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INTRODUCTION 

In an every day review of well and reservoir 
performance there is a wealth of interpretive tools 
such as the one given in SPE Monograph No. 1 on 
build-up interpretation and in many articles in the 
SPE journals. Too often, however, the meager data 
available for analysis causes concern as to the 
reliability of the conclusions. A typical problem 
involves the declining production rate of older wells, 
where the engineer is faced with the problem of 
determining what remedial steps, if any, can be 
justified. Several possible problems come to mind. 

1. The pump may not be operating efficiently. 
2. Scale deposits may be forming in the well, 

causing skin damage. 
3. The reservoir pressure may be lower than 

expected. 
4. The formation may be tighter than 

expected. 

This paper describes a new practical service for 
acoustically determining build-up curves for 
pumping wells. Included in the service is a rapid 
standardized analysis that provides the client with 
measures of pump efficiency, estimates of skin 
damage, formation permeability and reservoir 
pressure. Figure 23 shows a summary of the 
reservoir data obtained in this analysis. 

DESCRIPTION OF SONIC WELL SOUNDER 

Figure 1 showsa diagrammatic sketch of a typical 
wellhead hookup. The sounder is an automatic 
programmed echo device for measuring liquid 
levels. Nitrogen is stored in an expansion chamber at 
30 - 50 psi above the well’s surface pressure. A quick- 
opening, three-way valve allows a discharge into the 

well annulus causing a pressure surge that proceeds 
down to the liquid level and reflects back to the 
surface. A transducer picks up the first surge of gas 
through it, and the echo coming back. The first 
impulse starts a counter and the second stops it. The 
rate of the counter is controlled by input of the 
velocity of sound in microseconds per foot - on a 
dial. This setting, in practice, is such that the counter 
reads directly the depth in feet to a known reflector 
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FIG. 2 ~-CLOSE UP OF ‘THE CONTROL PANEL 

at the bottom. After each discharge, 3 four-digit 
numbers are recorded on a paper tape. These are: 

1. The time in minutes since the build-up 
started 

2. The depth to liquid in feet 
3. The surface pressure in psig. 
For each of the first five hours, the frequency of 

measurement may be programmed at time intervals 
ranging from 5 - 60 minutes. Following this, the unit 
continues at the frequency set for the fifth hour. For 
intervals greater than IO minutes, each recording is 
followed by a confirming measurement one minute 
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FIG. 3 RECORDIN<; TAPE 

later. For initial adjustment, or for checking rapid 
liquid level changes, it may be fired automatically at 
one-minute intervals or manually at any time. 

Figure 2 shows the control panel of the unit. The 
firing frequency is programmed with the control at 
the upper left. The counter reads on the diplay at the 
upper right, and can be seen in action during the 
counting. It shows time, depth and surface pressure 
at the end of each count. All three are printed on the 
paper tape, Fig. 3 (lower left, Fig. 2). The third 
control from left inputs the acoustic velocity in 
microseconds per foot. 

Loud reflections from reflectors close to the 
transducer, such as the entry into the annulus, 
shallow collars, etc., would turn the counter off 
almost immediately after firing if it were not for the 
mute time control. The mute time suppresses all 
signals after the starting impulse for up to 10 
seconds. Normally, it is set for about one-third the 
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FIG. S-SONIC WELL SOUNDER UNIT 

distance down to the target reflector. It may be set 
lower if a larger reflector, such as the top of a liner, is 
found deep in the well. 

Figure 4 shows a general view of the wellhead with 
the transducer, quick-opening valve and expansion 
chamber. Figure 5 shows the unit in a test frame at 
the lab. 

The inherent characteristics of the Sonic Well 
Sounder allow the stabilized pumping performance 
to be observed followed by uninterrupted 
measurement of the build-up curve. It avoids the 
uncertainties due to dumping of the tubing contents 
at the moment of well shut-in and due to the delay 
incurred in beginning build-up measurements while 
the rods and pump are being removed. 

INTERPRETATION OF DATA 

The easiest way to see how the data are handled is 
through the examination of the tables and figures in 
this report. 

Table I (Fig. 6) gives the well and field parameters 
obtained from the operator. This includes data on 
the pump for calculation of pump performance. 
Table II (Fig. 7) shows the data recorded by the unit 
in the field. 

The next figure (Fig. 8) shows a build-up curve 
with the data points shown. Points are 

reproduceable to about li2 feet. This increases 
confidence in the measurement. Incidentally, if a 
well is flowing a high volume of gas through the 
annulus, it comes up in slugs, tending to cause the 
surface to rise and fall. Further, at times, foam on 
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the surface tends to accumulate, tending to absorb 
the sound and leaving the counter running until it 
resets for the next shot. Since points are obtained 
frequently and systematically, one can normally 
obtain interpretable curves even with occasional 
gaps attributed to foam. 

Table III (Fig. 9) shows the basic interpretation of 
the data. The first three columns are time, depth and 
surface pressure taken from the complete table of 
data (Table II, Fig. 7). In this case, differences 
between successive data are used in calculations; 
therefore, it is desirable to pick 20 or 30 points 
distributed along the curve, representing typical 
values for the analysis. Table III (Fig. 9) shows 20 
such points (first three columns). Column 4 shows 
the pressure calculated at mid-perforations. This is 

FIGURE 10 

At each time interval, the bottomhole pressure is 
calculated. This depends upon the hydraulic 
gradient of the liquid which is a function of water 
salinity, oil gravity and water-oil ratio (produced 
ratio). In general, gas is rising through the liquid 
column so that its gradient also depends upon the 
fraction of the column which is liquid. The fraction 
of the liquid is a function of the annulus area, the gas 
rate, and the pressure. Starting at the top of the 
liquid column where the pressure is known, the 
fraction of the column which is liquid is calculated 
for a short element of the liquid column to determine 
pressure at the bottom of the element. This process is 
continued step by step until the mid-perforation 
depth is reached. The gas rate at time zero is the 
produced rate. After the first interval, the calculated 
gas after-flow as given in column 5 (Table III, Fig. 9) 
is used to correct for gas flow. 

Gas afterflow is calculated from the rise in gas 
pressure, column 3 (Table 111, Fig. 9). Knowing the 
sizes of casing and tubing and the depth of liquid, the 
volume in cubic feet corresponding to the pressure 
rise is calculated. Knowing the time interval, the rate 
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FIG. I1 LIQUID LEVEL VS SHUT-IN TIME 

in MCFD is calculated. The effect of change in 
liquid level during the interval is also taken into 
account, although this usually turns out to be small. 
The liquid after-flow, column 6, is calculated from 
the annular area and the rise in liquid level, 
multiplied by the fraction liquid in the bottom of the 
well for this interval as calculated in column 4. The 
final column is simply the gas plus liquid afterflow 
calculated in BPD at mid-perforations. 

Data plotted on an example well are included in 
this paper as Figs. 11 - 18. 

Figure 11 shows an almost straight line for liquid 
influx, meaning that, in this example, liquid influx is 
almost independent of back pressure. This suggests 
the presence of two zones open to the well; one, 
providing most of the flow at low pressure, rapidly 
decreases as bottomhole pressure starts to rise; while 
the other from a tighter, higher-pressure, less 
compressible zone, continues to flow into the well. 
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FIG. 12- SURFACF PRFSSllRF VS SHI; r-IN 1 IMF 

Figure 12 shows the build-up of surface pressure 
used in calculation of gas afterflow and of pressure 
at mid-perforations. Figure 13 shows the pressure at 
mid-perforations which is used for the reservoir 
calculations. 

FIG. 13mpPRESSURE AT MID-PERF DEPTH VS SHUT-IN TIME 

Figure 14 shows the gas afterflow. The gas rate 
dropped very fast at first and then gradually 
dropped to zero in about 2 days (2880 min). 
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FIG. 14 FREE GAS AFTER-FLOW VS SHlJ I’-IN TIME 

Figure 15 shows the liquid afterflow which drops 
rapidly at first and then slowly, but doesn’t drop to 

zero as was evident from Fig. 9 (Table 111). 

Figure 16 shows the total afterflow. This is used in 
calculating the well storage factor in barrels of 
afterflow per psi rise. 
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FIG. 15-OIL + WATER AFTER-FLOW VS SHUT-IN TIME 
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FIG. I6-TOTAL AFTER-FLOW VS SHUT-IN TIME 

Figure 17 is the conventional semi-log plot of 
pressure at mid-perforations against log time. The 
value of M, psi/log cycle, is given for use in the 
permeability calculation. 

O65ERVRTIDN DRTE 
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FIG. I7-MID-PERF PRESSURE VS LOG(T) EVAULATION OF 

KH 

Figure 18 is used in estimating the reservoir inflow 
and the casing draw-down rate. The example well 
was controlled by an automatic “pump-off” device. 
Lines are drawn which give feet of rise or fall per 
minute for reservoir inflow or casing draw-down 
rate. This information is used in calculating pump 
efficiency and in determining the proper “on-off’ 
settings if the well is on a time clock. It will also call 
attention to unexpectedly high pumping liquid 
levels. When a pump is running 24 hours a day (Fig. 
19), we use the initial inflow, the inflow at the end of 
the build-up and initial casing draw-down as well as 
stabilized pumping rate to calculate pump 
efficiency. 

FIG. IS-PUMP DRAW-DOWN & RESERVOIR INFLOW 

FIG. 19%LIQUID LEVEL VS SHUT-IN TIME 
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Table IV (Fig. 20) gives reservoir properties 
(saturations, mobilities and compressibility) 
calculated from production data and generalized 
relative permeability curves. These curves are picked 
on the basis of permeability calculated from the M 
value shown in Fig. 17. These curves and estimated 
viscosities permit calculation of the oil, water and 
gas saturation in the reservoir and the mobility 
(relative permeability/ viscosity) for three-phase and 
for two-phase flow (columns 5 and 6). The reservoir 
compressibility depends mainly on the gas 
saturation and pressure, and is given in column 7. 
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FIG. 20-TABLE IV 

Table V (Fig. 21) shows the barrels 
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storage calculated from the total after-flow and the 
change in psi. The Ramey dimensionless 
compressibility, c, is one-half the ratio of the well 
storage to the storage capacity of a section of 
reservoir the size of the borehole. 

Figure 22 shows the families of Ramey curves of 
log dimensionless pressure as log dimensionless 
time. Each family of curves is a function of c. 
Having calculated c, the family of curves can be 
indentified. For a given c, a computer program 
gives the root mean square (RMS) deviation of the 
best fit of the build-up curve (Fig. 13) with a Ramey 
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curve of a given value of S (skin effect). The skin 
value which gives the minimum RMS deviation 
curve fit is the skin effect for the well.’ 

RESERVOIR ENGINEERING RESULTS 

A computer program presents the reservoir 
engineering results together with the equations 
involved (Fig. 23). Included are: 

Skin Damage 

In addition to the Ramey curve fit skin value, the 
skin is also determined in the conventional manner 
from the semi-log extrapolation to P (1 hour). 

Formation Permeability 

The Ramey curve fit provides two permeability 
estimates: one based on the match point to 
dimensionless time, and one to dimensionless 
pressure. (To the extent that the Ramey values do 
not check, it raises a question as to the validity of the 
application. In general, the semi-log plot seems to 
give larger values than the Ramey curve fit, perhaps 
because it is dominated by condition at the end of 
the build-up; that is, farther out in the reservoir 
where relative permeability is better.) Permeability 
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FIG. 22 RAMEY DIMENSIONLESS CURVES 

is also calculated from the slope of the semi-log plot. 

Reservoir Pressure 

The pressure drop in the reservoir at the end of the 
build-up curve is calculated assuming pseudo- 
steady-state flow from the average distance of flow 
to the radius of investigation. This pressure drop is 
added to the final bottomhole pressure to get the 
reservoir pressure. The radius of investigation is the 
distance from the well for which the pressure has 
essentially equalized at the end of the build-up. 

Productivity Indices 

Productivity indices (PI) for oil, water and gas are 
given based on the production rates, reservoir 
pressure and flowing pressure. The change in PI’s 
from year to year should give a good indication of 

any increase in blockage near the well. 

SUMMARY 

In summary, this new service provides evaluation 
of pump performance and a pressure build-up curve 
at low cost without need to remove rods and pump. 
The report includes an analysis of pump efficiency, 
estimates of skin damage, reservoir permeability 
and reservoir pressure. Considerable incidental 
information of interest to engineers making other 
studies is included. All data taken is included in the 
report so that the client can check the results 
‘presented with those computed using his own 
methods. For large companies with reservoir 
simulators, this should provide a way of upgrading 
their input from pumping wells. 
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