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ABSTRACT
During well cementing and drilling operations, proper
control of downhole pressure is critical for controlling the well,
i.e. avoiding formation fluids influx or fracturing the formation,
and hence ensuring successful well construction operations. At
the planning stage, well control is investigated using numerical
hydraulics simulations. During actual operations, annular
pressure-while-drilling (APWD) is often, but not systematically,
available while drilling but not while cementing. Here again well
control relies on simulations. Accurate prediction of downhole
pressures is therefore a key requirement for well control, whether
at the planning stage or in real-time during operations.
Fluid properties are a key input to the hydraulics
simulations, in particular fluid viscosity, which is required to
estimate friction pressure losses. A difficulty is the dependence
of viscosity on pressure and temperature. At a given shear rate,
the viscosity of drilling and cementing fluids continuously
changes within the flow path, and variations of several tens of
percent are common. Hence it is paramount to measure
cementing and drilling fluids viscosity over the pressure and
temperature domain that will be experienced in the well, but also
to fit to the measurements a pressure and temperature dependent
rheological model that will allow the hydraulics simulator to
obtain viscosity at any shear rate, temperature, and pressure
values.
We first provide an overview of the algorithms needed to
analyze rheological lab measurements, where care must be taken
to account for potential wall slip effects. We then review how to
account for pressure and temperature effects, via the use of
Arrhenius and Barus laws, and why the modeling needs should
inform the test requirements.
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𝐷
𝐿
𝐿𝐵
𝑀
𝑃
𝑅1 , 𝑅2
𝑅2∗
𝑅𝑝𝑙𝑢𝑔
𝑅̃
𝑅2
𝑆𝑀
𝑇
𝑎𝑖
𝑘
𝑘𝑓
𝑛
𝑟
𝑠
Ω
𝛼
𝛾̇
𝛾̇𝑁
𝜅
µ
𝜏
𝜏𝑦

Cook’s distance
effective bob height (m)
bob height in contact with fluid (m)
torque (N)
pressure (Pa)
inner and outer radii of the rheometer gap (m)
effective outer radius of the rheometer gap (m)
radial position of the yield surface (m)
ratio of rheometer outer and inner radii (-)
coefficient of determination (-)
torque mismatch function (N·m)
temperature (K)
ith fit parameter
rheometer spring conversion factor (N·m·deg -1 )
rheometer spring number (-)
power index of the fluid (-)
radial coordinate (m)
fit mean square error
rotation speed (rad·s -1 )
rheometer dial reading (deg)
rate of strain (s -1 )
Newtonian rate of strain (s -1 )
consistency of the fluid (Pa·s n )
fluid viscosity (Pa·s)
shear stress (Pa)
yield stress of the fluid (Pa)

INTRODUCTION
Hydraulics simulations are run systematically at the well
construction planning stage to ensure that the well can be drilled
and completed safely and will later perform reliably. Despite
continuous progress in the sophistication of the hydraulics
models, simulation results can only be as good as their inputs are.
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A critical set of input parameters is that of fluid properties, and
chief among them is viscosity. As the well construction fluids are
viscoplastic, their viscosity is a function of shear rate. In
addition, viscosity is also strongly affected by temperature and
pressure. Given the wide range of temperatures and pressures
encountered in wells, viscosity variations are significant and
affect the dynamic pressures experienced in the flow path.
Inaccurate viscosities can therefore jeopardize well control.
Yet measuring viscosity is challenging, especially since
measurements must be performed almost continuously during
well construction operations due to changes in the fluid
compositions. Measurements are performed using rugged
oilfield rheometers of the Couette type and follow a
recommended process documented in [1–4]. For fluids
exhibiting a high yield stress value, measurements at low
rotation speeds, hence low shear rate, are often affected by wall
slip. We propose a simple technique to automatically detect wall
slip and therefore exclude the associated measurements. Another
challenge is that to be used in hydraulics simulations, the raw
measurements must be fitted to suitable models that will provide
continuous properties versus shear rate, pressure, and
temperature. We review several options for fit functions and
discuss their applicability, considering our experience with well
construction fluids.
Where this paper differentiates from the majority of prior
work is that we aim to examine the entire process starting fro m
unfiltered rheology readings to producing a pressure &
temperature dependent viscosity model usable in the context of
a cementing hydraulic simulation rather than focusing on a
specific sub-part.
DETERMINATION OF DRILLING AND CEMENTING
FLUID RHEOLOGICAL PARAMETERS
Couette Rheometer Theory
We consider a classical oilfield Couette rheometer
consisting of a cup and a bob as depicted in Fig. 1. The test fluid
is placed in the annular gap between the cup and the bob. The
cup rotates at a controlled rotational speed Ω, and the resulting
torque 𝑀 is measured on the bob and read via a dial, on a 0 to
360 degrees scale. We note the bob radius 𝑅1 and the cup radius
𝑅2 . They are also the inner and outer diameter of the annular gap
respectively.
The torque value is related to the dial reading 𝛼 by the spring
conversion factor 𝑘 and the spring number 𝑘𝑓 through the
relation [5]
𝑀 = 𝛼 ⋅ 𝑘 ⋅ 𝑘𝑓

where 𝑟 is the radial coordinate in the annular gap, 𝐿𝐵 is the
height of the cylindrical part of the bob in contact with the fluid
and 𝐶𝑓 is a geometry correction factor for the flow end effects at
the top and bottom of the bob. We assume here that 𝐶𝑓 is not a
function of the rheological parameters, although that assumption
does not always hold as discussed in [6]. To simplify notations,
we note 𝐿 = 𝐿𝐵 𝐶𝑓 the effective bob height. We see that the shear
stress is maximu m at the bob and monotonically decreases with
𝑟.

FIGURE 1. Cut view schematic of an oilfield Couette Rheometer, with
bob radius 𝑅1, inner cup radius 𝑅2. The grey area on the right-hand side
depicts unyielded fluid at yield surface position 𝑅𝑝𝑙𝑢𝑔. The cup rotates
at rotation speed Ω.

The key to performing an accurate analysis of the
experimental data is to obtain the shear rate 𝛾̇ and the shear stress
𝜏 at the same location (at the bob), while the shear rate is only
known experimentally at the cup. Solving the flow equation in
the rheometer is therefore required to determine the shear rate at
the bob.
For Newtonian fluids of viscosity 𝜇, the shear rate at the bob
2𝑅̃2
is 𝛾̇ 𝑁 = 2 Ω where 𝑅̃ = 𝑅2 /𝑅1 . From the Newtonian
𝑅̃ −1

constitutive law 𝜏 = 𝜇𝛾̇𝑁 , we immediately have the relationship
between the dial reading, rotational speed and geometry, and a
simple linear regression will provide the best evaluation of the
viscosity.
For the more general case of viscoplastic fluids, with
Herschel-Bulkley
constitutive law
𝜏 = 𝜅𝛾̇ 𝑛 + 𝜏𝑦 , the
relationship between torque, rotational speed and rheological
parameters is implicit and non-linear [5].

(1)

Ω=

The shear stress 𝜏 in the annular gap is obtained via the
relation [5]
𝜏=

𝑀
2𝜋𝐿𝐵 𝐶𝑓 𝑟 2
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FIGURE 2. Rheometer data for a cement slurry, displayed using a log-log scale in (a) and a linear scale in (b). ◊ symbols are average dial readings.
The solid line – shows a Herschel-Bulkley fit (𝜅 = 15.6 Pa ⋅ s 𝑛, 𝑛 = 0.19, 𝜏 𝑦 = 0 Pa) using the full data set. The dash line - - shows a HerschelBulkley fit (𝜅 = 0.22 Pa ⋅ s 𝑛, 𝑛 = 0.68, 𝜏 𝑦 = 32.5 Pa) restricted to speeds strictly greater than 10 rpm. Assuming 𝜏 𝑦 = 32.5 Pa, the orange zone
corresponds to partially yielded fluid. Above the orange zone the fluid is fully yielded, while the red zone below the orange zone corresponds to
unobtainable readings as the fluid would be fully unyielded. The orange zone upper and lower limits are obtained from torque values 𝑀𝑢𝑝𝑝𝑒𝑟 =
2𝜋𝐿𝑅22 𝜏 𝑦 and 𝑀𝑙𝑜𝑤𝑒𝑟 = 2𝜋𝐿𝑅21𝜏 𝑦, converting from torque to readings using equation (1).

Recalling that the shear stress in the gap decreases from the
bob wall to the cup wall, we have introduced 𝑅2∗ , the radius of
the yield boundary, to handle the case where the fluid is partially
yielded in the annular gap and a plug-flow region extends fro m
the cup wall into the annular gap up to position 𝑅2∗ . This situation
occurs when
a) the shear stress at the cup is smaller than the yield stress
𝑀
of the fluid:
2 ≤ 𝜏𝑦 , while
2𝜋𝐿 𝑅2

b) the shear stress at the bob is still greater than the yield
𝑀
stress:
2 > 𝜏𝑦 .
2𝜋𝐿 𝑅1

Finally, if 𝜏𝑦 ≥

𝑀
2𝜋𝐿 𝑅12

, the shear stress is smaller than the

yield stress everywhere in the annular gap. Theoretically there
should therefore be no flow in the rheometer, and we should have
Ω = 0 unless slip occurs at the bob wall.

with:
𝑀

𝑅𝑝𝑙𝑢𝑔 = √
2π𝐿 𝜏

To determine the rheological parameters {𝜅, 𝑛, 𝜏𝑦 }, we run
the rheometer at different speeds and obtain a set of 𝑚 pairs
{𝑀𝑗 , Ω𝑗 }. The American Petroleum Institute has defined
recommended speeds at which measurements are taken [1–4].
These are 600, 300, 200, 100, 6 and 3 rpm for drilling fluids and
300, 200, 100, 60, 30, 6 and 3 rpm for cementing fluids. Solving
equation (3) numerically, we determine for each Ω𝑗 the
̃𝑗 (Ω𝑗 , 𝜅, 𝑛, 𝜏𝑦 ). We define the
calculated inner wall shear stress 𝑀
mismatch function
𝑚
2
𝑆𝑀

𝑅2∗

can also be thought of as the effective outer radius of the
annular gap. In summary:
𝑅2

if

𝑅𝑝𝑙𝑢𝑔 if

𝑅2∗ =
{

𝑅1

if

𝜏𝑦 <
𝑀
2π𝐿𝑅2 2

≤ 𝜏𝑦 <
𝜏𝑦 ≥

2π𝐿𝑅1 2
𝑀
2π𝐿𝑅1 2

2

̃𝑗 (Ω𝑗 , 𝜅, 𝑛, 𝜏𝑦 )}
= ∑{𝑀𝑗 − 𝑀

(6)

𝑗=1
2
𝑆𝑀
is then minimized as in [6], paragraph IV, to determine
the parameters {𝜅, 𝑛, 𝜏𝑦 }.

𝑀
2𝜋𝐿𝑅2 2
𝑀

(5)

𝑦

(4)

Experimental challenge
The analysis of several thousands of rheological tests has
highlighted that fluids exhibiting a high yield stress often give
rise to unreliable dial readings at low rotation speeds, typically
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in the range 3 to 20 rpm. This behavior is illustrated with
experimental data from Table 1.
In Fig. 2, we plot the average dial readings versus rotation
speed. The left-hand-side plot uses a log-log scale while the
right-hand-side plot provides the same data in linear scale. The
log-log scale is required to visualize the fit adequacy at speeds
below 20 rpm. It is evident that the readings at speeds 3 and
6 rpm are not aligned with the reminder of the experiment al
points. In addition, when fitting the Herschel-Bulkley parameters
to the full data set, the results look suspicious due to a very low
power index and a nil yield stress.
Restricting the analysis to rotation speeds greater than
10 rpm provides entirely different results, with a yield stress of
32.5 Pa. Given the fluid yield stress and equations (1) and (4) we
calculate the critical readings at which the fluid becomes
partially yielded and would become unyielded. These boundaries
are highlighted in Fig. 2. The orange zone corresponds to
readings for which the fluid is partially yielded while the red
zone corresponds to unobtainable readings. Assuming that our
analysis correctly discarded abnormal readings and therefore that
the fluid truly exhibits a 32.5 Pa yield stress, readings at speeds
20 rpm and below should fall in the orange zone, with the fluid
partially yielded. Although that is indeed the case for readings at
10 and 20 rpm, it is not for readings at 3 and 6 rpm. As we
systematically observe issues when taking measurements in the
partially yielded regime, we conclude that this regime cannot be
established in a stable manner in the rheometer, and that instead
wall slip takes place. Cement slurries and spacers are indeed
suspensions of high solids volume fraction (SVF). The SVF of a
typical class G cement slurry is 41%, while SVF values as high
as 64% are achieved with multi-modal slurries. Hence, as
suggested in [7], it is likely that when approaching the partially
sheared flow regime, the suspension does not behave as a singlephase fluid anymore and that instead a small, liquid-only layer
develops at the bob surface, providing lubrication and therefore
leading to wall slip.

will ensure the capture of a measurement at the lowest rotation
speed where the torque value is still meaningful. In our example,
additional measurements had been taken at 20 and 10 rpm, such
that the analysis can be carried out with speed values down to 10
rpm.
In conclusion, the correct determination of the rheological
parameters requires the elimination of all {𝜏𝑗 , Ω𝑗 } pairs affected
by wall slip. In order to obtain reliable and consistent results,
independently from the rheometer operator or the engineer
reviewing the lab test results, this process should be automated.

TABLE 1. Rheometer data for a cement slurry.

Where 𝐷𝑖 is the Cooks distance for the 𝑖 th reading, 𝑦̂𝑗 is the
𝑗 fitted response with the fit including all of the observations,
𝑦̂𝑗(𝑖) is the 𝑗 th fitted response of the fit computed with 𝑖 th
observation removed and 𝑠 is the mean square error for the fit:

Detection and mitigation of wall slip and other outlier
readings
The impact of the wall slip on the rheological measurements
can be significant, especially for the viscoplastic yield stress
fluids such as those used in well cementing [8]. It typically
occurs at lower shear rates and leads to difficulties in
determination of rheological parameters as the true effective
viscosity is being underestimated by the recorded readings [9].
Several methods have been suggested for both the
estimation of the effect and accounting for it in the context of
rheometer measurements [10] – such as the use of multiple
rheometer geometries for the same fluid or roughened or serrated
rheometer walls.
In typical use case where the readings are available for
single rheometer geometry only, a simple method for detecting
and handling anomalous readings such as those where wall slip
is encountered is needed. For that, we propose an algorithm
based on computation of Cooks distance for individual readings.
Original definition of the Cooks distance in [11] as applied
to a multi-parameter linear fit 𝑝-parameter function to 𝑞 data
points is:
𝐷𝑖 =

∑𝑞𝑗=1(𝑦̂𝑗 − 𝑦̂𝑗(𝑖) )2
𝑝𝑠 2

(7)

th

Speed
(rpm)

Dial Reading
(deg)

600
300
200
100
60
30
20
10
6
3

118
100
88
85
80
74
72
70
34
30

The inevitable occurrence of wall slip for fluids exhibitin g
high yield stress values calls for the modification of practices [1–
4] to include more rotation speeds between 30 and 6 rpm. This

2

𝑠 =

∑𝑞𝑗=1(𝑦𝑗 − 𝑦̂𝑗 )2
𝑞−𝑝

(8)

It is worth noting that Cooks distance was originally defined
in application to linear regression. Computation of rheology
from rheometer readings is however accomplished via a non linear fit method. Moreover, the fit function suggested to be used
in Cooks distance computation (shear stress vs. shear strain) is
also non-linear. However, multiple studies on the subject of
identifying outliers suggest that Cooks distance is a valid (and as
importantly robust) measure of influence of well-behaved nonlinear models, for example [12, 13].

4

© 2022 by ASME

The algorithm for dealing with anomalous readings is
therefore as follows. Given a set of rheometer readings for a
single rheometer rheology at multiple shear rates, compute the
Cooks distance for each reading and flag up all readings that are
over 3 times the average Cooks distance. These can then either
be brought to the attention of the operator as potentially
experiencing wall slip (especially if at low shear rates) or
automatically discarded from the rheology fit computations.
RHEOLOGY AS A FUNCTION OF PRESSURE AND
TEMPERATURE
The need for rheology measurements at various
pressure and temperatures
The viscosity of drilling and cementing fluids usually
changes significantly as a function of temperature and often
pressure, particularly in the case of drilling fluids.
Table 2 provides measurements for a cement slurry at 80 °F
and 184 °F. The higher temperature corresponds to the maximu m
temperature that can be achieved in unpressurized rheometers.
Unfortunately, pressurized rheometers are used very rarely with
cement slurries, due to the complexity of running the
measurements while avoiding the setting of the slurry. Notice the
drop in readings value as temperature increases. At 100 s -1 this
translates into a drop in viscosity from 290 cP to 110 cP.

indispensable to fully model the fluid viscosity changes over the
set of pressures and temperatures encountered in the well.
Pressure and temperature dependent rheology in
cement placement simulations
Simulation of the cement placement in the well is a crucial
step in the process of well design. The key parameters computed
are minimum and maximu m pressures in the well to satisfy the
formation pore and fracture security and the final positions of
fluids to ensure the cement coverage of the intended range of
depths at the end of placement. The models and simulators vary
in their approach – from hydraulic simulators focusing on bulk
placement effects [14] to detailed models tracking fluid interface
evolution [15].
TABLE 3. High-Pressure High-Temperature rheometer data for a
synthetic based drilling fluid. Dial readings in degrees taken at 600, 300,
200, 100, 6 and 3 rpm. * symbols indicate measurements that could not
be obtained as they were off the scale. These values can nevertheless be
extrapolated to obtain a uniform data set for some of the interpretation
algorithms.

TABLE 2. Rheometer data for a cement slurry at 80 °F and 184 °F
respectively (27 °C and 85 °C)
80 °F

184 °F

Speed
(rpm)

Dial Reading
(deg)

Speed
(rpm)

Dial Reading
(deg)

300
200
100
60
30
6
3

135
106
77
59
45
29
26

300
200
100
60
30
6
3

85
61
34
22
13
4
4

Table 3 provides measurements for a drilling fluid at 20
different pressure and temperature pairs. Analyzing each row
individually and using the resulting rheological parameters we
can calculate the viscosity at 100 s -1 and plot the results in Fig. 3,
where each line corresponds to a single test pressure. As
expected, we see that viscosity decreases as temperature
increases, but also that viscosity increases as pressure does.
Notice the change of viscosity magnitude as a function of
pressure: at 180 °F the viscosity changes by more than a factor
2.5 when pressure increases from surface condition to downhole
conditions of 15,000 psi. Although this effect is mitigated by the
fact that as pressure increases so does temperature, large
viscosity changes do take place in the flow path. It is therefore

Temperature
(°F)

Pressure
(psi)

600
rpm

300
rpm

200
rpm

100
rpm

6
rpm

3
rpm

40
40
40
100
100
59
63
72
125
125
78
87
103
151
151
98
110
135
176
176

0
3742
7484
11226
14969
0
3742
7484
11226
14969
0
3742
7484
11226
14969
0
3742
7484
11226
14969

280
*
*
256
*
208
255
296
199
244
149
184
201
168
200
123
146
148
142
169

156
225
304
143
180
116
140
164
113
138
86
102
113
95
115
72
84
87
84
96

117
163
228
104
132
84
102
120
83
102
64
75
83
72
85
54
63
66
64
72

73
99
137
63
79
53
62
71
53
63
42
47
53
47
55
37
42
44
44
48

23
27
34
18
22
18
19
20
18
21
16
16
18
18
19
15
17
18
18
19

20
23
29
16
19
16
16
17
17
18
14
14
16
17
18
13
15
16
17
18

The common core calculation in these models is that of
friction pressure drop in a pipe or annular geometry [16]. For
these, the correct estimation of viscosity of the fluids for the full
range of pressures and temperatures encountered is essential. If
they are to be used in the simulators, a key constraint placed on
the methods for computation of fluid rheological parameters is
continuity of the stress/strain relationship with variation of
pressure and temperature. A discontinuity would be both non physical when it comes to the expected fluid viscosity and lead
to step changes in computed well pressures with smoothly
varying boundary conditions. This in turn would not be physical
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and can result in root finding failures in the numerical methods
used.
Pressure and temperature dependent rheology –
methods for fitting
As a starting point for fitting a pressure and temperature
dependent function describing the rheology of the fluid, we
assume rheometer measurements have been taken at 𝑁 points in
the pressure temperature domain. For each pressure temperature
point (𝑃𝑖 , 𝑇𝑖 )𝑖=1…𝑁 , the rheometer dial readings {α𝑖,𝑗 }
have
𝑗 =1…𝑚

been recorded at a fixed set of 𝑚 rotational speeds {Ω𝑗 }

𝑗=1…𝑚

with the same rotational speeds used at different pressures and
temperatures. The goal is to compute Hershel-Bulkley
rheological parameters for any pressure or temperature
{𝜅, 𝑛, 𝜏𝑦 }(𝑃, 𝑇) - typically for further use in calculations of
friction pressure drop.

domain were presented in the past, most notably in [18] and [19],
which introduced the concept of the rheology “3D data cube”.
The disadvantage of this approach is the propagation of the
experimental errors in the individual rheometer readings. A
deviation in a reading at a specific rotational speed is reflected
in the interpolated readings and therefore the computed
rheological parameters. Additionally, for each different pressure
and temperature, a computationally costly calculation of
rheological parameters from rheometer readings needs to be
performed. This can have a significant impact in the context of
fluid simulations where the rheological parameters need to be
computed repeatedly for changing values of pressure and
temperature.
Rheological parameters interpolation. Another
approach that can be taken is to compute Herschel-Bulkley
rheological parameters for each (𝑃𝑖 , 𝑇𝑖 )𝑖=1…𝑁 producing a set of
parameters {𝜅𝑖 , 𝑛𝑖 , 𝜏𝑦,𝑖 } 𝑖=1…𝑁 . These rheological parameters can
then be interpolated individually to produce the interpolated
rheological parameters for the fluid {𝜅̅, 𝑛̅, 𝜏̅ 𝑦 }(𝑃, 𝑇).
This method avoids the costly computation of rheological
parameters from rheometer readings for each different pressure
and temperature required, instead replacing it with a rapid
interpolation step. Additionally, by construction, the rheological
parameters and therefore shear stress / strain relationship is
continuous with variation of pressure and temperature.
However, beyond a narrow range of close rheological
parameters the physical validity is problematic – specifically
with the interpolation of the power index.
Shear stress / shear rate interpolation. The preferred
approach addressing the shortcomings of the rheometer readings
and rheological parameters interpolation is to interpolate the
shear stresses at a range of strains. For each (𝑃𝑖 , 𝑇𝑖 ) 𝑖=1…𝑁, a set
of Herschel-Bulkley rheological parameters {𝜅𝑖 , 𝑛𝑖 , 𝜏𝑦,𝑖 } 𝑖=1…𝑁 is
computed using the inversion of the flow equations in the
Couette rheometer as above. Shear stresses {𝜏𝑖,𝑘 }𝑘=1…𝐿 are
computed for fixed number of shear rates {𝛾̇ 𝑘 }𝑘=1…𝐿 using the
Herschel-Bulkley constitutive equation:
𝜏𝑖,𝑘 = 𝜏𝑦 ,𝑖 + 𝜅𝑖 𝛾̇𝑘 𝑛𝑖

FIGURE 3. Isobar viscosity curves (at 100 s-1 shear rate) as a function
of temperature.

Rheometer readings interpolation. An initial ad hoc
approach is to construct an interpolated set of rheometer readings
at the desired pressure and temperature. That is, for each
rotational speed Ω𝑗 an interpolated reading α
̅𝑗 (𝑃, 𝑇) is
constructed by interpolation of the recorded readings α𝑖 ,𝑗 over 𝑁
available pressure and temperature points. The interpolated
readings {Ω𝑗 , α
̅𝑗 (𝑃, 𝑇)} are then used to compute HerschelBulkley parameters with an established method such as for
example inversion of the flow equations in the Couette
rheometer [17] or described above. Methods to interpolate
rheometer data recorded over a wide pressure and temperature

(9)

The shear rates can be chosen to correspond to the rotational
speeds Ω𝑗 or be for example covering the anticipated range of
shear rates encountered. For a specific pressure and temperature,
the shear stresses are interpolated for each shear rate to produce
a set of interpolated shear stresses { 𝜏̅𝑘 }𝑘=1…𝐿 (𝑃, 𝑇). As the last
step, Herschel-Bulkley rheological parameters are fitted to the
interpolated shear stress / strain set {𝛾̇𝑘 , 𝜏̅𝑘 , }𝑘=1…𝐿 using a
Gauss-Newton parameter fit.
There are several advantages to this approach: the initial fit
of Hershel-Bulkley rheology allows for more straightforward
filtering out of outlier readings such as those due to wall slip.
Subsequent interpolation of shear stress at fixed shear rate with
pressure and temperature has a more solid physical background

6
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as discussed in the next chapter. Finally, whilst the Gauss Newton parameter fit is not as computationally quick as an
interpolation, it is significantly faster than inversion of the flow
equations, leading to good overall performance when computing
rheological parameters for multiple pressures and temperatures.
Pressure and temperature dependent rheology – fit
surfaces
In the shear stress / shear rate interpolation approach above,
the pressure temperature dependency comes from the
interpolation of shear stresses {𝜏𝑖,𝑘 }𝑘=1…𝐿 computed at
measurement pressure and temperatures (𝑃𝑖 , 𝑇𝑖 ) 𝑖=1…𝑁 from the
Herschel-Bulkley rheological parameter fits to the rheograms.
As the shear stress is proportional to viscosity for fixed shear
rate, we use the well-established interpolation functions for
viscosity with pressure and temperature [20-22]. For temperature
interpolation, these can be generalized as:
ln(𝜇) = 𝑎1 +

𝑎2

+ 𝑎4 ln(𝑇) + 𝑎5 𝑇 + 𝑎6 𝑇 2
𝑇 − 𝑎3
𝑎7 𝑎8
+ 2+ 3 +⋯
𝑇
𝑇

several strains with rheometer data listed in Table 3. In this and
other examples the goodness of fit is similar – however an
advantage of using the fit functions (13) or (14) over (12) is that
in cases with readings at fewer pressure and temperature points
or a high degree of collinearity both pressure and temperature
dependence can be preserved in the fitted function. For the
coefficient of determination 𝑅 2 at a given value of strain 𝛾̇ we
use:
𝑅2 = 1 −

ln(𝜏) = 𝑎1 +

𝑎2

𝑎3

+ 𝑎4 𝑃
𝑎4 𝑃
ln(𝜏) = 𝑎1 + + 2 +
𝑇
𝑇
𝑇
𝑎2 𝑎3
(
)
ln 𝜏 = 𝑎1 + + 2 + 𝑎4 𝑃𝑇
𝑇 𝑇
𝑇
𝑎2

+

𝑇2
𝑎3

Fit function
𝑎2 𝑎3
+
+ 𝑎4 𝑃
𝑇 𝑇2
𝑎2 𝑎3 𝑎4 𝑃
ln(𝜏 ) = 𝑎1 +
+
+
𝑇 𝑇2
𝑇
𝑎2 𝑎3
ln(𝜏 ) = 𝑎1 +
+ 2 + 𝑎4 𝑃𝑇
𝑇 𝑇
ln(𝜏 ) = 𝑎1 +

(11)

(12)
(13)
(14)

Here, the 𝑎1 + 𝑎2 /𝑇 term is an Arrhenius temperature
interpolation, the 𝑎3 /𝑇 2 term allows for occasionally observed
non-monotone behavior with temperature and the last term
accounts for pressure dependence.
The choice of these specific fit functions over other possible
ones is dictated by several considerations. They build on prior
work [20-23] validated experimentally and used in multiple
contexts. They do not exhibit discontinuities or kinks that would
be both non-physical and create difficulties when used in the
context of a flow simulation. Table 4 shows the 𝑅 2 coefficient of
determination for shear stress / shear strain interpolation for

(15)

TABLE 4. 𝑅2 coefficient of determination for shear stress / shear strain
interpolation for fit functions (12-14) for a range of shear rates with
rheometer data as listed in Table 3.

(10)

with constants 𝑎1 , 𝑎2 determined by the fit. Based on the
typical number of non-collinear pressure temperature points
available, it is practical to restrict the number of fitted
parameters. As a compromise fit function achieving a good fit
with fewer parameters, we have considered a generalized
Arrhenius-type interpolation in temperature combined with
Barus-type interpolation in pressure:

∑𝑁
( ) ̅̅̅̅̅̅̅
𝑖=1(ln 𝜏𝑖 − ln(𝜏))

where 𝜏𝑖 is the shear stress computed from the fitted
rheology model at (𝑃𝑖 , 𝑇𝑖 ), 𝑓𝑖 is the value of the fitted function
(12-14) at (𝑃𝑖 , 𝑇𝑖 ) and ̅̅̅̅̅̅̅
ln(𝜏) is the mean of ln( 𝜏𝑖 ) 𝑖=1…𝑁

with the constants 𝑎1 , 𝑎2 , 𝑎3 , .. determined by the fit.
Introducing pressure dependence to the viscosity interpolation is
done via generalization of the Barus equation [23]:
ln(𝜇) = 𝑎1 + 𝑎2 𝑃

2
∑𝑁
( )
𝑖=1(ln 𝜏𝑖 − 𝑓𝑖 )

𝑅 2 at
300 s-1

𝑅 2 at
100 s-1

𝑅 2 at
20 s-1

0.983

0.972

0.945

0.991

0.981

0.954

0.972

0.959

0.933

Aside from evaluating the goodness of fit, it is useful to
visualize the fit surfaces to get a qualitative understanding of the
results. Using again the data set from Table 3, we apply fitting
function (12) and obtain the fit surface displayed in Fig. 4 at a
shear rate value of 100 s -1 . The fit proves very good visually
except at the low temperature, medium to high pressure corner
of the (𝑃𝑚𝑖𝑛 , 𝑃𝑚𝑎𝑥 )x(𝑇𝑚𝑖𝑛 , 𝑇𝑚𝑎𝑥 ) domain, where the fit function
struggles to match the rapid increase in viscosity. Such
conditions typically occur in deep water wells, within the riser
annulus or within the drill pipe near seabed. The low
temperatures result from the near freezing temperatures close to
seabed and the strong heat exchange between the riser and the
sea water due to sea currents. As the drill pipe–riser annular gap
is quite large, friction pressure losses in this part of the flow path
are negligible, such that the fit inaccuracy in this region has little
to no impact on the accuracy of the hydraulics simulations and
the well security. If these conditions are encountered in the drill
pipe on the other hand, they will lead to inaccurate surface
pressure predictions. Enhancements to the model may therefore
still be required but are dependent on the gathering of additional
experimental data at low temperatures and high pressures to
confirm the very sharp rise in viscosity.
Finally, an important consideration in both the choice of the
fit functions and the applicability of the interpolated rheology is
how well the available rheology readings are spread in the
pressure temperature plane. Data sets that are collinear or nearly
collinear are not uncommon and from numerical standpoint
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necessitate a switch to fit functions with fewer fit parameters. In
the functions (12-14) above this results in dropping the 𝑎3 /𝑇 2
and 𝑎2 /𝑇 terms if required.
Related is the question of the domain in the pressure
temperature plane where the interpolation is applicable. Taking
a conservative approach of restricting the interpolation to the
convex hull enclosing the experimental data can result in an
overly limited domain, considering we expect the shear stress
versus temperature and pressure to be a well-behaved function.
The compromise solution is to accept the interpolated results in
the bounding box for measured pressure and temperature
readings - (𝑃𝑚𝑖𝑛 , 𝑃𝑚𝑎𝑥 )x(𝑇𝑚𝑖𝑛 , 𝑇𝑚𝑎𝑥 ). At the same time, the
operator should be informed of how the rheological
measurements correspond to the actual pressure temperature
domain encountered by the fluid during placement as well as any
data shortcomings such as collinearity.

readings may be affected so they can be discarded. Additionally,
we highlight the need for the inclusion of more rotation speeds
between 30 and 6 rpm to better mitigate the effect.
Moving on to using multiple rheometer data sets taken at a
number of pressures and temperatures, we propose a shear
stress / shear strain interpolation method which allows for
filtering out of experimental errors and outliers whilst providing
computation performance necessary for repeated calculations in
the context of a hydraulic simulation. Comparatively simple
four-parameter Arrhenius-Barus fit functions are proposed
which achieve good fits to real-life experimental data.
Finally, using the interpolated rheology model in the
hydraulic simulation highlights the need for the experiment al
data to cover the expected pressure temperature domain
encountered by the fluids to avoid extrapolation beyond the
range of validity. Pitfalls such as uneven coverage of the domain
or collinearity of the measurements should be avoided or at least
identified in calculations and highlighted to the operator.
Further work in analysis and mitigation of rheometer
measurement issues, improvement of interpolation methods and
more in-depth studies of validity of the approach require
availability of greater number of diverse rheometer data sets for
cementing and drilling fluids.
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FIGURE 4. Viscosity fit surface at 100 s-1 shear rate. The black spheres
represent the experimental data points. The domain highlighted in red
corresponds to the {Pressure, Temperature} domain seen by the drilling
fluid during a cementing operation.

CONCLUSION
In this paper we have attempted to highlight both the process
and the challenges of utilizing the Couette rheometer rheology
data in pressure and temperature dependent simulation of
cementing fluid placement. This is a multi-stage process, at each
stage of which it is important to identify and filter out data
measurement errors and other potential shortcomings.
Starting with the analysis of a single rheometer data set, the
effect of the wall slip on the measurements and therefore the
computed rheological parameters can be significant. We propose
a method based on Cook’s distance to identify which of the
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