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Abstract

The presence of hydrates in a deepwater environment poses a serious challenge to successful drilling, cementing, and production [Barcelos et al. 1994, Biezen and Ravi 1999]. In particular, at depths where the hydrates are found, the drilled hole-size is large [Ravi et al. 1999]. A large volume of cement-slurry is needed to seal the annulus at these depths. The heat released during hydration of this large volume of cement-slurry could destabilize the hydrates and release gas. The consequence of this could vary from being a nuisance to a catastrophic event, depending on the extent of gas released

The thermodynamic-stability curve of the hydrates can be used to engineer cement systems so that during cement slurry hydration the stability envelope of hydrates is not breached.  The parameter of the cement system optimized to achieve this objective is the heat of hydration of cement slurry.

Laboratory tests are presented and discussed to measure the heat of hydration. The importance of these parameters in the design of cement slurry to prevent hydrates destabilization is presented and discussed.  

The work presented in this paper should help the industry prevent hydrates destabilization during the curing of cement slurry. This should help in preventing problems associated with gas coming to the surface in deepwater environment, during the curing of cement slurry. The solution, when implemented, should help solve a serious problem in deepwater environments and improve safety and economics.  

Introduction

There are unique challenges in drilling and producing hydrocarbons in deepwater environments [Simmons and Rau 1988, Griffith and Faul 1997]. The cold temperature at the seabed, potential shallow waterflow, and presence of hydrates are examples of such challenges. The hydrates tend to become unstable at higher temperatures. The pressure, volume, and temperature (PVT) characteristics of the hydrate at the location of interest are needed to know the actual temperature at which the destabilization could take place. The composition of these hydrates could be different from location to location. For instance, consider a case where hydrates destabilization could occur at 20°C (68°F). Let the temperature at the seabed be 4°C (40°F). In this case, the window between the temperature of cement slurry in the annulus and the hydrates-destabilization temperature is narrow. The annulus is large at these depths. This means effective mud displacement might be a challenge under these conditions [Beirute et. al. 1991]. This also equates to a large volume of cement slurry. Cement slurry hydration is an exothermic reaction, and heat is released during the process. The rate and total amount of heat released during hydration determines the change in temperature of the surrounding formation (hydrates). It is the rate and the total amount of heat released during hydration which need to be optimized to help prevent the destabilization of hydrates. One liter of methane hydrate solid under downhole conditions could contain, on average, 168 liters of methane gas at standard temperature and pressure (STP) of one bar and 0°C. The release of this gas could be a challenge to the safe and economic drilling, completion, and production of hydrocarbons.

In addition to preventing the destabilization of hydrates, the cement-slurry should help prevent shallow waterflow. The slurry should develop gel strength rapidly to achieve this objective. It is a challenge to meet both the objectives of lower heat of hydration and rapid gel strength development. This necessitates fine-tuning the slurry formulation to the downhole conditions.   

A laboratory test procedure was developed to measure parameters that could be used to calculate the heat of hydration of cement slurry. Two lightweight slurries at a density of 11.5 lb/gal were tested. One was a conventional slurry and the other was a modified slurry with the objective of lowering the heat of hydration. This was accomplished by incorporating additives into the cement slurry that lowered the heat of hydration and at the same time did not delay the static gel strength development. The early-time compressive strength reached was adequate for subsequent well operations.  

Test Procedure

Heat of hydration can be estimated from a recorded adiabatic temperature profile during the curing of cement. The temperature profile was measured by placing the cement-slurry inside of an insulated test cell, seen in Fig. 1.  
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Fig. 1—Experimental design used for measuring adiabatic-temperature increase during cement-slurry hydration.

The test apparatus consisted of an insulated test cell placed inside of a container surrounded by insulation material. The cement slurry in the insulated test cell is insulated from gaining or losing heat to the surroundings during hydration. Thus, a (near) adiabatic condition is maintained. Both cement designs were mixed to an 11.5 lb/gal density at identical volumes and placed inside separate insulated test cells. A thermocouple with an attached temperature recorder was placed in each cell, and the entire system was placed inside the large insulating container and allowed to cure over three days. After curing, the temperature recorders were removed and the temperature-versus-time-data was created.

The static gel strength of the two cement designs was tested using a torque measuring device. A temperature and pressure profile mimicking downhole conditions was used. The seabed temperature was estimated to be 37°F. The bottomhole circulating temperature was estimated to be 55°F and the bottomhole static temperature was estimated to be 64°F. During the static gel strength testing, the temperature profile that was used allowed the temperature to drop from slurry temperature after mixing to 55°F in 42 min. After three hours, the system was ramped to 64°F in 10 min. The pressure schedule followed an original hold at 500 psi, followed by a ramp to downhole pressure.  

Results

The adiabatic temperature-versus-time plot recorded during curing of the conventional and modified slurries can be seen in Fig. 2. The conventionally designed cement system reached a maximum temperature of 208°F in 930 min, while the modified cement design reached a maximum temperature of only 156°F in 1,110 min.  
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Fig. 2—Adiabatic temperature as a function of time for two curing cements in a thermally insulated container.

The static gel strength profile for the conventional and modified cement design can be seen in Fig. 3. In both cases, the gel strength increases at around four hours. Previously, the static gel strength of both the slurries is very low. This means that the hydrostatic pressure exerted by the cement-slurry column in the annulus should be able to prevent fluid influx from the formation. However, the increase of the static gel strength in the conventional design was more gradual than in the modified design. The modified slurry design shows better static gel strength development than the conventional slurry in spite of its lower heat of hydration.  
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Fig. 3—Static gel strength development over time for the conventional and modified cement designs.

Consider a deepwater well with water depth of 1000 m (3,363 ft) shown in Fig. 4. The surface casing is 22-in. and is set at a depth of 1350 m (4,429 ft). The hydrates are more prone to destabilization from 1000 m to 1350 m (3,363 to 4,429 ft) during cement-slurry hydration. This is because at these intervals, the pressure might not be high enough to compensate for increase in temperature during cement slurry hydration.  The temperature of the cement slurry hydration and for slurries with different heat of hydration is shown in Figs. 5 and 6.
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Fig. 4—Well schematic.

Discussion

Traditionally, heat of hydration has been a difficult property to test because an accurate calculation would require an adiabatic test cell and tight controls on the volume of material tested. However, the insulating test cell used is an adequate method for estimating the heat of hydration. By insulating the system, the cement-slurry is placed in an isolated environment. This minimizes any outside influences on the temperature rise observed in the cement.  As long as a constant test volume is used, the temperature rise observed can be used to compare cement designs in terms of heat of hydration.
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Fig. 5—Temperature during hydration of Cement System 1.
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Fig. 6—Temperature during hydration of Cement System 2.

The higher temperature rise observed in the conventional cement equates to a larger heat released to the surrounding environment. If this same cement design were replaced in an annulus with the modified cement design, the lower heat of hydration would result in less heat transferred to the surrounding environment. If the heat of hydration of a conventional cement design is high enough to destabilize hydrates in the formation, a change to a modified design with a lower heat of hydration might be required.  

The temperature and pressure profile tested in the torque-measuring device was designed to follow downhole conditions found at or near the seabed in deepwater applications. In this case, the slurry would cool as it is pumped downhole because of the low environmental temperature.  Shallow zones near the seabed can also be highly pressurized. This can result in a fluid influx into the cement sheath if adequate gel strength does not develop in the cement system. Further complicating the problem are the typically low fracture gradients caused by loose and unconsolidated formations at or near the seabed [Simmons and Rau 1988]. This low fracture gradient sets the maximum slurry density that can be used.  

These issues typically encountered in deepwater environments would require the development of low-density cements, which have low heat of hydration and develop gel strength during the early stages of hydration. Both cement slurries studied were designed to have a low density of 11.5 lb/gal. However, the temperature increase observed in the modified design is only ±55% of that of the conventional design.  The tests were run with identical volumes of material. Hence, if the modified cement design was used in the same well over the conventional cement design, the amount of heat evolved to the surrounding environment would be lowered.

At the same time, development of static gel strength (Fig. 2) begins in the same timeframe, near 4 hr. However, the increase in gel strength is more rapid in the modified case than in the conventional design.  Typically, the higher the density of the slurry and the higher the temperature encountered, the faster the gel strength develops. In this case, the density of the slurries was kept low and the temperature profiles were adjusted to be similar to those found at near seabed conditions. In both cases, roughly 4 hours were needed to develop static gel strength. Furthermore, the development of static gel strength was quicker in the modified cement design. Under downhole conditions, both the conventional and modified cement designs would show the development of enough static gel strength to avoid fluid influx.

Modeling the effects of modified heat of hydration using the geometry in Fig. 4 can be seen in Figs. 5 and 6. In Fig. 5, the temperature during hydration reaction of Cement System 1 reaches a maximum of 27°C at 8 hours and at 16 hours the temperature is 20°C. In Fig. 6, the temperature during hydration reaction of Cement System 2 is 21°C at 8 hours, and at 16 hours the temperature is 17°C. What this shows is that it is possible to reduce the temperature increase in the annulus and in the formation by decreasing the heat of hydration. The decrease in heat of hydration is achieved by optimizing the cement-slurry formulation. This is achieved while meeting or exceeding all other properties needed in the cement sheath to be effective deepwater slurry.  The extent of reduction in heat of hydration needed to help prevent destabilization of hydrates will depend on the particular location and the thermodynamic properties of the hydrates.  

Hydrate stability can be a crucial factor when determining cement design for well control.  Gas flow after the cement is in place can be an indication of hydrate destabilization. If the heat of hydration released during curing is too high, the stability envelope for the hydrates can be breached, allowing hydrates to flow. If the destabilization is not severe, the gas flow can slow or stop over the course of hours or days. In more severe cases, this behavior would have to be addressed using other means. Regardless of the severity of the gas flow, adjusting the heat of hydration of the cement to avoid hydrate destabilization can be used to avoid the problem.  

Summary

In this paper, two 11.5-lb/gal cement designs were compared. An adiabatic temperature rise during curing was used to estimate the relative heat of hydration between the two slurries. The temperature rises were tested using identical slurry volumes. The slurries were placed in insulated containers, which were then placed inside of a second insulated container in order to minimize any heat losses or gains from the surrounding environment. The modified slurry design developed a maximum temperature rise that was ±55% of the conventional slurry design. This indicates that the modified design would release a lower heat of hydration to the surrounding environment if the same slurries were used in the same volume. Furthermore, the modified design did not detract from the static gel strength development. Both slurries began static gel strength development after 4 hr of curing. This indicates both slurry designs would have properties in terms of preventing fluid influx during the early stages of hydration.  

The heat of hydration of a cement-slurry can be high enough to de- stabilize hydrates in the wellbore environment. Destabilization can result in gas flow throughout the environment.  However, the heat of hydration of a cement-slurry can be adjusted to help avoid this situation with minimal affects of other properties of the slurry.  
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