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Figure S1. (A): Schematic, (B) and (C): Images of the capillary flow set up.



Shear rate calculation

The shear stress (7)) and viscosity (7) of a power law fluid, such as a
polyacrylamide solution, are a function of the shear rate (¥), which is often
represented by a simple power law expression:
T=ny=Ky" [1]
where K is a consistency factor and n is the power law index; these values depend on
the molecular weight and concentration of the polymer. Previous studies have shown
that polyacrylamide solutions behave as Newtonian fluids at low shear rate (n=1), and
as shear thinning fluids (pseudoplastic, n<l) at increased shear rates up until a critical
shear rate (Y¢), and become shear thickening shortly (dilatant, n>1) then transit back to
Newtonian fluids regime at higher shear rates.

The momentum conservation equations for flow in a tube give the following

relationship between the pressure drop and shear stress for a power-law fluid:
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where r 1s the radial position and L is the tube length. Eq. (2) can be integrated over r,
with a no-slip boundary condition (u=0) applied at the tube radius (r=R), to obtain the
velocity profile and the following relationship between the pressure drop and the bulk

average velocity:
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The best fit values of n and K were determined based on a log-log plot of AP as a
function of V (Table S1) using Eq. (5), with the shear rate and strain rate then
calculated using Eqn S6 and S7'.
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Table S1. A example calculation of n, K, and shear rate value (¥) using pressure and
flow rate data from experiments using 75 um capillary. Averaging six groups of n and
K values yielded from triplicated flow experiments with 50 and 75 um capillary

indicates a n value of 1.001 £0.025 and a K value of 0.00116 = 0.000047.

Gemts?) | e | 2P [LogV] K@y | v | e %(s-l)
7.7% 105 7 589 | 028 2.035>< 10 2.824>< 10 5.034>< 10
1.8 % 106 4 | 625 | 058 4.05x10 | 56310 | 1.01x10
4.6 %106 11 6.66 1.05 1.226>< 10 1.695>< 10 3.025>< 10
7.4 106 19 6.87 128 2.036>< 10 2.825>< 10 5.035>< 10
1.3 %107 30 711 1.48 09734 | 2.1x10 3.246>< 10 4.515>< 10 8.055>< 10
1.5% 107 38 | 717 | 158 4.056>< 10 5.635>< 10 1.015>< 10
1.8% 107 45 | 725 | 166 4.866>< 10 6.765>< 10 1.215>< 10
23%107 57 | 736 | 175 6.086>< 10 8.455>< 10 3.025>< 10




Estimation of shear rates during hydraulic fracturing operations

During HVHF operations, fracturing fluid is injected at a constant flow rate,
passing through perforation holes and flowing into an isolated wellbore space, with
the wellbore pressure fluctuating in response to the mechanics of fracture initiation
and propagation. Injection pressure (wellbore or bottom-hole pressure) will first
increase sharply as a result of fluid compression against the reservoir until the
pressure overcomes the reservoir stress and rock tensile strength, initiating fracture
formation. At this “breakdown” point, the wellbore pressure relaxes and starts to
decrease quickly due to fracture growth. The wellbore pressure then attains a plateau
in which the fluid pressure is balanced by the pressure along the fracture and at the
fracture tip. After pumping stops (shut-in), fractures start to close and the wellbore
pressure decreases more slowly to a value that is close to the reservoir minimal
horizontal stress (or closure pressure)?.

Among the fluid flow events described above, we identified two events that will
induce very high shear rates: flow through perforations and flow into initial fractures
during fracture propagation. We estimated the shear rates in these two situations
based on the net pressure, which is roughly the difference between the fluid injection
pressure (after accounting for frictional loss) and the minimal horizontal in-situ stress.
Perforating wellbores create 0.005-0.02 m size holes®>” with penetrating depths of 0.2-
1.0 m into the formation>. The perforation holes were modeled as cylinders while the
fracture geometry was assumed to be a thin rectangular plane based on the commonly
accepted 2D fracture geometry feature of the Perkins-Kern-Nordgren (PKN) model?.
The fracture is assumed to grow with a constant height (hy) with the growing half-
length (Xy) being much longer than h, and a width (w) ranging from 0.5-5 mm® %13,
The maximum shear rate within the rectangular fracture for a power law fluid was

evaluated as!4:
h fAP
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The injection and wellbore pressures can be estimated based on formation de[;toh]
(1000-10,000 psi'd), but the net pressure (AP) is still highly uncertain given the
difficulty in estimating the in-situ horizontal stress (3000-9000 psi* 7> 12- 16) as well as
the fracture and formation properties. Thus, AP both prior to and during breakdown

was assumed to be 200-2000 psi* 7 11, 16. 17 (roughly the wellbore pressure minus the



horizontal stress). We also considered the pressure loss due to frictional flow in the

wellbore (‘D wellbore) and through the perforations (P perofration)’;

0.807 Q2p,
P

perforation =

N, K " [11]

where 9 is the injection rate in each perforation, Ps is the fluid density, Ny is the

d

number of perforations, % is the perforation diameter, and X¢ is a dimensionless

discharge coefficient (K4~ 0.75) and

_ 1+3n B
Pwellbore = 23n * 27T nK(T)nD @Bn+ I)Q

[12]

where @ is the total injection rate and D is the wellbore diameter. This calculation

suggests these frictional losses (1~100 psi) are relatively small compared to the total

net injection pressure’. The following assumptions were made to simplify the

calculations (Table S3):

1. There were no pre-existing fractures in the formation or fluid loss due to poor
casing.

2. Each perforation-cluster successfully yields one major developed fracture!!> 17 18,
Other branching fractures surrounding the main fracture are neglected'”..

3. The number of perforation in each cluster (N r) is equal to the average number of
perforation per foot> multiplied by the length of one cluster'®, giving N, = 16.

4. Fractures vertically to the wellbore, neglecting the surface roughness, shape
irregularity, and side fractures.

5. The power law parameters were n=0.97 and K=2.1 X 103,



Table S2. Operational specifics for one single stage hydraulic fracturing operation.

. . - Midrange
Operational specifics Range in literature Value
Stage length (m) 30-180"° 107
Fracture spacing (m) 12-1207 1. 16-18 98
Number of clusters or fractures (Ny) N/A 1
Stage Wellbore diameter (D, m) 0.17
Injection rate (Q, m?/s) 0.05-0.246. 7. 11,20 0.14
Wellbore pressure (psi) 1000-10,00013
Net pressure (psi) 200-2000*
Number of perforation per meter 13-40> 11 26
Length of one cluster (m) 0.6 0.6
Perforation Number of perforation (N,) 16
Perforation diameter (d,,, m) 0.005-0.0257
Perforation length (m) 0.21-1° 0.6
Propagating Fracture width (W, m) 0.005-0.00056°-13 0.0027
fractare Fracture half length (X, m) 90-2201'1 13, 16,17
Developed fracture height (hg, m) 15-12111 13, 16,17 68




Table S3. Geometry, dimension range, and equations for calculating the shear rate
during flow through perforations and propagating fractures for a given perforation
diameter (dp) and fracture half-length (Xf). Net pressures of 200 and 3000 psi were
used as the low and high pressure drops in the fracture.

Perforation Propagating fracture
. Rectangular plane (modified PKN
Geometry Cylinder model®)
Clust
Q er ‘Q\%_y hy
Dimension Fr’\lergoraf;ti-oi_h'w b <
(m) O Q- Wellbore W Wellbore'
d..
0005002 W=0.00275; =68
e Xr=0.1-220
h AP
Shear ‘rate AR yi=( f yL/n
equation Yo =Go hs
s 2XK(+ 1)
dp(m) Vp (max, s, Vp (min, s, Xy 17 (max, s, vs (min, s,
AP=2000 psi) | AP=200 psi) | (m) | AP=2000 psi) | AP=200 psi)
0.02 1.1 %108 7.0 X106 0.1 8.4 %107 1.3 %108
0.01 5.2x107 3.4%10° 20 4.2 %103 1.3 x10%
0.008 | 4.2x107 2.6 X106 100 8.5%10° 2.6%103
0.005 | 2.5%107 7.8 X103 220 3.9x10* 1.2%103
Shear rate 105-108 103-107
range (s)
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