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Presenter
Presentation Notes
The proppant transport model in GOHFER® has been developed over years of effort with Stim-Lab, Inc. Large-scale slot transport experiments with typical frac fluids and proppants have been simulated and used to tune the model. Causes for screenouts have been studied in detail, with sometimes surprising results. In this section we discuss some of the major findings and how these results have been implemented in GOHFER®.
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In this session …

• Look at traditional proppant transport and its 
assumptions

• Look at common remedies for early screenout

• What factors actually affect proppant 
transport?

Presenter
Presentation Notes
Assumptions made in common proppant transport models will be reviewed, along with their remedies for early screenouts. Alternate explanations for observed screenout behavior, based on extensive lab and field testing, will be presented along with a discussion of factors that actually appear to affect transport. 
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Proppant Transport & Settling

• Simple models assume 1‐D flow and model single 
particle settling (Stokes’ Law)

• Fluid and particle velocity profiles are much more 
complex in 3‐D flow.
– Slurry density gradients cause gravity under‐running, fluid 
shear, and non‐homogeneous concentration profiles.

– Fluid properties and leakoff cause transverse particle 
migration

– Lateral particle motion changes transport and leads to 
screenout

Presenter
Presentation Notes
Modeling the rock deformation and fracture growth is only one small part of the fracture treatment. A detailed model of the flow of complex non-Newtonian frac fluids with suspended proppant is required to determine how and where the proppant will be placed. The slurry transport solution must be coupled to the fracture geometry model because the presence of the proppant in the slurry alters the fluid flow and pressure distribution which controls the evolving geometry. The final position of the proppant solely determines the effectiveness of the stimulation treatment. 
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Traditional Prop Transport

Frac height
(assumed to be
constant)

Fracture half-length

Suspended proppant slurry
(uniform concentration)

Clean pad fluid  to 
create w=3-6xd

Settled sand bank

Presenter
Presentation Notes
In very simple models, the created fracture height is assumed to be constant both with time and position along the fracture. The clean pad fluid is assumed to open the fracture to the required width to accept proppant. Later injected proppant stages follow the pad at the same velocity and with perfect piston-like displacement of the pad fluid. The concentration profile in the proppant bank is assumed to be constant over the entire fracture height and to vary with length only because of changes in the injected concentration and leakoff. In these models, the job will be predicted to screen out when the fracture width ahead of the leading proppant bank edge reaches some critical width, or if the pad fluid all leaks off.All these assumptions have been found to be incorrect.
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Common Assumptions: 
Fluid Loss/Transport/Screenout

• Proppant is homogeneously distributed
– Vertically, laterally, transversely

• Sand and fluid travel together

• Pad is required to open width for sand

• Pad is depleted by leakoff

• Screenouts caused by prop bridging

• Prop concentration increased by leakoff

False assumptions lead to 
failed remedies

Presenter
Presentation Notes
Most models of proppant transport make common assumptions about the transport process. Some are made to simplify the numerical solution of the problem. Other are made through a lack of experimental data. Extensive direct observation of large-scale transport experiments has shown that nearly all of the assumptions in the list above are false. When applied, these assumptions produce a set of predicted factors that are thought to cause screenouts. This list of presumed causes then suggests a set of remedies that usually don’t work. 
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Common Remedies for Early Screenout
(If caused by pad depletion and bridging)

• Pump more pad volume

• Increase pump rate

• Use higher viscosity fluids

• Use smaller proppants

• Use fluid‐loss additives

Sometimes they work, and sometimes NOT!

Presenter
Presentation Notes
If this previous list of assumptions governs proppant transport in suspension, then screenouts are caused by the depletion of pad through leakoff, bridging of proppant because the fracture width is too narrow, or concentration of the proppant at the tip by ramping the concentration too fast.These causes suggest that screenouts can be prevented by pumping larger pad volume, increasing pump rate, using higher viscosity fluids, smaller proppants, or increased fluid-loss control. These remedies are often applied and their success is random and inconsistent. In many cases the screenout occurs at the same time or even earlier in subsequent job where design changes suggested by this method have been applied.The reason for the poor success of these remedies is that they fail to address the real causes of screenouts and are based on a faulty interpretation of transport mechanics. 
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Factors Affecting Proppant Transport

• Particle velocity profile in fracture

• Concentration distribution across fracture width

• Slurry viscosity increase with solids addition

• Single particle “Stokes” settling velocity

• “Hindered” particle settling

• Convection from slurry bulk density gradients

• Proppant holdup

• Proppant bridging

Presenter
Presentation Notes
Most fracture simulators use very simple assumptions to predict proppant movement. In reality, many factors influence transport in a very complex manner. Marathon, Stim-Lab, Inc., and several other companies and universities are actively engaged in research to more fully understand the physics associated with particle and slurry transport. The list of factors affecting proppant transport have been studied experimentally and numerically modeled in GOHFER. Many of the results are counterintuitive and contrary to conventional wisdom. A clear understanding of the actual impacts of these mechanisms is required to make appropriate treatment design decisions. 
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Velocity Distribution of Particles Between 
Parallel Plates
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distribution, the velocity
profile is given by the
cumulative frequency
plot. 

Presenter
Presentation Notes
Fluid flow in the fracture is not one-dimensional or uniform across the fracture width. Depending on fluid rheology, the flow profile across the fracture width may be parabolic or blunted. Particles in suspension may move at the local velocity of the fluid in the same streamline as the particles, or the fluid may slip past the particle at a different velocity. For perfectly dispersed particles, with a uniform concentration in the flowing fluid, a plot of number of particles passing a given spot versus their individual velocity will describe the velocity profile of the fluid flowing in a channel, such as a fracture. In theory, a Newtonian fluid will show a parabolic velocity profile for flow between parallel plates. The maximum particle velocity occurs at the channel centerline and the velocity at the fracture wall is zero.
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Particle Velocity Profiles Normalized to 
Fluid Velocity
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Presenter
Presentation Notes
In actual experiments using Newtonian fluids and neutrally buoyant particles the observed velocity profiles were found to deviate from the expected profile at various concentrations of suspended solids. At about 10% solids the theoretical distribution was achieved. Observations at this concentration confirm that the slurry appeared to be uniform.At very low concentrations the suspended solids were concentrated along the centerline of the channel. Under these conditions no particles in the system travel slower than about 90% of the average fluid velocity. The typical assumption that proppant and fluid average velocities are equal fails for this condition.At higher concentrations the velocity profile tends to blunt and approach a plug flow state. At very high solids loading the average solid velocity does approach the average fluid velocity, but the velocity profile across the slot does not fit the assumed parabolic profile.
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Proppant not
Homogeneously Distributed
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Presenter
Presentation Notes
At low concentrations, all the solid particles in the slurry are concentrated in a narrow band near the center of the flow channel. Flow velocities in this channel are much higher than the average velocity across the slot.
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Single Particle 
Settling Velocity Predictions

• Terminal settling velocity for a single particle in an 
infinite fluid body:
– Stokes Law for laminar flow
– Allen’s Equation for transition flow
– Newton’s Equation for turbulent flow

• Terminal velocity can be modified for multiple 
particle interactions.

• Wall effects can be considered for narrow channels.  

Presenter
Presentation Notes
Most models assume that single particle “Stokes” settling is the only mechanism for vertical proppant movement in the fracture. Actually, single particle settling accounts for only a small part of the total vertical velocity acting on the proppant slurry.Three different equations for single particle settling can be used depending on the fluid flow conditions (laminar, transition, or turbulent). For sand-sized particles in high viscosity fluids, the Stokes equation is applicable.  For water or straight CO2 systems, however, another equation should be used.
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Single Particle 
Terminal Settling Velocities

Stokes ‐ laminar flow regime

Allen ‐ transition flow regime

Newton ‐ turbulent flow regime
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Presenter
Presentation Notes
Most of the single particle settling equations depend strongly on particle size. Larger particles are predicted to settle much more quickly in a given viscosity fluid. Also, the viscosity of the supporting fluid must be well known, along with the density of the solid and liquid phases.
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Single Particle Settling Rates in a 1.0 cp 
Newtonian Fluid
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Presenter
Presentation Notes
In water, the Stokes equation is valid only for particles smaller than 100 mesh. Larger grains settle so quickly that they enter the transition or even turbulent flow regime. 
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Single Particle Settling Rates in a 
55.0 cp Newtonian Fluid
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Presenter
Presentation Notes
If the Newtonian fluid viscosity is increased to 55 cp or more, then the Stokes equation is valid for the size range of particles of interest in hydraulic fracturing operations.The calculated settling velocities shown are for a single particle in an infinite acting fluid mass.
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Slurry Settling Experiments 
in a Vertical Slot Model

• Parallel plate model 5 feet x 6 inches x 
0.25 inches

• 30% and 40% PEG solutions
• 30/50 mesh and 95 mesh silica sand 
slurries

• Volumetric concentrations from 0‐55% 
solids

• Slurry settling velocity compared to 
Stokes velocity

Presenter
Presentation Notes
Single particle settling laws may help predict the movement of individual grains in an infinite fluid volume, but proppant is pumped in slurries of high concentration, with many interacting particles present together. To observe the settling behavior of a proppant slurry in contact with clean (pad) fluid, a vertical slot apparatus was constructed as shown. The slot was filled with a viscous fluid to model pad in the fracture. Slurries of different concentration and particle sizes were mixed and allowed to flow into the top of the filled slot. Bulk slurry settling rate, or convective settling rate, were measured over a range of concentrations for particles of various sizes.
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Slurry Settling Rates Controlled by 
Bulk Density Gradients

Solids Concentration, Cv
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Presenter
Presentation Notes
Measurements of bulk slurry settling in the vertical slot apparatus indicate that the total settling rate of a slurry through a clean fluid, such as the pad in a fracturing treatment, can be 10-100 times faster than the single particle settling rate predicted by Stokes Law. In the figure, the single particle settling rates, corrected for “hindered settling” are shown as the blue and yellow points. The red and green points show the measured slurry settling rates. The yellow line is a theoretical solution based on the total potential gradients caused by variations in slurry bulk density and slurry viscosity. Note that the single particle rates for 100-mesh and 40-mesh sand are nearly ten times different, yet the slurry settling rates for these particle sizes are the same. 
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Proppant Movement 
by Bulk Flow or “Convection”

• Convection[Phys]:”Transmission of energy or 
mass by a medium involving movement of the 
medium itself.”
– McGraw‐Hill Dictionary of Scientific and Technical 
Terms, Fourth Edition
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Presenter
Presentation Notes
The movement of the bulk slurry is controlled not by particle settling in the viscous fluid, but by movement of the high density slurry itself as a bulk phase. The flow of the fluid mass is driven by convection caused by the difference in bulk density of the clean fluid and slurry over some height. The settling velocity of the fluid “blob” can be calculated using the same equation for flow between parallel plates that is used for normal lateral fluid transport, with the addition of the density terms for variation in fluid properties.
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Thin‐Fluid Transport is Different 
From Suspension Transport

Proppant drops out of fluid quickly. All solid transport
is in a thin “traction carpet”.

Bank height builds to an equilibrium based on fluid
velocity. A clear fluid layer is maintained above the

settled bank. The bank advances by “dune building”.

Presenter
Presentation Notes
To understand bulk-transport behavior in fracture fluid systems, we can look at two extremes of transport behavior which may both be applicable to hydraulic fracturing. We have discussed some effects of viscous suspension transport. A second method is thin-fluid transport in which sand is carried by a combination of saltation, dune migration, traction carpet, and re-suspension mechanisms. This transport mechanism has been discussed in the literature since the development of the earliest fracture simulators (Perkins, 1960’s) and is applicable to water-fracs and slick-water fracs. As shown in the illustration, fluid and solid enters the fracture, shown as a constant-height channel of indeterminate width, and immediately segregates under the influence of gravity. The solid (sand) settles in a dense bank at the bottom of the fracture and ceases to move. Fluid flows across the top of the deposited sand bank. As the open channel height above the sand bank decreases, the fluid velocity increases until an equilibrium condition is reached.Sand is transported in a thin layer across the top of the bank, and some is carried in suspension once the velocity becomes high enough. In this mode, the sand bank continues to extend as sand is carried to the leading edge and deposited. The last sand injected accumulates at the farthest tip of the fracture. Injection of clean fluid (carrying no sand) does little to displace or disturb the settled bank.



© 2009

Video of Slick‐Water 
Sand‐Transport

Presenter
Presentation Notes
The video shows the same character as illustrated in the previous figure. This work was conducted by Stim-Lab, Inc. as part of the Fluid Rheology and Proppant Transport Consortium. This is one of the few remaining industrially supported research projects seeking to understand proppant transport in viscous and non-viscous fluids. Many man-years of effort have been spent in developing some understanding of the processes involved. While still ongoing, this work has shown that transport by inviscid fluid is much more complex and difficult to model than suspension transport with convective and single-particle settling. Stim-Lab is working with the University of Minnesota to develop numerical models of thin-fluid transport.The video shows slick-water entering at the lower left and transporting low concentration sand to the right. The area around the entry perforation is swept clean by the turbulence created by the entering fluid. After a short time, in which the equilibrium bed-height is established, most of the sand transport occurs in a thin “traction carpet” across the top of the settled bank. At the downstream end the sandbank shape is characterized by a stable angle-of-repose for the wet sand. All the injected fluid and moveable sand flows in a channel about 1-2 inches high at the top of the slot.



© 2009

Proppant Bridging and Screenouts

• Proppant particles bridge in a circular orifice 
3‐6x the particle diameter

• Particles bridge in a slot when the gap equals 
the largest particle diameter

Stable Bridge Unstable-Flow
Dismantles Bridge

Presenter
Presentation Notes
Almost all frac models have an internal proppant bridging criterion that defines when a particle can be moved through a fracture and when it forms an immobile bridge. This bridging criterion is the primary cause of “tip screenout” behavior in many models. The assumption is that particles, at even dilute concentrations, will form a permanent bridge in the fracture when they reach a point, usually near the frac tip, where the fracture width is less than 3-6 times the mean particle diameter. This condition defines the volume of pad that must be pumped prior to starting sand, and defines the amount of pad that must always exist ahead of the slurry to prevent the onset of tip screenout mode.The rule of 3-6 particle diameters is derived from the plugging of circular openings such as perforations and filter-bed media. When plugging a round opening there is a pressure gradient across the particle bridge that holds it in place, caused by flow through the opening. In a slot, the flow pattern is not convergent toward a bridge, but divergent around the bridge. Instead of a pressure gradient holding the bridge in place, Bernoulli lift causes the bridge to fall apart.  Again, direct laboratory observations can replace inaccurate assumptions in showing that a slot cannot be bridged unless its width approaches that diameter of the largest particles in suspension. 
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Variable‐Width Slot Apparatus

ΔP

Variable
Slot Width

Viewing direction in video

Slurry Inlet
4-12 ppa

Slurry 
Outlet

Fracture Channel
Width = 0.3”

Model Width=18”

Presenter
Presentation Notes
This reasoning was examined in a physical experiment. A slot model was constructed so that a portion of the slot had variable width, controlled by a micrometer caliper. Sand slurries were pumped through the slot at various concentrations while the slot width was decreased. It was observed that high concentration slurries could be pumped through slots marginally larger than one particle diameter without bridging. When the slot width decreased to the size of the largest particle in the slurry, a bridge formed rapidly.The packed sand still exhibited a permeability of hundreds of darcies, so fluid flow continued through the pack. When the slot width downstream of the bridge was increased slightly, the entire sand pack was flowed through the slot. This implies that in a propagating fracture the formation of bridges may be transient.
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Slot Bridging Video

• Flow is left‐to‐right

• Borate x‐linked Guar fluid

• 8 ppa 20/40 Ottawa sand slurry

• Black 16/30 ceramic markers

• Slot width equals maximum (16 mesh) particle 
diameter

Presenter
Presentation Notes
The following video clip shows the flow of an 8 ppa 20/40 sand slurry through the right-angle slot apparatus. Flow is left to right in the view. The black beads in the slurry are 16/30 Carbolite proppant. The 16-mesh particles are slightly larger than the 20-mesh sand, while the 20-30 mesh Carbolite particles are within the size distribution of the sand.For this test the aperture of the slot is set to just below the diameter of a 16-mesh grain. 
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Proppant Bridging Video

Copyright B&A 

Presenter
Presentation Notes
The vertical line across the frame is the intersection of the narrow slot with the plane of the wider fracture. Even in the still-view, a line of 16-mesh particles can be seen lodged in the slot while the 8 ppa sand slurry freely flows through. 
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Summary of Bridging Studies

• Bridge stability in holes and slots is different

• Slurries up to 16 ppa were pumped through a 
slot 1+ particle diameter wide

• Proppant bridges are permeable and transmit 
fluid pressure

• Slight opening of fracture width releases 
bridge

• Bridging alone is a temporary and ineffective 
screenout mechanism

Presenter
Presentation Notes
Particle bridging studies were conducted at concentrations up to 16 ppa in many fluid types without bridging, as long as the slot width was larger than 1 particle diameter.  In some extreme cases the slot was reduced below the particle size and a bank of packed sand was deposited in the slot upstream of the turn. The formation of a sand bank caused injection pressure to rise, but flow and pressure were still transmitted through the high permeability sand bank. When the narrow slot aperture was increased by only 0.005” above the maximum particle size, the entire sand bank was flushed out of the system. These experiments show that bridging does not occur according to the 3-6 diameter rule in slots. When bridges do occur, they are transient and do not form permanent blockages to fracture growth. These observations imply that much less pad is actually required, because a clean pad is not necessary ahead of the sand slurry and the fracture width need not be opened to 3-6 diameters ahead of the mobile slurry. They also explain why pumping larger pads, using higher rates, or higher viscosity fluids do not always prevent or affect screenout behavior. 



© 2009

Annular Flow Apparatus

Outer wall
Annular gap
Inner wall

Frac fluid pressure
Leakoff path
Internal pressure

Bottom -
Fluid In

Top –
Fluid Out

Fluid
loss

Presenter
Presentation Notes
If particle bridges do not cause screenouts, then what does? Another laboratory flow cell was constructed to study  the effect of localized leakoff, as if into a small aperture natural fracture. Slurry was pumped down the length of the annular flow cell between two concentric tubes of large diameter.  A simulated natural fracture, with an opening of 0.003-0.005”, allowed fluid to “leak off” from the model fracture channel. The leakoff rate could be controlled by adjusting differential pressure across the inner tube wall. 
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Proppant Transport in 
the Presence of Fluid Leakoff

• Concentration profile 
across slot

• Transverse velocity from 
fluid loss

• Migration of entrained 
particles

• Force‐balance on 
particles at the wall

Presenter
Presentation Notes
When proppant is transported in suspension in a partially broken fluid, a parabolic velocity profile arises. Proppant near the centerline travels faster than the average fluid velocity, while particles near the wall move very slowly. If a transverse velocity is added to the system, as would be caused by leakoff through the fracture wall, then particles may be pulled into slower velocity lamina near the walls. If the process continues, some particles may end-up at the wall with near zero frontal velocity, especially if the wall is covered by a gel filtercake. This mechanism could be responsible for retarding the transport of proppant throughout the job, so that it tends to accumulate near the well, rather than being easily transported to the frac tip. 
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Particles Held 
Dynamically at the Fracture Wall

• Particles are pulled to 
the leakoff site

• Transverse fluid 
velocity generates lift 
and drag

• Leakoff velocity 
imposes stabilizing 
gradient

Presenter
Presentation Notes
If leakoff is into a fracture at the wall, then local transverse velocity can become large enough to pull particles out of the flow stream and lodge them at the leakoff site. For high enough fluid velocity into the wall, a hydro-dynamically stable proppant bridge can form at the intersection of the hydraulic fracture and secondary leakoff fracture. Any particle passing through this velocity field may be entrained and made part of the bridge. 



© 2009

Sand “Node” Formation

• Flow is from bottom to top

• Fluid is typical of crosslinked guar

• Velocity is 1‐2 fps

• Prop concentration is 1.5 ppa

• Fluid efficiency is >90%

Presenter
Presentation Notes
In the video to follow, flow is from bottom to top. The slurry is 1.5 ppa sand in 40# borate crosslinked guar gel. The fracture aperture is 1/10 the mean grain diameter and leakoff is 5-7% of the throughput rate. 
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Node Formation at Fracture Leakoff

Presenter
Presentation Notes
Even with an input concentration of only 1.5 ppa the entire fracture width can be packed off in seconds and a sand bank can be established that occludes most of the flow area. 
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Sand Accumulation: Low Cv

Leakoff Volume * Injected ppa
Mass of Sand in Node

Presenter
Presentation Notes
Knowing the width of the fracture, the porosity of the sand pack, and the dimensions of the sand “node”, the mass of sand contained in the pack can be calculated with time. The brown points in the plot show the accumulated sand mass. The red curves takes the measured fluid leakoff volume and estimates the mass of sand entrained in the leakoff fluid, using the input sand concentration. While the sand node is actively growing, all the sand in the leaked-off fluid is taken out of suspension and added to the accumulated sand node. 
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Stable channel flow

• “Node” grows in length

• Fluid velocity in channel erodes sand

• Channel dimensions become stable

• Sand held in place dynamically

• Note effects of inhibiting leakoff

Presenter
Presentation Notes
The following video shows the establishment of a stable equilibrium channel. The fluid velocity is high enough to balance the sand deposition. The total flow through the fracture is restricted to a gap measuring ¼” (the fracture width) by about 1”, yet the total pressure drop has hardly changed. The reason is that the shear rate of the fluid through the restriction is much higher than when the entire fracture was open. This caused the fluid viscosity to decrease. It is possible to be pumping in a condition of near-total fracture screenout with no obvious signs of restriction. This may explain why some screenouts appear to happen suddenly at the wellbore as a result of increasing sand concentration of rate changes. 



© 2009

Dynamically Stable Channel

Presenter
Presentation Notes
The channel geometry will remain stable as long as no upsets are introduced to the system. If leakoff rate increases because of fracture dilation, the channel may close rapidly. If the input sand concentration is increased, the rate of deposition may rise and the channel may plug. If the pump rate is increased, the rise in treating pressure can cause the secondary fissure to open. If the rate is decreased, the rate of erosion may drop causing a bridge to form. Many things can happen depending on the type of upset introduced to this sensitive dynamic equilibrium. In the video, the leakoff rate is decreased while all other variables remain constant. Understanding the dynamics of this process and identifying when it is occurring is frac job can help guide change in pump schedule or explain the results of a change. When pressures are rising or there are distinct changes in pressure accompanying slurry concentration increases, it is likely that this mechanism is active. Lowering or cutting proppant and pumping clean fluid alone can sometimes cure a potential screenout. 
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Proppant Holdup in 
Fractured Systems ‐ Early Injection

Slurry injection at low concentration builds 
“islands” or “nodes” of packed sand

Presenter
Presentation Notes
When the results of the annular flow tests are “unrolled” and extrapolated to field conditions, where multiple natural fractures may intersect with the main fracture channel, a clearer picture of proppant distribution and screenout behavior becomes apparent. At each leakoff site, an immobile sand bank or node can form, even at low input concentration. 
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Proppant Holdup in Fractured 
Systems ‐ Continued Injection
Nodes interconnect and leave open
channels for all injection ‐minimal

pressure rise noted at inlet

Presenter
Presentation Notes
With continued injection, these sand nodes can grow and begin to coalesce. At this time, a large part of the fracture is completely packed with proppant, which has become immobile, even if the input sand concentration is low, and even if a huge pad was pumped ahead.
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Proppant Holdup in Fractured 
Systems ‐ Incipient Screenout

Entire fracture is packed except for narrow 
flow channel <1”. Screenout occurs 

suddenly without warning

Presenter
Presentation Notes
As the sand nodes continue to grow, the open area available for flow shrinks. Shear rates in the open flow channel rise and the viscosity of the slurry drops. Areas of the fracture at high sand concentration, where flow is not happening, develop an extremely high resistance to flow. At this point, a screenout can occur at any time if the wrong changes are made to input rate or concentration. Many systems exhibit a critical input sand concentration below which pumping can continue almost indefinitely. If the concentration is increased above that critical value, a screenout will rapidly develop regardless of pad volume. The leakoff and proppant packing mechanism at work here is totally independent of pad volume.
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Interaction of Fissure Opening 
Mechanisms: PDL, Holdup and Storage

∂W/ ∂P~YME
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PDL and
Storage

∂W/ ∂P

Vp

Vf

Presenter
Presentation Notes
The process of proppant holdup is one of a series of mechanisms related to pressure dependent fissure leakoff. As secondary fissures open, their flow capacity increases with the cube of aperture. This can lead to high local leakoff if the induced or opened fissures connect to a conductive fracture system. The high local leakoff strips proppant out of the flow stream, moves it to the fracture wall, and causes a net increase in proppant concentration in a control volume of the fracture. The proppant concentration can far exceed the input concentration. Holdup, the ratio of the fluid to proppant average velocity, allows the process to be modeled. In GOHFER, the holdup is related to PDL magnitude and can be adjusted by a user applied holdup factor.Fissure dilation also leads to an increased storage volume in the secondary fissures. The added fracture volume takes fluid out of the main fracture channel and decreases created length of the primary fracture. This is modeled through the transverse storage factor in GOHFER. In storage, the entire bulk slurry, including fluid and proppant, is assumed to be taken into the fissure system. Storage does not result in an increased proppant concentration in the fracture or increase the chance of early screenout.
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Effects of Proppant Holdup

• First proppant in:
– accumulates at high leakoff sites

– becomes immobile at the frac wall

• Later injected fluid:
– flows in localized high velocity channels

– is less subject to heat‐up, aging, breaking

– remains near injected prop concentration

Tracer surveys show first proppant injected remaining 
at wellbore. Does this indicate localized high leakoff?

Presenter
Presentation Notes
The retardation of proppant movement relative to the suspending fluid velocity is called “holdup”. Just as there is liquid holdup in a flowing gas well, this holdup mechanism in fracturing  can cause the concentration of proppant in the near-well area to increase and exceed the input concentration, eventually leading to a screenout. If the holdup is driven by transverse velocity, it is related to leakoff sites. The first proppant injected may tend to accumulate at the highest leakoff sites, and at points of narrow aperture. Once the proppant accumulates at the wall it becomes immobile. In many RA tracer surveys the traced first proppant injected is still visible at the well, even after pumping a large treatment. This is evidence that the proppant does not move with the fluid, but is taken out of the flow stream fairly quickly.Later injected fluid flows through diminishing flow channels at higher velocity. With channelized flow, the fluid has a short residence time in the fracture and is in contact with a relatively small area of the fracture wall that has bee exposed to a huge volume of fluid throughout. The later fluid transits to the tip of the fracture very quickly with little time to heat up or break. There is less chance for fluid leakoff, and the slurry concentration remains closer to the  injected value.These extrapolations suggest that ramping or stepping proppant concentration to combat leakoff (assuming perfect 1-D transport) may be unnecessary. They also suggest that designing for fluid stability based on simple 1-D perfect displacement models may be overly conservative. Experience has, in fact, shown that much less stable fluids can be used, with greatly improved cleanup results. 
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Effects of Holdup (cont.)

• Leads to short propped length
• Yields a non‐uniform proppant distribution
• Can cause near‐well screenouts and 
perforation plugging

• Can be linked to proppant induced pressure 
increases

• Can substantially affect final conductivity and 
well performance

Presenter
Presentation Notes
Proppant holdup and banking near the well results in much shorter propped fracture lengths than perfect transport models. The proppant concentration distribution at the end of the job becomes much less uniform, and is more controlled by local variations in leakoff than by variations in injection concentration.Holdup and leakoff appear to be direct causes of near-well screenouts. Increases in proppant input concentration frequently cause pressure steps when these mechanisms are active. Design changes to pad volume have no effect. Changes to rate can help or exacerbate the problem. 
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Example of Proppant Induced 
Pressure Increase Modeling
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Presenter
Presentation Notes
The plot shows model runs with the same reservoir properties, fluid properties, input sand schedule, pump rate, etc. Only the proppant holdup factor in the model has been changed. In one case, the holdup is sufficient to induce a significant pressure step when the 3 pa stage reaches the fracture inlet. This case proceeds to a rapid screenout when the 5 ppa stage is injected.With a 20% lower holdup factor the job can be pumped to completion without screenout. 
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Mitigating Proppant Holdup

• High viscosity gels
– Minimize fluid loss
– Deep invasion of fracture system
– Possible severe productivity damage

• Particulate fluid loss additives
– Must bridge natural fractures
– Requires low permeability to stop leakoff
– Can minimize invasion of fractures

• Altered design philosophy
– Use clean, non‐damaging fluids
– Stay below critical sand input concentration

Presenter
Presentation Notes
If proppant holdup can be diagnosed through pre-frac injection/falloff tests and treating pressure analysis, what can be done to fix it? As has already been stated, changes to the  pad volume are not effective, and increasing pad can actually make things worse by developing more net pressure and fracture volume prior to starting sand. This allows the secondary fracture system to dilate further, increasing leakoff and holdup. Three methods have been suggested to combat near-well screenouts driven by holdup. One method is to overwhelm the leakoff system with high viscosity gel. This method may allow a job to be pumped to completion, but generally causes severe damage to the resulting conductivity and post frac performance. In a larger view, our goal is not to force a job into the ground, but to stimulate production. This method is not recommended.An easy solution is to use particulate fluid loss agents, such as 100-mesh sands with or without diesel emulsions, to reduce leakoff to the fissure system. The 100-mesh must be pumped early enough to bridge the fractures, and at low enough concentration to have minimal impact on final conductivity. Input concentrations of 0.25 – 0.5 ppa throughout the pad are recommended.The third method is to recognize the mechanism of holdup, identify the critical input concentration and stay below it. This may mean pumping the entire job at 1-3 ppa sand concentration. But, if the fracture is completely packed at the end of the job, and a non-damaging fluid is used for the treatment, the results will be satisfactory. 
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Leakoff Control with 100‐mesh

Presenter
Presentation Notes
This close-up video shows the same leakoff crack geometry and differential pressure as the previous sand-node studies. The fluid contains 0.25 ppa 100-mesh sand. Once the fracture is bridged, the leakoff rate is reduced sufficiently that flow past the crack stops further sand from accumulating. Leakoff has not been stopped, merely slowed, so that sand node formation cannot occur. 
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Fluid Requirements for Transport

• Pad volume:
– Not determined by tip‐screenout criteria or fluid efficiency
– Unnecessary in water‐fracs and slick‐water jobs
– How much is enough?

• Fluid stability
– How much viscosity do you need?
– How long should the fluid remain “stable”
– What temperature profile should be used in break‐test 
design?

– What are the implications on cleanup and production?

Presenter
Presentation Notes
Design of fluid systems and break profiles have been discussed. Questions remain about the application of fluid system designs. If proppant bridging and pad depletion through leakoff are not major causes of screenouts, then designing pad volume based on fluid efficiency tests is inappropriate. The purpose of pad becomes less clear and may be simply to condition the near-well environment and to stabilize leakoff. Many cases have been observed where more pad causes more screenout risks than less pad. In the case of thin-fluid transport, the proppant falls out of or behind the fluid, so that excess clean fluid (pad) is always pumped ahead of the proppant front. In this case, any pad is probably unnecessary.In the case of suspension transport, which is dependent on stable fluid rheology and gel structure, how much is enough? Many people design for a specific viscosity at reservoir temperature and design fluids to remain stable for the entire pump-time. Is this necessary? What does a stable fluid do to post-frac cleanup and production? The answers to these questions must  be determined as part of the design optimization process. 
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Variable Fluid Rheology Leads to 
Channel‐Flow and Proppant Bypass

Stagnant Fluid

High-Leakoff

Fluid mobility decreases in 
areas of high prop conc and 

low shear

Fluid travels through small channels 
at high rate with little residence time 
or formation contact

Fluid at frac tip is 
“new” and cold

Presenter
Presentation Notes
We can begin to combine the effects of non-uniform leakoff and heterogeneous proppant placement and holdup together to get a more realistic, and far les ideal picture of a fracture at the end of a job. In the illustration, the upper part of the fracture is assumed to be packed off with proppant by high leakoff, possibly into a naturally fractured interval. The fluid in this zone is nearly stagnant and relatively immobile, but the fracture is packed from wall-to-wall with proppant and cannot close further. The lower section of the fracture has stopped growing because of high confining stress in a low leakoff shale. This fluid has become stagnant and has developed a very high zero-shear viscosity but contains a lot of excess fluid and relatively little proppant. The open flow channels are taking fluid from the perfs and delivering it to the fracture tip at high velocity and shear, with little chance to heat-up or break. When the job is shut-in, we need to be able to integrate all these factors into a final model for cleanup and conductivity. 
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Modeling Proppant Transport

• Model time‐dependent fluid rheology, especially 
low‐shear viscosity, during break

• Track local shear rates, fluid composition, age, 
and solids concentration

• Input proppant size and density and track slurry 
bulk density

• Check local, time‐dependent bridging constraints
• Determine pressure distribution from mobility 
distribution

• Feed‐back pressure distribution to fracture width 
profile, shear, and velocity profile

Presenter
Presentation Notes
Accurate modeling of proppant transport is a complex process that requires understanding time and shear dependent fluid rheology and heterogeneous velocity and shear profiles in the fracture. Bridging and screenouts in low permeability reservoirs most commonly occur as a result of local leakoff and transport effects. These result in local or near-well screenouts and not “tip screenouts” caused by pad depletion. 
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Closing Comments

• When jobs are difficult to place it is usually because of 
proppant transport and impending screenouts

• The mechanisms that lead to screenout must be 
understood and evaluated

• In many cases early screenouts are near‐well events 
caused by prop holdup and fissure leakoff

• These cases can be diagnosed and predicted and 
appropriate design changes can be made

• Making design changes based on incorrect models of 
the screenout process fails to provide solutions and 
may make things worse

• Don’t be too hasty to blame narrow frac widths or low 
fluid viscosity

Presenter
Presentation Notes
Improving job placement success is really a matter of understanding and improving proppant placement. This requires a correct understanding of transport mechanisms and the ability to model them. Be critical of the “solutions” applied to correct early screenout problems. If they don’t work, it is probably because the solution did not address the real problem. 
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