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0.2.7 Cleaning Open Cavities 

A problem analogous to the one described here in porous media has been 

investigated in the manufacture of small-scale ducts and high-performance electronics 

(e.g., semiconductor boards) as surfaces must be perfectly clean for proper use [Fang et 

al., 1999].  Surfactants must therefore be removed from microscopic cavities in the 

surfaces of materials at multiple stages of the process [Chilukuri, 1982, Chilukuri and 

Middleman, 1984]. 

The contaminant transfer between the cavity and surface flow is greatest before 

the vortex fully forms in the cavity because the flow at this transient stage is traveling 

deep into the cavity [Fang, 2003]; a process that we will refer to as a deep sweep.  Since 

the deep sweep only occurs in transient flow, a flow that is frequently changed produces 

multiple deep sweeps and better results for the cleanup of surfaces with cavities and 

groves than steady flow produces as shown for a Reynolds number, Re > 50 [Fang et al., 

1997, 1998, Fang et al., 1999, Fang, 2003, Fang et al., 2003].  The rate of change for 

optimal cleanup, the effect of diffusion, and the effect of flow speed were not established. 

Anderson and others performed two-dimensional numerical [2000] and three-

dimensional laboratory [2006] experiments based on an idealized square cavity with a 

periodic velocity imposed on one side (a cavity covered with a lid which has a periodic 

transverse velocity).  The results showed vortex and chaotic mixing within the pore.  

Further studies focused on parameter optimization and effects in non-Newtonian fluids 

[Anderson et al., 1999, 2000b].  Moving to an open cavity, Horner et al. [2002] 

constructed, numerically and in the laboratory, an idealized square pore with an attached 
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channel.  The flow was controlled by the velocity of the wall of the channel opposite the 

pore.  They showed that when the flow started from rest it penetrated into the pore and 

pushed high concentration fluid out of the pore; furthermore, pulsed flow (generated by 

the start and stop of the opposing wall) would repetitively push the pore fluid out with the 

deep sweep.  Other experiments on pulsed flow over cavities and groves found the same 

results and furthermore sought the optimal flow parameters in terms of Reynolds number 

and the Wormersley number, 

€ 

Wo = L ων( )
1
2 , where ω is the angular velocity of the 

vortex inside the pore, L is the characteristic length scale, in this case the pore size, and ν 

is the kinematic viscosity [Nishimura and Kunitsugu, 1997, Nishimura et al., 1997].  

These experiments were conducted at Reynolds numbers that characterize a rapid stream 

in the manufacturing processes. 

0.3 Hypothesis  

The flow in porous media has morphological similarities to the flow through 

small ducts and semiconductor board surfaces with cavities and groves; the pass-through 

pores act as the surface or duct flow and the dead-end pores as the cavities and groves.  

In particular, we hypothesize that, just as pulsed flow improves cleaning of grooved 

surfaces in several manufacturing procedures, a rapidly pulsed flow (with a period on the 

order of a second rather than weeks or months) in pump-and-treat groundwater 

remediation will accelerate the diffusion-limited removal of contaminants trapped in 

dead-end pores by generating transient deep sweeps of and vortex ejections from these 

pores. These processes have not yet been exploited in groundwater remediation to any 
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significant degree.  Furthermore, P&T with rapidly pulsed pumping should reduce the 

cleanup time and subsequently, cost of remediation. 
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1. Acceleration of the Diffusion-Limited Pump-and-Treat 
Groundwater Remediation by Rapidly Pulsed Pumping 
that Generates Deep-Sweeps and Vortex Ejections in 
Dead-End Pores in Unwashed Media 
 

We begin with an analysis of the rapidly pulsed flow through unwashed media.  

We present here an evaluation based on computational fluid dynamics and laboratory 

column experiments.   

1.1 Methods 

To test our hypothesis of the action of the deep sweep and vortex ejection in dead-

end pores in porous media we conducted numerical and laboratory experiments that 

compare steady to rapidly pulsed flow in modeled porous media.  This process is 

inherently a pore-scale problem, so the numerical model utilized the incompressible 

Navier-Stokes equations (4), the continuity equation (5), and the molecular diffusion 

equation (6) to elucidate the dynamics.  The laboratory column experiments test the same 

pore-scale mechanism, but at a small scale of roughly 80,000 pores (pore volume ÷ 

estimated average single pore size). 

  

€ 

−
1
ρ
∇p +ν ∇2 u ( ) +

 g = ∂
 u 
∂t

+
 u ⋅ ∇ u 
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⎝ 
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⎞ 

⎠ 
⎟  (4) 

  

€ 

∇⋅
 u = 0  (5) 

  

€ 

∂C
∂t

+
 u ⋅ ∇C = D∇2C  (6) 
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where p is pressure, ν is kinematic viscosity,   

€ 

 u  the velocity of the fluid, ρ is density,   

€ 

 g  is 

the gravitational acceleration (zero here), D is the molecular diffusion coefficient, and C 

is the contaminant concentration.  The model domain is a dead-end pore with interacting 

pass-through pore with the following boundary and initial conditions: 

• 

€ 

u wall = 0 , the no-slip boundary condition; 

• 

€ 

∂u
∂n

= 0
, where n is the normal vector to the wall, the no-flux boundary 

condition; 

• 

€ 

C t=0 =
1 for IC zone
0 for all else
⎧ 
⎨ 
⎩ , the initial condition 

where the IC zone is the Initially Contaminated zone shown in Figure 4.  In an aquifer, 

contaminants will be distributed throughout the two types of pores; therefore, the Initially  

 

Figure 4: Idealized single dead-end pore adjacent to a pass-through pore.  This domain is used for the 
numerical experiments.  A parabolic flow is imposed from the left boundary (inlet) in the positive x-
direction.  The entrance length is long enough to ensure fully developed flow (steady experiments) 

before the pore.  The channel is one millimeter in width.  The pore dimensions are one square 
millimeter.  The dead-end pore is shown here with an aspect ratio (depth/width) of unity, but double- 

and half-aspect ratios are also considered. 
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Contaminated zone has the dead-end pore and part of the pass-through pore.  The 

domain is constructed as a straight channel (pass-through) with an idealized singular 

dead-end pore.  The flow is two-dimensional as is the flow between two planes with a 

uniform cavity. 

1.1.1 Numerical Experiments 

To solve the governing equations over our modeled domain (Figure 4), we 

employed the finite element computational fluid dynamics solver, FIDAP [see Sohn, 

1988].  The control is steady flow and the test is a rapidly pulsed flow driven by a square 

wave defined by (7a) and illustrated in Figure 5, with variable amplitude, a, and 

frequency, T -1, and fixed duty cycle (time at elevated flow divided by period) ε/T = 0.5.  

The average flow rate, 

€ 

q , (7c) is equal in rapidly pulsed and steady flow.  The range of 

amplitudes tested were from zero at steady flow, to a sudden drop of 0.9 of the average 

flow – which would be a challenge to replicate in actual remediation projects; in fact, the 

generation of any substantial change in flow will likely require specialized pumps for 

implementation.  The initial inlet velocity in the x-direction of   

€ 

 u x,y,t( ), which depends 

on the pulsed – square wave – or steady scheme; the inlet velocity in the y-direction is 

zero. 

  

€ 

 u x = 0,y,t( ) = 1.5 − 6y 2( ) •
U steady

U + H t( ) pulsed
⎧ 
⎨ 
⎩ 

 
(7a) 

€ 

H t( ) =
a nT < t ≤ nT +ε

−a nT +ε < t ≤ n +1( )T
⎧ 
⎨ 
⎩ 

, n = 0, 1, 2, 3,… 
(7b) 
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€ 

q = 1
nT

u x = 0,y, t( )
inlet
∫

0

nT

∫ dydt , n = 0, 1, 2, 3,… 
(7c) 

€ 

Q = qb  (7d) 

where b is the depth of the simulation – since these are two-dimensional simulations, 

most flow rates will be given units of flow per unit depth – see (7d).  For example, Q is a 

volumetric flow rate, while q is a two-dimensional flow rate with units of mm2 sec-1.  The 

variable u(t,y) is the velocity at the inlet at time t and position y.  Equation (7c) gives the 

parabolic velocity profile centered at y = 0 in the center of the pass-through pore in terms 

of a constant flow rate for the steady flow and a pulsed flow rate in terms of a square 

wave for the rapidly pulsed flow (7a).  The variable U is the characteristic velocity that 

was chosen to correspond to the average velocity that flows through the porous media in 

the laboratory experiments. 

 

Figure 5: Steady and rapidly pulsed flow versus time, t.  The average flow rates for both are equal.  Q 
is the flow rate, a is the amplitude, T is the period, and ε  is the time that the pulsed flow is elevated.  
We tested a range of amplitudes and frequencies (T-1).  The duty cycle was held constant at elevated 
flow time ε /T = 0.5 in numerical experiments.  In the rapidly pulsed flow it is not a perfect square 

wave; the transition between the elevated and lowered flow rates lasted 0.01 seconds. 
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The characteristic velocity was determined based on the flow rate in the 

laboratory apparatus Q, and the assumption that the porosity n (not to be confused with 

the cardinal n used in (7) or the normal vector   

€ 

 n  used later), can be approximated as a 

cross-sectional porosity.  Given the cross-sectional area of the laboratory column A, the 

characteristic velocity is found by (8). 

€ 

U =
Q
nA

 (8) 

Preliminary laboratory experiments showed that the water velocity in the porous 

media was roughly 10 mm sec-1; therefore, in the two-dimensional simulation we used a 

mean flow rate of 

€ 

q  = 10 mm2 sec-1.  Therefore, the Reynolds number is Re ≈ 10, which 

places it uniquely in the context of the literature, which has only considered high-speed 

flow in manufacturing: Re > 50.  Furthermore, turbulence is defined differently for 

porous media: turbulence has been thought to start just over Re ≈ 10 [Masuoka and 

Takatsu, 1996].  The large (in the context of groundwater flow) Reynolds numbers used 

in this research are typical for groundwater flow in the vicinity of the pumping wells. 

1.1.1.1	  Numerical	  Convergence	  

FIDAP generates a mesh on the domain in Figure 4 given the number of 

nodes/millimeter.  The domain must contain enough nodes to simulate the dynamics of 

the problem, but the fewer the nodes, the faster the simulations will run; we seek the 

minimum number of nodes that will adequately replicate an analytical solution.  We use 

the parameters listed in Table 1 in the numerical simulations. 
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Table 1: Parameters of materials modeled in numerical experiments as well as used in laboratory 
experiments 

Parameter Value Material 
Coefficient of Diffusion 3.4x10-4 mm2 s-1 Fluorescein dye in water 
Density 9.99x10-4 kg m-3 water 
Dynamic Viscosity 1.23x10-3 kg m-1 s-1 water 

 

1.1.1.2	  Molecular	  Diffusion	  Simulation	  

To determine the number of nodes required to resolve the diffusion we modeled a 

diffusion problem with a known analytical solution: a uniform, one-dimensional channel 

with a fixed concentration at one end.  At time, t = 0, concentration, C = 1 for 0 ≤ x ≤ 1 

and C = 0 for x > 1.  There is a no flux boundary condition on the domain.  The 

governing equation is (6) without advection (u = 0) and the solution exists (in the positive 

direction) [Crank, 1975]: 

€ 

C =
1
2
Erf 1− x

2 Dt
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ + Erf

1+ x
2 Dt
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥  (9a) 

€ 

Erf z( ) =
2
π

e−t
2

dt
0

z

∫  (9b) 

where x is position, D = 3.4x10-4 mm2 sec-1 for fluorescein, and Erf is the error function 

defined in (9b).  Four simulations were run with increasing number of nodes/millimeter 

and compared to the analytical solution (9) and are shown in Figure 6.  The results 

indicate that the solution reasonably models the analytic solution for values of 30 

nodes/millimeter or more. 
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Figure 6: Convergence to an analytical solution: analytic solution (10a) and simulated solutions for 
an initial concentration of C = 1 at 0 ≤ x < 1 and C = 0 for x ≥  1 diffusing from the end of a one-

dimensional bar.  Trials were conducted for 10, 30, 50, and 100 nodes/millimeter.  The diffusivity was 
selected as fluorescein D = 3.4x10-4 mm2 sec-1.  The analytic and simulated concentration profiles are 

shown. 

1.1.1.3	  Flow	  Simulation	  

To determine the node requirements the two-dimensional domain (Figure 4) we 

set the number of nodes at 30 nodes/millimeter based on the result from the one-

dimensional analysis.  We then challenged our computational domain with the rapidly 
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pulsed flow with the highest planned amplitude (0.9 of the mean flow) and the highest 

planned frequency (2.0 Hz).  Six simulations were run with a different number of nodes.  

We judged convergence based on the average concentration of contaminant in the 

modeled dead-end pore after 50 pore volumes pumped.  The average concentration 

versus number of nodes per millimeter is plotted in Figure 7.  The concentration does 

converge, but even at our original node concentration of 30 nodes/millimeter, the 

concentration is within 1.5% of the converged value. 

 

Figure 7: Spatial convergence: flow was simulated, pulsed at the most extreme planned amplitude 
and fastest planned frequency, for 10, 20, 30, 40, 50, and 60 nodes/millimeter for 50 pore volumes.  

Final concentrations of contaminant in the initially contaminated zone, identified in Figure 4 at C = 1, 
are reported as a function of node density.  The convergence shown demonstrates a reduction in 

numerical diffusion (that is, diffusion due to the discretization).  The timestep used was Δ t = 0.005. 
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The timestep in these analyses was Δt = 0.005 seconds.  A range of timesteps was 

also tested; however the resultant concentrations improved by less than 2% of the final 

concentration. 

1.1.2 Physical Model 

We constructed a column for porous media and used the apparatus assembled by 

Sutton et al. [2000] to simulate unidirectional flow in a three-dimensional porous media 

sample.  Figure 8 shows the experimental setup.  An airtight water tank (not shown) with 

a static pressure tap provides a constant head.  The porous medium column was 

constructed of PVC pipe and filled with non-sorbing, well-sorted, irregularly shaped 

crushed glass (Figure 9).  We isolated a range of sizes from 0.589 to 0.833 mm with 

sieves.  Crushed glass was used to model an unwashed glacial till without organic 

material.  Its physical properties are summarized in Table 2. 

Table 2: Physical parameters of porous media 

 Irregular Crushed Glass 
Sieve size (mm) 0.589 – 0.833 
Material density (g cm-3) 2.19 
Porosity n 0.455 
Pore Volume (mL) Vpore 31 
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Figure 8: Experimental setup (from upstream to downstream) with a constant head tank (above 
photograph), crushed glass porous media column (vertically mounted), fluorometer with an internal 

data recorder, and peristaltic pump – which is only used for rapidly pulsed flow – to the output, 
where flow rate is measured. 
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Figure 9: Close-up of the crushed glass used in the laboratory trials. 

We used fluorescein dye (Fluorescein Sodium Salt, Sigma-Aldrich, Milwaukee, 

Wisconsin, USA, aqueous solution) because of its low sorbing properties with glass.  

This system will reproduce the effects of remediation attempts in unwashed porous media 

such as glacial or fluvial deposits, which are not heavily organic. 

Experiments were conducted by flooding the clean, dry porous medium with dye 

from the bottom of the column in order to fill the dead-end and pass-through pores, as 

well as to not trap any air in the system.  Air was then removed from the other internal 

parts of the apparatus.  A flow (either steady or rapidly pulsed) was imposed on the 

sample.  The output is analyzed by a fluorometer (Turner Designs 10AU Field 

Fluorometer, Sunnyvale, California) with time resolution of one second. 
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Steady flow was created by gravity driven flow from the constant-head tank 

through the crushed glass and fluorometer.  The pump was taken out of line for the steady 

flow, but the same tubing remained in place as not to change the head losses in the 

system.  Rapidly pulsed flow was generated by the peristaltic pump (Manostat® VERA 

Veristaltic® pump, Barringon, Illinois) that was placed just downstream of the  

 

Figure 10: Flow generated by the modified peristaltic pump mounted downstream of the substrate 
shown here in nondimensional terms.  The pulse shown has a frequency of approximately 30 

cycles/pore volume and has a duty cycle of ε /T = 0.12.  The time to generate the pulse (ramp up or 
ramp down) is less than 0.07 seconds. 

fluorometer to reduce the amount of channel between the substrate and the measurement 

point.  The pulses from the pump are shown in Figure 10.  The rapidly pulsed flow is 
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limited by the pump characteristics; however variations in the pulses (frequency and 

amplitude) can be explored in the numerical experiments. 

The numerical studies were used to determine the contaminant removal of a 

single, idealized dead-end pore.  The physical experiments were used to determine the 

contaminant removal from a series of interacting, heterogeneous, irregular dead-end 

pores in a three-dimensional structure. 

1.2 Results 

1.2.1 Numerical Simulations Results 

Rapidly pulsed flow generated repeated deep sweeps, a mass transport mechanism 

significantly faster than the diffusion that, as stated in the introduction, is the bottleneck 

of the P&T method.  Two types of simulations are presented: the flow simulations 

without the contaminant tracer under steady and rapidly pulsed pumping to elucidate the 

deep sweep mechanism that is repeated under rapidly pulsed flow (Figure 11 from Mawer 

and Kabala, 2009); and the contaminant transport simulations in our single idealized pore 

under steady and rapidly pulsed flow (Figures 12-14). 

1.2.1.1	  Flow	  Simulations	  

The research presented here follows from the hypothesis conceived by Zbigniew 

J. Kabala.  Chloe M. Mawer conducted initial simulations on the fluid mechanics in a 

dead-end pore and illustrated the deep sweep (Figure 11). 
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a b  

Figure 11: (a): Penetration of the dead-end pore under steady (solid) and transient (dashed) flow.  
The penetration depth is defined as the distance along the midline of the dead-end pore from outer 
edge of the pore to the separatrix.  (b): Shows a series of streamline visualizations of the pore.  The 
deep sweep approach full penetration (100%); however, the areas close to the corners of the square 
pore are not swept by the deep sweeps and still hold eddies.  Figures courtesy of Chloe M. Mawer, 

used with permission. 

Figure 11 showed the repeated deep sweep as it plunges into the pore upon the 

startup of the flow and the separatrix emerges as the flow approaches steady state (Figure 

11b).  Subsequent pulses flow will restart the process as shown in Figure 11a. 

1.2.1.2	  Contaminant	  Transport	  Simulations	  

The advantage of P&T is that it removes more contaminant from the dead-end 

pore.  Figure 12a shows the fraction of the original contaminant load that has been 

removed from the dead-end pore – one square millimeter – under steady flow and four 

frequencies of pulsed flow.  Each numerical experiment begins with the same unsteady 

startup.  The contaminant that is first recovered from the spore system is from the pass-

through pore, which is the primary cause for the steady and rapidly pulsed experiments to 

both begin with a similar recovery of approximately 75% (approximately equal to the 

pass-through component).  In the dead-end pore only analysis, we considered the entire 
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square pore; since the separatrix moves, it is not possible to only measure the actual 

dead-end pore.  Both the steady and rapidly pulsed begin with a similar recovery mainly 

because the separatrix protrudes into the square pore, and was included in the analysis. 

In the field, and even in the laboratory, measurement of the dead-end pores alone 

is practically impossible; therefore, in order to better compare to a real porous medium, 

we set a pore volume of 4 mm2 – the volume of the originally contaminated zone (Figure 

4) – to represent a hypothetical dead-end and pass-through pore system.  Figure 12b 

shows the fraction of the original contaminant that has been removed from this pore 

volume, Vpore. 

While this pore volume is hypothetical, it allows us to better compare the results 

with the laboratory experiments in the next section because it contains both a dead-end 

and pass-through pore.  With the numerical results, we can easily separate the 

remediation from the entire pore volume, Figure 12b and 13, from the remediation of 

only the dead-end pore, Figure 12a. 

To compare the experimental flows, we used a non-dimensional time, τ.  This 

represents the time that it takes for one pore volume to flow out of the porous medium.  

The conversion for time, t, is given by (10): 

€ 

τ =
Qt
Vpore

 (10) 

1.2.1.3	  Frequency	  

We tested the range of frequencies T -1 = f = 0.5 to 2.0 Hz with a fixed amplitude, 

a* = a/

€ 

u  = 0.5 as in (7b).  Frequency, f  = 1.5Hz is the most efficient for contaminant 
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removal of those sampled.  Based on the recovery results, the optimal pump frequency 

for a* = 0.5 is ~1.375 Hz.  We have observed that as the flow ramps up, it penetrates 

deep into the pore as shown in Figure 11b.  Upon this deep sweep, contaminant is pushed 

out of the dead-end pore.  The velocity at the separatrix is significantly lower than the 

average velocity in the pore; in fact, it is about one-fifth the average velocity.  Therefore, 

for a frequency of 1 Hz, the velocity along the separatrix is only u = 2 mm s-1 and the 

sweep pushes contaminant out of the pore and advects it away from the pore just as 

another sweep begins.  We normalized our frequency by the length of the pore and 

average velocity inside the pore (11) with an empirical correction factor β to account for 

the slower velocity at the separatrix (a modified Strouhal number): theoretically, we 

expect β to be 5/2, the ratio of the reduction in velocity by five to the transport of twice 

the length of the pore.  This gives the optimal frequency at ψ = 1.  Experimentally, we 

find that the optimal frequency is faster than 1 Hz, in theory β < 5/2; however, the reason 

appears to be that the deep sweep works most efficiently when it is not interrupted by 

another sweep. 

€ 

ψ = β
fl
u 

 (11) 

Table 3: Nondimensionalization of the flow frequency – the conversion factor is 2.5 pore volumes 
pumped per second. 

f (cycles second-1) 0.5 1.0 1.25 1.375 1.5 2.0 
φ (cycles Vpore

 -1) 0.2 0.4 0.5 0.55 0.6 0.8 
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a  

b  

Figure 12: Fraction of the original contaminant removed from the pore volume (a) dead-end pore (b) 
versus pore volumes pumped, τ . 
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1.2.1.4	  Amplitude	  

As with our variable frequency trials, the rapidly pulsed flow shows greater 

recovery at any sampled amplitude.  The greatest recovery is achieved by a* = 0.5 and 

0.7 (Figure 13).  The recovery from steady versus rapidly pulsed flow (f = 1.5 Hz or φ = 

0.6 cycles Vpore-1) for multiple amplitudes is shown in Figure 13. 

 

Figure 13: Fraction of the original contaminant removed from the pore volume for steady flow and 
rapidly pulsed flow with constant frequency (f = 1.5 Hz, φ  = 0.6) and range of amplitudes.  The y-axis 

is expanded to show better show the changes between pulse amplitudes. 

1.2.1.5	  Aspect	  Ratio	  

As the aspect ratio decreases, the pore becomes more shallow; zero represents no 

pore.  The increase in efficiency, E, defined in (12) in terms of the amount of  
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 (12) 

 

Figure 14: Proportion of the contaminant removed from the pore volume (initially contaminated 
volume, 4 mm2) for steady flow and rapidly pulsed flow with constant frequency (1.5 Hz), constant 
amplitude (0.5), and a range of pore aspect ratios.  The pore volumes, and time scale: pore volumes 

pumped, are not adjusted and assume the original size of the pore, 4 mm2. 

contaminant recovered from the pore volume, R, for either rapidly pulsed or steady flow, 

as noted, for a given aspect ratio, κ, and [non-dimensional] time, τ.  The efficiency 

increases with aspect ratio, κ = depth / length, where the length is generally in the stream-

wise direction.  We expect the degenerate case (κ = 0) to have an efficacy of 

approximately unity, i.e., the rapidly pulsed flow does not significantly increase the 

efficiency, whereas very deep pores will approach some practical limit of this technology 

! 

E ",#( ) =
Rpulsed ",#( )
Rsteady ",#( )

0 50 100
0.6

0.7

0.8

0.9

1

Fr
ac

tio
n 

R
ec

ov
er

ed
Aspect Ratio = 0.5

0 50 100
0.6

0.7

0.8

0.9

1
Aspect Ratio = 1

0 50 100
0.6

0.7

0.8

0.9

1
Aspect Ratio = 2

0 50 100

1

1.1

Ef
fic

ac
y 

R
at

io

0 50 100

1

1.1

Pore Volumes
0 50 100

1

1.1



 

36 

– at least for a given time.  Figure 14 illustrates the gain in efficiency with larger aspect 

ratio, κ. 

1.2.2 Laboratory Column Experiment Results 

The fraction of contaminant removed is computed as the numerical integral of the 

concentration in the effluent, measured with the fluorometer normalized by the original 

amount of contaminant in the column.  It is evident from Figure 15 that that rapidly 

pulsed flow removes more contaminant than steady flow soon after flow commences.  It 

is not readily evident how much of the contaminant is from dead-end pores. 

 

Figure 15: Fraction of the original contaminant removed from steady (solid) and rapidly pulsed 
(dashed) flow in the physical model. 
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It is of note that for the first two pore volumes of the experimental data (Figure 

15), the steady flow removes more contaminant than the rapidly pulsed flow: this 

probably reflects the amount of contaminant in the pass-through pores. 

1.5 Conclusions 

The traditional pump-and-treat remediation (with steady flow rates, or rates 

adjusted on the scale on the order of months to years) relies only on molecular diffusion 

to clean up the dead-end pores of the aquifer.  The rapidly pulsed pump-and-treat 

remediation proposed here employs two additional processes, the deep sweep and vortex 

ejection (discussed in Chapter 3), to mechanically remove much of the contaminant from 

the dead-end pore.  We conducted numerical experiments with a single two-dimensional 

rectangular pass-through pore and an adjacent dead-end pore.  With the computational 

fluid dynamics software, FIDAP, we solved the Navier-Stokes and continuity equations 

for incompressible flow, and molecular diffusion equations in this numerical model of a 

pore system.  For the pore system consisting of just a single square dead-end pore and a 

single pass-through pore, at 100 pore volumes pumped, the rapidly pulsed flow improved 

cleanup of the dead-end pore alone by approximately 40%.  This translates into a 10% 

improvement of the cleanup of the pore system (dead-end and pass-through pore). 

We also conducted laboratory porous media column experiments with Fluorescein 

dye as a practically non-sorbing, conservative tracer and crushed glass to model the 

porous medium.  This medium was chosen to be analogous to that found in aquifers of 

unwashed glacial deposits or fractured rock.  We demonstrated a faster removal of 

contaminants from dead-end pores with the rapidly pulsed flow than the steady flow in 
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both numerical and laboratory experiments.  The cleanup of the whole pore space was 

improved by roughly 10% with the rapidly pulsed pumping, which corresponds nicely to 

our numerical results.  These results have significant implications for shortening the long 

duration of, and improving the amount of contaminant removed by pump-and-treat 

remediation. 

We note that the process of the deep sweep generated with rapidly pulsed flow 

can not only be employed to remove contaminants from the dead-end pores as we 

showed here, but also to deliver fluid to such pores, nutrients or oxygen to speed up 

remediation or bioremediation. 

Furthermore, we reach the following particular conclusions: 

• There appears to exist an optimal pulsed flow scheme in terms of amplitude and 

frequency that likely depends on the geometry of the pores. 

• From the numerical experiments it follows that the optimal pulsed flow frequency 

is a function of the flow velocity and pore size such that ψ = 1. 

• From our numerical experiments it follows that the optimal pulsed flow amplitude 

is roughly a* = 0.5 to 0.7. 

• Although in the long term rapidly pulsed flow is more effective than the steady 

flow, in our laboratory column experiments the steady flow was more effective 

for the first approximately two pore volumes (Figure 15). 
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2. Efficacy of the Rapidly Pulsed Pumping Scheme for 
Remediation in Washed Porous Media 
 

2.1 Introduction 

Previously, we presented lower flow, Re ≈ 10, in a square pore to simulate flow in 

porous media [Chaper 1, Kahler et al., 2011].  Here we modify our previous experiments 

to consider rounded media.  Numerical experiments were conducted with a rounded pore 

as opposed to a square pore and laboratory experiments were conduced with glass beads 

as opposed to crushed glass. 

Sediment is often rounded when in a streambed or shallow marine environment; 

hence the term washed media.  Contamination in sand or other washed media [see 

Swannell et al., 1996] or excavation of crude oil from sand [see Baedecker et al., 1993] is 

different from rough, or unwashed media.  We extend our previous work [Kahler et al., 

2011] to examine whether rapidly pulsed flow can improve pump-and-treat remediation 

in washed media – that is – with rounded pores.  The rounded pores examined in the 

experiments that follow represent the most rounded sediment particles; many natural 

washed sediment environments will not have perfectly spherical particles. 

2.2 Methods 

The deep sweep has been shown to be effective for removal of contaminant from dead-

end pores in unwashed porous media and an idealized square pore [chapter 1, Kahler et 

al., 2011].  To test the application of the deep sweep in washed porous media we 

conducted numerical and laboratory experiments that compare steady to rapidly pulsed 
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flow in a modeled washed porous media.  The governing equations of this pore-scale 

problem are the same as the previous analysis: the Navier-Stokes equations (4), the 

continuity equation (5), and the molecular diffusion equation (6) (for incompressible 

flow).  The parameter values are given in Table 4.  The boundary conditions remain the 

same as in Chapter 1. 

The pore shape defines these experiments.  Since the particles are spherical, we 

modeled the pores as the space between two tangential spheres as in Figure 16.   

 

Figure 16: Computational domain for numerical analysis of idealized single, dead-end pore.  A 
parabolic flow is imposed from the left boundary (inlet) in the positive x-direction. The entrance 
length is long enough to ensure fully developed flow (steady experiments) before the pore.  The 

channel is one millimeter in width.  The pore dimensions are one square millimeter.  The dead-end 
pore is shown here with an aspect ratio (depth/width) of unity, but double- and half-aspect ratios are 

also considered. 

2.2.1 Numerical Experiments 

We used the finite element computational fluid dynamics solver, FIDAP to solve 

the governing equations over our modeled domain (Figure 16) and examined the same 

series of experiments as outlined in §1.1.1. 
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2.2.2 Physical Model 

The physical apparatus was the same as was used in Chapter 1.  The sample 

porous media was glass spheres (instead of crushed glass).  The physical parameters are 

summarized in Table 5. 

 

 

 

Table 4: Physical parameters of porous media 

 Glass Beads 
Sieve size (mm) 0.589 – 0.833 
Material density (g cm-3) 2.45 
Porosity n 0.40 
Pore volume Vpore 26 
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Figure 17: Close-up of the glass beads that were used as the porous media in the column tests. 

2.3 Results 

2.3.1 Numerical Simulations 

Numerical simulations of steady and rapidly pulsed flows through the single 

idealized, rounded pore model did not reveal a significant difference in recovery of 

contaminant.  Further analysis of the flow illustrated that the rounded entrance into the 

pore allows the water to enter further into the dead-end pore before it separates and 

isolates a relatively small vortex.  Since the vortex is smaller in this pore geometry, there 
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is less sequestered contaminant to release with the deep sweep.  This differs greatly from 

the unwashed pore model: the square corner used by Kahler et al. [2011] causes an 

inertial flow to separate near the entrance to the dead-end pore. 

 

Figure 18: Proportion of the contaminant recovered from the pore volume (same as the “initially 
contaminated” zone shown in Figure 16) for steady (solid) versus rapidly pulsed (various dashes).  

The time, τ, is the pore volumes pumped. 

Over a variety of frequencies (Figure 18) and amplitudes, steady flow performed 

similarly to rapidly pulsed flow.  This result illustrates the dependence on the pore shape 

as the rapidly pulsed flow performed significantly better than the steady flow for a square 

pore [Kahler et al., 2011].  However, the effect of rapidly pulsed flow is small in part 

because of the choice of the pore system.  The curved section of the pore space is 18% of 
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the defined pore volume; although, since the separatrix will penetrate into this area, the 

size of the dead-end pore is even smaller.  The square section of the pore in the previous 

analysis by Kahler et al. was 25% of the defined pore volume. 

We conducted the same experiments with a modified domain; the cross-stream 

width of the pass-through region shown in Figure 16 was reduced to 40%.  The narrower 

domain has a curved section of the pore volume that is 35% of the defined pore volume.  

Unfortunately, the rapidly pulsed flow does not improve recovery from the pore over 

steady. 

The main difference between the square pore [Chapter 1, Kahler et al. 2011] and 

the rounded pore is the entrance.  In the square pore the flow experiences an abrupt 

change, which results in a separation.  In the round pore the flow does not experience an 

abrupt change, but rather the separation is formed when it reaches the vortex trapped 

inside the pore. 

2.3.2 Physical Model 

The physical model results showed some improvement in the time-of-cleanup 

(Figure 19) with rapidly pulsed versus steady flow as opposed to the numerical model of 

one idealized pore.  Both steady and rapidly pulsed flows recover all of the contaminant 

from the column of spheres.  The average improvement in time, gauged at the 50% 

recovery point, is 0.09 pore volumes (N = 3 pulsed, 3 steady). 

A single two-dimensional ideal pore is significantly different than a packed three-

dimensional column – the three-dimensional column has multiple interacting pores with 

the possible of complex configurations that present pore shapes not considered in the 
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numerical study.  Some of these complex configurations are shown in Figure 20.  Certain 

configurations can trap contaminant more than others while some may release 

contaminant more easily. 

 

Figure 19: Proportion of the contaminant recovered from the column for steady (solid) versus 
rapidly pulsed (dashed).  The time, τ , is the pore volumes pumped. 
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Figure 20: Examples of more complex configurations that are possible with a series of multiple 
interacting pores.  These pores arrangements can become more complex in the full three-dimensional 

natural environment. 

2.4 Conclusions 

In perfectly spherical solid particles in porous media rapidly pulsed flow offers a 

smaller improvement over steady flow than in the case of irregular solid particles [Kahler 

et al., 2011].  While the numerical results indicate no benefit for an idealized pore, the 

laboratory column tests demonstrate that even with spherical solid particles of a similar 

size there exist enough irregular pore configurations to benefit from a rapidly pulsed 

flow. 

Figure 19 illustrates the successful cleanup of glass bead porous media is 

relatively fast for both steady and rapidly pulsed flow and is largely completed by five to 

10 pore volumes.  This is mainly due to a much smaller pore volume of dead-end pores 

(isolated by a separatrix) than in the case of the unwashed media (experimentally tested 

with crushed glass or numerically modeled with a square pore) [Kahler et al., 2011]. 

The improvement in cleanup between rapidly pulsed and steady flow presented in 

Figure 19 is small; however, glass does not sorb while many natural sediments do, or 

they contain sorbing components.  For a sorbing media, any increase in cleanup speed of 

the water will increase the concentration gradient across the pore walls and remove the 

sorbed quantity faster.  In other words, for sorbing media and contaminants, the 

advantage offered by rapidly pulsed flow over steady flow should be significantly 

magnified. 
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3. Pore-Scale Dynamics: the Deep Sweep Versus Vortex 
Ejection for Mass Transport 
 

3.1 Dimensional Analysis 

We have shown that the change in flow in porous media results in the increased 

mass transfer from dead-end pores [Chapter 1, Kahler et al, 2011; Chapter 2, Kahler and 

Kabala, 2011].  The original hypothesis was that the increase in flow physically scoops 

into the dead-end pore in a deep sweep, which increases the mass transfer.  It turns out 

that this is one of two mechanisms.  The vortex ejection upon the decreased flow expels 

the vortex confined in the dead-end pore.  Both mechanisms depend on the pulsed 

dynamics of the flow, whose parameters are shown in Figure 5 and (7). 

Table 5: Characteristic dimensions used in dimensional analysis 

Dimension Characteristic value Symbol Dimensions 

Pressure Change due to change in pressure 
in pass-through region Δp 

€ 

M[ ]
L[ ] T[ ]2

 

Density Water ρ 

€ 

M[ ]
L[ ]3

 

Velocity Average in the pass-through pore 

€ 

u  

€ 

L[ ]
T[ ]

 

Viscosity Water v 

€ 

L[ ]2

T[ ]
 

Length Average solid particle size/length 
of pore l 

€ 

L[ ]  

Frequency Frequency of pulses f 

€ 

1
T[ ]  

Amplitude Amplitude of pulses in velocity a 

€ 

L[ ]
T[ ]  
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Concentration Concentration of contaminant C 

€ 

M[ ]
L[ ]3  

Position  x, y 

€ 

L[ ]
 Time  t 

€ 

T[ ]
 

Bulk Modulus Measure of compressibility k 

€ 

M[ ]
L[ ] T[ ]2  

Effective 
Hydraulic 

Head 

Increase in head caused by 
pumping 

€ 

˜ h  

€ 

L[ ]  

Radius Distance from Pump r 

€ 

L[ ]  
 

The change in flow initiates a change in pressure.  Dimensional analysis 

elucidates the relationships in the deep sweep as well as vortex ejection.  In Table 5 we 

define the characteristic dimensions in terms of a single representative pore, water, and 

the rapidly pulsed flow in terms of mass M (grams, g), Length L (millimeters, mm), and 

time T (seconds, s).  By the Buckingham Pi theorem, the fourteen variables that use three 

independent dimensions should yield eleven independent, dimensionless quantities: 

Reynolds number Re, Pressure Coefficient Cp; Strouhal number, a dimensionless 

frequency ψ; dimensionless velocity pulse amplitude a*; relative concentration C*; 

dimensionless position x*, y*; pore volumes pumped τ; compressibility β; dimensionless 

hydraulic head, ξ; and a dimensionless radius of pumping Di.  These are formed in 

reference to an initial concentration C0, and pore volume Vpore. 

€ 

Re =
ul
ν

 (13) 

€ 

cp =
Δp
ρu 2

 (14) 
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€ 

ψ =
fl
u  

(15) 

€ 

a* =
a
u  

(16) 

€ 

C* =
C
C0  

(17) 

€ 

x* =
x
l , 

€ 

y* =
y
l  

(18) 

€ 

τ =
tu l2

Vpore  
(19) 

€ 

β =
Δp
k  

(20) 

€ 

ξ =
Δp
Δ ˜ h ρ  

(21) 

€ 

Di =
r
l  

(22) 

By the Buckingham Pi theorem there exists a function such that Φ(Re, cp, ψ, a* C*, x*, 

y*, τ, β, ξ, Di) = 0.  Here, we know that the Reynolds number compares the viscous 

forces and inertial forces.  Inertial forces are responsible for the mechanisms that enhance 

contaminant transfer.  In fact, numerical experiments showed for Re ≤ 1, neither 

mechanism functioned and there was little to no improvement in rapidly pulsed flow.  

Viscous forces dampen both the deep sweep and the vortex ejection.  The pressure 

coefficient Cp compares the magnitude of the pressure change to the amplitude of the 

wave.  The dimensionless frequency ψ, or Strouhal number, offers a direct comparison of 

how many pulses occur as the flow passes the entrance of the dead-end pore.  In Chapter 
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1 [Kahler et al., 2011] there is a correction term in front of the term to adjust the term 

empirically.  The dimensionless frequency compares the action of the contaminant-

removal mechanisms – either the deep sweep or the vortex ejection – to the advection to 

remove the contaminant away from the entrance to the dead-end pore.  Equation (19) is 

cast here in terms of a hypothetical pore, but can also be taken with respect to the entire 

flow rate; instead of 

€ 

u l2 we use Q.  We selected ψ specifically to compare the frequency 

to the velocity past the pore.  Another choice, but one that would not give us that 

relationship, could have been the Wormersley number [Wormersley, 1955], which relates 

length, frequency, and viscosity.  This value was used by Nishimura et al. [1997] in their 

analysis of flow in an open cavity.  The Wormersley number can be formed as a 

combination of the Reynolds number and the Strouhal number.  The compressibility (20) 

compares the pressure change induced in the pore to the bulk modulus of the fluid.  The 

dimensionless hydraulic head (21) compares the pressure change induced in the pore to 

the potential change in hydraulic head; particularly in an unconfined aquifer.  The 

dimensionless radius of pumping (22) is a way to measure the distance from the pump 

that is still subject to the pressure changes induced by the rapidly pulsed pumping.  These 

values will be used in practice to form empirical relationships for the volume of the 

aquifer that can be effectively cleaned with this technology. 

3.2 Flow Visualizations 

The pore dynamics are difficult to see due to the small scale.  In the enlarged pore 

shown in Figure 21, we demonstrate the contaminant transfer under a decrease in flow. 
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Ramp-up Ramp-down 

  

  

 

 
Figure 21: Flow visualizations of a pore with inlet at bottom of image.  Steady (albeit temporary) 
flow with separatrix across both sides of the dead-end pore (top, both sides) followed by a sudden 

(middle photographs) increase in the flow (left) that causes a deep sweep or reduction in flow (right) 
that causes a vortex ejection.  The flow continues at a lower rate and the ejected portion is advected 

downstream (bottom right). 
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A video of this model is available in supplemental materials.  We rescaled a single 

idealized pore and adjusted the flow rate to approximate the flow through porous media.  

In the flow visualization the separatrix is evident until the flow is temporarily stopped.  

At that point the contaminant plume ejects from the pore due to the sudden decrease in 

pressure from the flow outside the dead-end pore. 

For this specific visualization, similitude is not achieved – the Reynolds number 

is Re = 70 and a comparable coefficient of pressure, Cp ≈ 1.  Numerical simulations show 

that the mechanism of action is the same as in lower flows.  Another component of the 

mass transfer by vortex ejection is the advection of the ejected contaminant.  The 

advection must occur before the subsequent deep sweep.  This requirement can be 

quantified by the dimensionless frequency, ψ and the duty cycle, ε/T, which is discussed 

later. 

3.3 Numerical Model 

We seek to resolve the fluid dynamics at the pore scale.  For this analysis we use 

FIDAP as described previously.  The goal is to produce images that illustrate the 

behavior of the flow in and around a dead-end pore upon ramp-up and ramp-down of the 

flow.  Additionally, we couple this with a contaminant tracer, as was done in chapters 1 

and 2, to determine the relative contribution of these removal mechanisms; specifically, 

deep-sweep and vortex ejection, respectively. 

3.3.1 Streamline Visualizations 

The two mechanisms are named because of what is observed in laboratory and 

computational experiments.  Streamline visualizations from the computational 
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Figure 22: Streamlines for the increase in flow at t = 0.49 (top, before increase), 0.50 (middle, midway 
through increase), and 0.51 (bottom, after flow increased) seconds.  This illustrates the deep sweep. 
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Figure 23: Streamlines for the decrease in flow at t = 0.49 (top, before decrease), 0.50 (middle, 
midway through decrease), and 0.51 (bottom, after flow decreased) seconds.  This illustrates the 

vortex ejection. 
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experiments illustrate the flow in and around the dead-end pore for the increase and 

decrease in flow (Figures 22 and 23).  Under steady flow there is a vortex in the dead-end 

pore.  In the deep sweep, the flow penetrates into the dead-end pore as the velocity 

increases sharply, which pushes the separatrix deep into the pore.  In the opposite 

process, the vortex ejection, the vortex protrudes from the dead-end pore.  It is not clear 

in the vortex ejection if the separatrix remains intact. 

The flow in the dead-end pore changes as a result of the pressure change brought 

on by the change in the flow in the pass-through pore.  For the deep sweep a sudden 

increase in pressure causes a temporary loss of equilibrium, and the flow plunges into the 

pore.  For the vortex ejection a sudden decrease in pressure causes a similar temporary 

loss of equilibrium, except this time with a decrease of pressure in the pass-through pore 

and the vortex inside the dead-end pore is no longer constrained by the adjacent flow and 

the vortex is pushed out of the dead-end pore.  The pressures at the inlet and near the 

entry to the dead-end pore are shown in Figure 24.  Flow visualizations of the streamlines 

and pressure contours are available in supplemental materials. 
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Figure 24: Pressure verses time at the midpoint of the inlet (left) and the midpoint of the segment 
between the dead-end pore and the pass-through pore (right) as the flow increases (top) and decreases 

(bottom). 

3.4 Numerical Experiment Comparison 

To determine the contaminant transfer incurred by the two mechanisms we isolate 

the ramp-up and ramp-down (and deep sweep and vortex ejection respectively).  In each 

scenario the total flow is equal; the top of Figure 25 shows the flow as a function of time.  

Each scenario uses the domain from Figure 4. 
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Figure 25: The fraction of contaminant recovered for the increase (solid) and decrease (dashed) from 
the dead-end pore (approximated as the square area adjacent to the pass-through pore shown in 

Figure 4) versus the number of pore volumes pumped, τ  (bottom) over a 30 Vp period.  The flow rate, 
Q, changed at t = 3 seconds for the increase (top left), at t = 1 second for the decrease (top right), or, 

in both cases, τ  = 15.  The arrow in the bottom diagram represents the amount of time (in pore 
volumes) for the pressure change to advect from the inlet, where it is initiated, to the start of the 

dead-end pore – three pore volumes downstream. 

The mechanisms resulted in the removal of 19.35% with the ramp-up 

(characterized by the deep sweep) and 19.14% with the ramp-down (characterized by the 

vortex ejection).  The ramp-up simulation (Figure 25, top left) removed more 
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separatrix) will be smaller.  The ramp-down simulation (Figure 25, top right) began with 

a higher velocity and thus the separatrix was not as far into the dead-end pore. 

Both trials spend the same time at each flow rate, but in different order.  In the 

ramp-up flow rate trial, the initial time is spent at the reduced flow rate.  This results in 

deeper separatrix than the ramp-down trial and the removal of more contaminant before 

the respective mechanism of study.  There could be an error in this direct comparison that 

gives the increase an apparent advantage since the ramp-up trial begins with a deeper 

separatrix at a time when all of the contaminant is available for removal.  When the 

ramp-down trial is at the lower flow with a deeper separatrix, the vortex ejection has 

already removed additional contaminant; therefore, the apparent advantage of the deep 

sweep may be less than this experiment shows.  Due to the error introduced by the 

different order of the flow, we can only say that the vortex ejection was previously under-

valued and both mechanisms appear to have roughly equal mass transfer potential. 

3.5 Duty Cycle 

The duty cycle (defined in Figure 5) represents how much time is spent at an 

elevated flow versus the lower flow.  In the case of the vortex ejection there must be 

enough time after the ejection to advect the contaminant past the pore because the plume 

from the vortex ejection comes out at the upstream end of the dead-end pore (Figure 21).  

In the case of the deep sweep most of the contaminant is pushed out of the dead-end pore 

from the downstream end of the pore.  This suggests that the pulse must be such that the 

vortex ejection is followed by a sufficiently long time before another pulse while the 

requirement for the deep sweep is not as long.  For a duty cycle less than 50%, more time 
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per pulse is spent at the lower flow.  This is equivalent to a longer time after the vortex 

ejection, as after the vortex ejection the flow will be at the lower rate.  To demonstrate the 

need for an advection phase after the vortex ejection we run the same numerical 

experiments with a constant frequency but variable duty cycle. 

The need for a longer advection time after the vortex ejection is illustrated in 

Figure 26: the fraction of contaminant recovered with a duty cycle of ε/T = 75% (dotted 

line) is lower than any other flow.  If we compare the flows by number of pulses (Figure 

26, bottom right) the other two flows (ε/T = 25%, 50%) perform equally, while the higher 

duty cycle flow (ε/T = 75%) performs at that level with less pumping (Figure 26, bottom 

left).  The better performance by the ε/T = 25% in Figure 26 (bottom left) can be 

explained by the higher number of pulses shown in the normalized plot. 
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Figure 26: The contaminant removal from the idealized square pore (Figure 4) for the series of 
pulsed flows with duty cycle (top, left to right) 75%, 50%, and 25%.  The recovery is shown on the 
bottom as a function of pore volumes pumped (left) and time, which is also a function of number of 

pulses (right). 

3.6 Conclusions 

From the series of dimensional analysis, flow visualizations, and numerical 
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pore, the vortex ejection relies on both the sudden decrease in flow and subsequent 

increase to advect the newly ejected contaminant away from the pore. 
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4. Rapidly Pulsed Pump-and-Treat Remediation for Non-
aqueous Phase Liquids 
 

4.1 NAPL: viscosity and density 

Many environmental contaminates are non-aqueous phase liquids (NAPL) – 

liquids that do not mix with water.  Often these contaminants become suspended in 

aquifers and are difficult to remove by standard methods, such as pump-and-treat 

[Mackay et al., 1985].  NAPL is typically divided into light and dense in reference to 

their densities compared to water, refer to as L-NAPL and D-NAPL respectively.  Pump-

and-treat is a standard remediation for NAPL contamination [Oostrom et al., 2005]; 

however, the limitations of pump-and-treat have been evident, especially with DNAPLs 

[Imhoff et al., 1995]. 

While NAPL does not, by definition, dissolve in water, many substances have 

components that can partially dissolve in water.  Equilibrium solubility depends on 

NAPL composition [Mackay and Cherry, 1989].  Mass transfer by dissolution appears to 

be limited [Hunt et al., 1988a, Powers et al., 1992]. 

The distribution of NAPL throughout the aquifer makes recovery difficult.  NAPL 

tends to sink or float in an aquifer and settle in lenses [Hunt et al., 1988b].  Additionally, 

while in these lenses, NAPL becomes trapped in the smaller pores, which include dead-

end pores.  The wetting and subsequent sorbing depends on the NAPL and the solid 

particles, as well as the order of displacement – if a contaminant plume is presented to the 

solid particles without water, it will wet and remain wetting the solid particles, even if 



 

64 

water is later introduced [Ryder and Demond, 2008]; however, if the contaminant is 

presented in a colloid, the water will typically wet the solid particles [Jensen and Falta, 

2005]. 

Steam displacement has been proposed and tested on laboratory scales [Hunt et 

al., 1988a] and put into practice with improved results [e.g. She and Sleep, 1999].  In 

pump-and-treat, water is used to flush the contaminant from the aquifer.  Since NAPLs 

are immiscible substances, they will not dissolve in the water and therefore are more  

 

Figure 27: Viscosity (y-axis) and density (x-axis) of common NAPL contaminant with water as a 
reference.  
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difficult to remove.  Viscosity and density will play an important role in the fluid 

mechanics of the pore-scale problem.  As such, we identify in Figure 27 some common 

NAPL contaminants and their viscosity and density – water is shown for reference. 

We used representative contaminants: motor oil (SAE 30), methyl tert-butyl ether 

(MTBE), and tetrachloroethylene (or perchloroethylene) to test our hypothesis that a 

pulsed flow will recover the contaminants faster than steady flow.  Each of the tested 

contaminants was compared to an immiscible form of water in numerical trials. 

Our hypothesis is that pump-and-treat remediation with rapidly pulsed pumping 

will improve remediation quality – amount of contaminant recovered and time to a steady 

regulatory level – for NAPL contamination.  This is because the mechanical fluid action 

on the pore-scale caused by rapidly pulsed flow, namely, the deep sweep and vortex 

ejection, should act on any substance trapped in dead-end pores.  

4.2 Numerical Model 

To test our hypothesis pump-and-treat with rapidly pulsed flow will remove 

NAPL from dead-end pores in porous media we conducted numerical experiments that 

compare steady to rapidly pulsed flow in a modeled pore.  Again, we used the Navier-

Stokes equations (4) and the continuity equation (5) for incompressible flow.  In these 

experiments we assumed the two fluids to be totally immiscible; therefore, the advection-

diffusion equation is excluded. 

We set FIDAP to solve the problem as two immiscible fluids with independently 

set parameters.  This allowed us to run trial experiments with water and an immiscible 

form of water.  FIDAP solved the equations of motion for the flow with the assumption 
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that the immiscible particles will not mix with one another but does not account for the 

interfacial tension or the wetting of the solid phase or – represented here by the pore 

walls [Fluent, 2001]. 

4.3 Results 

For each of the trials, we recorded the fraction of contaminant recovered of each 

sample.  The data are presented as a function of pore volumes pumped, τ.  Based on the 

numerical results, contaminant that is of equal or lesser viscosity than the flushing fluid 

will be recovered with greater efficacy by rapidly pulsed flow.  Figure 28 shows that 

there is a benefit with such contaminants, but those that are more viscous are not removed 

from the dead-end pore with any greater efficacy with rapidly pulsed flow. 

The hybrid substance (Figure 28 bottom right) is a fictitious contaminant that was 

tested to determine if a contaminant with density greater than the flushing fluid could be 

recovered if the viscosity was equal to (or presumably, less than) the flushing fluid.  The 

viscosity appears to control the performance of the rapidly pulsed flow. 

Further investigation confirmed that modeled contaminants with viscosity greater 

than the flushing fluid will not recover the contaminant under rapidly pulsed flow any 

faster than under steady flow.  For example, oil is too viscous to be recovered with water, 

but when a fictitious oil (with the same density and viscosity) is used, there is a faster 

recovery with rapidly pulsed flow.  Gasoline (not shown) was recovered with similar 

results as MTBE.  It should be noted that gasoline is not completely immiscible [Berry 

and Stein, 1977], but it contains immiscible components and is a serious environmental 

contaminant. 
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Figure 28: Results simulations with (clockwise from top left) motor oil, perchloroethylene, and a 
substance with the density of perchloroethylene and the kinematic viscosity of water, and water.  

Trials were conducted with a range of frequencies, all identified by the legend in the lower left graph. 

Our numerical model does not consider the interfacial tension or wetting of solid 

surfaces.  In a two-phase system, such as water and soil particles, the water wets the soil 

particle because there is nothing that will compete with the water to adhere to the soil.  In 

the case of a three-phase, two-fluid system such as water and NAPL, the balance of 

cohesive and adhesive forces determines the wetting substance.  Because most NAPLs 

have a lower adhesive force than water, water is more likely to be the wetting fluid than 

NAPL in an aquifer (Figure 29 – left).  There are exceptions: in carbonate soils and 

0 20 40
0

0.5

1
SAE 30 Motor Oil

0 20 40
0

0.5

1
Perchloroethylene

0 20 40
0

0.5

1

Fr
ac

tio
n 

Re
co

ve
re

d

MTBE

 

 

Steady
0.5 Hz
1.5 Hz
3.0 Hz

0 20 40
0

0.5

1
Hybrid



 

68 

highly organic soil, NAPL is more likely to be the wetting fluid (Figure 29 – right) 

[Jensen and Falta, 2005].  This suggests that NAPL can be removed by the rapidly 

pulsed flow as opposed to being stuck to the surfaces of the soil particles. 

 

Figure 29: Water-wetted (left) and contaminant/NAPL-wetted (right) pore.  The wetting of the soil 
particles, in this study the wall, is controlled by the order in which they encountered the liquid, the 

composition of the soil particles. 

4.4 Conclusions 

Many common and dangerous contaminants are NAPLs.  Pump-and-treat has bee 

used to attempt to recover these contaminants; however, recovery is plagued by the same 

bottlenecks as previously discussed and outlined in the literature. 

We have shown here that the rapidly pulsed pump-and-treat increases efficacy for 

NAPL with viscosity less than water, or the cleaning fluid.  The mass transfer is 

increased for both L- and D-NAPL.  It is furthermore conceivable that in a porous media 

wetted by water and not NAPL, rapidly pulsed flow would enhance the recovery by 

pump-and-treat remediation.  However, these results are limited because our numerical 

model does not account for the interfacial tension or the wetting of the solid phase. 

 

 

!"#$%

&'(#")*("(#



 

69 

5. Radial Dissipation of Rapidly Pulsed Flow in Pump-
and-Treat Remediation 
 

5.1 Model 

We consider an idealized system of pores that we model with a numerical domain 

with three pores on one side of a straight channel.  The opposite side of the channel can 

be rotated to simulate a radial spread that is experienced in the actual environment.  The 

two realizations of the numerical domain are shown in Figure 30.  The domain on the 

bottom has a divergent flow-through (pass-through pore) channel in which the velocity 

decreases downstream as the flow spreads in a well in an aquifer.  In both cases the dead-

end pores and adjacent pass-through pore spaces are filled with contaminant.  To resolve 

the flow in the pore space and track the contaminant level we solve the incompressible 

Navier-Stokes equations (4), the incompressible continuity equation (5), and the 

molecular diffusion equation (6) with the computational fluid dynamics program FIDAP 

[see Sohn, 1988].In these experiments we constructed a domain based on the square pores 

from Chapter 1, Figure 4.  The domain now has three square dead-end pores connected 

by a common pass-through pore (Figure 30 top).  In field applications the flow will not 

be confined to a straight channel, rather the flow will spread out.  To model the potential 

spread, we widened the pass-through at the outlet (Figure 30 bottom).  The Initially 

Contaminated zone is shown in Figure 30. 
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Figure 30: Computational domains for the straight pass-through pore and the divergent (double) 
pass-through pore. 

5.3 Results 

A rapidly pulsed flow in an idealized pore system with one dead-end pore was 

significantly more efficient than steady flow for the removal of contaminants.  Rapidly 

pulsed versus steady flow in a series of interacting pores in a straight pass-through pore 

shown in Figures 31-32 and series of interacting pores in a divergent pass-through pore 

shown in Figures 33-34. 
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Figure 31: Average fraction of contaminant recovered from the series of three dead-end pores 
adjacent to a straight pass-through pore versus τ , pore volumes pumped for a series of frequencies. 

 

Figure 32: The recovery from each of the three dead-end pores adjacent to a straight pass-through 
pore under steady (light) and rapidly pulsed (dark) of flow.  Rapidly pulsed flow improves recovery 

from all (Figure 30), but the most improvement is observed in the first pore that is nearest to the 
inlet. 
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Figure 33: Average fraction of contaminant recovered from the series of three dead-end 
pores adjacent to a divergent pass-through pore versus τ , pore volumes pumped for a series of 

frequencies. 

 

Figure 34: The recovery from each of the three dead-end pores adjacent to a divergent pass-through 
pore under steady (light) and rapidly pulsed (dark) flow.  Rapidly pulsed flow improves recovery 
from all (Figure 30), but the most improvement is observed in the first pore that is nearest to the 

inlet. 
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We expected that the interacting flow without spreading exhibited similar recovery rates 

to that of a single pore.  Even with the effect of spreading (Figure 33), the improvement 

by pulsed recovery is superior to steady flow. 

There was a 35% improvement by rapidly pulsed flow over steady flow in the 

straight channel and a 33% improvement in the divergent domain.  Furthermore, the 

relative contribution of the individual pores, as seen in Figures 32 and 34 is not equal: for 

the straight pore the improvement in recovery from the first, middle, and last pore was 

40%, 48%, and 49% respectively; while for the divergent pore the improvement in the 

recovery was 39%, 44%, 24% respectively.  In the divergent pore space, the acceleration 

of contaminant removal is considerably lower in the last pore.  The benefit to rapidly 

pulsed flow is most pronounced in the middle pore. 

The optimal frequency was different in the divergent flow even though the pores 

were the same size as in the previous study.  Since the divergent channel reduced the 

flow velocity, the pulses reached the pores at a decreasing rate.  Due to this divergence 

and the range of pore-sizes in a natural aquifer, implementation of rapidly pulsed flow 

should likely include a range of frequencies. 

The optimal pulse frequency for the straight pass-through pore is 1.5Hz, the same 

as it was for the single pore experiments.  The optimal pulse frequency for the divergent 

pass-through pore is 1.0Hz.  This is because as the pass-through pore diverges, the 

velocity past the pores decreases.  As the velocity decreases, the newly released 

contaminant is not advected away from the entrance to the dead-end pore before it is 
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pushed back into the pore.  Therefore, the pulses must be slowed down as to not push 

newly removed contaminant back into the pore. 

5.4 Conclusions 

In practice the rapidly pulsed flow will not be constrained laterally as it can be in 

numerical experiments or even laboratory column experiments.  Luckily, the rapidly 

pulsed flow still induces the dead-end pore-cleaning mechanisms in the divergent flow. 

We conclude that the water velocity past the pore and the size of the pore opening 

are the key parameters in the determination of the optimal frequency.  In a divergent flow 

the local water velocity will be fastest in the vicinity of the pump wells.  The fastest water 

velocity and the smallest pore openings will set the highest optimal frequency.  Since 

there are typically a range of particle sizes, and therefore pore sizes, and there will be a 

range of water velocities due to spreading, it will be prudent to pump with a range of 

frequencies.  The highest frequency in the range should be set to optimize the fastest flow 

and smallest anticipated pore size, i.e. the smallest pores next to the well.  The lowest 

frequency in the range should be set to optimize the slowest flow within the remediation 

zone and the largest anticipated pore size. 
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6. The Acceleration of the Diffusion-Limited Pump-and-
Treat Aquifer Remediation with Rapidly Pulsed Pumping 
in a Vertical Circulation Well 
 

6.1 Introduction 

The contaminants that have been discovered in groundwater, including aquifers 

used for drinking water supplies, have a wide range of health problems such as central 

nervous system disorders, maternal health and newborn problems, and have been linked 

to cancer.  Many of the common, high profile contaminants are perchloroethylene (a 

solvent used in dry-cleaning), trichloroethylene (an industrial solvent), and the infamous 

BTEX compounds: benzene, toluene, ethylbenzene, and xylene, which are volatile 

organic compounds (VOCs). 

Pump-and-treat is the most popular remediation technique; however, it is limited 

by the extraction of the contaminants from the aquifer.  In fact, all techniques depend on 

this to completely remediate a site; even in-situ solutions such as bioremediation by 

microorganisms depend on this or the inverse problem: delivery of the remediation agents 

throughout the aquifer. 

We have proposed a technique that uses the unsteady flow rate within the porous 

media to break through a separatrix and flush out the majority of the dead-end pore 

[Kahler and Kabala, 2011b, Kahler et al., 2011].  Through the delivery rapidly pulsed 

flow to the aquifer, the unsteady ramp-up and ramp-down of the flow delivers changes to 

the pressure across the separatrix.  The increase in pressure causes a mechanism we 
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described as a deep sweep and the decrease causes a vortex ejection.  Rapidly pulsed flow 

has been tested numerically and with column experiments, but there is a need to test it in 

a realistic pump configuration. 

The conventional P&T remediation is conducted with a series of wells; of which 

some extract contaminated water and others inject clean water such that the flow depends 

on the well configuration.  A variation of this technology is the replacement of the 

extraction and injection wells with a vertical circulation well (VCW) also known in the 

literature as groundwater circulation wells (GCWs) or simply recirculation wells.  Since 

the conventional P&T technologies are highly inefficient, the search for innovative and 

more effective alternatives continues to this day.  The VCW was introduced in the early 

1990s [Herrling and Stamm, 1991, Gvirtzman and Gorelick, 1992, Herrling and Stamm, 

1994] and continues to be the subject of research. 

6.1.1 The Vertical Circulation Well (VCW) 

Typically, a VCW is a double-cased, dual-screened well of sufficiently large 

diameter to allow installation of equipment inside (Figure 35).  The main feature of a 

VCW is two hydraulically separated screen/filter intervals, one for extraction and the 

other one for injection.  The extraction screen is used to pump water from the aquifer into 

the well. Water is than remediated (e.g., stripped of volatile organics) within the well, 

transferred to the injection screen, and injected back into the aquifer.  The well can be 

configured to have extraction from the bottom screen and injection from the top screen 

(up-flow) or vice versa (down-flow) [Johnson and Simon, 2007]. 
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A single VCW creates a dipole flow pattern in the aquifer.  Since water takes 

longer to circulate along the pathlines that extend further away from the well, the water 

closer to the well is circulated more often through the well.  Depending on the size of the 

contaminated zone and the size of the VCW capture zone, a single or multiple VCWs can 

be used at the site. Multiple VCWs offer added flexibility. For example, a pair of VCWs, 

one operated in an up-flow mode and another in a down-flow mode can be used to create 

a circulation system between the wells referred to as a well-to-well conveyor-belt 

circulating system by Goltz et al. [2005].  Alternatively, a pair of VCWs operated in the 

same mode can help move contaminants stuck between the VCWs in a low-conductivity 

zone, located between the injection and extraction intervals, to the adjacent high-

conductivity zones.  

Miller and Roote [1997] review three VCW remediation technologies: IEG 

Technologies Corporation in Germany developed and patented the Unterdruck-

Verdampfer-Brunnen (UVB™) system, also known as vacuum vaporized well, in 1990-

1992, and licensed to Roy F. Weston, Inc. in the USA (these patents should be expiring 

by now); Stanford University patented the NoVOCs™ system and sold it to EG&G 

Environmental in 1994; and Wasatch Environmental, Inc developed and patented the 

density driven convection (DDC).  The Environmental Protection Agency [1998] 

discusses these as well as the C-Sparge™ system.  All these technologies share the basic 

principle of the VCW.  The flow can be driven by injection of air into the well, by a 

pump, or by the combination of the two.  The UVB™ and C-Sparging™ (a variant of C-

Sparge™) systems employ a pump to help drive the flow and thus offer more flexibility.  
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The UVB™ and NoVOCs™ systems emphasize in-well stripping of the VOCs, which 

are captured and then treated above ground.  The DDC system emphasizes the 

enhancement of bioremediation by naturally occurring microorganisms helped through 

supply of additional oxygen.  The  C-Sparge™ system combines in-well stripping of the 

VOCs with supply of encapsulated ozone to oxidize the contaminants. 

 

Figure 35: A vertical-circulation well (VCW) (as in Kabala, 1993, Figure 1, Copyright 1993, 
American Geophysical Union, Reproduced with permission by the American Geophysical Union) 

6.1.2 Benefits of VCW versus Conventional P&T 

The VCW technology offers a number of advantages over the conventional P&T 

technology.  First, the VCW technology offers much more flexibility than conventional 

P&T technology in the design of the remediation processes.  Although water can be 
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brought to the surface for remediation with the VCW, it does not have to be.  With the 

P&T technology, once groundwater contaminated with hazardous compounds is brought 

to the surface, by law it has to be treated as hazardous waste and needs to be hauled away 

or remediated to rigorous standards before it can be re-injected into the aquifer.  

However, with the VCW, contaminated water can be repeatedly circulated through the 

system until the acceptably low contaminant level is reached without having to achieve it 

on the first pass through the well [A. C. Elmore and DeAngelis, 2004]. 

Second, the VCW helps save the groundwater resources by remediating them on 

site without extracting and hauling away substantial amounts of water to another site.  As 

noted by Elmore and DeAngelis [2004], one of the significant problems associated with 

conventional P&T technology for groundwater remediation, is the disposal of the treated 

groundwater usually through surface discharge; although, reinjection of the treated 

groundwater maybe administratively or socially unacceptable, or illegal.  

Third, by virtue of extracting and injecting water within the same well, VCWs 

generate significantly smaller disruptions of groundwater table or piezometeric surface 

than the conventional P&T technologies.  Ryan et al. [2000] discusses the design of 

remediation of the aquifer under the Massachusetts Military Reservation on Cape Cod for 

which the P&T solution would cause unacceptably large disturbances of the local surface 

water: ponds, bogs, and coastal wetlands; which are all hydraulically connected to the 

aquifer.  However, the alternative solution with VCWs is not only more effective but also 

causes minimal and acceptable disturbances to the surface hydrology. 
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Fourth, the VCW develops significant vertical hydraulic gradients as opposed to 

the conventional P&T, which develops horizontally dominated flow fields.  A vertical 

flows possible with VCWs may flush contaminants stuck in low-conductivity zones in 

horizontally stratified aquifers that would otherwise be between wells in conventional 

designs.  In other words, the increased vertical flow through the low-conductivity zones 

generated by the VCW allows reaching contaminants that are not practically accessible 

by the mostly lateral flow of the conventional P&T. 

Fifth, the VCWs can generate larger hydraulic gradients; therefore, they may be 

better to deliver surfactants, oxygen, ozone, nutrients, and even bacteria to the aquifer – 

especially low-conductivity zones – to mobilize or oxidize the contaminants stuck there, 

to stimulate their bioremediation, or to seed microorganisms to start bioremediation.  

Sixth, as opposed to the air sparging technology (injection of air directly into an 

aquifer beneath the contamination plume) that is affected by air channeling in the 

formation and is limited to unconfined aquifers [Wilson et al., 1996, 1998].  Confined 

aquifers are unsuitable for air sparging because the injected air would be trapped in the 

formation and would not be able to reach the surface and ultimately the atmosphere.  The 

in-well vapor stripping used in VCWs is not subject to these limitations and can thus be 

applied to both unconfined and confined aquifers. 

6.1.3 The Flow Field and Contaminant Concentration Field Around a 
VCW 

The flow field generated by a single VCW has been initially studied numerically 

by Herrling and Stamm [1991, 1994].  As expected, they confirmed that the higher the 
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aquifer anisotropy (the ratio of the horizontal to vertical hydraulic conductivity), the 

larger the radius of the VCW capture zone.  For homogeneous anisotropic media the 

VCW flow field was studied analytically by Philip and Walter [1992], Kabala [1993], 

Zlotnik and Ledder[1998] [V A Zlotnik and Zurbuchen, 1998], Van Peursem et al. 

[1998], and others; and for layered/heterogeneous media it was studied analytically or 

numerically by Indelman and Zlotnik [1997], Xiang and Kabala [1997], and Van 

Peursem et al. [1999]. The VCW flow field was also extensively studied experimentally 

on the lab scale by Stallard et al. [1996] and Scholz et al. [1997] and on the field scale by 

Scholz et al. [1998a, 1998b], Elmore and DeAngelis [2004], and Johnson and Simon 

[2007]. The last three studies involved not only field experiments but also modeling.  

The flow field generated by a pair of VCWs operating in opposing modes (up-

flow and down-flow), referred to as tandem circulation wells by Goltz et al. [2008] was 

studied by Christ et al. [1999], Zhan [1999], Cirpka and Kitanidis [2001], Cunningham 

and Reinhard [2002], Cunningham et al. [2004], Luo and Kitanidis[2004]Huang and 

Goltz[2005], Luo et al. [2006], and Wu et al. [2008].  Calling it a dipole-flow test (DFT), 

Kabala [1993], Zlotnik and Ledder [1996], and Halihan and Zlotnik [2002] provided 

methodology to estimate aquifer parameters (horizontal and vertical hydraulic 

conductivity and specific storage) from the measurement of the in-well pressure 

evolution in the upper and lower chamber of a single VCW. Using three inflatable 

packers and a groundwater pump, Schaad [1998] and Zlotnik and Zurbuchen [1998] built 

DFT devices that can be lowered into a well to develop a dipole-flow pattern in the 

aquifer. They used these devices in field to obtain down-hole distributions of aquifer 
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parameters. With a simplified steady-state interpretation methodology, Zlotnik et al. 

[2001] measured such distributions in a highly permeable aquifer at the Horkheimer Insel 

Site, Germany.  

Tracer tests can be used to further gain insight into the flow field around a VCW.  

Chen and Knox [1997] evaluated experimentally the performance of two VCWs in a sand 

tank via partitioning tracer test.  Sutton et al. [2000] added a tracer test to the dipole-flow 

test, developed a mathematical model for tracer transport in a vertical-circulation flow, 

and named it the dipole-flow test with a tracer (DFTT).  They successfully tested it in the 

field, with Rhodamine WT as a sorbing tracer, on a well in a coastal-plain aquifer in 

North Carolina. Their mathematical model employs the streamtube modeling approach of 

Gelhar and Collins [1971] that neglects the transverse dispersivity.  Chen et al. [2010] 

generalized that model to account for transverse dispersivity.  Cunningham et al. [2004] 

successfully used bromide tracer test to evaluate the hydraulic performance of the tandem 

VCWs, whereas Goltz et al. [2008] generalized the DFT and DFTT models for aquifer 

characterization with such VCW pairs. 

6.1.4 Applications of the VCW Remediation Technologies 

The most common groundwater contaminants are chlorinated volatile organic 

compounds such as trichloroethylene, 1,1,1-trichloroethane, and dichloromethane; as well 

as by petroleum products and their constituents, such as benzene, toluene, ethylbenzene, 

and xylene (BTEX) [Environmental Protection Agency, 1998, 1999b].  The EPA 

concluded that the VCW remediation is particularly advantageous in the treatment of 
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these contaminants and cite many successful field demonstrations at a number of 

Department of Defense, Department of Energy, Superfund, and private/commercial sites. 

An example is the UVB™ technology at March Air Force Base in Riverside, 

California.  The UVB system is installed in a VCW and involves a reactor that assists in 

the volatilization of contaminants [Environmental Protection Agency, 1999b]. 

Another example is from Mactec, Inc., who used the NoVOCs™ technology, 

which mixes contaminated water with air to volatilize the contaminants.  The system is 

usually installed in the vadose zone without an injection site.  They installed the NoVOCs 

system inside a VCW to remediate tetrachloroethene (perchloroethylene), 

trichloroethylene, dichloroethene, vinyl chloride, benzene toluene, ethylbenzene, and 

xylene at the Naval Air Station at North Island, San Diego, California.  The removal 

efficiencies suggested that this technology performed better than alternative technologies 

would have. [Tetra Tech EM Inc., 2000]. 

Miller and Roote [1997] presented these systems, collectively referred to as vapor 

stripping, specifically for use inside VCWs.  These systems were successful in the 

treatment of both radionuclides and VOCs.  Furthermore, VCWs have success with non-

halogenated VOCs, semi-VOCs (SVOCs), pesticides, and inorganics [Environmental 

Protection Agency, 1998, 1999b]. 

Remediation with VCWs has also been used along with in situ chemical or 

biological processes (bioremediation, surfactants, zero-valent dehalogenation, and 

oxidation) to speed up remediation and improve its efficiency.  For example, 

Montgomery et al. [2002] and Lakhwala et al. [1998] injected nutrients into a VCW field 



 

84 

to stimulate biodegradation.  Knox et al. [1997] and Sabatini et al. [1997] injected a 

surfactant to increase non-aqueous phase liquid (NAPL) dissolution and mobilization and 

hence to speed up the remediation.  Similarly, Blanford et al. [2001] injected a 

complexing sugar into a VCW, and the sugar was found to act as a solubility-enhancing 

agent for TCE.  Kerfoot et al. [2008] injected microbubbles (20-50 µm in diameter) of 

encapsulated ozone (C-Sparge™ technology) and Scheffer and van de Ven [Scheffer and 

van de Ven, 2010] injected microbubble ozone (C-Sparge™) and peroxide-coated ozone 

(Perozone™) to oxidize or reduce  the hazardous contaminants (chlorinated VOCs, such 

as tetrachloroethylene, trichloroethylene, and cis-dichloroethylene, as well as DNAPL). 

McCarty et al., [1998], Gandhi et al. [2002], Goltz et al. [2005], and Hoelen et al. [2006] 

used mechanical pumps to drive the flow of the tandem VCWs (VCWs operating in 

opposing modes, up-flow and down-flow), to inject nutrients to the aquifer for 

bioremediation. 

These technologies are particularly suited to VCWs because of the in-ground 

configuration; however, they all depend on the flow through the aquifer to collect the 

contaminants from the porous media.  The problem of contaminants trapped in dead-end 

pores still remains. 

Johnson and Simon [2007] developed a sequential protocol for collecting data, 

designing the VCW, and evaluating its performance.  They tested it on a comprehensive 

data set, much greater than would be feasible at most sites.  With its relatively simple 

geology and practically stagnant groundwater highly contaminated with TCE, the site at 

the Cape Canaveral Air Station, Florida, was particularly suitable for the study.  It was 
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heavily instrumented and heavily investigated with hydraulic head data collected at the 

VCW and 9 pizometers around it; in situ flow velocity measured with seven sensors in 

four locations along two orthogonal transects crossing the VCW; vertical hydraulic 

conductivity measured on the continuous VCW core samples cut into 0.3-m segments; 80 

microwells installed in 20 nests along three transects for periodical collection of 

groundwater samples for TCE analysis; a series of pumping tests and slug tests 

performed to estimate the downhole distributions of the hydraulic conductivity, specific 

storativity, and specific yield; and two tracer tests conducted with sulfur hexafluoride and 

sodium fluorescein (both practically conservative, i.e., non-sorbing) to delineate the 

VCW capture zone.  The collected data were then used to calibrate numerical flow with 

MODFLOW (U. S. Geological Survey) and transport models (MT3DMS) to study the 

performance of the VCW. The proposed sequential protocol for collecting data and 

designing the VCW remediation should be applicable to other sites.  

Elmore and DeAngelis [2004] studied alternatives for remediation of groundwater 

around the former Nebraska Ordnance Plant in the east-central part of the state near the 

village of Mead.  The site is seriously contaminated with the explosive compound 

hexhydro-1,3,5-trinitro-1,3,5-triazine (RDX) and the solvent trichloroethylene.  Two full-

scale pilot VCW systems, described in detail by Elmore and Graff [2002], were installed 

at the site, pilot tested, and modeled with the 3-D finite-difference groundwater flow 

model, MODFLOW, and the USGS particle tracking model, MODPATH.  Elmore and 

DeAngelis [2004] obtained a very close agreement between the modeled and observed 

performance of the two pilot VCWs despite assuming the assumed the value of the 
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hydraulic conductivity anisotropy ratio for each layer at the site to be Kr/Kz = 10 rather 

than measuring it with the dipole-flow test on VCWs [Kabala, 1993, Xiang and Kabala, 

1997].  Elmore and DeAngelis (2004) obtained nevertheless very close agreement 

between the modeled and observed performance of the two pilot VCWs.  This, and the 

aforementioned close agreement, along with the conclusions that state a VCW-based 

remediation system for the site is more effective than a conventional P&T system, 

provided high confidence in the analysis, caused and the project stakeholders (the state 

agencies and the property owners) decided to replace the previously selected 

conventional P&T approach with a large-scale groundwater remediation system 

involving multiple VCWs. 

Ryan et al. [2000] discussed the pilot study and the design of the remediation for 

one of the VOC plumes that threaten the aquifer under the Massachusetts Military 

Reservation on Cape Cod. The conventional P&T solution would require 120 extraction 

and reinjection wells, and it would cause unacceptably large disturbances of the local 

surface hydrology such as ponds, cranberry bogs, and coastal wetlands – all hydraulically 

connected to the aquifer.  Alternatively, a design with 60 VCWs and in-well vapor 

stripping (NoVOCs™ systems) is not only more effective but also does not disturb 

significantly surface hydrology.  The cleanup of this one plume was estimated to take 20 

years with a capital cost of about $7 million and estimated operations and maintenance 

costs are about $1.4 million per year. 
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6.1.5 Pulsed Flow in Groundwater Remediation 

Aquifers typically have some degree of heterogeneity: regions with lower 

hydraulic conductivity can retain contaminants in conventional pump-and-treat (P&T) 

because the flow will circumvent the low conductivity region.  To address this problem, 

Harvey et al. [1994] proposed a turn-on-turn-off scheme where water is pumped from the 

aquifer for a period then the pumps are turned off.  This quiescence was to allow for 

diffusion to transport contaminants our of these low conductivity regions while not 

spending energy to actively pump.  The changes in flow occurred on the scale of months 

– the exact duration depended on site and contaminant parameters. 

Another approach is turn-on-turn-down; where the flow rate is changed in order 

to change the flow around the low conductivity regions.  These changes occurred on the 

order of a couple months [Colombani et al., 2009] to a couple years [Saez and Harmon, 

2006].  Both of these P&T methods will have an affect on dead-end pores. 

These techniques have reduced energy costs and the subsequent periods (times 

when pumps are on) have effectively removed more contaminant with a lower amount of 

pumping [Keely et al., 1987, Mackay et al., 2000].  The overall time required is longer 

than with continuous pumping [Borden and Kao, 1992, Harvey et al., 1994]. 

The EPA suggests the process of adaptive pumping [Environmental Protection 

Agency, 1996]: every one to five years, the pumping scheme is evaluated and the pump 

rate adjusted to reduce the stagnant zones of low hydraulic conductivity [see Gillham et 

al., 1984, Tsang et al., 2009].  Even adaptive pumping does not dramatically decrease the 

overall treatment times [Isherwood et al., 1991, National Research Council, 1999]. 
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6.1.6 Pulsed Flow and Bioremediation 

Pulsed operation has also been used to deliver nutrients for groundwater 

bioremediation.  Hopkins and McCarty [1995] evaluated aerobic in-situ bioremediation 

of groundwater contaminated with trichloroethylene, tetrachloroethylene, and their 

dehalogenated byproducts: chlorinated aliphatic hydrocarbons (CAHs) at Moffett Federal 

Airfield in Mountain View, CA.  They injected phenol and toluene in short pulses every 

eight hours.  These materials were used to fuel cometabolism: a process where an enzyme 

(oxygenase) that microorganisms use for initiating oxidation of their primary substrates, 

transforms many CAHs. 

McCarty et al. [1998] used tandem VCWs in a similar approach for field-scale 

bioremediation tests at Edwards Air Force Base, California with the TCE-contaminated 

groundwater plume.  After the addition of pure oxygen to the plume to assure aerobic 

conditions, toluene was added in pulses initially every two hours and less often, down to 

every 12 hours when microbial population reached steady state. 

Bioremediation can produce excessive biomass; when uncontrolled it is referred 

to as biofouling and can clog the wells with biofilms.  It is typically the result of 

hospitable microbial environments: oxygen-rich and nutrient-rich [S W Taylor and Jaffe, 

1991].  McCarty et al. [1998] used periodic injections of hydrogen peroxide to control or 

reverse biofouling.  Peroxide serves particularly well in this capacity, as it inhibits growth 

near the treatment well but hydrolyzes out in the aquifer to produce oxygen, which in turn 

stimulates further biodegradation.  Hoelen et al. [Hoelen et al., 2006] used tandem VCWs 

at a site at the Moffett Federal Airfield to homogenize groundwater and enhance natural 
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attenuation of CAHs.  They mitigated aquifer biofouling by periodic injection of the 

propionate solution in 8-hour pulses, one per day.  

However, pulsing nutrients, peroxide, or propionate in these bioremediation 

applications has not caused significant short-scale changes in the groundwater flow field.  

Much larger flow field fluctuations are produced in remediation via air sparging, 

which is used in two modes: continuous and pulsed.  The continuous mode involves air 

injection at a constant rate, whereas the pulsed mode involves varying the rate of air 

injection or simply turning the system periodically on and off.  Although both modes can 

be effective, the continuous and pulsed mode systems represent respectively 61% and 

39% of the most successful air sparging projects reviewed by Bass et al. [2000]; the 

pulsed-mode air sparging is being increasingly recommended [Marley et al., 1992, R L 

Johnson et al., 1993, Yang et al., 2005, Aivalioti and Gidarakos, 2008, USACE, 2008, 

Balcke et al., 2009]. Yang et al. [2005], for example, found that pulsed operation 

accelerated the PCE volatilization by 40-600%, depending on the type of pulsing.  

On the laboratory sand tank scale, Johnson et al. [1999], tested pulsed air sparging 

with a periodic pulsed flow run 200 s on and 20 s off; however, on the field scale the time 

scale of air pulsing is on the order of at least hours or even days.  Although according to 

Kirtland and Aelion [2000] pulsing can be on the order of minutes or hours, in their field 

application they defined it as either an eight-hour operation followed by no operation 

period per day or a 24-hour operation followed by at least one day of no operation, i.e., 

i.e. they selected pulsing with a period of at least one day.  As the default strategy U.S. 

Army Corps of Engineers [2008] recommends pulsed rather than continuous operation, 
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and as an example of an air sparging systems “pulsed frequently” they give one pulsed 

four times a day.  The pulsed air sparging projects reviewed by Bass et al. [2000] 

employed pulsing times ranging from 0.5 to 24 hours, with an average of 10 hours. 

Although an optimal air-sparging pulsing frequency may exist for a given medium and 

contaminant, little research on how to find it has been conducted so far, and only limited 

guidance is available in the literature. Using heuristic analysis, Naval Facilities 

Engineering Command [2001] suggest that air sparging pulsing times be determined by 

the time necessary for hydraulic gradients to dissipate after the onset or termination of air 

sparging, which in turn can be easily determined by monitoring groundwater table 

mounding above the air injection point. 

6.1.7 Pulsed Flow Time Scales 

With its numerous benefits reviewed above, vertical circulation wells (VCWs) 

along with in-well air stripping and/or in situ chemical or biological processes, offer an 

attractive range of alternatives to the conventional pump-and-treat (P&T) technique.  All 

of the remediation methods available are limited by diffusion of contaminants from the 

dead-end pores.  Not surprisingly, the expected remediation time of a single plume may 

take tens of years and tens of millions of dollars.  For a VOC plume on Cape Cod, 

Massachusetts, Ryan et al. [2000] reduced the number of wells needed in half and 

reduced the time and cost of the operation from conventional P&T.  P&T, VCW, 

bioremediation, and the combinations are all limited by the same diffusion problem; there 

is a significant need for improvements for cost and duration. 
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Most of the existing remediation schemes employ constant flow fields.  Those 

that employ pulsed injection of nutrients (to stimulate bioremediation), anti-biofouling 

agents (to control clogging around the well), or air, oxygen, or ozone (to oxidize 

contaminants) use mainly pulsing with a period on the order of days or weeks (rarely 

hours) in order to control the level of reactants in the aquifer; they generate small and 

relatively infrequent disturbances in the flow field.  

Pulses in air stripping do introduce an interfacial wave; however this is infrequent 

as well and there has been little investigation to how this functions at the pore-scale. 

The diffusion-limited mass transfer also occurs in manufacturing.  Small ducts 

with contaminants in rough surface cavities need to be removed.  Fang et al. [1997] 

demonstrated that a pulsed flow would speed the mass transfer of the contaminants out of 

the dead-end pores.  These pulses induce a deep sweep to mechanically remove 

contaminant from rough surfaces in ducts as well as semiconductors [Chilukuri, 1982, 

Nishimura and Kunitsugu, 1997, Fang et al., 1999]. 

None of the existing aquifer remediation approaches consciously employ the 

mechanism of the deep sweep.  Kahler et al. [2011] and Kahler and Kabala [2011a, b, c, 

d] demonstrated the application of rapidly pulsed flow in groundwater remediation to 

generate deep sweeps 

In a serious of numerical experiments on the pore-scale and column-test 

experiments on the laboratory scale, Kahler et al. [2011a, b, c, d] demonstrated that the 

deep sweep may effectively speed up remediation in 1-D flows when rapidly pulsed 

pumping is employed with the pulsing amplitude and period depending on the size of the 
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targeted dead-end pores. For the crushed glass porous medium with the average grain size 

of 0.6 mm, they used a peristaltic pump and found the optimal frequency to be about 1.5 

Hz, which translates into the pulsing period of 2/3 of second. This means that the optimal 

pulsing for the medium considered by Kahler et al. [2011] is at least five orders of 

magnitude smaller than the shortest pulses used in any type of remediation today (1 day / 

0.66 seconds ≈ 1.3 x 105). 

6.1.8 Hypothesis 

We propose to test the hypothesis that the physical processes of the deep sweep 

and vortex ejection generated in rapidly pulsed pumping can significantly speed up the 

diffusion-limited remediation of porous media in 3-D flow around a vertical circulation 

well (VCW). 

6.2 Methods 

We constructed a cylindrical chamber with a vertical circulation well in the center 

(Figure 36).  The chamber is constructed of acrylic with two openings along the well that 

are covered with #60 (opening = 0.250 mm) screen.  The internal dimensions are 40.1 cm 

height and 25.7 cm diameter.  The outer well dimensions are 5 cm diameter.  The total 

volume inside the chamber is approximately 20 liters.  The screens are 4.5 cm in height. 

The chamber is filled with sand (Figure 37) from Adams Products, Durham, NC, 

that has been sieved to be within 0.420 to 1.18 mm.  The size distribution is shown in the 

sieve analysis in Figure 38.  The material density of the sand is 1.52 g/mL and the 

porosity is n = 0.413.  The sieved sample has a porosity of n = 0.442. 
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Figure 36: Vertical circulation well chamber: photograph (top left), perspective (top right), top view 
(bottom left), and plan view (bottom right).  The chamber holds approximately 20 liters and is 

equipped with two well openings 

The contaminant is modeled with fluorescein dye (Fluorescein Sodium Salt, 

Sigma-Aldrich, Milwaukee, Wisconsin, USA, aqueous solution).  Deionized water (DI) is 

used throughout the system.  The dye is entered into the chamber and then the sand is 

poured over the top.  The sand is then agitated to encourage mixing.  This prevents air 
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bubbles in the porous media and ensures that the dye reaches as many dead-end pores as 

possible.  The total pore volume of the chamber (with the sand specified) is 8.8 liters. 

Steady flow is generated from the DI water tap while the pulsed flow is generated 

by the peristaltic pump (Manostat® VERA Veristaltic® pump, Barringon, Illinois).  The 

flow rate is monitored closely to account for any variations in flow. 

 

Figure 37: Sand from Adams Products, Durham, NC.  It has been sieved to 0.420 - 1.18 mm. 
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Figure 38: Sieve analysis of the raw sand sample from Adams Products (solid) and the part that was 
separated for the experiments from 0.420 to 1.18 mm (dashed) 

The output is analyzed by a fluorometer (Turner Designs 10AU Field 

Fluorometer, Sunnyvale, California) with time resolution of one second.  The output is 

integrated to determine the recovery. 

6.3 Preliminary Results 

As we expected, the rapidly pulsed flow outperformed the steady flow.  The data 

required adjustment in post-processing due to the suspended material from the sand.  The 

fluorometer records concentration averaged over one second.  These values are converted 

to a mass and integrated to determine the total amount recovered from the apparatus.  The 

concentration measured cannot be higher than the original concentration; in fact, from 
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previous experiments with our laboratory column (Chapters 1 and 2), the maximum 

concentration recorded is, on average, 77.5% of the concentration introduced. 

The data from both trials was biased likely by the fraction of silt or clay in the 

sand, which affected water translucence, and consequently, the fluorometer 

measurements.  Since the bias should be identical for both trials, the solution is to rescale 

the measurements.  We rescaled the data from our preliminary trial by normalizing it by 

the maximum concentration recorded, then by the correction factor of 77.5%.  Since both  

 

Figure 39: Fraction of contaminant recovered from VCW (Figure 36) filled with sand (Figure 37 and 
38) under steady (solid) and rapidly pulsed (dashed) flow. 
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trials were conducted with exactly the same calibration standards and materials the 

maximum was taken from the aggregated data.  

Figure 39 reveals a significant improvement for the fraction of contaminant 

recovered for rapidly pulsed flow over steady flow in our laboratory model VCW.  

Further experimentation should confirm this acceleration. 

6.4 Conclusions 

These results are preliminary; however, they suggest rapidly pulsed pumping 

yields a significant improvement over steady, or constant pumping in the vertical 

circulation well (VCW) applications. Further experimentation is needed to confirm the 

improvement. This will be achieved with crushed glass, as in Chapter 1 [Kahler et al., 

2011]. As outlined there, glass is an ideal porous medium because of its negligible 

sorption capacity. 
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7. Conclusions 
A longstanding problem with groundwater remediation is contaminant trapped in 

dead-end pores.  Remediation is stopped when the concentration recovered from the 

aquifer is below the regulatory level.  Contaminants sequestered in these pores are not 

detected by monitoring efforts, which primarily sample from water in the pass-through 

pores.  In many cases, aquifer contaminants detected by monitoring rebounds after 

remediation cessation because they diffuse from the dead-end pores into the pass-through 

region. 

We have found in our experiments that for a given the same volume of water 

pumped, rapidly pulsed pumping recovers significantly more contaminant from dead-end 

pores than steady pumping does.  This is particularly true in unwashed media.  In steady 

flow, the recovery is efficient only for contaminant removal from the pass-through pore 

regions, then it levels off (Figure 12) to a recovery rate dominated by molecular diffusion 

or vortex-enhanced diffusion [Kim, 2006]. 

In numerical experiments with a pore system consisting of just a single square 

dead-end pore and a single pass-through pore, at 100 pore volumes pumped the rapidly 

pulsed flow improved cleanup of the dead-end pore alone by approximately 40%. This 

translates into a 10% improvement of the cleanup of the pore system. But since the dead-

end pore is the bottleneck of the current groundwater remediation, it the first measure that 

is really relevant. In corresponding laboratory column experiments with crushed glass, 

the dead-end pore volume alone is not known. The cleanup of the whole pore space was 
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improved by roughly 10% with the rapidly pulsed pumping, which corresponds nicely to 

our numerical results. 

In numerical experiments with a washed, or rounded porous media the recovery 

showed no improvement.  In laboratory tests both rapidly pulsed and steady flow 

recovered all of the contaminant; however, the difference in the time between the two 

pumping schemes was approximately 0.9 pore volumes pumped.  This improvement is 

likely to be significant with sorbing contaminants. 

Many contaminants are non-aqueous phase liquids (NAPLs), which do not readily 

dissolve in water.  Numerical experiments demonstrated that rapidly pulsed flow can 

recover NAPLs with viscosity lower than water, but is not as effective with higher 

viscosity materials; however, these results were based on a model that did not account for 

interfacial tension and wetting.  We will require additional numerical and laboratory 

experiments to test this. 

In practice, a flow through porous media is significantly more complex than the 

one-directional dominated flows considered in our numerical and laboratory column 

experiments.  Around a well the flow is typically three-dimensional and largely radially 

dominated.  We constructed two numerical domains to study the interactions between the 

cleanup of three square pores: one in a straight channel and one in a divergent channel to 

study the radial-like spread that would be experienced around a well.  For a series of 

three dead-end pores, there was a 35% improvement by rapidly pulsed flow over steady 

flow in the straight channel and a 33% improvement in the divergent domain.  The 

optimal frequency was different in the divergent flow even though the pores were the 
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same size as in the previous study.  Since the divergent channel reduced the flow 

velocity, the pulses reached the pores at a decreasing rate.  Due to this divergence and the 

range of pore-sizes in a natural aquifer, implementation of pulsed flow should likely 

include a range of frequencies. 

A preliminary laboratory experiment in a chamber with a model vertical 

circulation well showed rapidly pulsed flow accelerates remediation significantly.  While 

further experiments are needed, this result is encouraging.  Our model recovered almost 

30% more contaminant in a time of seven pore volumes pumped.  Without longer 

experiments, precise estimates of time are impossible; however, the time to reach any 

reasonable level of cleanup is considerably faster with rapidly pulsed pumping. 

The remediation technology with rapidly pulsed pumping is unique in the 

application of rapidly pulsed flow to a three-dimensional matrix.  Specifically, rapidly 

pulsed flow has never been applied to groundwater remediation to generate deep sweeps 

and vortex ejections, two additional processes employed to clean dead-end pores. 

For a single dead-end pore we found that there exists an optimal frequency that is 

based on the pore morphology (size, aspect ratio, etc.) and the velocity of the fluid at the 

separatrix.  For multiple dead-end pores a range of optimal frequencies exists.  It is likely 

that a range of frequencies will be most efficient.  The highest optimal frequency should 

be controlled by the highest water velocity (near the wells) and the smallest dead-end 

pore size. 

There is nothing in rapidly pulsed pumping that precludes the use of adaptive 

pumping, the Environmental Protection Agency’s current pump-and-treat 
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recommendation.  Since adaptive pumping only controls the mean velocity to penetrate 

regions of the aquifer with lower hydraulic conductivity, it is compatible with rapidly 

pulsed pumping. 

7.1 Future Work 

It is the goal to produce a technology that can be implemented in the field to 

reduce the cost of remediation.  In the natural environment we expect that contaminants 

will experience sorption.  Continuation of this work will include numerical experiments 

to model sorbing media in the single pore, laboratory column tests with sorbing media 

and Rhodamine WT, laboratory vertical circulation well (VCW) experiments with a 

range of particle sizes with fluoroscein and Rhodamine WT, and most importantly, a pilot 

field study with a vertical circulation well. 

We have discussed here the theoretical optimal frequency for pulses in this 

technology.  The VCW results discussed here are based on a relatively narrow range of 

grain sizes and therefore pore sizes.  Further laboratory VCW experiments with a range 

of particle sizes with fluorescein will allow us to better characterize the range of 

frequencies needed to efficiently perform the deep sweeps and vortex ejections. 

Also, we have identified many NAPL contaminants, some of which benefit from 

rapidly pulsed flow and others that do not appear to benefit.  Further numerical 

experimentation that accounts for interfacial tension is needed as well as laboratory 

column and VCW experiments with vegetable oil to model viscous NAPL. 
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8. Implications 
Throughout this dissertation the performance of remediation was reported as the 

fraction of contaminant recovered from a dead-end pore or pore system as a function of 

dimensionless times (pore volumes pumped).  To demonstrate the potential cost savings 

of rapidly pulsed versus steady pumping, we use the same data to calculate the ratio of 

times needed to reach a specified fraction recovered (specified cleanup level) in the two 

pumping modes, τs / τp, where τs and τp refer to the time needed to reach the specified 

fraction recovered with steady and pulsed flow respectively.  We define this ratio to be 

the speedup factor, i.e., the factor by which the time needed to reach the specified 

cleanup level with conventional remediation (steady flow) would by reduced.  We plot τs 

/ τp versus the corresponding fraction recovered for two experiments: Figure 40 shows 

the data from the numerical experiment of three dead-end pores adjacent to a divergent 

pass-through pore (see Figure 33) and Figure 41 shows the data from the laboratory 

experiment with the vertical circulation well chamber.  For example, for the case in 

Figure 40, rapidly pulsed flow produces the cleanup level of 40% of the contaminant 3.2 

times faster than steady flow does. 

The potential savings with pulsed pumping technology are based on the reduction 

in time of remediation minus the possible increased cost of implementation.  Let us 

consider just the operational costs, which dominate. 
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Figure 40: The speedup factor, τ s/τp (the factor by which the remediation time needed to reach the 
specified cleanup level would by reduced by using rapidly pulsed rather than conventional steady 

pumping), versus fraction of contaminant recovered from the average of the three dead-end pores for 
the divergent pore simulation shown in Figure 33. 

The average annual cost of pump-and-treat remediation with conventional steady 

pumping is $770,000 [Environmental Protection Agency, 1999a], whereas the typical 

duration of remediation is at least 20 years [Ryan et al., 2000].  This amounts to the 

operational cost of at least 20 x $770,000 = $15.4 million.  Assuming the same annual 

cost of pump-and-treat remediation with rapidly pulsed pumping with the same average  
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Figure 41: The speedup factor, τ s/τp (the factor by which the remediation time needed to reach the 
specified cleanup level would by reduced by using rapidly pulsed rather than conventional steady 

pumping), versus fraction of contaminant recovered for the laboratory experiment with the vertical 
circulation well chamber shown in Figure 39. 

pumping rate and assuming the order-of-magnitude speedup factor (measured in our 

experiments) holds up in the field, the duration of remediation would be reduced to just 

over two years.  The corresponding operational cost would be only 2 x $770,000 = $1.54 

million.  This means that the rapidly pulsed pumping would save at least $13.86 million 

per average remediation site.  With 1277 Superfund sites [Environmental Protection 

Agency, 2010b], this could translate into over $17.7 billion.  The savings maybe even 

larger considering that the remediation duration of 20 years used in the calculation likely 
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represents an over-optimistic estimate, that there exist also numerous non-Superfund 

sites, and that the calculation was done in 1999 dollars. 

Whether or not the laboratory speedup factors would hold in the field cannot be 

established without field-scale experiments.  Of course, the total improvement will also 

be a function of the exact hydrologic parameters and the contaminant involved.  

Additionally, there will be a reduction in indirect costs, such as loss of use of the aquifer 

for the duration of the remediation, and risk of rebound and subsequent health risk. 
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Appendix A: Example FIDAP Setup File 
We provide below an example of the FIDAP simulation setup file.  This example 

comes from the square pore under steady versus rapidly pulsed flow for a dissolved 

contaminant.  Variations of this setup file are notated within the code and outlined here: 

• Length of channel/number of pores 

• Shape of pore 

• Type of contaminant 

• Steady versus rapidly pulsed flow imposed on the inlet 

• Variations  

TITLE(  ) 
Flow past a pore 
FI-GEN( ELEM = 1, POIN = 1, CURV = 1, SURF = 1, NODE = 0, 
MEDG = 1, MLOO = 1, 
MFAC = 1, BEDG = 1, SPAV = 1, MSHE = 1, MSOL = 1, COOR = 1 
) 
/ Inlet points 
POINT( ADD, COOR, X = 0, Y = 0 ) 
POINT( ADD, COOR, X = 2, Y = 0 ) 
/ Pore starts here 
POINT( ADD, COOR, X = 3, Y = 0 ) 
POINT( ADD, COOR, X = 3, Y = -1 ) 
POINT( ADD, COOR, X = 4, Y = -1 ) 
POINT( ADD, COOR, X = 4, Y = 0 ) 
/ Outlet points 
POINT( ADD, COOR, X = 5, Y = 0 ) 
POINT( ADD, COOR, X = 5, Y = 1 ) 
/ 
POINT( ADD, COOR, X = 4, Y = 1 ) 
POINT( ADD, COOR, X = 3, Y = 1 ) 
POINT( ADD, COOR, X = 2, Y = 1 ) 
POINT( ADD, COOR, X = 0, Y = 1 ) 
 
POINT( SELE, ID, WIND = 1 ) 
 12 
 11 
 10 
 9 
 8 



 

107 

CURVE( ADD, LINE ) 
POINT( SELE, ID, WIND = 1 ) 
 1 
 2 
 3 
 6 
 7 
CURVE( ADD, LINE ) 
/ Bottom of pore 
POINT( SELE, ID = 4 ) 
POINT( SELE, ID = 5 ) 
CURVE( ADD, LINE ) 
POINT( SELE, ID = 1 ) 
POINT( SELE, ID = 12 ) 
CURVE( ADD, LINE ) 
POINT( SELE, ID = 2 ) 
POINT( SELE, ID = 11 ) 
CURVE( ADD, LINE ) 
/ Sides of pore 
POINT( SELE, ID, WIND = 1 ) 
 4 
 3 
 10 
CURVE( ADD, LINE ) 
POINT( SELE, ID, WIND = 1 ) 
 5 
 6 
 9 
CURVE( ADD, LINE ) 
POINT( SELE, ID = 7 ) 
POINT( SELE, ID = 8 ) 
CURVE( ADD, LINE ) 
/ Square pore is coded here, curved pore is coded as the 
/ intersection of two semi-circles. 
/ 
/ Entry Channel 
/ 
CURVE( SELE, ID, WIND = 1 ) 
 1 
 5 
MEDGE( ADD, FRST, INTE = 40, RATI = 3, 2RAT = 0, PCEN = 0 ) 
CURVE( SELE, ID = 10 ) 
MEDGE( ADD, LSTF, INTE = 30, RATI = 2, 2RAT = 2, PCEN = 0 ) 
CURVE( SELE, ID = 11 ) 
MEDGE( ADD, SUCC, INTE = 30, RATI = 0, 2RAT = 0, PCEN = 0 ) 
/ 
/ Vp: Upstream channel zone 
/ 
CURVE( SELE, ID, WIND = 1 ) 
 2 
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 13 
 6 
MEDGE( ADD, SUCC, INTE = 30, RATI = 0, 2RAT = 0, PCEN = 0 ) 
/ 
/ Vp: Super-pore channel zone 
/ 
CURVE( SELE, ID, WIND = 1 ) 
 3 
 15 
 7 
MEDGE( ADD, SUCC, INTE = 30, RATI = 0, 2RAT = 0, PCEN = 0 ) 
/ 
/ Vp: Pore 
/ 
CURVE( SELE, ID, WIND = 1 ) 
 14 
 9 
 12 
MEDGE( ADD, SUCC, INTE = 30, RATI = 0, 2RAT = 0, PCEN = 0 ) 
/ 
/ Vp: Exit channel zone 
/ 
CURVE( SELE, ID, WIND = 1 ) 
 4 
 16 
 8 
MEDGE( ADD, FRST, INTE = 30, RATI = 0, 2RAT = 0, PCEN = 0 ) 
/ 
/ Creating the MESH 
/ 
/ MFACE 1 
CURVE( SELE, ID, WIND = 1 ) 
 1 
 11 
 5 
 10 
MFACE( WIRE, EDG1 = 1, EDG2 = 1, EDG3 = 1, EDG4 = 1 ) 
/ 
/ MFACE 2 
CURVE( SELE, ID, WIND = 1 ) 
 2 
 13 
 6 
 11 
MFACE( WIRE, EDG1 = 1, EDG2 = 1, EDG3 = 1, EDG4 = 1 ) 
/ 
/ MFACE 3 
CURVE( SELE, ID, WIND = 1 ) 
 3 
 15 
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 7 
 13 
MFACE( WIRE, EDG1 = 1, EDG2 = 1, EDG3 = 1, EDG4 = 1 ) 
/ 
/ MFACE 4 
CURVE( SELE, ID, WIND = 1 ) 
 4 
 16  
 8 
 15 
MFACE( WIRE, EDG1 = 1, EDG2 = 1, EDG3 = 1, EDG4 = 1 ) 
/ 
/ MFACE 5: Pore 
CURVE( SELE, ID, WIND = 1 ) 
 7 
 14  
 9 
 12 
MFACE( WIRE, EDG1 = 1, EDG2 = 1, EDG3 = 1, EDG4 = 1 ) 
/ 
MFACE( SELE, ID = 1 ) 
MFACE( MESH, MAP, ENTI = "clean" ) 
/ This identifies the initially contaminated zone 
MFACE( SELE, ID, WIND = 1 ) 
 2 
 3 
 4 
 5 
MFACE( MESH, MAP, ENTI = "dirty" ) 
 
MEDGE( SELE, ID, WIND = 1 ) 
 1 
 5 
 8 
 14 
 2 
 7 
 16 
ELEMENT( SETD, EDGE, NODE = 2 ) 
MEDGE( MESH, MAP, ENTI = "wall" ) 
MEDGE( SELE, ID = 3 ) 
MEDGE( MESH, MAP, ENTI = "inlet" ) 
MEDGE( SELE, ID = 15 ) 
MEDGE( MESH, MAP, ENTI = "outlet" ) 
MEDGE( SELE, ID, WIND = 1 ) 
 11 
 12 
 13 
MEDGE( MESH, MAP, ENTI = "pore" ) 
END(  ) 
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FIPREP(  ) 
DATAPRINT( ADD, CONT ) 
EXECUTION( ADD, NEWJ ) 
PRESSURE( MIXED=1E-10, DISCONTINUOUS ) 
PRINTOUT( ADD, NONE, BOUN, CONV ) 
/ Below specifies that the simulation is two-dimensional,  
/ incompressible, time variant, and considers two fluid 
species. 
PROBLEM( ADD, 2-D, INCO, TRAN, LAMI, NONL, NEWT, MOMENTUM, 
ISOTHERMAL, FIXED, NOST, NORE, SING, SPECIES = 1 ) 
TIMEINTEGRATION( ADD, TRAP, NSTE = 4000, TSTA = 0.0, DT = 
0.005, FIXE ) 
/ 
/ CONTINUUM GROUP DEFINITIONS 
/ 
ENTITY( ADD, NAME = "clean", FLUID, PROP = "water", SPECIES 
= 1, MDIF = "fluoroscein" ) 
/ Specify fluoroscein as contaminant 
ENTITY( ADD, NAME = "dirty", FLUID, PROP = "water", SPECIES 
= 1, MDIF = "fluoroscein" ) 
ENTITY( ADD, NAME = "wall", PLOT ) 
ENTITY( ADD, NAME = "pore", PLOT ) 
ENTITY( ADD, NAME = "inlet", PLOT ) 
ENTITY( ADD, NAME = "outlet", PLOT ) 
/ 
/ INITIAL AND BOUNDARY CONDITIONS FOR FILLING 
/ 
ICNODE( SPECIES = 1, CONS = 1, ENTITY = "dirty" ) 
ICNODE( SPECIES = 1, CONS = 0, ENTITY = "clean" ) 
/ 
/ FLUID PROPERTIES 
/ 
/ Set parameters 
DIFFUSIVITY( SET = "fluoroscein", CONSTANT = 3.4E-4 ) 
DENSITY( ADD, SET = "water", CONS = 9.99E-4 ) 
VISCOSITY( ADD, SET = "water", CONS = 1.12E-3 ) 
/ 
/ INITIAL AND BOUNDARY CONDITIONS 
/ 
BCNODE( ADD, VELO, ENTI = "wall", CONS = 0, X, Y, Z ) 
BCNODE( ADD, SPECIES = 1, ENTI = "inlet", CONS = 0 ) 
BCFLUX( ADD, SPECIES = 1, ENTI = "wall", CONS = 0 ) 
BCFLUX( ADD, SPECIES = 1, ENTI = "pore", CONS = 0 ) 
BCNODE( ADD, VELO, ENTI = "pore", CONS = 0, X, Y, Z ) 
BCNODE( ADD, UY, ENTI = "inlet", CONS = 0, X, Y, Z ) 
/ 
/ Control for steady versus pulsed (and the frequency and  
/ amplitude of the pulses).  Steady flow is not controlled 
/ by the square wave defined below. 



 

111 

/ Ux = 15, 5 (mm/s) @0.5Hz, 50% Duty cycle 
/ 
TMFUNCTION( SET = 1, NPOINTS = 80 ) 
 0.0    1.50 
 1.0    1.50 
 1.01   0.50 
 2.0    0.50 
 2.01   1.50 
 3.0    1.50 
 3.01   0.50 
 4.0    0.50 
 4.1    1.50 
 5.0    1.50 
 5.01   0.50 
 6.0    0.50 
 6.01   1.50 
 7.0    1.50 
 7.01   0.50 
 8.0    0.50 
 8.01   1.50 
 9.0    1.50 
 9.01   0.50 
 10.0   0.50 
 10.01   1.50 
 11.0    1.50 
 11.01   0.50 
 12.0    0.50 
 12.01   1.50 
 13.0    1.50 
 13.01   0.50 
 14.0    0.50 
 14.1    1.50 
 15.0    1.50 
 15.01   0.50 
 16.0    0.50 
 16.01   1.50 
 17.0    1.50 
 17.01   0.50 
 18.0    0.50 
 18.01   1.50  
 19.0    1.50 
 19.01   0.50 
 20.0    0.50  
 20.01   1.50 
 21.0    1.50 
 21.01   0.50 
 22.0    0.50 
 22.01   1.50 
 23.0    1.50 
 23.01   0.50 
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 24.0    0.50 
 24.1    1.50 
 25.0    1.50 
 25.01   0.50 
 26.0    0.50 
 26.01   1.50 
 27.0    1.50 
 27.01   0.50 
 28.0    0.50 
 28.01   1.50  
 29.0    1.50 
 29.01   0.50 
 30.0    0.50  
 30.01   1.50 
 31.0    1.50 
 31.01   0.50 
 32.0    0.50 
 32.01   1.50 
 33.0    1.50 
 33.01   0.50 
 34.0    0.50 
 34.1    1.50 
 35.0    1.50 
 35.01   0.50 
 36.0    0.50 
 36.01   1.50 
 37.0    1.50 
 37.01   0.50 
 38.0    0.50 
 38.01   1.50  
 39.0    1.50 
 39.01   0.50 
 40.01   0.50  
 
COORDINATE( ADD, SYST = 2, ROTA, CART ) 
    0,   0.5,     0 
BCNODE( ADD, UX, ENTI = "inlet", POLY = 1, SYST = 2,CURVE = 
1,CART, X, Y, Z ) 
    15  -60   0  2  0 
 
/ 
END(  ) 
CREATE( FISO ) 
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