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OBJECTIVES 

The objectives of this project are: 

1. 

2. 

3. 

Investigate fluid rheological behavior, 
dynamic fluid leak-off behavior, and 
proppant transport characteristics of 
various fracturing fluids used for 
stimulating oil and gas bearing formations. 

Deve lop  n e w  in fo rma t ion  f o r  
characterizing the behavior of fracturing 
fluids under conditions more representative 
of the behavior in actual fractures. 

Continue utilizing the advanced 
capabilities of the high pressure simulator 
(HPS) to perform near-tern research and 
development activities and not to construct 
a large-scale simulator that was proposed 
originally. 

BACKGROUND INFORMATION 

Numerical simulators used today for 
simulating hydraulic fracturing treatments 
incorporate assumptions and approximations.'s2 
Evaluation of the consequences of these 
assumptions and approximations has not yet been 
conclusive because controlled experiments on a 
scale necessary for the evaluation have not been 
possible. In order to accurately design and control 
hydraulic fracturing treatments, gas producers and 
service companies must be able to characterize the 
performance of the fluids used in creating a 
fracture and placing the proppant. In addition, 
most fundamental data relating to fluid behavior 
and proppant transport in fractures have been 
obtained from laboratory-scale studies, and there 
is uncertainty about scaling data from such tests to 
field-scale  application^.^ To address and help 
resolve some of these issues, the Gas Research 
Institute (GRI), the U.S. Department of Energy 
(DOE), and The university of Oklahoma (OU) 

have jointly established a "Fracturing Fluid 
Characterization Facility (FFCF)" which is 
dedicated to the investigation of fracturing fluid 
flow behavior and proppant transport phenomena. 
Experience gained during construction and 
operation of the prototype simulator suggested that 
budgetary constraints would not allow a large- 
scale simulator to be built on these same operating 
principles as proposed originally. As a 
consequence, the former prototype simulator was 
re-designated the high pressure simulator (HPS) 
and is currently being used to the maximum extent 
possible to perform fracturing fluid research. 
Based on results obtained to-date, the HPS has 
come to be recognized as a considerable 
advancement over other industry fracture 
simulators. Therefore, it was decided to continue 
utilizing the advanced capabilities of the HPS to 
perform near-term research and development 
activities. During 1994, the FFCF project was, 
thus, refocused to accomplish this research effort. 
A revised research plan was developed keeping in 
mind the original goals of the FFCF project. 

To date, a series of tests have been 
performed to c o n f m  the operational readiness of 
the HPS to perform the many functions for which 
it was designed. The operations of the mechanical 
and instrumentation systems have been 
Utilizing the advanced capabilities of the HPS, 
extensive fluid testing has been conducted t o .  
investigate the major research areas of fluid 
rheology/fluid behavior, proppant transport, 
dynamic fluid loss, and perforation friction loss. 
The testing program has produced results that 
support some industry assumptions and contradict 
others. This paper describes equipment 
enhancements ,  d a t a  acquis i t ion  and 
instrumentation upgrades, R & D test results, and 
future research planned for the FFCF. 

..I 

PROJECT DESCRIPTION 

The main focus of the FFCF has been the 
design, fabrication, and construction of the high 



pressure simulator to experimentally investigate 
the rheological behavior and proppant transport 
characteristics of various fracturing fluids under 
field-simulated conditions. The detailed 
description of the HPS as well as the auxiliary 
equipment, and data acquisition and control 
systems associated with the simulator has been 
provided earlier?' In the following, a brief 
description of the HPS and auxiliary equipment is 
provided. Also provided are the modifications to 
various equipment and instrumentation needed to 
accomplish the goals of the project. 

High Pressure Simulator 

The high pressure simulator (HPS) for 
characterization of fracturing fluids is a vertical, 
variable-width, parallel-plate flow cell capable of 
operating at elevated temperatures (250°F) and 
pressures (1200 psi). A photograph of the HPS is 
shown in Figure 1. The slot dimensions are 7 ft 
high and 9 1/3 ft long, formed by two faces, one 
fixed and the other movable by servo control. 
Slot width can be adjusted dynamically over the 
range of 0 to 1.25 in. by a system of 12 
hydraulically actuated platens. Each platen is 28 
inch square and the platens are laid out in a 3 by 
4 matrix to form one face of the simulated 
fracture. The platen surfaces can be changed from 
smooth impermeable surfaces to rough permeable 
surfaces. Fluid enters the HPS through manifolds 
which simulate a wellbore with perforations. 
Behind each facing is a system of fluid collection 
channels which route fluid loss to a point outside 
the flow cell for measurement. 

Inlet and exit manifolds are 2 3/4 in. in 
diameter and are equipped with 22 openings which 
are 3/4 in. in diameter and on 4-in. spacing. 
Using a series of blank and sized inserts, the inlet 
manifold can be easily modified to simulate 
perforated intervals of different size and 
distribution. 

The fiber optic vision system and the Laser 
Doppler Velocimetry (LDV) system of the flow 

cell facilitate the visualization and accurate 
measurement of flow behavior of fracturing fluids 
with or without proppant. 

The HPS has many unique features: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

The use of simulated wellbore and 
perforations that allow fluid entry into the 
slot geometry. 

Flexibility of varying perforation size and 
distribution. 

The dynamic variation of gap width of the 
fracture slot. 

Measurement at high pressure (1200 psi) 
and temperature (250°F). 

The use of either synthetic or natural rock 
facing as the fracture surface. 

Measurements of point velocities and 
velocity profdes across the slot width with 
the LDV. 

A state-of-the-art fiber optics system for 
fluid and proppant flow visualization 
inside the slot. 

Field-size equipment  for  f luid 
preconditioning to represent the same shear 
and temperature histories encountered in 
the field. 

Auxiliary Equipment and Instrumentation 

Auxiliary equipment for the HPS consists 
of equipment for mixing and pumping fluids and 
slurries through the HI?& and equipment for 
heating the fluid. Low pressure pumping 
equipment consists of Moyno pump and a 
centrifugal pump. The centrifugal pump serves to 
boost the suction of the Moyno pump, as an aid in 
fluid preparation, and as a point of crosslinker 
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injection for crosslinked and proppant-laden 
crosslinked fluids. Two ISCO syringe pumps are 
available to inject the crosslinker into the suction 
of the centrifugal pump. 

High pressure pumping equipment consists 
of a triplex pump and a Galigher centrifugal 
pump. The centrifugal pump is used to boost the 
suction of the triplex pump, as an aid in fluid 
mixing, and as an injection point for the 
crosslinker. A special flow-over-poppet throttling 
valve with fuzzy logic control is installed to the 
exit line of the HPS for the purpose of holding up 
to 1000 psi back pressure on the flow cell. 

Fluid mixing and storage vessels include a 
55 gal stainless steel tank equipped with a three- 
bladed air mixer, a 200 gal ribbon blender, and a 
1000 gal polyethylene storage tank. Also, available 
are the two 50-bbl fluid mixing and storage tanks 
on a trailer unit. Each tank is equipped with an 
individually-controlled, hydraulically-driven 
agitator. Two 330-sack bulk sand-storage tanks 
are located on a second trailer. Sand can be 
transferred pneumatically from these tanks to the 
50-bbl fluid mixing tanks to prepare slurries. 

The instrumentation system of the HPS is 
capable of real time monitoring of temperature, 
pressure (both system and differential pressure 
across various positions along the length of the 
flow cell), adjustable gap width at different 
locations, flow rate and density. The leak-off 
through the permeable surfaces can also be 
measured to characterize dynamic fluid loss 
behavior of the fluids. Additional information 
about the equipment and instrumentation can be 
found elsew here ?s6*g 

Equipment Enhancements 

Several HPS upgrade modifications are 
made to make the HPS much more user friendly. 
The improved modification of the. light pipe 
assembly for the vision system was done to 
increase the light transmission across the 
simulated fracture and improve the image 

production from the receiver side of the HPS. 
The improved vision camera brackets are made so 
that more precise camera alignment can be 
obtained between the camera and the image 
conduit. A hydraulic slave cylinder has been 
adapted to the HPS to open and close the HPS 
more smoothly and safely. The exit manifold of 
the HPS has been improved with high pressure 
piping which gives the capability to run low or 
high pressure tests and maintain uniform flow 
through the simulated fracture. A new method of 
HPS crack calibration and tuning the HPS 
alignment has been developed which allows a 
more accurate crack determination. 

The new fluid pre-conditioning system has 
now been installed at the FFCF. This system 
implements the use of a low-shear heat exchanger 
and steel coil tubing which allows high-shear 
history simulation. The target shear rate is 1350 
sec" with a residence time of 5 minutes. The total 
length of the coil tubing is 5000 ft and using a 
pump rate of 60 gal/min through this tubing will 
provide a shear rate of 1400 sec" and a residence 
time of 4.8 minutes. The tubing has been placed 
on three spools of 1000,2000, and 2000 ft, which 
allows the opportunity to study the effect of 
residence time on fluid properties at various levels 
of shear. 

Data Acquisition and Instrumentation Upgrades 

The data acquisition and instrumentation 
systems are enhanced to provide data more attune 
to the needs of the project while providing a 
reduction in system operating cost. The pressure, 
temperature, and simulator data acquisition has 
been replaced by a Fluke Hydra system. The new 
system offers increased reliability, and accuracy 
over the Data Translatioh system, as well as 
providing improved data display and logging. The 
new system also provides greatly decreased 
reoccurring cost for temperature measurements in 
the HPS. The new system is designed to replace 
the existing IBM/RISC as well as the Data 



Translstion system. 
The Laser Doppler Velocimetry (LDV) 

system has had rotational and translation systems 
installed on three of the nine stations. These three 
stations can be moved easily to any one of the 
nine LDV locations on the HPS. This rotation 
and translation capability allows the user to gain 
more precise velocity profile data within the slot 
as well as gain information on the vertical velocity 
component. In addition to the rotation and 
translation, the LDV windows are modified to 
move the LDV probe closer to the slot flow. This 
movement will give the LDV system increased 
sensitivity, increased penetration of opaque fluids, 
a reduced probe volume for near wall studies, and 
a better signal to noise ratio for obtaining overall 
velocity profiles. 

The vision system has undergone 
improvement towards the gaining of spot proppant 
concentration data of the HPS slot flow. A 
method of determining the spot concentration in 
transparent slot flow has been developed. This 
transparent slot flow methodology is being 
adapted to video data from the HPS, thus allowing 
the determination of spot proppant concentration 
measurements in the HPS. The improvements in 
lighting, fibers, and vision sensors have also been 
made. 

An improvement in the reliability of the 
system, as well as improved throughput and 
maintenance have resulted from these changes in 
the instrumentation system. 

Procedure 

High Pressure Fluid Rheology. The purposes of 
these tests were: (1) to evaluate the operation of 
the apparatus and associated mechanical and 
instrumentation systems at elevated pressure with 
non-Newtonian fluids, and the operation of the 
field-size equipment and the throttling valve; (2) 
to acquire the rheological properties of non- 
Newtonian fluids; and (3) to evaluate the effect of 
high pressure on the rheology of these fluids. 

A 60 lb/Mgal linear hydroxypropyl guar 
(HPG) solution was mixed at room temperature 
and tested in a recirculating mode employing the 
triplex plunger pump. Flow data were gathered at 
several different gap widths using a series of flow 
rates for each gap width. Cooling fluid circulated 
through a double-pipe heat exchanger kept the test 
fluid at constant temperature. The test was 
performed at ambient temperature and with all 
perforations open. Steady-state differential 
pressure data were acquired at each constant flow 
rate. Figure 2 provides the designation and 
location of all differential pressure transducers 
used on the flow cell. The fluid samples were 
also evaluated on model 35 Fann viscometer for 
later comparison with the HPS slot data. 

High Temperature Fluid Rheology. The 
objective of these experiments was to verify the 
operation of the HPS mechanical and 
instrumentation systems at elevated temperature 
and to provide rheological data of linear solutions 
at elevated temperature. 

Flow data with a 150 lb HPGMgal 
polymer solution were obtained at temperatures of 
approximately 200°F and 225°F with a gap width 
of 0.50 inch. A 150 lb HPGMgal fluid was 
selected to provide a measurable level of 
differential pressure at these temperatures and to 
also provide a fluid which can be easily 
characterized with a model 50 Fann viscometer for 
comparison. The tap water was initially heated to 
approximately 120°F by recirculating from both 
mixing tanks and through the flow cell using a 
leased hot oil unit. At this point, polymer solution 
was mixed in one tank. The temperature of the 
polymer solution and flow cell was elevated to 
approximately 200°F by recirculating the one gel 
tank. The remaining tank of hot water was 
reserved as a flush flui&'to minimize thermal 
shock of the HPS and its facings. Flow data were 
collected at approximately 200°F by recirculating 
through the flow cell using the hot oil unit at rates 
of 20, 30,40, 50, and 60 gal/min. At the end of 
this flow rate sweep, the temperature was elevated 



to approximately 225°F where another flow rate 
sweep was made. 

Slurry Rheology. The objective was to evaluate 
the effect of proppant concentration on slurry 
rheology, and to establish operational procedure 
for future slurry rheology tests. 

The test fluids were 60 lb HPG/Mgal 
containing 0, 2, 4, 6, 8, and 10 lb/gal20/40 mesh 
sand. 1000 gallons of linear HPG was prepared 
and batches of approximately 200 gallons were 
transferred to the ribbon blender to prepare 
slurries. Slurries with different proppant 
concentrations were prepared from fresh batches 
of clean gel transferred from the 1000 gallon tank. 
The flow rates were maintained high enough to 
minimize any settling from the fluid. The 
experiment was monitored with the fiber optic 
vision system to detect settling and any other 
abnormal phenomena. 

Crosslinked Fluid Rheology. The purpose of this 
test was to evaluate the operation of the apparatus 
with crosslinked gel and also to acquire the 
rheological properties of crosslinked fluids. 

A 60 lb/Mgal HPG polymer solution was 
first mixed in a 1000 gal capacity mixing tank. 
Some of the solution was then transferred into a 
200 gallon capacity ribbon blender and a batch of 
titanium-crosslinked gel was prepared batch-wise. 
The crosslinked 60 1bMgal HPG gel was pumped 
single-pass at 20, 30, 40, and 60 g u m i n  in 0.375 
inch gap width. All perforations were open for 
this test. Differential pressure versus flow rate 
data- were acquired. 

Wall Slippage Phenomena. The objective of this 
study was to evaluate the flow behavior of 
crosslinked fluids to determine if wall slip is 
present during flow through the simulated fracture 
geometry of the HPS. 

All early observations of anomalous flow 
behavior was assumed to be the results of the 
fluid being batch-mixed rather than continuously- 
mixed as occurs in the field operations. Several 
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experiments were designed and performed in an 
attempt to discover the phenomena responsible. 
As a result of that effort, an experimental 
approach was developed to assess the influence of 
wall slippage on the rheological response. These 
"wall slippage" experiments were performed with 
a titanium-crosslinked 60 lb HPG/Mgal fluid. 

With the HPS, conventional continuous 
crosslink fluid flow experiments could be 
performed in one of two ways. In the first 
method, an initial gap width was set and the 
continuously crosslinked fluid was pumped at 
various flow rates in a single pass through the 
HPS slot. A new gap width was then set and the 
same variation in flow rate was followed. This 
procedure was repeated for a range of fixed gap 
width to provide shear stress versus shear rate 
data. In the second method, an initial flow rate 
was set and gap width was varied while the 
continuously crosslinked fluid was pumped single- 
pass through the HPS slot. A new flow rate was 
then set and the same variation in gap width was 
followed. This procedure was repeated for a 
range of fiied flow rate values to provide shear 
stress versus shear rate data. The experiments 
with a titanium-crosslinked 60 lb HPGMgal fluid 
showed that both conventional testing methods 
provided equivalent results. 

The ''wall slippage" test was based on 
maintaining a constant mixing and crosslinking 
flow rate while simultaneously varying gap width 
and slot flow rate to achieve a fixed level of shear 
rate. In the current experiments, a constant 
mixing and crosslinking flow rate of 60 gaYmin 
formed a base from which preselected flows were 
diverted through the simulator to provide the same 
nominal shear rate at four different gap widths. 

Dynamic Fluid Loss. The objective of these 
experiments was to develc$ a dynamic fluid loss 
measurement capability in the HPS. 

The first experiment performed used three 
permeable facings, graduated cylinders, and 
stopwatches to capture cumulative leak off volume 
as a function of time. These facings were 



positioned to a wall as horizontal stripes through 
the center. The permeability of each facing was 
determined individually with tapwater at 
approximately 200 psi. The dynamic fluid loss 
test was then started by using the high pressure 
pumping equipment to deliver a 60 lb HPG/Mgal 
polymer solution at 1000 psi in a single pass 
through the flow cell. During the second 
experiment, permeability to water for each facing 
was determined at 930 psi. A dynamic fluid loss 
test at approximately 1000 psi then followed using 
a 60 lb HPG/Mgal polymer solution containing 50 
lb silica flourmgal as a fluid loss control additive. 

Perforation Pressure Loss. The objective of 
these tests was to evaluate the effect of system 
pressure on perforation pressure losses. 

Fluids investigated were a 60 lb/Mgal HPG 
solution and titanium-crosslinked 60 lb HPGMgal 
gel. The experiments were designed to provide 
the realistic flow conditions associated with a 
perforation tunnel and a simulated fracture 
downstream. The perforation pattern installed in 
the HPS for these tests simulated four 3/8 inch 
shots .on 1 ft spacing. The perforations were 
positioned at 24, 36, 48, and 60 inch from the 
bottom of the simulator. The fluid was 
crosslinked in a single pass at a constant flow rate 
of 60 gaVmin and portions of the total flow were 
diverted to the HPS for the measurement of 
perforation pressure loss at various flow rates. 

RESULTS 

High Pressure Fluid Rheology 

To evaluate the performance of the 
instrumentation system with a triplex pump, flow 
data were gathered with a 60 lb/Mgal HPG 
polymer solution. Comparing these data to similar 
data obtained earlier with a Moyno pump revealed 
that triplex pump pulsations were not detrimental 
to the data acquisition. 

The differential pressure versus flow rate 

data were converted to obtain wall shear stress 
and nominal shear rate. From these quantities, 
apparent viscosity (ratio of shear stress to shear 
rate) values were calculated. Data from a model 
35 Fann viscometer were also analyzed in terms 
of shear stress and shear rate, and the power law 
constants n and K, were determined. To compare 
slot data with data from Fann viscometer, the K,, 
of the viscometer was converted to & for slot.' 
Figure 3 depicts the apparent viscosity versus 
shear rate data for a 60 lb HPGNgal polymer 
solution at ambient pressure. It is evident from 
the data in this figure that the 60 lb HPG/Mgal 
solution can adequately be described by a simple 
power law rheological model (T = KY). It shows 
that all slot viscosity values are well within the 
+-lo% bounds of the rotational viscometer data for 
this fluid. The regression of slot data provided 
n = 0.311 and K, = 0.132 lb,sec"/ft? for a 60 lb 
HPG/Mgal fluid. 

To evaluate the performance of the 
throttling valve and investigate the effect of 
system pressure on the rheology of fluid, two 
identical tests were conducted using a 60 lb 
HPGMgal polymer solution. During the first test 
the throttling valve was in the system but it was 
fully open. A second test was conducted in which 
approximately 700 psi back pressure was applied 
to the fluid at each flow rate by controlling the 
throttling valve. Actually, the test was designed 
to provide 1000 psi, but due to an electronic 
problem during the test, only 700 psi was 
obtained. All other conditions remained the same 
as before. Regression of the 700 psi slot data 
produced n = 0.292 and & = 0.138 lb,sec"/f? 
which are very similar to the parameters obtained 
from the test without any back pressure. Again, 
slot viscosities matched well with the rotational 
viscometer data. 

Figure 4 presenda  comparison of all 
rheological data obtained with 60 lb HPG fluid. 
From this figure, it can be seen that the data with 
backpressure are slightly lower than the data 
without back pressure. The fluid temperature 
while testing without back pressure was almost 



constant (69°F) while it increased from 80°F to 
85°F under pressure testing. Thus, the fluid 
viscosity would be lower at higher temperature 
which could explain the slightly lower response in 
Figure 4. Further, considering three different 
tests, which means three different batches of fluid 
mix, there is a good agreement among the data. 
Similar observations were also derived from 
testing 40 lb HPGMgal polymer solution. 

Later, two tests with 60 lb HPG/Mgal 
fluid, one at atmospheric pressure and the other at 
1000 psi, were performed. Similar conclusions, as 
mentioned above, were drawn: Le., (1) the 
elevated pressure did not alter instrumentation 
response when using a triplex pump, (2) slot data 
agreed with the laboratory viscometric data, and 
(3) results obtained from low pressure pumping 
equipment were comparable to the results obtained 
with the high pressure pump. 

High Temperature Fluid Rheology 

Figure 5 presents the apparent viscosity 
versus shear rate data for a 150 lb HPGMgal 
polymer solution at 200°F in the HPS. The 
rheological data for this fluid fit the power law 
model adequately with n = 0.29 and K ,  = 0.304 
lb,sec"/ft?. The slot data again agree within 210% 
of the rotational viscometer data. Similar 
rheological data for the same fluid but at 225°F 
also showed a good agreement with the model 50 
Fann viscometer. Thus, the satisfactory agreement 
within 210% lines from the Fann viscometer data 
verifies proper functioning of HPS mechanical 
systems and instrumentation at elevated 
temperature. 

Slurry Rheology 

Figure 6 depicts the apparent viscosity 
versus shear rate data for 60 lb HPGMgal fluid 
containing 10 lb/gal 20/40 sand. It can be seen 
that slurry has higher apparent viscosity when 

compared to the viscosity of the corresponding 
clean gel. The data can adequately be fitted with 
the power law model with n = 0.17 and K, = 0.30 
lb,sec"/f?. Similar results were obtained at other 
proppant concentrations. The experimental 
conditions covered a wide range of shear rate and, 
from this, it was concluded that the consistency 
index of power law increases while the flow 
behavior index decreases with increasing proppant 
concentration. 

Crosslinked Fluid Rheology 

Since the first use of crosslinked fluids for 
fracture stimulation more than 20 years ago, the 
industry has been struggling to find a way to use 
viscometric data to describe the rheological 
behavior of these fluids in a fracture. The 
standard R1B 1 viscometer configuration was 
found to have two major limitations. First, the 
extremely viscous nature of these fluids made it 
virtually impossible to fill the narrow gap between 
the R1 rotor and B1 bob (see Table 2). Second, 
when it was possible to fill the gap, these highly 
viscoelastic fluids would extrude from the gap, 
even at low RPM, producing erroneous readings. 
To combat these two problems, the industry chose 
to use wide gap configurations such as the RlB2. 
However, the wide gap viscometer was found to 
produce viscosities much larger than anticipated. 
Over the past few years, the industry has moved 
to a configuration which is intermediate to narrow 
and wide gap geometries. As an example, the API 
Subcommittee on Crosslinked Fracturing Fluid 
Rheology is advocating the use of the RlBSX 
configuration. This viscometer configuration 
overcomes the limitations of an extremely narrow 
gap and yet provides viscosity values more in line 
with industry expectations? Where possible, flow 
data from the HPS were compared to viscometric 
data collected with wide gap RlB2M and 
intermediate gap RlBSX configurations. 

Results obtained with a titanium- 
crosslinked 60 lb HPG gel are presented in 



Figure 7. As mentioned earlier, the fluid was 
crosslinked batch wise and pumped in a single 
pass. The apparent viscosity versus shear. rate 
data in Figure 7 show that this crosslinked fluid is 
highly non-Newtonian with n = 0.072 and K, = 
0.451 lb,sec"/f?. The slot results are compared 
with the data obtained from a wide gap (B2M bob 
with standard sleeve) model 39 Fann viscometer. 
The viscosity values obtained from the slot model 
are significantly lower than the rotational 
viscometer equipped with B2M bob. 

Similar comparison of slot data with data 
from an intermediate gap model 39 Fann 
viscometer is shown in Figure 8. Again, the 
viscosity values obtained from the slot model are 
closer but still significantly lower than the 
rotational viscometer equipped with B5X bob. At 
100 sec-' shear rate, RlB2M and RlB5X are 
256% and 200% above the HPS data, respectively, 
as shown in Figures 7 and 8. 

Wall Slippage 

An unusual and previously unexplained 
flow behavior has been observed in the HPS with 
crosslinked fracturing fluids. Data from all gap 
widths failed to converge to a single line, 
indicating the presence of slip-like phenomena. 
Observation of these complex phenomena is 
possible only in a device, such as the HPS, which 
can be adjusted dynamically during an experiment 
to different gap widths. 

The slot flow data collected for titanium- 
crosslinked 60 lb HPG/Mgal gel at various flow 
rates at a fixed gap width are depicted in Figure 9. 
The shear stress versus shear rate plot of Figure 9 
shows individual lines for each gap width rather 
than the expected single line. 

Consider the likely scenario that two 
laboratories using different-width, slot flow 
devices are developing shear stress versus shear 
rate plots for analysis with the power law model. 
They are using continuous crosslinking at various 
rates to formulate their fluids. While the n values 

(slopes) are similar (see Figure 9), the K, values 
(Y-intercepts) vary more than 166%. With this 
variation in power law parameters, a variation in 
apparent viscosity of 171% would be generated at 
a shear rate of 100 sed'. 

Slot flow data collected for titanium- 
crosslinked 60 lb HPGMgal gel using a constant 
crosslinking rate while varying gap width are 
shown in Figure 10. It is evident from the results 
in Figure 10 that this method also produced results 
similar to results obtained using the conventional 
testing procedure. 

Now consider a second scenario in which 
both laboratories now realize that they must use 
the FFCF procedure which requires constant rate, 
continuous crosslinking, with flow diversion to 
achieve various shear rates in the slot. The 
laboratories use different equipment for mixing 
and fluid preparation. A likely result from their 
efforts is shown in Figure 10. They once again 
obtain a wide variation in power law parameters 
which is the result of creating different fluids in 
different mixing equipment. Once again, n values 
are similar, but K, values vary more than 131%. 
With this variation in power law parameters, a 
variation in apparent viscosity of 159% would be 
generated at a shear rate of 100 sed'. 

Slot flow data gathered for titanium- 
crosslinked 60 lb HPGMgal gel using a constant 
crosslinking rate with preselected flows diverted 
through the simulator to provide the same nominal 
shear rate at several gap widths are shown in 
Figure 11. As evident from the results shown in 
this figure, the same wall shear stress was 
observed at the same nominal shear rate in various 
gap widths. This is a confirmation of the absence 
of slippage. The slight variation at low shear rates 
could be the result of experimental artifacts since 
the crosslinked fluid data are difficult to collect 
under these conditions. .) 

Dynamic Fluid Loss 

The initial fluid loss experiments with 



eight synthetic permeable facings produced some 
puzzling results. During the initial determination 
of permeability to water at 200 psi, a complete 
shut-off in fluid leakage occurred at a number of 
the facings. it was speculated that rust particles 
and other contaminants in the water served as very 
effective fluid loss control agents. Although very 
little fluid loss was expected from the damaged 
facings, during the fluid loss test using 60 lb 
HPGMgal solution at 1000 psi, a surprisingly 
large volume of linear solution was found exiting 
the fluid loss ports and the flow did not diminish 
signifkantly with time. Because the initial 
permeability to water was very small to non- 
existent, the source of linear polymer solution 
leak-off was believed to be around the facing seal. 
At this point various facing seal schemes were 
evaluated and it was concluded that there was no 
evidence of polymer invasion around the facing 
seals. Later, during a second fluid loss test at 
1000 psi with 60 lb HPGMgal solution, a similar 
result to that experienced in the first test was 
observed, i.e., no fluid loss control. 

A dynamic fluid loss test with three 
synthetic permeable facings at approximately 1000 
psi was then conducted using a 60 lb HPG/Mgal 
polymer solution containing 50 lb silica 
flour/Mgal as a fluid loss control additive. An 
initial permeability to water at 930 psi, showed 
that the three facings had permeabilities of 0.0522, 
0.366, and 0.653 md. Excellent fluid loss control 
was achieved for the first time. The filtrate was 
water thin and the rate of efflux diminished with 
time. Cumulative volume data collected as a 
function of time were treated in the standard 
manner for fluid loss tests. Figure 12 presents the 
cumulative volume versus square-root-of-time data 
from one of the facings. A linear regression of 
these data and similar data from the other facings, 
provided C, values of 0.00023, 0.00038, and 
0.00029 ft/min"2. The corresponding spurt loss 
values were 0.0260, 0.0422, and 0.0359 gavft2, 
respectively. 

TO compare dynamic fluid loss results 
obtained in the HPS with those from scaled 

experiments, samples of the HPS facing material 
were used in the laboratory to obtain fluid loss 
data with the same fluid used in the HPS. Surface 
area of the 1.5 inch diameter laboratory sample 
was 11.4 cm2 while surface area of the FFCF 
facing was 3912.2 cm2. Figure 13 presents the 
cumulative volume versus square-root-of-time data 
for dynamic fluid loss test performed with 60 lb 
HPGMgal solution containing 50 lb silica 
flourMgal. Test was performed at 50 sec'' shear 
rate and 1000 psi in the laboratory. Fluid loss 
coefficient, C, and spurt loss values were 
calculated from the data. 

C, values from both sources (Figures 12 
and 13) are essentially the same, 0.00029 and 
0.00030 ft/min1'2, from HPS and laboratory 
experiments, respectively. Spurt loss values of 
0.0359 and 0.11 g d f ?  from HPS and laboratory 
experiments, respectively, varied as expected 
based on HPS facing and laboratory sample 
permeabilities of 0.653 and 1.56 md, respectively. 

Perforation Friction Loss 

Recently Lord et al.'" have presented 
correlations to describe the perforation pressure- 
loss behavior of polymer solutions as well as 
crosslinked polymer gels. Predictions of these 
correlations are shown to differ significantly from 
those made by conventional orifice-type equations. 
In the new correlations, pressure drop is shown to 
be dependent on fluid type, viscosity, and 
perforation size in addition to the conventional 
dependence on fluid density. However, all tests 
were conducted only at system pressure. The 
effect of elevated pressure on perforation pressure 
loss was not included in the investigation. Some 
industry critics felt that elevated pressure could 
have a significant effikt, particularly, on 
perforation pressure loss of crosslinked fluids. 

Therefore, tests were conducted to study 
the effect of elevated pressure on perforation 
pressure loss. Figure 14 presents the perforation 
pressure loss versus flow rate squared data for the 



flow of a titanium-crosslinked 60 lb HPG/Mgal 
polymer gel through four 3/8 inch perforations on 
1 ft spacing. Two sets of data, one with and the 
other without back pressure, are shown. It is 
evident that elevated pressure does not have any 
effect whatsoever, on the perforation pressure loss 
for crosslinked gels. A similar conclusion was 
also drawn from the data with linear polymer 
solutions. As expected, crosslinked fluids exhibit 
a linear relationship between the perforation 
pressure loss and the square of flow rate with a Y- 
intercept which can be attributed to the excess 
entrance losses. The regression analysis of the 
data depicted in Figure 14 produced C', of 0.66 
and Y-intercept of 4.0 psi which agree well with 
the previously reported results." 

FUTURE RESEARCH 

As mentioned earlier, the FFCF project 
was refocused to accomplish near-term research 
results. The Research and Development Plan for 
the next four years have been developed. 

The R&D Plan is divided into three phases: 
Phases I and 11 are for 18 months while Phase III 
is for 12 month period. Testing under each phase 
considers conducting research in the four major 
research areas: fluid rheology, proppant transport, 
dynamic fluid loss, and perforation pressure 
losses. Phase I deals with the acquisition of new 
equipment and instruments as well as the 
enhancements of existing instrumentation. 
Furthermore, it also includes the Technical 
Advisory Group's (TAG) target fluid testing and 
evaluation. Phase I1 consists of additional testing 
and evaluation with the TAG'S target fluid, model 
fluids, and other fluid systems that are most 
commonly employed in hydraulic fracturing 
treatments today. This phase also includes the 
development of new techniques for testing various 
fracturing fluids. Under Phase In, further testing 
and evaluation of model fluids and other 
fracturing fluid systems will be continued. It also 
addresses the development of new techniques for 

testing foam fluids, foam fluid leakoff 
measurement device, and foam texture 
measurement device. Various nitrogen foam 
fluids will also be tested and evaluated. 

CONCLUSIONS 

The following conclusions have been 
drawn as a result of testing conducted using the 
high pressure simulator: 

1. 

2. 

3. 

4. 

5. 

Il 

Verification tests, performed in the large- 
scale, high pressure fracture-simulator, 
confirmed the proper functioning of 
instrumentation and control systems under 
a wide range of operating conditions. 

Industry standard Couette viscometers 
(model 35 and model 50 Fann 
viscometers) can be used to characterize 
the rheological behavior of linear polymer 
solutions in fractures. 

Industry standard Couette viscometers 
cannot be used to reliably characterize the 
rheological behavior of crosslinked 
polymer solutions in fractures. This 
conclusion was reached after observing the 
failure of viscometric data to predict 
crosslinked fluid behavior in the FFCF 
HPS. 

As investigation of proppant-laden slurry 
rheology revealed that increased proppant 
loading decreases the power law index and 
increases the consistency index. The 
results confirmed previously published 
information fiom small laboratory devices. 

An investigation of flow through 
perforations showed that perforation size 
and fluid viscosity must be considered 
when selecting a coefficient for use in the 
standard pressure loss equation. The 



industry practice of selecting a single 
coefficient value independent of 
perforation size and fluid viscosity can 
lead to errors in excess of 222% when 
predicting pressure loss. Further, an 
investigation of flow through perforations 
using the HPS has revealed that elevated 
system pressure has no significant effect 
on the perforation pressure loss. 

operating cost. An improvement in the 
reliability of the system, as well as 
improved throughput and maintenance 
have resulted from these changes in the 
instrumentation system. 

NOMENCLATURE 

C’, = discharge coefficient for crosslinked 
polymer fluids 6. Unusual and previously undocumented 

flow behavior has been observed in the 
HPS with crosslinked fracturing fluids. 
Whenever flow data from various gap 
widths failed to converge to a single line, 
the initial speculation was that wall slip 
was occurring. A constant mixing rate 
experiment with flow diversion technique 
to achieve the same shear rate in various 
gap widths proved that this was not the 
case. This latter procedure provided very 
low n values, which is indicative of a wall- 
dominated, plug-like flow. 

c, = 

K =  

wall building fluid loss coefficient 

consistency index of power law fluid 
model 

K , =  fracture consistency index of power law 
fluid model 

K , =  viscometer consistency index of power 
law fluid model 

flow behavior index of power law fluid 
model 7. 

n =  
A technique was developed for preparing 
and installing Berea sandstone facings in 
the HPS. Fluid loss tests performed using 
these natural rock facings provided the 
fist evidence of filter-cake buildup in the 
HPS. Calculated fluid loss parameters 
compared favorably with laboratory results 
from much smaller samples of the same 
material. 

APpf = perforation pressure loss 

flow rate per perforation 4 

t 

V 

Y 

T W  

time 

cumulative fluid volume 

nominal shear rate 

wall shear stress 

8. . As part of the fluid pre-conditioning 
system, a low shear heat exchanger was 
designed, assembled, and evaluated. It 
was found that the designed heat 
exchanger is capable of heating crosslinked 
gels and slurries, at 40 gal/min, to 200°F. ACKNOWLEDGEMENTS 
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Table 1. Schedule and Milestones: October 1, 1994-March 31, 1996 

Viscometer Cup Internal Bob Outside 
Configuration Radius (mm) Radius (mm) 

R l B l  18.42 17.25 

R1 B2 18.42 12.28 

Table 2. Fann Viscometer - Bob Combinations 

Bob Length 
(mm) ) 

76.20 

76.20 

RlB2M 

RlB2M 

18.42 12.28 63.50 

18.42 16.00 87.28 



Figure 1. High Pressure Simulator at the Fracturing Fluid Characterization Facility 

Figure 2. HPS Platen Identification And Differential Pressure @P) Transducer Tap Locations 
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Figure 3. Apparent Viscosity Versus Shear Rate For A 60 lb HPGMgal Polymer Solution In 

Various H P S  Gap Widths And In A Model 35 Farm Viscometer For Comparison 
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Figure 4. Apparent Viscosity Versus Shear Rate For A 60 lb HPG/Mgal Polymer Solution Xn 
Various Gap Widths At Ambient And Elevated Pressure Using Laboratory And Field Size 
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Figure 5. Apparent Viscosity Versus Shear Rate For A 150 Ib HPGMgal Polymer Solution At 

200°F In The HPS And In A Model 50 Fann Viscometer For Comparison 
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Figure 6. Apparent Viscosity Versus Shear Rate For A 60 Ib HPGMgal Polymer Solution 
Containing 10 lb/gal 20/40 Mesh Sand. 
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Figure 7. Apparent Viscosity Versus Shear Rate For A Titanium-Crosslinked 601b HPG/Mgal 

Gel. Comparison Of Data From The HPS With Measurements In A Wide Gap Model 39 Fann 
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Figure 8. Apparent Viscosity Versus Shear Rate For A Titanium-Crosslinked 60 Ib HPGMgal 
Gel. Comparison Of Data From The HPS With Measurements In An Intermediate Gap Model 

39 Fann Viscometer. 
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Figure 9. Shear Stress Versus Shear Rate For A Titanium-Crosslinked 60 lb HPGMgal Gel. 
Flow Rate Varied At A Fixed Gap Width To Generate The Data Shown. 
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Figure 10. Shear Stress Versus Shear Rate For A Titanium-Crosslinked 60 lb HPGMgal Gel. 
Gap Width Varied At Constant Flow Rate To Generate The Data Shown. 
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Figure 11. Shear Stress Versus Shear Rate For A Titanium-Crosslinked 60 Ib HPG/Mgal Gel. 
Data Generated By Continuous Crosslinking At  A Fixed Flow Rate With Diversion Of Portions 

Of The Flow Into Various Gap Widths To Provide The Data Shown. 
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Figure 12. Cumulative Volume Versus Square-Root-Of-Time For Dynamic Fluid Loss Test 
With 60 Ib HPGMgal  Polymer Solution Containing 50 Ib Silica FlourMgal. Test Performed At  

55/sec Shear Rate And 1000 psi Pressure In  The HPS. 
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Figure 13. Cumulative Volume Versus Square-Root-Of-Time For Dynamic Fluid Loss Test 
With 60 Ib HPGMgal Polymer Solution Containing 50 Ib Silica Flour/Mgal. Test Performed at 

50/sec Shear Rate and 1000 psi Pressure In The Laboratory. 
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Figure 14. Perforation Pressure Loss Versus Flow Rate Squared For The Flow Of A Titanium- 
Crosslinked 60 Ib HPG/Mgal Gel Through Four 318 Inch Perforations On 1 ft Spacing. 
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