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Abstract

The balanced cementing is one of the most important measures to ensure the well cementing quality. Borehole fluids expand with the formation
heating and compress with the fluid column pressure, which causes variations of the borehole fluids density. Inadequate choose of injected
fluids density can easily cause the pressure unstable because of the narrow safety pressure window, big temperature difference & pressure
difference of deep wells and high temperature & high-pressure wells. By the self-developed HTHP fluids density variation gauge, the author has
measured the density variation curves of water, spacer fluids, cement slurry and mineral oil affected by temperature and pressure, and selected
the suitable density model for the temperature & pressure variation of cement slurry. This paper mainly introduces the operating mechanism and
experimental phenomena of the self-developed gauge, and then calculates the static equivalent density curves of water-base and oil-base mud
with different injecting density under the condition of different down-hole geothermal gradients, providing references for the density design of
drilling and cementing fluids of deep wells and high temperature & high-pressure wells.
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Abbreviations: RBF: Radial Basis Function; MLP: Multilayer Perceptron; LSSVM: Least Square Support Vector Machine; GA: Genetic Algorithm;
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Introduction
intelligent approaches. In particular, Adamson et al. reported the

effect of high temperature and high pressure on the drilling fluid
density as the source of the wellbore instability in HTHP wells [3].
Kutasov proposed a model with empirically regression coefficients
for determining the density of downhole drilling fluids [4] at the
University of Texas calculated the effect of the drilling fluid density

Many difficulties are encountered during drilling and well
completion in high-temperature and high-pressure (HTHP)
environments. One such challenge is that the density of the
drilling fluid and cement slurry is not constant but changes with
temperature and pressure [1]. Predicting the true density of a

downhole working fluid has become a key issue in the design and on the downhole pressure based on a component model for the

construction of drilling and cementing to prevent blowout and drilling fluid density [5] proposed a density model for pure and

leakage in HTHP wells within a narrow pressure window [2].

Due to technical difficulties and high economic and time
costs in measuring the actual densities of drilling and completion
fluids under high temperatures and high pressures, integrated
algorithms and models for drilling fluid prediction have been
proposed, including linear empirical analytical, correlation and

mixed-salt brines [6] studied the effects of temperature and
pressure on the density of water- and diesel-based drilling fluids
[7]. used a materials balance approach to develop a composition
prediction model for the density of water- and diesel-based
drilling fluids, i.e., a so-called “composite model” [8]. However,
different components of the drilling fluid (water, oil and the solid
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phase) must be separately tested to determine the respective
rules before the model can be applied. Application of this model
is thereby restricted. Babu at the Indian Oil Corporation, Limited
used an empirical model for the drilling fluid density to determine
the effect of changes in the drilling fluid density on the static
pressure but produced an evidently problematic formula [9].
Wang at the SINOPEC Petroleum Exploration and Production
Research Institute developed an empirical model for the drilling
fluid density [10]. This model does not distinguish between the
effects of oil and water on the density and was not validated by
experimental data. Intelligent models have been proposed in
recent years, such as the radial basis function (RBF) [11-13],
multilayer perceptron (MLP) [14,15] and least square support
vector machine (LSSVM) based on the original model of Suykens
[16,17], genetic algorithm (GA) [18], imperialist competitive
algorithm (ICA) [19], particle swarm optimization (PSO) [20] and

composite models thereof. A variety of density models have been
used for oil- and water-based drilling fluid systems worldwide,
but a cement slurry model has not been developed. Therefore, the
objective of this study was to design an instrument for measuring
the drilling fluid density in a well at a specific temperature and
pressure and to use the obtained data to develop an appropriate
density model for a drilling fluid and cement slurry.

Experimental Instruments, Principles and Methods
Experimental instruments

Figure 1 shows the instrument designed to measure changes
in the density of a bottomhole fluid in HTHP environments.
The three main components of the instrument are a tank, a
temperature control system and a pressure-volume-temperature
(PVT) pressure control system.
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Figure 1: Schematic of the instrument designed for measuring changes in the fluid density in an HTHP environment.
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Figure 2: Schematic of the experimental method.
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The tank is used to hold the fluid sample to be tested and
provide a closed HTHP-resistant environment.

The main components of the temperature control system are
a 7040 thermostat and a temperature sensor. The experimental
scheme consists of using different heating durations and
target temperatures to simulate the downhole environmental
temperature.

The main components of the PVT pressure control system are
a PVT pump and a PVT data acquisition system. The PVT pump
accurately controls the tank pressure through the displacement of
a piston, and the PVT data acquisition system accurately measures
the volume change of the fluid that drives the piston under a given
pressure.
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Figure 3: Effect of temperature on the fluid density.
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Experimental principle Experimental method
Changes in the volume of the test fluid in the tank with i. The test fluid is fed into the tank. If the test fluid is a

the temperature and pressure cause the PVT piston to move.
The computer control system calculates the volume of the
outflow/inflow of the tank through a displacement sensor. The
corresponding change in the weight of the fluid for a fixed tank
volume (250ml) was used to calculate the density of the fluid at
this temperature and pressure as given below.

That s,

v, — p,Av
p1:p00 pl (1)

Vo

p =00 (2
v, +Av

where

p, —— Initial density of the fluid at the ground surface

V0——Tank volume

p,——Downhole fluid density

AV——Density of the fluid in the inflow/outflow of the tank

cement slurry or weighted mud, a small quantity of water should
be added to the top of the tank.

ii. The temperature control system is used to set the
temperature at different test points following the same procedure
used to test the compressive strength of a cement slurry, as
shown in Figure 2. The temperature at each test point should
be maintained for more than 30 minutes (e.g., the length of time
between A and B should be greater than 30 minutes) to ensure
that all the fluid in the tank is heated to the same temperature.
Tests are performed by increasing the fluid temperature from low
to high. Figure 2 Schematic of the experimental method

ii. The test pressures at different test temperature points
are set by the pressure control system.

iv. At the end point of each constant-temperature test
segment (B, D and F in Figure 2), the inflow and outflow volumes
of the tank are recorded.

V. The density at each end point is calculated according to
Equation (2).
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Analysis of the Effects of Temperature and Pressure on
the Fluid Density

Effect of temperature on the fluid density

Changes in the densities of the spacer fluid, fresh water and
mineral oil were determined at different temperatures and a
fixed pressure of 6.89MPa. The test results presented in Figure 3
show that temperature affected the densities of the three fluids to
different extents. Increasing the temperature from 20°C to 120°C
resulted in a decrease in the densities of the spacer fluid, fresh
water and mineral oil of 5.58%, 7.3% and 7.76%, respectively.

Effect of pressure on the fluid density

Changes in the densities of the spacer fluid, fresh water and
mineral oil were determined at different pressures and a fixed
temperature of 30°C. The initial densities of the spacer fluid and
the mineral oil were 1.04 g/cm?® and 0.85 g/cm? respectively.
The test results presented in Figure 4 indicate that the pressure
affected the density of the three fluids to different extents.
Increasing the pressure from atmospheric to 63MPa resulted in a
decrease in the densities of spacer fluid, fresh water and mineral
oil of 13%, 17.6% and 7.7%, respectively.
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Figure 4: Effect of pressure on the fluid density.
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Figure 5: Relationship between the densities of downhole fluids and the well depth.
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Effect of temperature and pressure on the fluid density

Tests were performed on the spacer fluid, fresh water and
mineral oil using the procedure described in Table 9.12 of the

Procedure for Testing Well Cements (GB/T 19139-2003) with a
geothermal gradient of 3.5°C/100 m [21] and the test conditions
shown in Table 1. The test results are shown in Table 1 and Figure
5.
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Figure 6: (a) Drilling fluid density profile predicted using the Dodson-Standing model. (b) Drilling fluid density profile predicted using the
Sorelle model.
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Table 1: Effects of the temperature and pressure on the densities of downhole fluids.

Well Depth (M) Temperature (2) Pressure (MPa) Fresh Water (g/cm?) Spacer Fluid (g/cm?) Mineral 0il (G/cm?®)

0 20 0.1 1 1.04 0.85

445 27 7.2 1.019 1.051 0.912

1237 50 20 1.011

1620 62 26.2 1.042 0.843

2300 81 37.2 0.998 1.038 0.842

2944 101 47.6 0.997 1.037 0.838

3327 112 53.8 0.834

3580 120 57.9 0.998 1.034

The test results showed that as the well depth increased from
0 m to 2,944m, the densities of the spacer fluid, fresh water and
mineral oil decreased by 0.288%, 0.30% and 1.4%, respectively,
under the combined effect of temperature and pressure.

Selection of a cement grout density model

Drillbench software has been used to establish a PVT model,
a heat-transfer model and a flow model to describe the variation
in the drilling fluid density with the temperature and pressure.
Three density models have been established for water-based
fluids: the Dodson-Standing, Kemp-Thomas and Sorelle models.
These models produce quite different predictions. Figure 6 show

the density of a water-based drilling fluid (with a density of 1.9
g/cm? at the surface temperature of 20°C) calculated using the
Dodson-Standing and Sorelle models, respectively.

Table 2 is a comparison of the experimental results and the
model predictions, showing that the Dodson-Standing model
is more suitable than the Sorelle model for describing a cement
slurry under downhole conditions.

Effect of the geothermal gradient and initial inflow fluid
density on the equivalent static density (ESD)

Drillbench software has been used to establish four density
models for oil-based fluids: the Standing, Glass, Sorelle and Table
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models. The Sorelle (0il) model is recommended among these

models.

Figure 7 & 8 show the results of using the Sorelle (oil) and
Dodson-Standing models to calculate the ESD of fluids with
different initial inflow fluid densities. Figure 7 & 8 show that at

the lower the drilling fluid density and the higher the geothermal

gradient are, the larger the impact of the temperature and pressure

Table 2: Comparison of cement slurry densities obtained by experimental measurements and different models.

on the density is. Table 3 shows that changes in temperature and
pressure produce larger density changes in oil-based drilling
fluids than in water-based drilling fluids.

Measurement Dodson-Standing Model Sorelle Model
Well Denth Bottomhole Bottomhole Outflow
ell Dept Temperature Pressure Volume Densi- Density Calculated Density | Calculated Density Ra-
(m) (@) (MPa) (ml) ty (g/ Ratio y: Density (g/ Ratioy2 | Density (g/ tio y3 (%)
cm?®) (%) cm?) (%) cm?®)

0 20 0.1 0 1.895 0 1.9 0 1.9 0
1000 50 18.6 -3.03 1914 101 1.902 101 1.887 99.3
2000 80 37.3 0.65 1.889 99.7 1.894 99.7 1.868 98.3
3000 110 55.8 2.71 1.87 98.7 1.878 98.8 1.85 97.4

Table 3: Comparison of the effect of the density and geothermal gradient on the reduction in the fluid ESD.

Well Depth (M) | BHST (@) | Density Changes at 1.2 g/cm® (%) | Density Changes at 1.8 g/cm?® (%) | Density Changes at 2.0 g/cm?® (%)
Water-Based Oil-Based Water-Based Oil-Based Water-Based Oil-Based
0 20 0 0 0 0 0 0
3000 170 2.66 3.66 1.83 2.6 1.55 2.39
4000 220 4.25 5.08 3 3.61 2.55 3.3
5000 270 5.58 6.41 3.8 4.6 33 4.14
6000 320 6.16 8.4 4.2 5.6 3.55 4.94

Note: The geothermal gradient is 5/1/100m.
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Figure 7: (a) ESD of oil-based mud at 1.2sg. (b) ESD of oil-based mud at 1.5sg. (c) ESD of oil-based mud at 1.8sg. (d) ESD of oil-based
mud at 2.0sg. )
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Test results and discussion

i. The initial inflow fluid density can be selected from
Figures 8 to 15 based on the formation equivalent density and the
types of drilling and completion fluids.

ii. To calculate the stable pressure for HTHP cementing, the
effective residual pressure should be calculated using the actual
density in the well considering temperature and pressure effects.

Conclusion

i. A set of methods for evaluating changes in the fluid
density in HTHP environments has been established, and a test
instrument with high operability has been designed.

ii. Temperature and pressure have quite different effects
on water-based fluids than oil-based fluids. For both water- and
oil-based drilling fluids, the actual fluid density in deep wells
decreases with increasing well depth, and the fluid density in the
upper well segment is slightly higher at low geothermal gradients
than at high geothermal gradients.

iii. The lower the drilling fluid density and the higher the
geothermal gradient are, the larger the impact of the temperature
and pressure on the density is. Changes in the temperature and
pressure produce larger density changes in oil-based drilling
fluids than in water-based drilling fluids.

iv. As the well depth increases from 0 m to 5,000 m at 250
°C, the densities of water- and oil-based muds decrease by 5.58%
and 6.4%, respectively.

V. The Dodson-Standing model is suitable for evaluating
the effect of temperature and pressure on the density of a cement
slurry.

Vi. The downhole ESD map calculated by Drillbench
software can be used to select the initial inflow fluid density that
stabilizes the formation pressure.
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