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Why is the Hole Size and the Coefficient of Discharge important? [ WAYY

Surface treating pressure p,

= Perforation pressure drop is given by the T Es 7777
difference between bottom hole treating pressure o l iton e e
. . pressure p,
and the fluid pressure in the fracture: I AW
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= A high perforation pressure drop is essential for a e o i — e
successful limited entry fracking strategy!
Outlet

= Accurate perforation hole sizes and coefficient of
discharge knowledge is crucial due to a high
sensitivity to these values!
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Erosion 3PS 2022

= But Hole Size and C, change!

= During the frac treatment the proppant in the fluid causes an
abrasive growth of the perforation hole and change of the
geometry

= An uncontrolled increase of the holes may lead to a non
uniform frac treatment

= Many factors influence the erosion
= Proppant size & Concentration

= Flow velocity
= Position of the cluster (heel vs. toe)
= Position within the cluster (up vs. down)

= Type of Steel




Laboratory flow test setup A — Flow through Single & Dual Casing [ WIIMi
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= High pressure test cell = Benefit: P
= flow rates of up to 3-4 bbl/min per = Backpressure can be applied
hole = Long chamber to host sand jet (no s
= Pressure rating 5Kpsi abrasive destruction) 1 P/n% _
= Flat casing plates from APl Section = Drawback: S OE
4 tests = flow direction not perpendicular to B e vaie @
= Effect of the cement and wellbore the perforation as in a well. P2 A\ e

pressure on the hole is considered ﬁ( —

Test Cell

Plate (4.0 Casing)-

Inlet 2* NPT thread

Plate (5.5" Casing)




Laboratory flow test setup B — Flow through Single & Dual Casing

2K pressure test cell for casing
pipes
Benefits:

= QOriginal Casing can be used

"  Flow direction mimics well bore

= Multi-shot guns can be tested

Drawback:

Perforation not shot under realistic
pressure conditions

Lower pressure rating of the test cell

Outer cell wall is close to the perforation:

= Additional backpressure?

= Sand jetting?

eeeee

13 378", T2#/ft Casing P110

4_5" Inlet pipe Inlet: 2" NPT thread

Cross-over sub
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Test program “31PS 2022

= 10 Machined plates were tested to see the influence of:
= Holes Size
= Casing thickness
= Conical shapes
= Tapered inlets
= Slots

= 12 Perforated plates were taken from API 19 B Section

|V tests
= EEH charge, DP, Slotted, ....

Pressure and Flow Measurements Inlet Pressure vs Flow of machined holes
=  8gramup to 39 gram with different diameter
2500 3,5 Jeo0
3
= Real Casing were tested in Setup B
2,5 Aoy= 293'07)(2,027%._'. )
E 100 2 E % 1500 .
o 3 5
g =
;ﬁ 1000 Lo é % 1000 e -
1 o ra . 2
8
0> 2C D D% \n
0 = 0 0
0 200 400 600 800 1000 1200 1 15 2 2,5 3 3,5
Time [s] Flow [bbl/min]
—Inlet Pressure —Outlet Pressure —Flow ® 037EHD ° 0.35"EHD ® 04"EHD




1. Importance of hole size measurements “31P§ 2022

Caliper measurements

CoD calculation based on Area determination using
Caliper measurements
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1. Importance of hole size measurements “31PS 2022

CoD calculation based on area determination using CoD calculation based on manual area determination
automated image processing using Image Processing
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Increasing CoD with hole size also observed e.g. by Lord et al., 1994 and decreasing by Crump and Conway!



2. Influence of the Backpressure 3PS 2022

 Measurements also with backpressure, where the 3,5
backpressure was increased at constant inlet pressure 3
g 2,5
* C,isinfluenced by cavitation 3 2 E >
© 1,5 -@-3870 psi inlet pressure
* Backpressure increased the C, significantly from 0.7 tovalue & 1450 psi inlet pressure
of dpprox. 0.95-1 0,5 p, = 8p (2)2 1885 psi inlet pressure
r 77:2612)1)4 n no backpressure
2500 3,5 0
3 10 15 20 255qrt(AP§O 35 40 45
2000 y I _
i 2,5 E 1,2
(o
‘E’ 1500 ’ 2 E 11
2 15 = o
@ 1000 P23 g 1 a
& ! £ E 0,9
500 0,5 2
« 0,8
0 - - 0 2 [
0 200 400 600 800 1000 1200 :8 0,7 @ 870 psi inlet pressure
time [sec] u§ 0,6 il 1450 psi inlet pressure
~ Ca — Il) pv ~ pbaCk < 1 1885 psi inlet pressure
—Inlet pressure Outlet pressure Flow 0,5 E'sz (2% no backpressure
0,4
0 0,5 1 1,5 2 2,5 3 3,5 4
See also: Kolle et. al. SPE-209178 Cavitation number []



3. Influence of the flow direction “31PS 2022

= No difference observed in C,
measurements between the two setups:

0,9
= No flow direction effect for setup A - 0,839
> 0,8 ® o
. 2 o % o °
= No additional local backpressure effect 2
for Setup B 5 07 8
< 0,65 ‘
= Also, for shaped charge perforated casings % 0.6 ® DP 0.3/0.3
the results are comparable © 1.9 ® DC 0.3/0.3
0,5
0 1 2 3 4 5

=  Multi-shot guns were also tested in setup B.
The flow scales with number of holes

Cavitation number (-)

Setup A Setup B




4. Test setup real casing vs. closed loop setup for erosion measurements IR IAWAIPYi
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» 2 htreating time, 1ppg, 3bbl/min per hole — 15120Ibs (7.5tons) of sand per hole & test
" |[n 16 min 1ton per hole and test

= What about test programs with multiple clusters and parameter studies?
= Logistics & Disposal
= Costs & Time

" |n aclosed loop the amount of sand reduces to 150lbs & 1.5h per test, but there are also
disadvantages.....

Fluid Tank

Waste
Water
Centrifugal
X Pump
_DQ - /\
N

T Hopper -

t Bypass Line Sand Injection

U
B——e Y

Test Cell HP Piston
Pump




5. Limitations of the closed loop setup - temperature 3PS 2022

INTERNATIONAL PERFORATING SYMPOSIUM

" Temperature increases due to the —Inlet pressure —Outlet pressure —Temperature
kinetic energy of the sand grains 2500 180
impacting the casing

160
" Temperature raises from 30 °C to 70°C 2000 140
within 10-15 min 190 =
.G —
: 8 1500 o
= Risk that rubber hoses burst < 100 3
el ©
s S
. . . 7] (V]
= Test duration limited $ 1000 k 80 2
| o 60 Q@
= Effect not observed with pure water
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20
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6. Limitations of the closed loop setup - sand “31PS 202

Before the test

. i [ 1:‘.  A':f
= Sand is crushed by the impact . f _
= Sand grain size distrubution changes during the HEuay | ﬁt o | O

: Lo
test 0 100 200 300 400 500 600 700 Xc_min [um] ‘Y P O & o J L s Aoy
PETE A g L0 L AR L M g 32 o s
B o Moo W G S A Gadh ’

After 10 mhlxn

R o

03 [%] o [ p3 [%] ‘x‘:': :fi(})':""?“’» 1 . ﬁ:{) 3
= Total mass of sand is identical . o | Bl SRR DAl N
= Better transport of fine grains, but . P I
= Less “high energetic” coarse sand grains oLy L le | BEEETAS s e

After the test (approx. 20 min)
= Better Logistics & Cost for closed loop setup - S e SR

80 T4.0

70 135

= But after approx. 10 min data might be

influenced by sand grain crushing T I

a0 e m 115
ER N iitiiele _ 110
104 i 105

Rt et Hﬂk Lo

0 100 200 300 400 500 600 700  xc_min [um]
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7. Influence of the back pressure on the erosion “31PS 2022

180 - 350
160
~ 300
" |n afrac well the formation pressure e e
creates a backpressure behind the casing 170
-~ 200
+~— 100 —_
* How does it influence the erosion? e 150 &
: 3
£ =
* Nozzle was used to create a back pressure ) . i
|
\ - 50
" Erosion of the nozzle led to a decreasing 0 L
= — = 0
baCk pressure ’ 0 500 1000 1500 2000
20 time (sec) -0

e Pressure differential with BP e nput pressure Output pressure / BP e F|low with BP




7. Influence of the back pressure on the erosion “31PS 2022
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90 ~ 350

. 80 R ” - -l
= Test was repeated without back pressure TIT N B
70 .'-h‘-"\- - e e '
. . - T e o o = = = s __: - 250
= Due to cavitation more pressure W
. . . . o =~ 50 . 200 _
differential is required during the test for ] I g
g 40 150
the same flow rate : 2
" Hole erosion looks very similar in both tests ? . -
10 |
|
= Measured Coefficient of Discharge (C,) 0 } " -+ = - i
values after the tests are nearly identical time (sec) 0

e Pressure differential with BP == «» o |nput pressure without BP e FloW With BP e «» o Flow without BP

= But pressure vs. C,or pressure vs. D
correlations as being sometimes used for < .
simulations are different for both scenarios el




. Can we convert ambient Data into Backpressure data?
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= Correction of pressue using the C, at Ambient and the C, with Backpressure, measured

after erosion:

Cambient 2
Pcorrected = Pambient CCN>>1
D
H . o H ”
= Correction only applicable after the “rounding phase
0.35"
1,3 100 350
v

1,2 . @ %0 : 300
T 5 60 ' 200 £
0 q 2 1 £
< - g 40 | 150 E
A 0'9@ & [ 100 3
= 0,8 I 50
E @® After Erosion with BP SC, 0.35" (#19), machined 0 Dy T : 0
< 07 plate (A) 0 500 1000 1500 2000 2500 3000
g -20 _ -50
o 0,6 SP 0.35 time (sec)

0,5 == Pressure differential with BP Input pressure without BP

0 1 2 3 4

Cavitation number (-)

= == «Flow without BP

= Flow with BP



8. Influence of gravity and concentration gradients “31PS 2022

= Sand concentration gradient influences hole shape & sand distribution

= QOrientation/Phasing of the hole crucial for a realistic result

1.65 bbl/min & 6.2 Ibs/min |

Sand Concentration, Fluid & Proppant Flow
x1073

Energy of the proppant & Erosion

10

(
N,

Cramer et. al 2019, SPE-194334-MS

Energy]aﬁfnsity = grain density * concentration *normal velocity?
|
|
|

[ \‘ \ 0.9

0

| |/ H
1.65 bll/min & 18.3 Ibs/min Flow direction

See also Almulhim et. al 2020, Liu et al, 2021, Kolle et al. 2022 for further reading
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Tests like those presented from
Setup A were planned to be
conducted in Setup B

However, the test cell was
destroyed by the slurry jet
within minutes

Similar effect on near well bore
tortuosity can be expected

Installation of Sacrificial Shield to
allow completion of tests
without destroying test cell

9. Measurements in Setup B - sand jetting “31P§ 2022
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2600

1000

4.5" Inlet pipe Inlat: 2" NPT thread

Qutlet
(2 NPT)

Bottom Cover 13 3/8", T2#M Casing P110




10. Position of the cluster - Improvements to Setup B [
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= Sacrificial Shield

Heel cluster Toe cluster

" |nstallation of Bypass to allow more i

accurate heel side and mid interval flow
patterns and test results

= Qutlook: Erosion tests for the PEER
Consortium planned

Sacrificial
Bypass Shield




Summary “31PS 2022

= Hole Size measurements have a tremendous influence on the CD, even if taken very accurate and
carefully.

" Flow measurements should be made with backpressure, for erosion tests this might not be
required, if CD values for non cavitating flow are available.

= For flow measurements the directions seem to have no influence, but for erosion tests a realistic
orientation of the perforations and the setup relative to gravity must be considered.

= Aclosed loop setup has logistical and cost advantages, but heating and sand grain crushing limits
the possible duration of each test.

" |[mprovements to test setup required to mitigate sand jetting and to account for the cluster
position

IPS-1.3-22/ On the measurement of flow resistance and erosion of perforations
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Covtoton Q¥

= QObservation: During the test it was acoustically
observed that a loud noise was created by the flow,

Bernoulli Equation:

which vanished as soon as the backpressure was raised Energy per unit volume before = Energy per unit volume after
. 1 2 1 2
over a certain level E + ,pVy + Pgﬁm = P, +,pv, + pgh,
Pressure| [Kinetic Potential
1 1 1 1 Energy Energ\_!r Energw_!r The often cited example of the
= Cavitation occurs if the static pressure drops below the per unit _ per unt B et ol
) Effect” is the reduction in pressure
vVapor pressure Flow velocity Flow velocity which occurs when the fluid speed
= Fluid vaporizes, bubbles are built and collapse at Vi Vo ncreases.

higher pressures again M’ A< A,

P Increased fluid speed,
1 decreased internal pressure.

Cavitation number (Cq =7"2<1
2

http://hyperphysics.phy-astr.gsu.edu/hbase/pber.html

See also Ebrahimi et al., 2017
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Testing Parameters \y '(

120

N
a1l
o

100

Pressure (bar]
S
Flow (l/min)

80
Erosion tests with 2bbl/min and 3 o [
bbl/min per perforation i N e
20 50
Flow rate was kept constant : . :
Inlet, outlet pressures, flow rate and Time e
fluid temperature were recorded —inletpressure  ——Flow  ——outletpressure

Test with backpressure on machined
holes for better comparability

35/70 mesh sand was used in all
erosion tests

Sand concentration was approx. 1 ppg
Flow duration 10-20 min
Total Sand 840 Ibs. - 1680 Ibs.

No viscosifiers or friction reducers
were used




Energy, Velocity or Concentration? 51§ 202

Energy density:
Velocity? normal to the surface Concentration Velocity? * concentration*grain density




Analysis of the data

Both charges show a linear p*2%> vs t behavior 2,609

2,4E-09

This supports the correlation between the 22609 i
. i y=9,28E-13x + 1,74E-
pumped energy and the erosion rate % oo R = 9,86E.01
. . < 1,6E-09
The calculated erosion parameter a is hearly 1,409 Wﬁs”g

identical (4.95e-13 and 4.98e-13) e

R . 0 100 200 300 400 500 600 700
Machined holes had a smaller erosion rate time (5
(1.06e-13) because conical holes need less o Charge C ® Charge D

material removal to grow than cylindrical holes

400

Pressure loss vs cumulative energy shows only
at later times a linear trend

300

200

100 '\IM“’

Al
M

Pressure loss (bar)

This trend seems to be different for the two
charges and might be related to hole size 100

0 1000 2000 3000 4000 5000

cumulative Energy (kJ)

——Charge C Charge D



