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The change in viscosity of cement slurry with temperature and pressure can be predicted by assuming that
hydration can be treated as an activated process and that a given viscosity corresponds to a fixed degree of
reaction. For Class H and White cements, chemical shrinkage experiments indicate that the activation energy
is 33.8 kJ/mole and rheological measurements yield an activation volume of —30 cm®/mole. With these
parameters, it is possible to predict the limit of pumpability of the slurry (which corresponds to a viscosity of
about 2.5 Pa s) for arbitrary temperature and pressure cycles. This method of prediction requires that the
physics of the process remain the same, but simply change in rate; therefore, the range of applicability is
expected to be limited to temperatures below about 100 °C, since new phases occur at higher temperatures.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The search for petroleum resources requires drilling to greater
depths, where temperatures and pressures are so high (viz., up to
200 °Cand 150 MPa in deep wells) that they challenge the capabilities
of construction materials used in the wells. In particular, sealing the
steel casing into a well requires pumping of a cement slurry to the
bottom of the well and forcing it to rise into the annular gap between
the outside of the casing and the surrounding geological formation [1].
It is essential that the cement not set prematurely (which would
require drilling it out, and would compromise the seal around the
casing), nor take excessively long to set (which would cause
expensive delays before drilling could resume). Therefore, it is
important to be able to predict the influence of elevated temperature,
T, and pressure, p, on the rheology of the cement slurry. In this work,
we measure the rate of increase of slurry viscosity, ), over a range of T
and p, and find that the change in 1) can be described by an activation
energy and activation volume. It is then possible to predict
quantitatively how the viscosity will change during an arbitrary
variation in T and p. In the present study, we restrict the experiments
to T<65 °C, corresponding to well depths of ~1500 m, so the cement
phases are those conventionally found at ambient temperature;
future work must extend to higher temperatures where other phases
occur [2].

To quantify the rheology of a cement slurry, the oil industry uses a
device called a consistometer [3]. It consists of a rotating cup with a
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volume of about 0.4751 that is filled with slurry; the viscosity is
determined from the torque exerted on a set of stationary paddles
immersed in the slurry. Pressure is applied on the slurry via white
mineral oil that fills the vessel; it is heated from the perimeter by
elements in the annulus between the rotating cup and the wall of the
pressure vessel. Consequently, the pressure response is immediate
and spatially uniform, whereas the temperature response is slower
and radial gradients of a few degrees are typical. The viscosity is
reported in Bearden consistency units, which are linearly related to
the torque, and therefore to the speed of rotation of the consist-
ometer. Based on calibrations performed at Halliburton, for the type of
instrument used in this study, the unit conversion is given by the
following empirical correlation [4]:

7Pa~sz10

50

Bc (RPM) 0.92 1)

where RPM = rotations per minute of the sample cup. For RPM = 150,
as used in the present study, the viscosity in Bc is 27.5 times the
viscosity in Pa s. The “limit of pumpability” (LOP) beyond which the
slurry is too viscous to be forced around the casing is ~70-100 Bc, or
n= 2.5 Pa s, which is roughly the viscosity of warm honey. Our goal is
to predict the time at which the viscosity of the slurry reaches this
level (LOP =70 Bc).

2. Theory

Our basic assumption is that the viscosity of the slurry corresponds
to a certain degree of hydration of the cement, so we need to be able to
predict the influence of T and p on the rate of hydration. Several
studies [e.g., 5-9] have shown that the kinetics of this process are well
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described by Avrami-type equations [10], which assume that the
process involves nucleation and growth. A recent study of the
chemical shrinkage kinetics of oil well cement [9] showed that the
reaction was well described by the Avrami-Cahn model that was first
applied to hydration by Thomas [8]. Cahn [11] extended Avrami's
model, which assumes a random spatial distribution of nuclei [12], to
the case where nucleation occurs on grain boundaries (as occurs in
phase transformations in metals). Thomas argued that this model
should also describe hydration, since the product nucleates on the
surface of the cement grains. Indeed, the model provides a better fit to
hydration kinetics of tricalcium silicate (C3S)? [8] or cement [9] with
fewer parameters than the conventional Avrami model.

The full expression of the Avrami-Cahn model is complicated, but
when the degree of reaction is small, it reduces to [9]

ngo’szG%“ )

where X is the volume fraction of the reactant transformed, 02 is the
boundary area per unit volume, Iz is the nucleation rate on the
boundary (events per unit area per time), and G is the linear growth
rate of the product. Eq. (2) applies at constant T and p for a product
that is spherical, and where Iz and G are constant. This simplified
expression was found to describe chemical shrinkage kinetics of oil
well cement over time periods exceeding the initial set, as identified
by the Vicat needle test [9]. Since that point corresponds to a viscosity
well in excess of the LOP, we can use Eq. (2) to predict the time, tp,
when the LOP is reached.

Before attempting to quantify the temperature and pressure
dependence of the parameters in Eq. (2), we should consider the
advantages and limitations of the model. The hydration of cement
involves the reaction of water with several reactants (primarily
tricalcium silicate, tricalcium aluminate, dicalcium silicate, gypsum)
and precipitation of several products (including calcium-silicate-
hydrate with uncertain stoichiometry, calcium hydroxide, ettringite
and other sulfate minerals). It is obviously a gross simplification to
describe this process in terms of a single nucleation and growth rate.
To handle the true complexity of the process requires a far more
sophisticated approach, such as the HydratiCA model being developed
by Bullard [13,14]. However, our goal is to predict the change in
rheology of the system, not to explain how the rheology depends on
the interactions of the components. That is, we suppose that a certain
level of viscosity corresponds to a certain degree of reaction of the
products; if that is so, then we only need to find out how a change in T
or p affects the time to reach that degree of reaction. Even if certain
phases have a greater influence than others [15], it does not matter to
us as long as the ensemble of phases does not change with T and p.
Therefore we regard Iz and G as global parameters that describe the
rate of formation of the ensemble of products. The validity of this
approach can be judged by the quality of the resulting predictions.

To illustrate the dependence of the nucleation and growth
processes on T, p, and composition, let us consider the dissolution of
C5S [16]

Ca,8i0; + 3H,0=3Ca”" + H,Si0;  + 40H 3)

and C-S-H with a Ca/Si ratio of 2:

C,SH,=2Ca’" + H,Si0; +20H  + 5H,0 (4)
The activity product, Q, of the latter compound is

Q = (dt) "l (abu- )" (ch)’ ”

2 We use conventional cement chemistry notation, e.g. C = Ca0, S = Si0,, H = H,0.

where af is the activity of component i at pressure p. At the solubility
limit, Q =K, so precipitation occurs when the solubility ratio,

_Q
S_R (6)

is greater than unity. The free energy driving precipitation is given by
Ap = —RTIn(S) (7)

Particles of C3S dissolve according to Eq. (3), so that the
concentration of those ions increases in the water adjacent to the
particle. When the concentration is high enough so that S>1, then it
becomes possible for C-S-H to nucleate and grow. The rates of those
processes increase with the magnitude of S.

The linear rate of growth, G, of a crystal is given by [10]

6= 2" vrpf(s)[1-exp(3F) | = 2 vmprs (1-5) @)

where Q is the molecular volume, so Q' is a molecular dimension,
is the frequency of jumps from the liquid onto the surface of the
crystal, and fis an interface site factor (or accommodation coefficient)
that represents the fraction of surface sites where attachment will be
successful; the second equality is obtained by use of Eq. (7). If the
surface is rough, then f is near unity; if the surface is smooth, then
growth may occur by attachment of atoms at the edge of a screw
dislocation or by nucleation of a disk of atoms that propagates
laterally across the surface of the crystal. The dependence of G on S in
these cases is discussed in the review by Nielsen [17].
The nucleation rate of a crystal from a solution is given by [10]

9)

_ w(T,p) _16m0*Y
b=—g exp{ 3(kT)31n2(S)}

where 7y is the interfacial energy of the nucleus. It is reasonable to
assume that v has Arrhenius-type temperature dependence, but that
would not apply to G and Iz in Egs. (8) and (9), unless the
supersaturation is so large (or the nucleation barriers are so small)
that the rates of nucleation and growth are dominated by the interface
attachment kinetics through v. In that case, we can write

AEL + pAV}

G(tp)zcoexp(— 7 )scoq(;(m) (10

where AEL and AVZ are the activation energy and activation volume
for growth, R is the ideal gas constant, and Gy is a constant. Similarly,

_AE + pAVY

Ig(T, p)=I, exp < RT >EIOQI(T7P) (11)

where AE and AV# are the activation energy and activation volume for
nucleation.
Using Eqgs. (10) and (11) in Eq. (2), at constant T and p we obtain

ngo’jlocg exp —M} ¢ (12)
where

A — 3AE§: AE} a3)
and

AVE— 3AVE + AV} (1)

4



G.W. Scherer et al. /| Cement and Concrete Research 40 (2010) 845-850 847

however, if T and p change with time, Eq. (2) must be replaced by [18]

X(t) = 47"jg(fﬁc[r(t"),p(t”)]dt”)3o‘313 [T(t'),p(t')]dt' (15)

this means that the number of nuclei formed per unit volume between
time ¢’ and t' +dt’ is OBIE[T(t'), p(t')]dt’, and each of these grows at a
time-dependent rate so that their radius, r, is described by the integral
over G from the time of nucleation (t') until the current time, t. The
volume of each particle is 4m1>/3, and the total amount of product
produced by particles nucleated at time t’ is equal to the number of
those particles times their volume. The total amount of product is
obtained by integrating over all nucleation times from O to t. To
evaluate the amount of hydration when the pressure and temperature
are increased in an arbitrary way, we must use Eqs. (10) and (11) in
Eq. (15).

We find the time at which the LOP occurs, t op, under ambient
conditions from Eq. (12):

[_ 4<AEI + pOAVI)} .

T B, -3
Xiop= 5 OyloGo exp RT, tiop (16)

3

where Ty and p, are ambient temperature and pressure, respectively.
Assuming that the loss of pumpability corresponds to a fixed degree of
reaction, X;op is not a function of T and p, so we can set Eq. (16) equal
to the right side of Eq. (15). After canceling the constants, we obtain

t 1
4(AE +pOAV) PR
RTO Lor\*0>F0

=4afe (Jirac[T(€).p(c))ac YV [1(€)p()]a (7)

where the functions gg and q; are defined in Egs. (10) and (11),
respectively. If the activation energies and volumes are known, this
equation can be evaluated for any thermal and pressure cycle to find
tiop.

Many studies have investigated the temperature dependence of
the rate of hydration, and found that it can be described by an
Arrhenius equation with an effective activation energy, AE¥, of about
35-40 kJ/mole [5-8,19-22]. Using the Avrami-Cahn model, it is
possible to separate AE_ and AE; [8]; we will use values obtained in
that way at ambient pressure [9]. There has been comparatively less
work done on the pressure effect on hydration. Some work addresses
the effect of pressure on the structure of the product, rather than the
rate of the reaction [23,24]. Several studies [25-27] have reported
acceleration in the rate of hydration under pressure. Bresson et al. [28]
found that pressures up to 100 MPa accelerated the rate of hydration
(as reflected in the change of solution conductivity), and that the
conductivity and degree of hydration were linearly related, indepen-
dent of p (implying that the pressure did not change the nature of the
reaction, only its rate). Similar conclusions were reached by Méducin
etal. [29]. Jupe et al. [30] used synchrotron X-ray radiation to perform
diffraction studies on cement hydrating within a pressure cell [31].
They found that the accelerating effect of pressure was diminished (at
180 °C) by the presence of some pozzolanic additives, but there were
also changes in the nature of the products [32]. The effect of pressure
on hydration kinetics reported in the literature [27,28,33] was
successfully modeled by Lin and Meyer [34] using an empirical
power law, rather than the activated state model used here.

exp | —

3. Experimental procedure

The experiments were performed on Class H oil well cement
(Lafarge) and White cement (Lehigh). The compositions are shown in
Table 1. Quantitative X-ray diffraction patterns were obtained on a

Table 1
Mineralogical composition of cement (wt.%).

Component White cement (WPC) Class H cement (OWC)
CsS 61.86 63.98
S 28.08 15.84
CA 4.13 0.57
C4AF 0.09 11.33
Gypsum 0.06 1.81
Bassanite 1.41 0.76
Anhydrite 2.30 3.24
Syngenite 0.00 0.30
Ca-langbeinite 0.00 0.06
Gorgeyite 0.07 0.56
Quartz 0.22 0.24
Calcite 0.08 0.00
Dolomite 0.01 0.00
Periclase 0.01 1.32
Free lime 1.60 0.13
Barite 0.08 0.01
Arcanite 0.04 0.21
Total 100.04 100.31

PANalytical X'Pert PRO diffractometer with a Cu Ko source and a scan
interval of 5-50°. C3S and C,S were obtained from the whole-sample
diffraction pattern. Sulfate-containing phases were determined after
extraction of the silicate phases with maleic acid in methanol.
Aluminate phases (C3A and C4AF), quartz, barite, calcite, dolomite,
and periclase were determined after extraction of the sulfate phases
with 10% ammonium chloride solution.

The particle size distributions shown in Fig. 1 were measured by
laser diffraction (Malvern Mastersizer 2000) with the sample
suspended in isopropyl alcohol.

Cement slurries were prepared according to ANSI/API RP10B-2
[35] using 700 g of cement and either 266 g (for Class H, w/c=0.38)
or 322 g (for White cement, w/c=0.46) of deionized water.
Thickening times were measured on a Halliburton high-pressure,
high-temperature consistometer with Chandler modifications for data
acquisition.

Chemical shrinkage experiments were performed in a novel
apparatus described in Ref. [36]. The experimental details and the
analysis in terms of the Avrami-Cahn theory are described in Ref. [9];
only the results are presented here.

Two types of consistometer experiments were performed: (1)
pressure jumps, in which the pressure was applied in <1.5 min and
the temperature equilibrated in <7 min; (2) pressure ramps, in which
T and p both increase linearly with time, arriving simultaneously (at

100 T T

—e— Class H cement

ol _ —=— White cement

a0

Cumulative weight %

20

0.1 1 10 100
Diameter ( pm)

Fig. 1. Cumulative particle size distribution for Class H and White cements.
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Fig. 2. Consistometer results for White cement during ramps over 7~40 min to the

final values. (a) po=py=0.1 MPa, To=27 °C, Ty shown on curves; (b) To=27 °C,
po=0.1 MPa, Ty =57 °C, py shown on curves.

time t=7) at hold values (Ty and py). The latter experiments are
described by

T, + <M>t ,0<t<T
T(t) = T
T, T<t
H o p ' (18)
Py + <M>t 0<t<T
P(t) = i
Py ,T<t

Class H Cement: Experiments of type (1) were performed at
To~27 °C (80 °F) and py=0.1, 34.5, 69.0, and 138 MPa. In one series
of type (2) experiments, the temperature was ramped to 57 °C
(135 °F) and the pressure was ramped to 34.5 MPa over periods of
7=20, 40, and 100 min. In other cases, T and p were both raised over
7=40 min.

White Cement: Only experiments of type (2) were performed, with
ramp time of 7=40 min, Ty~27 °C and py=0.1 MPa. Three series
were run: (i) Ty=Tp=27 °C and py=0.1, 34.5, 69.0, and 138 MPa;
(ii) Ty=57 °Cand py=0.1, 34.5, 69.0, and 138 MPa (see Fig. 2b); (iii)
pn=34.5 MPa and Ty=157, 60, and 63 °C (see Fig. 2a).

All of the LOP measurements were done in duplicate or triplicate.
The maximum relative deviation between runs was less than 8% of the
mean; however, most were within 2%. To avoid significant thermal lag
in the consistometer, the minimum ramp time is 20 min for the

temperatures used in these tests. The slurry temperature (measured
with a Type ] thermocouple in the hollow shaft of the paddle in the
center of the slurry) responds quickly to the surrounding oil
temperature with the rapid stirring rate. The temperature overshoots
and returns to the set point temperature in about 12 min. Shorter
ramp times result in higher overshoots, with a maximum of 2.2 °C
overshoot on the 20 min ramp. Beyond this time, the temperature is
controlled to within 0.5 °C of the set point until the slurry exceeds the
pumpable consistency and the heat of hydration increases the slurry
temperature. To avoid any complication from the time taken to
achieve the final constant temperature in the consistometer, the
activation energy was calculated from dilatometer experiments in a
thermostatted bath at atmospheric pressure [9]. The activation
volume was calculated from isothermal pressure jump experiments
at 27 °C. By running the test isothermally, the large thermal mass was
not an issue. Temperature calibration is performed monthly according
to ISO 10426-2 using a NIST traceable reference.

4. Results

Fig. 2 shows consistometer curves for the White cement for ramp
times of 7~40 min. As the temperature or pressure of the hold
increases, the curves shift to shorter times and become steeper. The
similarity in shape suggests that T and p have qualitatively similar
effects on the kinetics, but do not change the mechanism of the
reaction. To quantify the shift, we begin with the pressure jump
experiments. If we assume that the LOP corresponds to a fixed degree
of hydration for any cycle of T and p, then Egs. (12) and (16) lead to
the following relationship between t;op and p:

(19)

N [qopm To) } _ (p—po)AV?
tiop(Po, To) RT,

This expression should be accurate as long as 7 << t;op, Which is the
case in the experiments of type (1). Taking t;op as the time when the
consistometer curve reaches 70 Bc, we find that Eq. (19) provides a
very good fit to the data, as indicated in Fig. 3. The slope of the line is
—0.0122 MPa~!, which indicates that the activation volume is AV¥ =
—3.04 x 107> m3/mole = —30 cm’/mole =~ —51 A3/molecule. This is
about 1.7 times the volume of a molecule of water. These experiments
do not permit an accurate distinction between the activation volumes
for nucleation and growth, so for the following calculations we
assume that AVE =AVi= AV

0.0 T T T T T

In[ ‘Lop(p) / tLOP(FU) 1
5

_2.0 L 1 1 1 1 1
0 20 40 60 80 100 120 140

p(MPa)

Fig. 3. Effect of hydrostatic pressure on time, t;op, to reach the limit of pumpability.
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Fig. 4. Comparison of time until loss of pumpability calculated from Eqs. (17) and (18)

versus measured values for Class H (circles) and White cement (triangles).

If the pressure is held at py, but the hydration is performed at a
higher temperature, then the time to reach the LOP would be

. [twpmo,r)} _ AEF + poav?t <1 1 ) AE! (1 1 ) 20)
tior(Po: To) R T Ty R AT Ty

where the second equality reflects the fact that the pressure term is
negligible except far above ambient. Unfortunately, it is not possible
to make temperature jump experiments, because of the large thermal
mass of the consistometer, so we will make use of the activation
energies obtained from chemical shrinkage measurements [9].
Applying the Avrami-Cahn model to those data yields AE@% 38.5Kk]/
mole and AE}~19.5 k]/mole, so Eq. (13) gives AE*~33.8 k]/mole.
We can use these values, together with the measured values of AV*
and t;op(27 °C, 0.1 MPa), to evaluate Eq. (17) with T(t) and p(t) given
by Eq. (18) for the experiments of type (2), where 7<t;op. The
comparison of the measured and calculated times for Class H and
White cement is shown in Fig. 4, and the agreement is seen to be very
good. The same activation energies and volumes were used for both
materials.

Comparing Egs. (19) and (20), we find that the pressure jump that
would be equivalent to a temperature jump from T, to T would be

AE* (Ty—T
p—poys () @1)

For the cements studied here, for temperatures near ambient,
Eq. (21) indicates a ratio of about 3.7 MPa/°C, so a small temperature
change is equivalent to a rather large pressure increase, in terms of its
effect on the rate of reaction.

5. Discussion

The activation parameters in Eqs. (10) and (11) describe the process
of adding molecules to the product; that is, they reflect the energy
barrier for a molecule to jump from the liquid onto the crystal. In the
case of growth of crystals from the melt, the rate of this step is
sometimes approximated as being proportional to the viscosity or
diffusivity in the liquid. However, in the case of growth from solution,
the attachment of ions onto the growing product can involve quite

different motions and reactions. In particular, the activation energy for
viscous flow in water is around 18 k]/mole and the activation volume is
near zero [37], which indicates much weaker dependence on T and p
than is found for the hydration reaction. We have no information about
the nature of the critical step in adding a molecule to the product, but the
activated state formulation implies that a molecular complex is formed
which then decomposes into the products. Growth is the reverse of
dissolution, as in Eq. (4), so the same complex is expected to be involved
in both processes. Forming that complex involves an activation energy,
because bonds must be broken to construct it. The activation volume is
the difference between the molar volumes of the complex and the
reactants that create it; if the complex is denser, then the activation
volume is negative, and applied pressure will favor its formation. This is
an example of Le Chatelier's principle: the system responds to an
increase in pressure by decreasing its volume (in this case, by reactants
forming the denser activated complex). In the present situation, there
are several simultaneous reactions, so we refer to “apparent” activation
energies and volumes, which may reflect several simultaneous or
sequential processes. The apparent activation volume is negative.

Since hydration results in chemical shrinkage, the application of
pressure also changes the driving force for the reaction. Again
according to Le Chatelier, pressure favors dissolution of the cement
(ie., increase of K in Eq. (6)), because the reaction products occupy
less volume than the reactants; therefore, the supersaturation ratio in
Egs. (6)-(9) changes with p. For example, it has been observed that
the hydration reaction stops when the relative humidity drops below
~80%. That can be explained quantitatively as a result of the effect of
(negative) pressure on the solubility of tricalcium silicate [38]. In that
case, the activation volume is 2 or 3 times more negative (depending
on the stoichiometry of the C-S-H formed) than what we find for the
hydration reaction. This indicates that the effect of p on the rate of
hydration (which is modest) is not primarily related to the change in S
(which is large). As assumed above, it seems that the supersaturation
is high enough under ambient conditions that any increase in S has a
minor effect on the kinetics of hydration. Thus, we conclude that the
pressure primarily accelerates setting through its effect on the
kinetics, rather than its effect on the equilibrium solubility.

6. Conclusions

Although hydration of cement involves several chemical reactions,
it is possible to make remarkably good predictions of the effects of
temperature and pressure on the overall rate by treating hydration as
a simply activated process. Moreover, the time to reach a certain value
of slurry viscosity can be accurately predicted by assuming that the
viscosity corresponds to a certain degree of reaction. This has been
demonstrated here for the limit of pumpability and, in a companion
study [9], the same approach has been shown to be equally valid for
predicting the initial setting point. The success of this approach
implies that increases in T and p change only the rate, not the nature,
of the process. Bresson et al. [28] found that pressures up to 100 MPa
changed the rate of hydration of CsS, but did not alter the structure of
the product. However, changes are expected at elevated tempera-
tures. For example, it has been demonstrated [29] that C-S-H forms
first at 200 °C and then converts to more stable crystalline phases.
Presumably, a different set of parameters would be needed to predict
the rate of change of the properties of the slurry when new phases
begin to appear. The parameters presented in the present work have
been tested to about 60 °C, but should not be expected to permit
extrapolation above ~100 °C.
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