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ABSTRACT

Vane methods combined with direct shear tests are widely applied to measure the yield stress 7
in concentrated suspensions such as cement slurries. This report reviews three different vanes
with different shapes and sizes, and examines the relationship between the yield stress versus the
torque and the shear rate versus the angular velocity. This research shows that vanes with conical
shapes or reduced height/diameter ratio (H/D) result in larger yield stress values.
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1. INTRODUCTION

For some non-Newtonian fluids, yield stress is an important rheological parameter (Assaad et al.,
2014). Yield stress in cement slurries gives an indication of the ability of the cement to flow and
be pumped into the well. Accurately predicting the yield stress for cement slurries, drilling
fluids, and concentrated suspensions is important in many industries (Assaad et al., 2016),
especially the oil and gas industry. Cement slurries are designed to be pumpable during
placement in the well and to then hydrate quickly and develop strength (Watts et al., 2018),
thereby reducing wait on cement time (WOC) (Li et al., 2016). Physical testing as well as
advanced computational modeling techniques are widely used to study the cement behavior
including the mechanical and chemical properties (Ferraro et al., 2017; Tao, 2017; Tao et al.,
20194d).

In theory, the yield stress could be obtained from low shear rate tests. The difficulties related to
yield stress measurements are discussed in Moller et al. (2009), Dinkgreve et al. (2016), Nguyen
and Boger (1992), and Coussot (2014). Coussot (2014) and Coussot et al. (2002) reviewed
different methods to measure the yield stress for thixotropic non-Newtonian fluids. Roussel et al.
(2012) have suggested two different critical strains in fresh cement pastes: 1) the largest critical
strain, which is related to the breakage of the colloidal interactions between cement particles
shortly after mixing; 2) the smallest critical strain, which is related to the breakage of the early
hydrates. Cement slurries exhibit thixotropic behavior, which can cause different yield stress
measurements: 1) the dynamic yield stress measured through the flow curve at equilibrium state
(zero shear rate), which is the minimum stress to keep or stop the flow; 2) the static yield stress
required to initiate flow starting from rest to the steady state flow before the structure is broken
down. The static yield stress, related to the end of elastic behavior and the beginning of plastic
deformation is higher than the dynamic yield stress, related to the transition between plastic and
viscous flows (Nguyen and Boger, 1992). Both the dynamic and the static stress of fresh cement
are measured in a rotational rheometer with vanes (Assaad et al., 2016; Qian and Kawashima,
2018). Michaux and Defosse (1986) indicated that the yield stress of cement slurries exhibited a
peak value at low dispersant concentration and decreased to zero at high concentration. The
dispersant seemed to break the structure through attractive interparticle forces. To monitor the
yield stress condition of the cement slurry in real-time, wireless sensor network-based
monitoring systems can be used (Rice et al., 2012; Guan et al., 2014, 2018).

This summary report examines some basic constitutive relations for modeling cement slurries in
Section 2. In Section 3, experimental techniques to measure the yield stress are discussed.
Section 4 summarizes the vane method for different vane shapes and the height/diameter ratios
(H/D) combining with the direct shear test to calculate the yield stress from the torque
measurements.
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2. CONSTITUTIVE RELATIONS

A recent and detailed review of the constitutive relations for cement slurry is provided by Tao et
al. (2020). Cement slurry is considered a non-Newtonian fluid with a yield stress and can be
thixotropic (Marchesini et al., 2019; Lootens et al., 2004; Tao et al., 2019b). The Bingham fluid
model (Bingham, 1922) is the simplest model to describe a fluid with a yield stress and is widely
applied to describe the visco-plastic nature of cement slurries at low shear rates, where

T =T, Y (1)
where 7 is the shear stress, 7,, is the constant yield stress, 1,, is the plastic viscosity, and y is the

shear rate. In addition, the power law model and the Herschel-Bulkley model are also used to
describe the relationship between the shear stress and the shear rate: the power law model,
proposed by Ostwald (Larson, 1999) describes the fluids with shear-dependent viscosities:

T = Kpn @)

where Kk is the consistency factor, # is the flow behavior index (the power-law exponent),
measuring the degree of non-Newtonian behavior, and y is the shear rate.

Herschel and Bulkley (1926) generalized the Bingham model by introducing a three-parameter
model:
T=1, +ky" 3)

where 7,,, k and n are constants. The measured values of k are 2.5 or 0.25 and n as 0.75 or 1.25
for cement (Banfill, 2003).

All the above relationships are given in their simple one-dimensional forms. For the full detailed
constitutive models, in three-dimensional forms, see Tao et al. (2018, 2019a, 2019¢, 2020).




The Importance of Vane Configuration on Yield Stress Measurements of Cement Slurry

3. EXPERIMENTAL TECHNIQUES TO MEASURE THE YIELD STRESS

Experimental measurements for the yield stress are usually conducted either by direct rheometric
techniques or indirect techniques.

Direct techniques are performed by slowly shearing the material and the yield stress is recorded
as the peak shear stress when the flow is initiated (Assaad et al., 2014). It measures the yield
stress directly instead of using shear stress versus shear rate data. The direct method includes:

1) Stress relaxation (Nguyen and Boger, 1983; Fischer et al., 1961): yield stress is the
residual stress remaining in the fluid upon the steady state of flow. It is only suitable for
fluids with yield stress independent of shear history and has poor reproducibility.

2) Creep/recovery experiment (Petrellis and Flumerfelt, 1973; Mewis and Spaull, 1976):
when stresses are higher than yield stress, strain increases indefinitely with time without
strain recovery and a steady shear rate showing viscous flow is obtained. Some fluids
show an obvious change of slope of the creep curve while other fluids are not obvious for
yield stress. Imposed stress approaches were applied to the later cases. Yielding could
occur at gradually low stresses, due to combining the elastic deformation and viscous
flow from breakdown and relaxation (start of irreversible plastic deformation) of fluid
under low stress. Only viscous flow occurs at upper yield stress. A new definition for
yielding is based on strain instead of stress from the finding that yielding occurs at a
constant shear strain, although different yield stress values are obtained. The
creep/recovery method is more sensitive and less destructive than other techniques. Creep
data should be applied carefully with thixotropic fluids where the yield stress is sensitive
to shear history. Also, wall slip, inertia, and damping of the instrument could lead to error
for creep data.

3) Stress growth experiment (Vinogradov and Malkin, 1980; Speers et al., 1987):
shearing a fluid at low and constant shear rate and measure the shear stress as function of
time. Three regions are observed on the stress versus time curve: 1) initial linear portion
for elastic solid behavior; i1) nonlinear curve for stress overshoot, and iii) stress decay
region. Different yielding criterion were proposed including the peak shear stress and the
point where stress-strain is no longer linear.

4) Vane method (Nguyen and Boger, 1983, 1985): measure the peak torque-time
response by rotating the vane immersed in the fluid.

5) Cone penetration (Moore, 1965; Keentok, 1982): sink a metal cone under constant
force into a flat horizontal surface of the fluid. Decrease of shearing area between the
cone and fluid results in a graduated decrease in shear stress. The cone stops at some
depth when the shear stress equals to yield stress.

6) Methods based on static equilibrium of an immersed body (Boardman and Whitmore,
1961).

7) Static stability on an inclined plane (Nguyen and Boger, 1992).

The disadvantage of direct techniques for measuring suspension materials like cement include
difficult implementation action such as monitoring the shear stress accurately at low shear rates
(Ferraris et al., 2001; Nguyen and Boger, 1983; Banfill and Saunders, 1981) and the wall slip
effects, which cause under-estimation of the yield stress (Saak et al., 2001; Barnes, 1995).
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Indirect techniques are used to determine the yield stress by extrapolating to zero shear rate from
a series of shear stress versus shear rate data. The indirect method includes the direct data
extrapolation and extrapolation with flow models, such as linear the Bingham model, the
nonlinear Casson model, and the Herschel & Bulkley model. The disadvantage of the indirect
techniques includes the sensitivity to the model parameters and the experimental data at low
shear rates (Ferraris et al., 2001; Banfill and Saunders, 1981).

According to Nguyen and Boger (1992), dynamic mechanical measurements could also be
applied to obtain the structural and deformation behavior of viscoplastic fluids at stresses below
or near the yield stress. Common techniques include the oscillatory shear testing under sinusoidal
deformation of small amplitude. The advantage of this technique is its nondestructive nature with
less disturbances for yielding and other rheological behavior. Dynamic behavior at small
deformation and large deformation is applied under low stress area as an addition for steady
shear measurement.

The ideal yield stress measurement needs a virtual plane of material inside the suspension, where
the shearing happens within the material itself other than between the material and an object
(Zhang et al., 2010; Assaad et al., 2016). One of the most widely used techniques to measure the
yield stress is the vane method since there is no wall slip during the shearing process which
happens within the material (Saak et al., 2001; Nguyen and Boger, 1985; Liddel and Boger,
1996). The next sections discuss the vane method.
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4. YANE METHOD FOR CEMENT SLURRY

The vane method, originating from soil mechanics and described in detail in ASTM D2573
(ASTM Standard, 2008), has become the standard way of measuring the yield stress 7,. The
vane consists of two or more blades (4 or more blades provide more consistency in the
measurement) and should be fully submerged in the sample material. The yield stress is a
function of the vane diameter (D) and height (/) and the vane is rotated at a low enough shear
rate so that the maximum torque, T, required to initiate flow is then recorded. Following Assaad
et al. (2016), this report summarizes their method of determining the relationship between the
yield stress and the torque due to the vane geometry as well as the shear rate and angular velocity
for vanes with different shapes and with different H/D.

4.1 YIELD STRESS VERSUS TORQUE

This section looks at the relationship of the yield stress and the torque for vanes with four blades
and three different blade shapes which sweep: 1) a cylinder, 2) a cone, and 3) a coaxial-cylinder.

4.1.1 Cylindrical Arrangement

For the cylindrical case the vanes have rectangular-shaped blades, which generate a cylindrical
volume inside the material. The yielding happens along the periphery of the cylindrical surface.
On either side of the cylindrical surface, the un-yielded material exists. Figure 1 shows the
configuration of cylindrical vanes with three different height/diameter ratios.

D

@ (b)
©

Figure 1: (a) Lateral view; (b) top view; (c) four-bladed cylindrical vane (H/D=2.4, 2 and 1.5)
(Assaad et al., 2016).
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The relationship between the torque T, and the yield stress 7 is:

Tm = KTO (4)

where K is a parameter which depends on the geometry of the vane.

The torque, T, due to the shear stress at the lateral section, g, is:

D D nD?H
TSZTSASEZTS'(HDH)'EZTS > (5)
The torque, T,, due to the shear stress at the top and the bottom sections, 7, is:
R D/2
T, = f T, 2mrdr -1 = an T, T2dr (6)
0 0
If these two torques are combined (added):
T[DZH D/2
T =Ts + 2T, = 1, + 47Tf T, 12dr (7)
0

Assuming that maximum torque occurs on the yield surface, the shear stress at the lateral section
T and the shear stress at the top and the bottom sections 7, equal the yield stress 7, where 7, =
Ts = T, then:

D
T nD?H +4 f? 24 [(ﬂD3> (H N 1)] K ®)
=Ty | toridr=1|l—||l=+=])| =Kt

where the quantity in the bracket can be defined as K appearing in Equation (4):

D3\ (H 1
Kcylinder: T <5+§> ©)

K¢yiinger for the four-bladed vanes shown in Figure 1 are as follows:
Four-bladed vane with H/D of 2.4 (H=24mm, D=10mm), K,yinger=4.29 X 10~°m?
Four-bladed vane with H/D of 2 (H=24mm, D=12mm), K¢y jinger=6.33 X 107°m?
Four-bladed vane with H/D of 1.5 (H=18mm, D=12mm), K;y;inger=4.97 X 10~°m?

In these examples from Assaad et al. (2016), K;yjinqer is the largest at the ratio H/D of 2 for the

four-bladed cylindrical vane.

4.1.2 Conical Case

Figure 2 shows the configuration of conical vanes with two different H/D. The vanes have triangle-
shaped blades, which shear a conical volume inside the material.




The Importance of Vane Configuration on Yield Stress Measurements of Cement Slurry

©
Figure 2: (a) Lateral view; (b) top view; (c) conical vane (H/D=2 and 1.5) (Assaad et al., 2016).

The torque T due to the shear stress 7 at a lateral section is:

L
T, = f 2nrdx - toxtanf (10)
0
Now, r = xsinf = xz%, thus,
D L
T, = Ttane‘rsj x2dx (11)
0

where x is the distance varying from 0 to L (see Figure 2(a) for notations).

The torque, T,, due to the shear stress, 7., at the top is:

D/2 D/2
T, = f T, 2mrdr T = an T,r2dr (12)
0 0

Assuming that at maximum torque, the shear stress at the lateral section, 7, and the shear stress
at the top and the bottom sections, 7., is equal to the yield stress 7, where 7, = 75 = 7¢:
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nD L3 (D/2)®* nD (D? 5
T =T +T, ZTtClTLHTO?-FZT[ToT:? T-I_L tanf | 7, (13)
Where the geometric parameter, K, in Equation (4) is now given by:
D\ [ D?
Kcone = <?> T + thanB (14)

The values of K, for conical vanes shown in Figure 2 are as follows:
Conical vane with H/D of 2 (H=24mm, D=12mm), K,,,=2.31 X 107®m3
Conical vane with H/D of 1.5 (H=18mm, D=12mm), K,,,.=1.88 X 107°m3

Coaxial-cylindrical case

T ™

N N|

R,
R L R A
R R R,

Inner
cylinder

~

AR Y
SRR

T
S<<<<S<<<<

NI NI
F

Outer cylinder

(b)

()
Figure 3: (a) Lateral view; (b) top view; (c¢) coaxial vane (H/D=2 and 1.5) (Assaad et al., 2016).

Figure 3 shows the configuration for the coaxial vanes with two different height/diameter ratios.
The vanes have slotted rectangular-shaped blades, which shear a coaxial cylindrical volume
inside the material.




The Importance of Vane Configuration on Yield Stress Measurements of Cement Slurry

The torque, T, due to the shear stress, 74, at a lateral section is:

D D d
T, =D - 2h’ (E) T3 + mDh (E) 1, — dh <E> T, (15)

The torque, T,, due to the shear stress, ., on the top and the bottom sections is:

D/2 d/2
T, = 271[ T, r2dr + 271[ T, r%dr (16)
0 0

If these two torques are added then:

T, =T, + 2T, (17)

Assuming that at maximum torque, the shear stress at the lateral section, g, and the shear stress
at the top and the bottom sections, 7., are equal to the yield stress, 74, where 7, = 74, = 7, then:

T = |5nD2H — S nd?h + 2 D*+d%)| 7 = nD3<H+1)+nd3(1 h) (18)
m= 2" 2" 6 =7 p*3) 7 \57g)|%
where the geometric parameter, K, in Equation (4) is now given by:
D3 /H 1\ md®/1 h
Koo = |7~ (5+3)+ 7 G 3) (19

For the coaxial-cylindrical vanes shown in Figure 3, the K,,q,iq are calculated as follows:

Slotted vane with H/D of 2 (H=24mm, D=12mm, A=12mm, d=4mm), K ,qxia1=5-5 X
107®m3

Slotted vane with H/D of 1.5 (H=18mm, D=12mm, /=8mm, d=4mm), K., qxiai=4-4 X
107®m3

A summary of the equations that define K for three vane configurations as a function of the H/D
is given in Table 1.

Table 1: Summary of the value of K with different vane configurations

Vane Configuration Relationship between T, and 7

- nD3\ (H 1
Cylindrical vane Keytinger = - (E + §)
nD\ (D?
Conical vane Keone = (?) - L*tand
. nD3/H 1\ md®/1 h
Coaxial vane K oaxiar = T<5+§) +T<§_E>

10
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4.2 NORMALIZATION WITH DIRECT SHEAR TEST
The vane method is applied to measure the absolute value of the yield stress (7). Assaad (2016)

conducted measurements on cement pastes using a direct shear test to determine the shear

strength property, cohesion (C). Due to the relatively limited ranges of responses and variability
within test data, T, was normalized with a corresponding C value from direct shear tests. The
normalized yield stress is:

|0l =

C
x 100

(20)

Table 2 shows the absolute value of the yield stress and the normalized yield stress for different
cement pastes with various vane configurations. The direct shear test data is taken from Assaad’s
data (Assaad et al., 2016).

Table 2: Yield stress to(Pa)-the absolute value and (the normalized value)—for
different pastes with various vane configurations

Cement

4-Blade Cylindrical Vane

Conical Vane

Coaxial Vane

Paste H/D=2.4 H/D=2 H/D=1.5 H/D=2 H/D=1.5 H/D=2 H/D=1.5
731.4 768.2 754.4 756.2 792.5 710.7 702.3
Paste #1 559.5
(30.72) (37.3) (34.83) (35.16) (41.64) (27.02) (25.52)
612 604.5 670 692.5 742 563 571
Paste #2 473
(29.39) (27.8) (41.65) (46.41) (56.87) (19.03) (20.72)
451.8 462 510.3 482 507.6 448.8 490.8
Paste #3 326.8
(38.25) (41.37) (56.15) (47.49) (55.32) (37.33) (50.18)
237.4 260.1 273 266 281.7 223.7 236.2
Paste #4 197
(20.51) (32.03) (38.58) (35.03) (42.99) (13.55) (19.90)
203.6 200.5 226.9 189.6 213 192.7 209
Paste #5 168.3
(20.97) (19.13) (34.82) (12.66) (26.56) (14.50) (24.18)
121.9 133.2 117.7 134 152 128 121.2
Paste #6 91.2
(33.66) (46.05) (29.06) (46.93) (66.67) (40.35) (32.89)
58.1 56 54.8 62.3 63.9 53.6 52
Paste #7 43.5
(33.56) (28.74) (25.98) (43.22) (46.90) (23.22) (19.54)

4.3 SHEAR RATE VERSUS ANGULAR VELOCITY

This section looks at the relationship between the rotation speed (known as angular velocity, (1)
of the vane and the rate of shearing (y) along coaxial-cylinders rheometer for cement slurry
(Lanos and Estell¢, 2016). Lano’s method (Lanos and Estell¢, 2016) was applied for this
calculation, which generates more accurate flow curves than other methods assuming a

11
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homogeneous shear. It is assumed that the outer cylinder is equivalent to the inner wall of the
rheometer with the radius R. and the vane, which generates the inner cylinder with the radius R;.
Two cases, including the fully and not fully sheared gap between cylinders, are considered in the
calculation. The fluid is considered as the Bingham fluid model with yield stress . Figure 4
shows the configuration for the coaxial vanes at lateral view and top view for the shear rate
calculation. The vanes have slotted rectangular-shaped blades, which cut a coaxial cylindrical
volume inside the material.

Inner
cylinder

ek S

I
QQQQQ$€€QQ
(%]

Quter cylinder

f

D
@ (b)

Figure 4: (a) Lateral view; (b) top view.

The angular velocity (1 is calculated as:

"dw / "t(r) — —1(r r
Q= | —dr= ]Zdr =f A dr =~ o )—Eln<—> (21)
R, AT T R, HT 2u U R;

where u is the plastic viscosity and 7 is the yield stress.

2
For the case of the partially sheared gap, 7 < I;%, and the shear rate is:
i

_ 20
y=1_ To ln(T) (22)

T_TO TO

2
For the case of the fully sheared gap, 7 > 7, Z%, and the shear rate is:

2T R T/RN\N? T
}7=ZQ+—Oln<—e>+—(—l> _D (23)
[ R;/  u\R, 7

12
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S. CONCLUSIONS

Yield stress indicates the ability of a material to flow, an important rheological property for
multiple applications. Cement is a fluid/particle system that is typically considered to have a
yield stress. Cement is used in the oil and gas industry to isolate the well—it needs to be
pumpable during placement in the well and needs to harden quickly after placement to prevent
formation fluids from migrating through the cement. It is important to determine the best method
to measure yield stress and the influence of the method on the results. The vane method is a
widely acceptable method to measure yield stress as it eliminates wall slip, an issue with some
methods which can introduce error into the measurement.

Various vane configurations are used in commercial instruments. This report compiled the
results of a literature review of several common vane configurations on the yield stress
measurement for cement pastes. The values of the yield stress are shown for standard generic
shapes: cylindrical, conical, and coaxial-cylindrical cases with different H/D. The direct shear
test can be used to normalize the calculated yield stress from the vane method. The normalized
data has a lower standard deviation when compared to the data that was not normalized;
therefore, if the direct shear test can be administered, it would be beneficial to normalize the
results. A typical direct shear device designed for measuring soils must be retrofitted in order to
measure cement slurries, which have an initial low yield stress at early times after mixing (which
initiates the hydration process). Direct shear devices are typically used to measure the yield
stress of soils with low water content. This report examined the relationship between shear rate
and angular velocity for the coaxial-cylinder case. These relationships provide guides for the
petroleum and cement industry when conducting similar tests.
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