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ABSTRACT: Hydraulic fracturing is used at Moonee Colliery to induce caving as part of the routine opera
tion of this longwal mine. Measurements undertaken to successfully introduce hydraulic fracturing to
Moonee and pressure records routinely obtained from each treatment provide a unique opportunity to develop
and test a new model of hydraulic fracture growth near a free surface. This paper presents the results of the
comparison for severa fracture treatments, demonstrating that the model is able to match the treatment data.

1 INTRODUCTION

Moonee Colliery is owned and operated by Coal
Operations Australia Limited and the mine is located
just south of Newcastle, NSW at Catherine Hill Bay.
Mining extracts 3.2 m of the Great Northern seam,
leaving, on average, 1.8 m of roof coa and claystone
above the seam. This weak roof coal sequence typi-
cally caves immediately behind the supports leaving
the 30 to 35 m thick conglomerate section bridging
the 100 m wide longwall pand.

Hydraulic fracturing is used at Moonee Colliery
to grow fractures in the roof rock behind the face.
The fractures formed are horizontal and parallel to
the base of the conglomerate. Their growth produces
caving of the massive conglomerate roof strata at an
interval designed to avoid natural caving events.

A new model that accounts for the strong interac-
tion of the hydraulic fracture with the base of the
roof conglomerate (a free surface) has been devel-
oped. The development and application of the model
are the subject of this paper.

2 BACKGROUND

The conglomerate roof has been extensively charac-
terized. Table 1 summarizes measured conglomerate
and site properties (Mills et al. 2000). The measured
caved profile define a stable arch, which has essen
tially the same shape whether or not the caving was
induced. For the first 50 m behind the face the arch
is a 3D dome-like shape. The caved span curves
down both toward the rib line and the face. Further
back from the face, the arch maintains an essentially

constant shape with a maximum height or 15 m
above the base of the conglomerate at the centerline
of the panel (see the profile in Fig. 1 labeled “old
panel”). Figure 1 contains calculated contours of the
vertical stress magnitude on vertical sections across
and along the longwall panel.

Table 1: Conglomerate properties.

Property Value

Depth to seam 160 m
Thickness 30to40m
Compressive strength 35t0 60 MPa
Tensile strength 3.5t04.5MPa
Fracture toughness 0.3to15M Pa«/ﬁ
Y oung’'s modulus 15 to 25,000 MPa
Poisson’sratio 0.2t00.3
Maximum in situ stress 8 MPa
Intermediate in Situ stress 4 MPa

Minimum in situ stress 4 MPa
Direction of max. stress N30E grid

3 HYDRAULIC FRACTURING

Hydraulic fractures are placed into the conglomerate
from two or three vertical boreholes drilled into the
conglomerate from the face. After dlowing for the
immediate roof thickness, these holes typically pere-
trate 7 to 9 m into the conglomerate. Once the holes
are drilled and an injection hose is grouted in (leav-
ing a 1 m long ungrouted section at the end of the
hole), mining resumes. As the face retreats, injec-
tion hoses are fed into the goaf behind the sypports.
If the target roof span is 50 m, the holes are drilled
after about 20 m of mining and the fracture trea-
ments are carried out after the full 50 m has been
mined.
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Figure 1: Contours of vertical stress magnitude from FLAC3D
on a plane cutting across the panel width (top) and cutting
along the length axis (bottom) of the longwall panel.

3.1 Growth near a free surface

The effect that the free surface (the base of the
conglomerate roof) has on fracture growth depends
on the ratio of R/H where R is the fracture radius
and H is the distance from the fracture plane to the
free suface. As the fracture grows, R/H becomes
larger. The opening compliance and the stress inten
Sity factor at the leading edge of the fracture both in-

crease with R/H, which has a significant effect on
propagation (Pollard & Holzhausen 1979; Jeffrey et
al. 2000; Zhang et a. 2001).

The radia growth model in SIMFRAC (Settari
1988, Jeffrey & Settari 2000) has been modified to
account for this increase in opening compliance and
stress intensity factor by using an equivalent
modulus and K_ approach. The rock modulus is
made softer as a function of increasing R/H so that
SIMFRAC matches either the fracture volume or the
fracture width at the wellbore for an accurate solu-
tion of a uniformly pressurized fracture in an elastic
half space. This reference solution has been obtained
numerically using a recently developed displacement
discontinuity model (Zhang et al. 2001). Similarly,
the critical stress intensity factor, K_, is adjusted as
described in Appendix B.

The SIMFRAC mode has aso been modified to
accept a negative closure stress, which is a method
for taking account of the tensile vertical stresses in
the conglomerate at the plane of the fracture (see
Fig. 1). Small magnitude tensile vertical stresses ex-
ist in the conglomerate between 5 and 15 m above
its base.

The model calculates fluid loss from the hydrau-
lic fracture by a 1-D leakoff approximation, which
can include wall building and invaded zone coeffi-
cients when appropriate. In addition, the model ac-
counts for loss of fluid into a high loss zone (or open
borehole) that the fracture may grow into.

The conglomerate roof rock at Moonee has low
matrix permeability (on the order or 0.01 md or less)
but is cut by two nearly vertical natural fracture joint
sets that strike N38E and N55W. The N55W set cuts
across the longwall face (which runs at NAOW) at a
shallow angle and caving events are sometimes &
sociated with the face passing through a fault or
dyke running parallel to this joint direction. The av-
erage joint spacing for both sets is 3 to 35 m
(Mawdedey & Trueman 1999) although blocks of
conglomerate of 5 m and larger size are often seen in
the goaf.

These joints and associated faults provide poten-
tial high conductivity pathways for fluid loss. Stress
changes during mining are likely to produce small
shear and opening movement on these fractures, in
creasing their conductivity. Fluid loss can, in some
cases, dominate the fracture process to such an ex-
tent that growth ceases. The option of pumping gels
or particulate fluid loss additives is not available be-
cause of current limitations on the underground
pumping system at Moonee.

Uphole pressure is monitored at Mooree during
each treatment via asmall-diameter static hose line
that is grouted in next to the main injection hose.
Monitoring this static pressure in real time provides
a reliable method of determining if the fractures are
growing or have been stopped by high fluid loss.
Growth of the fractures is associated with a continu-



oudly decreasing uphole pressure while, if the frac-
ture growth is stopped by high fluid loss (or even
leaking grout seals), the uphole pressure becomes
constant.

3.2 Model development and comparison

The SIMFRAC model has been significantly en
hanced to include the effect of the free boundary on
fracture width and on stress intensity factors. Eitry
pressure losses and fluid loss into fractured zones
are other features of the moddl needed to success-
fully matchthe treatments described in this paper.

Fracture opening and volume calculated by the
half-space DDM model have been used to develop
an equivalent modulus, E_, for SSIMFRAC as de-
scribed in Appendix A. The DDM model is not yet
able to simulate either fluid loss or non-Newtonian
fluid flow, but solves the elasticity and fracture me-
chanics problem with a high degree of accuracy, in
cluding the displacement on the free surface (see
Zhang et al. @001) for comparisons of the DDM
model results to other published half-space results).

Figure 2 compares the opening width profile for a
uniformly pressurized fracture with R/H=4.2 as cal-
culated by SIMFRAC and by the DDM modd for
the case where the fracture opening at the wellbore
calculated by SIMFRAC is constrained to match the
opening from the DDM model. This modification
consists of calculating an equivalent modulus, E,,,
as a function of R/H, as described in Appendix A.
The opening profile of the same fracture in an infi-
nite elastic space is also shown. The opening width
of the fracture becomes highly non-symmetrical for
R/H > 2.5 with the lower part displacing farther
from the centerline than the upper part. Also, the
profile of the width deviates from the (essentialy)
parabolic shape for a crack in an infinite medium.
The approach used in SIMFRAC does not yet a-
count for the correct (DDM) non-symmetric opening
effect.
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Figure 2: Opening profile of a fracture in an infinite elastic
space and near afree surface.

The equivalent modulus for width in SIMFRAC
can be made to match the width of the half-space
fracture at the wellbore, or the fracture volume. In

the first case, the fracture volume is overestimated,
while in the second case, the width at the wellbore is
underestimated. SIMFRAC pressure and growth rate
compare well to the DDM results when the volume
matching option is used (see Fig. 3).
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Figure 3: The net pressure and growth rates predicted by the
DDM and SIMFRAC models.

The increase in the stress intensity factor because
of the presence of a free boundary has been a-
counted for by changing the critical stress intensity
in the nverse ratio. For a plane strain fracture, an
analytical solution of Follard & Holzhausen (1979)
provides K, as a function of L/H. For a radia frac-
ture, reference solutions were obtained by the use of
the FRANC2D finite element code (Wawrzynek &
Ingraffea 1995) and the DDM code (Zhang et al.
2001). SIMFRAC includes both viscous pressure
drop and Kc effects (Jeffrey and Settari 2000), as
described in Appendix B. The viscous and tough
ness dominated propagation regimes have, in recent
years, been studied extensively by Detournay (2001)
and co-workers. Zhang et al. (2001) discuss this &
sue and cite several other papers on thistopic.

Finally, some of the data shown below exhibits
significant entry losses. Because of the small (50
mm diameter) borehole and small fracture width, the
entrance area at the crack mouth is initidly very
small and increases with time. The rate-sensitive
pumping pressures at early times (e.g. Fig. 5) reflect
these entrance effects. The implementation of entry
losses into the modéd is described in Appendix C.

3.3 Comparison of model results to field data

Since being introduced at Moonee in June, 1999,
about 60 hydraulic fracture treatments have been
carried out. Each treatment is controlled from the
surface using a real-time readout of pump pressure,
uphole fracture pressure, injection rate and micro-
seismic activity. In a few cases pressure sensors in
offset boreholes and roof-to-floor convergence -
tentiometers were aso installed. Three of the more
intensively monitored fracture treatments are ame-
lyzed below.



3.3.1 Fracture2 onLongwall 3

The second treatment carried out on Longwall 3 in-
cluded additional monitoring instrumentationto ver-
ify the fracture growth behavior and improve our
understanding of how the fracture growth was pro-
ducing caving events. Two vertical boreholes were
therefore drilled and completed for injection into the
conglomerate. Each hole had a small tube grouted
into the hole alongside the main injection line, with
its upper end exposed to the fluid pressure at the top
of the borehole. In addition, each hole had a roof-to-
floor convergence instrument installed ketween the
collar of the hole and the floor directly under it. The
injection hole was located about half way across the
panel width and the monitoring hole was 15 m fur-
ther, toward the taillgate side. Figure 4 contains a
plan view of the hole layout.
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Figure 4: Plan view of hole and face configuration for fracture
treatment 2 on Longwall 3.

The pressure declined rapidly after breakdown as
water was injected at a constant rate of 360 liters per
minute (Ipm). Figure 5 provides a summary of the
measured pressure and roof to floor convergence.
The convergence gage on the injection hole had
failed during mining so only convergence at the
monitor hole was measured. At three times during
the treatment the injection pump was stopped, but
water pressure from the supply to the pump was
maintained. The water supply pressure was 1.8 MPa
and was sufficient to cause a significant flow rate to
occur during these shut down periods.

These changes in injection rate provided informe-
tion about entry pressure losses during different
stages of the treatment. In addition, the monitoring
hole was intersected by the hydraulic fracture just

prior to the second pump stoppage. This intersection
provided a direct measure of the fracture size at this
point in the treatment and provided a measure of the
pressure in the fracture at this location during the
rest of the injection.
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The pressure and growth rate from the model
match are superimposed on the collected data in
Figure 6.

The match shown was obtained using the parame-
ters listed in Table 2, which are within the range of
measured values. The excellent agreement shown
required use of all three special modeling features
(equivalent modulus to match fracture volume,
pseudo-K. and entry loss at crack entrance).
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Figure 6: The modeled pressure and growth rate compared to
measured data for fracture 2 on LW3.

Table 2: Parameters used to obtain match, F2LW3.

Property Vadue
Fracture toughness 1.5 MPaym

Y oung's modulus 20,000 MPa
Poisson’ s ratio 0.28

Distance to free surface 9m

Minimum in Situ stress -0.07 MPa
Pore pressure 50 kPa
Conglomerate porosity 8 percent
Conglomerate permesbility 65 md

Total pore compressibility 5x 10 °kPa*

The measured response for this treatment is rep-
resentative of treatments that produce roof falls. The
uphole pressure continuously decreased throughout
the injection period and reached a low value of only



afew hundred kPa just before the fall. Microseismic
activity, indicating rock failure and shearing in the
roof, began to build before the fal and reached a
peak at the time of the fall.

3.3.2 Fracture 26 on Longwall 3

The last fracture treatment on Longwall 3 involved
two main injection boreholes and thr ee backup injec-
tion/monitoring boreholes. A roof-to-floor conver-
gence instrument was installed under each of the two
primary injection boreholes. Figure 7 shows the lay-
out of the boreholes and the relative positions of the
face and ribs. Holes 1, 2, and 4 were drilled to 7 m
while holes 3 and 5 were drilled to only 5 m deep
into the conglomerate.

The injection rate was split approximately equally
between the two injection holes (1 and 2) by a ne-
chanical flow divider. The actual flow into each hole
has been calculated based on the pressure drop
measured in the hose running from the output of the
flow divider to each hole. During the main trea-
ment, the rates were 257 liters per minute (Ipm) into
hole 1 and 227 |pm into hole 2.

The breakdown injection cycle was carried ou
through the flow divider. Hole 1 broke down imme-
diately but hole 2 did not. Consequently, the pres-
sure at hole 2 caused the flow divider to dump part
of the injection stream of water via a pressure re-
lief/intensifier circuit. Some of the injected water
(estimated as 2,300 litres injected at 92 |pm) passed
through the flow divider into hole 1 and extended
the fracture. A separate breakdown cycle was then
carried out on hole 2, injecting 120 liters at 240 Ipm
Modeling of these breakdown g/cles ndicates that
fractures of about 9.6 m and 3.3 m edius would
have been created at holes 1 and 2, respectively.

The main treastment was then carried out through
the flow divider. The uphole pressures and the
measured convergence at the two holes are shown in
Figure 8. The pressures recorded at the three moni-
toring holes (numbers 3, 4, and 5) are also shown.

Simulations were carried out for the injections
into holes 1 and 2. Table 3 lists parameters that were
common to both simulations. The breakdown cycle
pressure data is not shown, but was included in the
simulation (Fig. 9) by starting the njection with a
9.6 m radius fracture already present. The pressure
measured at hole 2 was matched by wsing a high
fluid loss zone at 16 to 19 m from the hole. Fuid
loss increased as the fracture grew through this zone
to amaximum loss rate of 104 [pm.

The shape and dope of the convergence curves
agrees with deformation at the free surface, arising
from fracture growth, up until 10 minutes of injec-
tion a hole 1 and 25 to 30 minutes at hole 2 (Fig.
10). After thistime the convergence accelerates and
becomes concave upward. The additional conver-
gence can arise from unstable fracture growth or

roof rock failure adding to the displacement caused
by the fracture.

Last goaf area (caved)

Figure 7: The layout of injection holes (1 & 2) and monitor
holes (3, 4, & 5) for fracture treatment 26 on Longwall 3.
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3.3.3 Fracture 3 on Longwall 4B

For this treatment, three injection holes were
completed along a narrowed section of the longwall
panel. Each hole was initidly broken down using
2,000 liters of fluid. The main treatment was then
performed into the hole closest to the longwall face
(hole 1) while the pressure in hole 2 was monitored.
Figure 11 contains a plan view of the longwall panel
and hole layout.

10

Fracture 26, LW3 Convergence Comparison

[~ Modeled hole 1
— Measured hole 1
—— Modeled hole 2
JlI—Measured hole 2

Convergence (mm)

0 :5 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 50
Time (minutes)
Figure 10: Conparison of modeled roof deflection from frac-

ture to measured roof-to-floor convergence for fracture 26,
LW3.

Table 3: Parameters used to obtain match, F26LW3.

Figure 12 contains a plot of the measured uphole
injection pressure and the pressure monitored at hole
2. After about 27 minutes of injection into hole 1, a
pressure increase occurred at hole 2, indicating the
fracture had grown to intersect the aready existing
fracture at hole 2 (estimated to be about 5 m in ra
dius). This intersection constrains the fracture to be
about 20 m in radius at this time in the treatment.
The match of the treatment is shown in Figure 13.
The parameters used are listed in Table 4.

920

o
o

FRAC 3, LW4B

bl
o

80

Hole 2 was intersected about 27 minutes
704 after injection started in hole 1.

b
=)

hole 1

+
w
)

60
Fall at 19:04:50
G

w
=)

N 27 min

seigmic events

N
o
ole 2 pressure (bar)

g
o

|
o w
H

Pressure (bar) and Event Count

T+ 0.5

10 o H
o q

4:00 PM 4:30 PM 5:00 PM

T 0.0

6:30PM 7:00 PM 7:30 PM

530PM  6:00PM
Time on 13/9/2000
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Figure 11: The layout of the injection hole (1) and the monitor
hole (2) for fracture treatment 3 on Longwall 4B.

All three holes were drilled to 9.2 m deep into the
conglomerate with the top 1 m open. The injection
hole was located only 25 m from the face at the time
of the treatment. A number of small faults were
noted crossing the panel.

Microseismic activity increased sharply at about
6:15 pm and the hole 1 pressure dropped to a low
value as the pressure in hole 2 became constant. No
roof fall occurred at this time, but pumping was con
tinued until the fall at just after 7 pm.

The fracture model has been used to match the
treatment up until the roof movement at 6:15 pm. A
high fluid loss zone was included into the model as a
way of representing the fracture intersecting a con



ductive fault or fractured zone. The zone is inter-
sected at 27 to 32 m and the loss rate into this zone
is specified to increase to a maximum of 312 Ipm
Although the quality of the match is not as good as
for fracture 2 on Longwall 3, there is a consistency
between the parameters used for the two treatments.

4 DISCUSSION

The measured data, taken together with observations
during the treatments and modeling results presented
above, suggest broad categories that most treatments
can be classified into.

One category is fracture extension followed by
arrested growth as a result of the fracture growing
into a zone of high fluid loss. Whenthis occurs early
In a treatment the fracture radius is limited to be
relatively small. Whenever high fluid loss is encoun
tered, the treating pressure becomes constant with
time. High fluid loss that stops fracture growth at an
early stage produces a relatively high and constant
treating pressure (1 MPaor higher).

A second category is fracture growth, associated
with a decreasing pressure, continuing throughout
the njection At a fracture radius of about 30 m
the ever increasing effectson K, from the free su-
face interaction (added to by the weight of the rock
In the delaminated part of the fracture) results in ur
stable and rapid fracture growth.

The unstable fracture growth may lead to a roof
fall event or not, depending on the height of the frac-
ture in the roof as it gproaches the face. Fracture
growth (which may be unstable during the last few
minutes) can extend the fracture to the face, passing
over the sypports. If the fracture plane over the suyp-
ports is relatively high in the conglomerate, failure
by shear through this thickness of conglomerate
cannot occur. The available pump capacity (using
water) is not able to overcome fluid loss rates that
exist over the large developed fracture surface area.
Resuming mining and retreating the face 5 to 7 m
has, in many of these cases, resulted in afall.

The primary factors that control the hydraulic
fracture growth in the conglomerate roof have been
included into the SIMFRAC model. The growth of
the fracture toward the free surface is being ad-
dressed by modeling and laboratory studies The
height at which the fractures are initiated is con
trolled in part by drilling the holes to a certain depth
into the conglomerate. However, the fractures may
then either initiate as a horizontal fracture at the
borehole wall or, because of the hole geometry and
the horizontal stress field effects, initiate as a verti-
ca fracture. Vertical fracture initiation will result in
the fracture turning to become horizontal as it grows
away from the borehole, but the plane of the hori-
zontal fracture may end up higher or lower than the
1 m open hole section of the borehole. On the other

hand, stress conditions in the conglomerate below
about 5to 6 m above the free surface start to favor
vertical fracture growth which must be avoided for
the treatments to be effective.

5 CONCLUSIONS

Numerical hydraulic fracture models have been de-
veloped that account for the strong affect the nearby
free surface has on fracture opening compliance and
on increased stress intensity factors. Entry pressure
losses and leakoff of fluid into pre-existing natural
fractures are also important processes that have been
included in the modeling.

The SIMFRAC model provides a design tool that
can be used to history match treatments already per-
formed and to investigate the effect of changing the
treatment details. For example, the benefits of pump-
ing crosslinked gel fluids and particulate fluid loss
additives are being investigated as methods to im
prove the treatment success rate by reducing high
fluid loss into naturally fractured zones.
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8 APPENDICIES

8.1 Appendix A

The equivalent modulus E for fracture propagating
parallel to a free boundary at a distance H, in a me-
dia with modulus E, is defined as a modulus, which
gives either the same width at the wellbore as the
DDM (Eew) or the same fracture volume (Eey). All
results were correlated with dimensionless fracture
length x (x=R/H for horizontal, Ls/H for KGD and
(Hi/2)/H for PK geometry).

For aradia fracture, the following correlation re-
sults from DDM solutions up to x=4.2:

w/E=1-0. X + 0. +0. X -
Eaw/E = 1- 0.0656x + 0.3278x> +0 .0646x> (A-1)

Eav/E = 1 + 0.0356x + 0.2654x2 + 0.0232  (A-2)

For a KGD or PK fracture, the data of Pollard &
Holzhausen was used to obtain:

Eaw/E = 1 - 0.1985x + 0.8502¢* (A-3)

8.2 Appendix B

As a planar fracture grows near a free surface, the
interaction with the free surface will cause the frac-
ture to turn toward the free surface. If the turning is
not allowed, a mode Il stress intensity factor K, is
generated that increases with R/H. In addition, the
mode | stress intensity factor, K, is also increased.
The factor Ki/K;; =f(x) where K| is the stress intensity
in the presence of free boundary and Kj; isin infinite
medium, was used to define an equivalent critical
stress intensity factor Kee in SIMFRAC as Ke/Kc =
V(Ki/Kj; ). The generd correlation has a form:

Kee/Ke = 1+ [al(1 +x9)] x° (B-1)

The coefficients are:

a=041, b=-12,c=20 forradia crack

a=103,b=-10,¢c=118 for KGD crack

The modified K. is used in equations for the radia
geometry presented in Jeffrey & Settari (2000). It
should be noted that the definition of K, used there
(Abe et a.1976) is different from the standard defi-
nition by a factor of ((2p). The effect of fracture
turning on the hydraulic fracture process (K;;) cannot
be represented in SIMFRAC and is being explored
using FRANC2D (Wawrzynek & Ingraffea, 1995)
and the DDM moded.

8.3 Appendix C

The entry loss results from the change of direc-
tion and crossectional area as fluid flows down a
vertical borehole with diameter D, into a horizontal
cylindrical dot of awidth W. The problem is ssmple,
yet the exact axisymmetrical geometry has appar-
ently not been studied in the literature. All solutions
for the entrance loss are of the form

Dp=p1—pze =K ¥ar U2 (C-1)

where p; and e are the pressures upstream and im-
mediately downstream from the entrance, U is the
velocity in the entrance and r  is fluid density. The
coefficient K is the “irreversible loss’ coefficient
and depends on the geometry of the case. In addi-
tion, there is a pressure change due to acceleration
(kinetic energy changes), which is given by the Ber-
noulli equation, so the overall equation is

pr+Yr U2 =pp+%r U2 +K Yar U? (C-2)

where U, is the velocity in the borehole and p; is the
pressure downstream of the entrance after the flow
becomesre-organized. After the fluid enters the
fracture, the divergence of the flow causes rapid re-
duction in velocity from U, to U in the body of the
fracture, and pressure rise from p; to pr. In a diffuser
with efficiency Eq this would be accompanied by re-
covery of pressure by p — pr = Egvar (Uf? -U59).
Therefore there is an additional pressure loss of (Ey
DY (Us? - Uo?). Since U is not known, we have as-
sumed that only the energy recovery up to U; can be
lost and thus the final equetion for losses is:

Dpioss = Pi—r =K¥2r U2 +Cy%er (U,%-Us?)  (C-3)

where K and G are input data. Based on data for
similar (mostly linear) geometries (e.g., Blevins,
1992), awide range for K of 0.68 to 2.9 is possible.
Fracture will be a poor diffuser; therefore, values of
Cq close to 1 are possible. The Moonee data was
matched with K intherange of 1-2 and Cq= 1.



