 Development of geophysical technologies for old-stock gas wells investigations 

Gas wells service life prolongation depends straightly on solving problems of cement bond and casing evaluation, estimation of caverns dimensions in terrigenous reservoirs, technogeneous gas-accumulation zones appearance and so on.
Due to economical and technological reasons it is necessary to provide the through-tubing geophysical well logging in gas wells under operation. As a result a number of special requirements to geophysical technologies appear. 

GITAS and VNIIGIS companies together with GAZPROM offer geophysical investigations of old UGS wells designed for:

1. Casing wear evaluation by electromagnetic flaw detection.
2. Detecting gas-accumulation zones and their location in the inter-string and behind-the-casing areas by logging with different depth modifications of neutron methods (2NNK – dual-sonde neutron logging, 3SNGK – triple-sonde induced spectral gamma-ray logging, 2INNK –dual-sonde pulsed neutron gamma-ray logging).
3. Evaluation of  caverns formed in sandstone reservoir intervals as a result of washing-out of sand in gas wells by logging with different depth modifications of neutron methods (2NNK, 3SNGK, 2INNK).
4. Casing and cement bond sampling by drilling corer and following analysis. 

5. Detecting  technogeneous gas-accumulation zones in the crosswell reservoir space by the electrical exploration and seismic tomography methods.
6. Getting additional geological data in operating gas wells on a base of gamma-spectrometry methods (natural gamma-ray spectrometer, induced spectral gamma-ray logging).
7. Directed and horizontal drilling using  inert gas or foam.

 All technologies were tested and put into practice. 
1. Casing wear evaluation by electromagnetic flaw detection

The technology has been put into industry process and it is used by a number of geophysical companies in Russia, as well as in Belorussia, Kazakhstan, Ukraine and China. It was also tested in Japan and Germany. Measuring is provided by the special tool, designed by GITAS company. It is called MID-K. 
Fig. 1 Example of thickness measuring in a dual-string well section.

Within the  interval  1023- 1026 meters of the thickness diagram a tubing corrosion is marked. Within the interval 1021 - 1040 m there is the change of the second string thickness. In the time spectrum diagram the corrosion is seen at early times of the probing signal transient process. The change of second string thickness does not occur at the later times of  the process.

Fig. 2 The MID-K technology provides the through tubing detection of casing string corrosion areas. In the figure the example of through tubing detection of casing string corrosion areas is shown. Corrosion areas are well seen in spectro-defectogram of the metal and thickness diagrams at later times of the probing signal transient process.

The electromagnetic flaw detection technology is used in GAZPROM company for  the strings retained strength evaluation and the further resource determination.
2. Detecting  gas accumulation zones and their location in the inter-string and behind-the-casing areas. 

Measuring conditions:

· Gas-filled borehole
· Tubing

· Production and protective strings

Means of solving the problem: 

Logging with different depth multisonde modifications of neutron methods tools (neutron logging, induced spectral gamma-ray logging, pulsed neutron logging).
The tools are SPRK, SNGK-Sh and TzSP-2INGK(2INNK).
Accompany complex: natural gamma-ray spectrometry and geophysical monitoring complex including geophysical methods of casing inspection and productive formation investigation.
The technology has been tested on wells of gas deposits and UGS.

According to the measuring conditions logging is provided by small-dimension apparatus within 43 - 48 mm in diameter. The tools (SPRK, SNGK-Sh and TzSP-2INGK(2INNK)) are the proprietary design of VNIIGIS and GITAS.
Fig. 3  Example of gas accumulation zones detecting in the inter-string and behind-the-casing areas near the wellhead.

The technology is important for ecological control including monitoring and preventing from gryphon forming.
The problem has three aspects:

1) Voids detecting (by density and neutron properties changes) 
2) The voids content determination (gas/no gas)

3) Finding out if the gas invasion into the water-saturated reservoirs (gryphon forming) takes place.
A share of voids for every sector of the inter-string and behind-the-casing areas is shown in the separate margin. In margin “A” color display of neutron field damping factor is shown. It provides visualization of voids forming intervals positions.
 Possibility of hydrocarbon gas presence in voids is estimated by a complex of analytical parameters (Fσ_h, Fσ_nnk etc.)
To detect intervals of partial gas invasion into the water-saturated reservoir from lower beds 3D lithological model is calculated with the spectral gamma-ray and induced spectral gamma-ray logging data. Reservoir characteristics are estimated by effective porosity factor that is determined by the original Kozhevnikov method with spectral gamma-ray data. Application of this method is defined by impossibility of using water-saturated porosity factor determined by neutron logging data under conditions of mixed gas-water reservoir saturation.
Gas reservoirs or partial gas invasions into the water-saturated reservoirs are characterized by thermal neutron’s lifetime prolongation (pulsed neutron logging) and decreasing of rock density (induced spectral gamma-ray logging) with high porosity coefficient.
For this well there are no zones of hydrocarbon gas accumulation in the inter-string and behind-the-casing areas. It is proved by the absence of gas overpressure outside the production string near the wellhead. 
 Gas invasion into water-saturated formation doesn’t occur.
Fig. 4.  The next example of gas accumulation zones detecting in the inter-string and behind-the-casing areas near the wellhead.

 In comparison with the previous example  hydrocarbon gas accumulation is detected outside the production string of this well. This fact is proved by presence of overpressure outside the production string. 
It is determined that  the outside protecting string voids are filled with water and gas. The gas-saturated layer is marked at a depth of 155 meters.
3. Evaluation of caverns formed close to well zone of high-debit terrigenous reservoir.
Measuring conditions:

· Gas-filled borehole

· Tubing

· Perforated production string
Means of solving the problem: 

Logging with different depth multisonde modifications of neutron methods tools (neutron logging, induced spectral gamma-ray logging, pulsed neutron logging).
The tools are SPRK, SNGK-Sh and TzSP-2INGK(2INNK).

Accompany complex: natural gamma-ray spectrometry and geophysical monitoring complex including geophysical methods of casing inspection and productive formation investigation.
The problem of cavern detection and evaluation of caves in the gas-saturated reservoirs has been considered  and solved for the first time.
Owing to specific techno-economical conditions of investigations  the  posed problem was solved on a base of radial heterogeneity study of well-formation system by a complex of radioactive methods.

 As a consequence of investigations performed by the complex of neutron methods it was determined that:
· For the first time for oil-gas geophysics the practical possibility of cavern detection and caverns dimensions evaluation in gas-filled wells under operation by the complex of nuclear geophysical methods have been proved.
· Caverns in gas-filled wells determined by spectral gamma-ray logging data interpretation can be identified by integral data of different-depth neutron methods.
· The cavern radius is determined by the impulse modification as well as by stationary spectrometry modification of neutron methods. Root-mean-square absolute divergence is within ±5 cm.
· The use of two different methods founded on time- and spatial-energy distribution for cavern radius evaluation provides the higher reliability.
· The correct calculation of interference factors provide higher reliability of the cavern radius determination.
Fig.5 Cavern detection and cementing estimation.
Cementing in the perforated interval was esteemed by spectral gamma-ray logging data. The humidity parameter determined by induced spectral gamma-ray logging was taken into account as long as the moisture metering provides only determination of water presence along the borehole.
The cavern radius is determined by the methods: pulsed neutron logging and induced spectral gamma-ray logging + neutron logging.

Cavern measuring  by the impulse modification was based on theoretical calculations of A.L.Polyachenko .
Within the radius up to 20 cm measurement the results show a good correlation.
Fig.6 Cavern detecting, measuring its demensions and estimating the outside string area cementing.

If a cavern radius is more than 20 cm the results of the 2INNK will be underestimated. It is due to an inverse character of   theoretical dependence used while working up INNK data.
Fig.7 Comparison of investigation results before and after well repair works.
As a result of repair works a water-level in the borehole is reduced as well as the produced gas humidity.
 The results of cavern radius determination are almost the same.

4.  Production string sampling by drilling corer with consequent metal analysis. 

It is a relevant problem for gas wells with high hydrogen sulphide content in gas.

The technology has been put into production and widely used in Russia and the former Soviet republics. While exploiting high hydrogen gas wells the casing string metal accumulates hydrogen. It causes strong metal strength retrogression.
After 25 years of operation the analysis of casing pipe metal and cementing condition was made by  production string sampling with the help of the SKT-3M drilling corer. According to the laboratory analysis of the selected samples  it was concluded that the   further exploitation of the wells of similar design would be possible.
Fig.8 Production string and cement  bond sample selected by the SKT-3M drilling corer.

5. Detecting  technogeneous gas accumulation zones in reservoirs by electrometrical and seismic tomography methods
The technology has already been put into industry process and it is  used for investigations of UGS in Russia.

Fig .9 Zones of secondary gas and water accumulation at a depth of 198 m of UGS2 section.
According to the  measuring results of nonstationary-field electrical surveing method (ZCB- sounding by electromagnetic field stabilization in the near zone) secondary gas and water accumulation zones are detected at a depth of 198m. It provides making a decision about liquidation works of secondary gas accumulations.
Fig. 10  Establishing  the reasons for  gas escapes from underground gas storage and detecting gas migration tracks and gas accumulation areas in rock.
6. Getting  additional geological data in environment of  gas wells operating process  on a base of gamma-spectrometry methods (natural gamma-ray spectroscopy, induced spectral gamma-ray logging)
The technology has been put into industry process and it is widely used in Russia.
Fig.11 3D-models by the spectrometry data (SGK + SNGK-Sh) of GIS complex
3D-modelling is an urgent problem for old-stock wells with the limited open-hole GIS complex.
Gamma-spectrometry modifications of radioactive methods (SGK, SNGK) under conditions of gas-filled wells tends to have  higher  content of the following  chemical elements (Ca, Si, Fe, Cl, H, Th, U, K etc. ) in comparison with  the water-filled ones.
The additional information about element contents provides more exact definition of gas reservoir structure.

7.  Directional and horizontal wells geosteering while drilling with the help of inert gas or foam   using  electromagnetic channel.

The technology has been put into industry process.
Fig.12 Small-diameter telemetry system ZTS-42(54)EM. 
The system uses the electromagnetic channel and transmits directional survey data and geological information on the radioactivity of rocks (GR).

If water-based drilling fluids are used the reservoir absorbs them. It causes problems. The using of inert gas or foam instead of fluids prevents from these problems. 
Directional and horizontal wells geosteering while drilling with inert gas or foam is carried out under conditions of low reservoir pressures (due to gas field exploitation). It is used for offshoot drilling in old wells.
Owing to the given technology  the output of these wells greatly increases.
Conclusion:

First of all  the presented  technologies used for old–stock gas wells mean to control technical condition of boreholes and impermeability of USG.
Flaw detection, neutron methods, electrometry  give an advantage and economical efficience  due to the fact  that they needn’t  tubing lifting . As for technologies such as  seismography and directional wells geosteering, they are  also efficient because they allow to detect gas accumulation areas and to  increase   the output of old stock gas wells. 
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