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ABSTRACT

Analysis of Well Performance with Multiple Shut-in Periods. (December 1999)
Mohamed Wael Helmy, B.S., Ain Shams University; M.S., Cairo University, Egypt
Chair of Advisory Committee: Dr. Robert A. Wattenbarger

This dissertation presents several new techniques for the analysis of long term
production performance of gas wells producing at constant flowing bottomhole pressure,
Pws. and subjected to periodic shut-ins. The presence of these shut-in periods causes
severe scatter in the production rate and hinders the analysis using conventional

techniques (specialized plots, deconvolution, etc.).

In this work, [ propose a novel application of the principle of superposition to
filter out the scatter in the production rate data and establish the production trend without
the effects of shut-ins. The superposition (convolution) principle is used to determine an
analytical reservoir model that matches the production and pressure history of the well.
The analytical model provides estimates for reservoir permeability, distance to
boundaries, and original gas in place. A computer program (EXCEL spreadsheet based)

is presented to automate the analysis process.

A new closed-form analytical solution for the production rate following a shut-in
period is also presented. The analytical solution is used to establish a correlation
between the production data above and below the trend of the well capacity. This
correlation is used to filter out the scatter in production data resulting from the periodic
shut-in. A similar correlation and filtering technique is also developed using the

principle of superposition.

Although the concepts presented in this dissertation are quite general and
applicable to a wide variety of reservoir flow conditions, the focus is on wells producing

at constant flowing bottomhole pressure from tight gas reservoirs exhibiting linear flow.
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CHAPTERI

INTRODUCTION

Problem Description

Natural gas is becoming an increasingly important source of energy worldwide.
In the United States since 1993, the total annual revenue for produced gas has been
greater than oil revenue (at the wellhead).! This trend will probably extend to other parts
of the world as the oil industry continues to mature in other countries. There are
generally two main sources of gas production in the world: a) associated gas produced
from oil reservoirs, and b) natural gas reservoirs. Several natural gas reservoirs are

characterized as “tight reservoirs.”

Generally, tight gas reservoirs are those with permeability less than 0.1 md. In
his dissertation, El-Banbi” reported that linear flow is observed in almost all basins that
produce tight gas, and that the linear flow regime is persistent for several years in a large
number of cases. Stright and Gordon® reported that long-term linear flow could be
attributed to long natural fractures, thin high permeability streaks, and long and narrow
reservoir shapes. Also, wells in tight reservoirs usually require stimulation in terms of
hydraulic fracturing for development to become economically viable. Reservoirs with

such fractures exhibit linear flow regime.

In the United States, production from tight gas reservoirs increased from 4% of
the total gas produced in 1970 to 13% in 1994.! Therefore, the analysis of production
performance of wells producing from tight gas reservoirs with linear flow regime is

becoming increasingly important.

This dissertation follows the style of the Journal of Petroleum T echnology.
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Conventionally, several plotting techniques are available for the analysis of wells
producing from linear reservoirs. A plot of production rate (or cumulative production)
versus time on a log-log scale gives a straight line with slope of one-half (characteristic
of linear flow regime). This plot can be used to calculate reservoir permeability,
distance to boundaries and original gas in place. Another useful plotting technique is the
square root of time plot in which the reciprocal of the production rate is plotted versus
the square root of production time. In this plotting technique, linear flow shows as a

straight line the slope of which is inversely proportional to reservoir permeability.

The advantage of the square root of time plot is that it does not compress the
production rate data and it clearly shows the effects of reservoir boundaries. The log-log
plot on the other hand tends to compress the data making it difficult to detect reservoir
boundaries. For any of those plotting techniques to be useful, the production decline

needs to be relatively smooth without interruptions in terms of well shut-ins.

During the 1980’s gas wells were periodically shut-in during the summer season
because of lack of market demand. The production rate is almost always reported on a
monthly average basis unless data gathering systems are installed to report daily or
hourly production. If a well is shut in during a month, it will give a reduced monthly
average despite the fact that the well capacity might be much higher. Then, the
following month will show an increase in production (above normal well capacity)

because of the transients occurring after putting the well back on production, F ig. 1-1.



Trend of well capacity

Transients after shut-in cause the

» monthly average to jump above the
trend of well capacity (over-shoat)

.

Monthly average rate

Shut-in during a month causes the
monthly average to fall below the

trend of well capacity (under-shoot)
Schematic, not to scale

Producing time

Fig. 1-1 - Effect of shut-in on production performance.

During the low demand summer season, higher productivity wells would be
subjected to more frequent shut-in as compared to lower productivity wells. With fewer
interruptions, low productivity wells give smooth production trends that are more
analyzable. Fig. 1-2 is a square root of time plot showing the performance of a low
productivity well producing from a tight gas reservoir in South Texas. The well was
stimulated with a massive hydraulic fracture; therefore the dominating flow regime is
linear flow. As shown in the figure, with few shut-in periods, it is relatively easy to
establish the characteristic straight line and calculate reservoir properties. It is worth
mentioning that the low permeability of the reservoir is evident by the fact that the flow

regime is linear (transient) for almost 22 years.
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Fig. 1-2 — Production performance with few shut-in periods.

However, the analysis is not as straightforward for higher productivity wells
subjected to more periodic shut-in. When the shut-in is frequent, the monthly average
production rate scatters above and below the “trend” of well capacity. This scatter of
production data distorts the production decline characteristics and makes it difficult to
use the conventional plotting techniques and establish the required straight line on either
the log-log or the square root of time plot. Fig. 1-3 is a square root of time plot showing
the performance of a high productivity well producing from the same reservoir
mentioned earlier. The well was also hydraulically fractured and expected to show
linear flow characterized by a straight line on the square root of time plot. However,
because of the severe scatter of production data (resulting from periodic shut-in), it is

very difficult to establish the straight line and calculate reservoir properties.
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Fig. 1-3 — Production performance with periodic shut-ins.

It is evident from the previous discussion that the conventional plotting
techniques fail to be effective in analyzing the performance of wells subjected to
periodic shut-in. Other methods known in the industry that could be used to analyze
such performance include deconvolution methods. The deconvolution methods involve
determining a unit-rate response function (describing the reservoir pressure response to a
unit production rate) when variable rate and pressure data are available. Once the unit-
rate behavior is determined, reservoir characteristics can be determined by matching

with constant-rate type-curves.

The deconvolution equations require that pressure data be available for every

time step (month in the case of monthly average rate), a condition that is rarely satisfied



in production operations. Also, as will be explained in Chapter II, because of the
recursive nature of the equations, errors (e.g., numerical truncation, rate measurement or
fluctuation, etc..) accumulate and magnify; therefore, the equations become highly
unstable. However, the deconvolution equations could be stable when the production
rate is a smooth monotonically decreasing function of time; unfortunately, that is not the

case for wells producing with periodic shut-ins.

No reliable method is currently available in the industry to analyze the
performance of wells subjected to periodic shut-in in tight gas reservoirs. The subject of
this dissertation is to develop a reliable methodology for such analysis. Although the
concepts presented in this dissertation are quite general and applicable to a wide variety
of reservoir flow conditions, our focus will be only on wells producing at constant

flowing bottomhole pressure from tight gas reservoirs exhibiting linear flow.

As explained earlier, production from tight gas reservoirs is generally associated
with linear flow. El-Banbi® gave a comprehensive list of cases where linear flow
prevailed, and provided analytical solutions for pressure and production behavior of
reservoirs exhibiting this flow regime under a variety of boundary condition. Also,
Kohlhaas and Abbott® listed some of the situations where linear flow can develop.
These situations are early in life of hydraulically fractured wells, channel sands, edge- or
bottom-water-drive reservoirs, wells between parallel faults and stratified reservoirs in

which low-permeability layers drain into high-permeability layers.

In an analysis of the production performance of wells in Unita basin, Boardman
and Knutson’ used log-log plots of cumulative gas production versus time. Most of the
wells they analyzed exhibited a half-slope indicating linear flow. Using the same
technique, Ammer er al.° analyzed the performance of a large number of wells (284
wells) producing from the Clinton formation of Eastern Ohio. The plots indicated linear

flow in 48% of the wells.






























































































































































































































































































































































































































