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Abstract

:

In this paper, a universal multi–frequency micro-resistivity array imaging (UMMAI) system for subsurface sensing is developed and verified. Different from conventional micro-resistivity imaging equipments, UMMAI is capable to provide high-resolution fullbore formation images in multiple logging environments including an oil-based mud scene, water-based mud scene and water-oil mixed mud scene, owning to the large dynamic range and good linearity of transceivers. With the advantage of diversity in excitation signal frequency, UMMAI presents abundant amplitude–frequency characteristics response images and phase–frequency characteristics response images of subsurface formations at the same time, which is beneficial to multi–frequency image fusion in the future. The fullbore imaging ability of UMMAI is evaluated in three different field tests, and the results show that UMMAI can give satisfactory credible formation images with high resolution, which is suitable for subsurface formation discrimination and useful for reservoir identification.
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1. Introduction


As one of the most important applied geophysical methods, well logging provides geophysical parameters by using the electrochemical properties, electrical conductivity and acoustic properties of rock formations [1,2,3,4,5].



Currently, there are mainly three well logging approaches: acoustic logging [6,7], nuclear logging [8,9] and electrical logging [10,11]. Acoustic logging makes use of the characteristics of acoustic wave propagation in different formations to obtain the geological characteristics such as subsurface holes, cracks, collapses and debris [12,13,14]. The acoustic logging result is susceptible to the acoustic frequency, filling mud parameters and well diameter. High acoustic frequency, large mud density and well diameter will lead to the decline of logging quality.



Nuclear logging takes advantages of the nuclear magnetic resonance characteristics of hydrogen nucleus in the formation fluid, which is capable to provide formation parameters accurately and timely [15,16]. However, it suffers from the randomness and uncertainty in fluid identification, and is vulnerable to large mud resistivity, high temperature and low signal-to-noise ratio. Besides, its logging speed and logging cost need to be improved.



Electrical logging obtains the formation resistance information by measuring the current flowing through the formation from receiving electrodes [17,18,19]. The changes in surrounding well formation can cause changes in the electrode current, which can reflect the heterogeneity of lithology or electrochemical in the formation at the receiving electrodes [20,21,22,23]. The sample collect board can be placed closed to the borehole wall to reduce the signal power loss.



With the development of array imaging, micro-resistivity array imaging system [24,25,26] can obtain a variety of rich formation information in circumferential direction and radial direction of the borehole, which is suitable for the exploration and development of complex concealed oil and gas reservoirs [27,28,29]. One of the most widely used micro-resistivity imaging tool is the formation micro scanner, which was developed by Schlumberger in the 1980s. In 1990s, the fullbore formation micro imager was released, which is significantly improved in borehole coverage and resolution, and is widely used in geological interpretation and oil and gas evaluation. Considering the subsurface formation resistivity that varies widely and various filling mud in different logging scenarios, current micro-resistivity array imaging system needs to improve versatility and frequency flexibility.



In this paper, a universal multi–frequency micro-resistivity array imaging (UMMAI) system for subsurface sensing is introduced and its imaging performance is evaluated. By optimizing the receive chain design, UMMAI provides real-time data acquisition and high resolution imaging of subsurface formation. The system can works in three modes: operative mode, calibration mode, and self-checking mode. A stratigraphic simulation system is also built for UMMAI test convenience, which can simulate the variation of the stratigraphic impedance. A direct digital frequency synthesis (DDS) device is used as the waveform generator to produce multiple high-resolution low-distortion sine signals ranging from 1 kHz to 20 MHz under the control of field programmable gate array (FPGA). With the aid of large dynamic range of receiver array and good linearity of transmitter, UMMAI is verified capable to handle the formation imaging in multiple logging environments including oil-based mud scene, water-based mud scene and water-oil mixed mud scene, which is promising to deal with the reservoir identification such as fractures, dissolved pores and holes.



This rest of the paper is organized as follows. The methodology and modeling of UMMAI are described in Section 2. In Section 3, a detailed description of UMMAI and performance tests are given. Finally, the comprehensive summarization of UMMAI performance and its array imaging capabilities are concluded in Section 4.




2. Methodology


Firstly, the circuit model of the imaging array is established, as shown in Figure 1. There are one transmitter electrode and a receiver array in the UMMAI system. The receiver array is composed of N receiver electrodes, which are set around the borehole. The real stratum impedance in the nth receiving chain is represented as   Z  X n   , while   n = 1 , 2 , ⋯ , N  . The excitation internal resistance is denoted as   R S  . In the actual measurement of the stratum impendence, the borehole is commonly filled with mud fluid and the gaps between electrodes and stratum cannot be negligible. The gap mud impedances between receiver electrodes and stratum are denoted as   Z  R n   . The gap mud impedances between transmitter electrode and stratum is denoted as   Z T  . Besides, the parasitic capacitance in the circuit is represented as   C W  , which is usually ignored in low frequency applications.



Considering the existence of   R S  ,   Z T   and   Z  R n   , the measured stratum impedance in the nth receiving chain,   Z  M n   , can be represented as follows,


   Z  M n   =  R S  +  Z T  +  Z  R n   +  Z  X n   .  



(1)







In Equation (1), the impedance   Z T   is a capacitive impedance and its influence can be suppressed by increasing the area of transmitter electrode and signal frequency. The internal resistance   R S   can be reduced to a small enough value by optimizing source design. Therefore, the relations between impedances   Z  M n   ,   Z  R n    and   Z  X n    can be described in Figure 2.



Assuming that the dielectric constant  ε  of mud fluid remains unchanged, the area of the transmitter electrode is S, the distance between the emission electrode and the formation is d, and the resistivity of mud fluid is  ρ , the equivalent resistance of mud fluid can be expressed as:


  r =   ρ · d  S   



(2)







The equivalent capacitance of mud fluid can be expressed as:


  C =   ε · S  d   



(3)







Then   Z  R n    is the complex impedance in parallel with r and C:


   Z  R n    ω  = r  | |   1  j ω C   =  r  1 + j ω r C    



(4)







The modulus and phase of   Z  R n   ,    Z  R n     and   θ n   can be represented as:


     Z  R n    ω    =   r   1 +  ω 2   r 2   C 2      1 +  ω 2   r 2   C 2    =   ρ d   1 +  ω 2   ρ 2   ε 2      S   1 +  ω 2   ρ 2   ε 2       



(5)






   θ n   ω  = − arctan   ω r C   = − arctan   ω ρ ε    



(6)







   Z  R n     and   θ n   can be obtained in a priori measurement according to the gap and mud parameters. So the value of   Z  X n    can be inferred with the measured   Z  M n    and   Z  R n   .



In the normal working mode, the excitation source   V S   produces multiple excitation signals with different frequencies, which enter the stratum through transmitter electrode and received by N receiver electrodes. The changes in stratum impedance   Z  X n    induces the change in chain current. The measured impedance of nth receiving chain   Z  M n    can be obtained by sampling the nth chain current. Since it is difficult to measure the amplitude and phase of chain current directly, the chain current is generally converted to a voltage signal using a stable sampling resistor. Therefore, the real stratum impedance   Z  X n    can be inferred with the measured voltage amplitude and phase of sampling resistor.




3. Result and Discussion


3.1. System Design


Firstly, the system design description of UMMAI system for well logging is given. UMMAI mainly consists of a transmitter unit, 6 signal acquisition pads and a control-processing unit. A stratigraphic simulation system is also built for UMMAI test convenience, which can simulate the variation of the stratigraphic impedance. The schematic architecture of UMMAI is shown in Figure 3. As shown in Figure 3, the control-processing unit and transmitter unit are located in the heat resistant cylinder case of the instrument, the acquisition units are located in the retractable pad plates. The pictures of control-processing unit, transmitter unit and signal acquisition unit in UMMAI are shown in Figure 4.



The system can works in three modes: operative mode, calibration mode, and self-checking mode. In operative mode, the UMMAI system is placed into a real well environment and the variable current amplitude and phase caused by the external mud and stratum is collected when the UMMAI moves along the well direction. In calibration mode, the stratigraphic simulation system is used instead of the real well environment, which can simulate the variable impedance environment via a known resistor array under the control of control-processing unit. In self-checking mode, the sine signals are directly looped into the control-processing unit, and the working state of the transmitter unit can be judged.



In the control-processing unit, a FPGA is selected as the master control device owning to its outstanding performance in wide operation temperature range, flexible programming characteristic and economical price. A DDS device is used as the waveform generator to produce high-resolution low-distortion sine signals ranging from 100 Hz to 20 MHz under the control of FPGA. Due to the insufficient driving power of control-processing unit, an transmitter unit with output power self detection function is designed to increase the driving ability. The produced signals are amplified in transmitter unit and sent to the transmitter electrode, either to drive the subsurface media or for self-checking purpose. The signal transmission line to transmitter electrode is wrapped on the magnetic ring to suppress the electromagnetic interference introduced by the multi-channel high–frequency signal transmission and working environment. In addition, the transmitting unit is also equipped with a self-check circuit to improve the efficiency of the circuit fault self-check.



The sine signals pass through the actual subsurface media or the stratigraphic simulation system, and received by the receiver array electrodes on 6 signal acquisition pads. The detection front-end of the data acquisition circuit first uses a negative feedback operational amplifier to convert the weak current signal to voltage signal for the subsequent signal amplification and filtering operations. The signals are processed in differential mode for the consideration of the common-mode signal rejection. Then the differential output signal of the data acquisition unit is sent to the control-processing unit, where the signal amplitude and phase are sampled by a logarithmic-amplifier-based ADC with a high dynamic range.



There are a front-end sampling circuit, a reconfigurable operational amplifier, a filter circuit and a difference transformation circuit on the control-processing unit. The signals from all data acquisition units are firstly amplified by the reconfigurable amplifier, the cut-off frequency and gain can be flexible configured by FPGA according to the frequency of transmitted signal and environment. In the previous tests, it was found that the amplified signals were greatly disturbed by the noise in the measurement environment, which affected the measurement results to some extent. After adding the post-stage filter circuit, the influence of noise is suppressed greatly and the signal-to-noise ratio is improved. The filtered signals are then sampled in time division multiplexing mode using a multi-channel multiple selection switch and converted into digital samples. The sampled data are framed and transmitted to the surface equipment via FPGA.



In order to achieve high precision and high reliability, the self-checking working mode is added in the UMMAI design. The multi-channel multiple selection switch can be selected to a known input channel, and the amplitude and phase of the channel current can be measured in real time, so the error caused by the non-ideal characteristics such as temperature drift can be evaluated and eliminated.




3.2. Lab Experiment


The formation impedance to be measured commonly varies widely from several hundred ohms to mega ohms. Therefore, the designed UMMAI system is required to have excellent sensitivity, good linearity, high reliability and large dynamic range to adapt to the changes of the subsurface environment.



Firstly, the linearity of UMMAI system output is verified. UMMAI works in the self-checking working mode and three sine excitation signals with frequencies of 100 kHz, 1 MHz and 10 MHz are used. The excitation signal is divided into two signals: the first signal is sent to the transmitter electrode, the second signal is used as the reference signal in sample amplitude and phase calculation. The amplitudes and phases of samples under different signal frequencies, chain gains, transmitter phase shifts and transmitter attenuations are collected and displayed in Figure 5 and Figure 6, in which G stands for the gain of receiving chain and P represents the phase of transmitted signal.



As shown in Figure 5a,b, the normalized sample amplitudes remains almost unchanged when the phase of transmitted signal changes between 0° and 90°, no matter whatever excitation signal frequency and chain gain are used. When the excitation signal frequency increases to 10 MHz and the chain gain is set as 30 dB in Figure 5c, the differences of normalized sample amplitudes between different transmitted signal phase increases to 1.7 dB, which can be ignored in the following impedance analysis. The results show that the amplitudes of collected samples are immune to the phase of transmitted signal.



Moreover, the results in Figure 5a show the UMMAI receiver chain can achieve a linear dynamic range no less than 50 dB when the chain gain is set as 15 dB. When the transmitter attenuation is larger than 35 dB, the linear of receiver chain at G = 0 dB is deteriorated due to the low signal-to-noise ratio. The linear of receiver chain at G = 30 dB is also deteriorated when transmitter attenuation is less than 20 dB, which is caused by the nonlinear saturation of the receiver chain. Similar phenomenons happen when the excitation signal frequencies are 1 MHz and 10 MHz, as shown in Figure 5b,c, despite the nonlinearity degrees of receiver chain are different.



In Figure 6a, the sample phase changes with the transmitter attenuation obviously when the transmitter attenuation is larger than 30 dB, especially when the receiver chain gain is set as G = 0 dB. This is mainly caused by the low signal-to-noise ratio at the receiver electrode. When the receiver chain gain increases to 15 dB and 30 dB, the differences between sample phase decrease to 5° and 3° while the transmitter attenuation is 50 dB and phase of transmitted signal is 90°. Similar phenomenons happen when the excitation signal frequency is 1 MHz, as shown in Figure 6b. The linearity of sample phase gives the worst performance when the excitation signal frequency increases to 10 MHz because of the influence of high frequency parasitic components in transmitter and receiver chains on phase.



Next, the capability of linear resistance measurement of UMMAI system is verified. UMMAI works in the operative mode and four sine excitation signals with frequencies of 1 kHz, 10 kHz, 100 kHz and 1 MHz are used. Dozens of resistors with accurate resistances are used for evaluation. The amplitudes and phases of samples under different signal frequencies, chain gains and resistances are collected and displayed in Figure 7, in which G stands for the gain of receiving chain.



As shown in Figure 7a, the receiver chain can remain a linear dynamic range larger than 40 dB at G = 20 dB when measuring the resistances from 1 kΩ to 200 kΩ. By selecting receiver gain reasonably and combining the samples at different gains, UMMAI can cover a linear resistance measurement range from 100 Ω to 2 MΩ using 1 kHz excitation signal. Figure 7b validates the similar linear resistance measurement ability of UMMAI when using 10kHz excitation signal. In Figure 7c, the linear resistance measurement range of UMMAI narrows to some extent due to poor high frequency response, which is from 100 Ω to 467.2 kΩ. The linear performance continues to deteriorate using 1 MHz excitation signal, while the linear resistance measurement range is from 100 Ω to 100 kΩ.



Finally, the accurate performance of UMMAI resistance measurement is evaluated. UMMAI works in the operative mode and three sine excitation signals with frequencies of 100 kHz, 1 MHz and 10 MHz are used. Dozens of resistors with accurate resistances are used for evaluation. The measured resistance values of resistors and phases of samples under different signal frequencies, chain gains and resistances are collected and displayed in Figure 8 and Figure 9, in which G stands for the gain of receiving chain.



As shown in Figure 8a, UMMAI can cover a linear resistance measurement range from 2 kΩ to 10 MΩ using 100 kHz excitation signal by selecting receiver gain reasonably and combining the samples at different gains, which is also the same using 1-MHz excitation signal in Figure 8b. The linearity of UMMAI reduces in Figure 8c, while the linear resistance measurement range is from 2 kΩ to 100 kΩ when using 10 MHz excitation signal. The results in Figure 9 show that the difference in sample phase is less than 5° when the receiver chain of UMMAI achieves a good resistance measurement linearity, however, the sample phase consistency will deteriorate badly in non-linear resistance measurement range, especially when using high frequency excitation signal.




3.3. Field Test


In this section, the array imaging performance of UMMAI is evaluated in three different field tests. In each field test, UMMAI is placed into a simulated borehole, the wall of which is engraved with various patterns, as is shown in Figure 10. UMMAI works in the operative mode and three sine excitation signals with frequencies of 200 kHz, 1 MHz and 5 MHz are used.



In the first test, the simulated borehole is filled with oil-based mud. UMMAI moves from 8.4 to 11.1 m in depth and collects the resistance samples from 15 receiver electrodes on 6 pads, as shown in Figure 3.



After the samples are collected, the samples from different electrodes on the same pad are aligned first to eliminate the depth differences between electrodes. Then the samples from different pads are aligned to eliminate the depth differences between pads. After the alignment processing is finished, the background signal in the samples is removed through an average filter, and the modulus and phases of filtered samples are used for imaging.



The errors associated to the resistivity measurements during the field experiment are mainly caused by depth differences between electrodes, depth differences between pads and filter artifacts. The depth differences are eliminated in the alignment processing and the influence of filter artifacts can be suppressed to acceptable level by optimizing filter parameters. The modulus and phases of filtered samples are illustrated in Figure 11 and Figure 12.



As shown in Figure 11, the patterns on the borehole wall can be imaged clearly with 200 kHz excitation signal in oil-based mud environment. At the depth of 9.13 m, a horizontal notch with a width of 8 mm can be distinguished. The amplitude of samples ranges from 0 to 322. The results with 1 MHz excitation signal gives slightly worse image of patterns, with the amplitude of samples ranging from 48 to 246, the scope of which is smaller than that of 200 kHz. It is considered to be caused by the high frequency attenuation in receiver channels and the influence of filling mud, which reduces the signal-to-noise ratio at the receiver electrodes. When the excitation frequency increases to 5 MHz, this phenomenon becomes more obvious and the pattern image is unable to provide any information about the borehole wall, since the sample amplitude ranges from 88 to 89.



As shown in Figure 12, the patterns on the borehole wall can also be imaged clearly using sample phases with 200 kHz and 1 MHz excitation signals, which agrees well with the results in Figure 11. The pattern image using sample phases with 5 MHz in Figure 12 performs better than that in Figure 11, in which several patterns can be distinguished.



In the second test, the simulated borehole is filled with water-based mud. UMMAI moves from 3.8 m to 6.8 m. The align operations and average filter are also applied over the samples. The modulus and phases of filtered samples are illustrated in Figure 13 and Figure 14.



As shown in Figure 13, the patterns on the borehole wall can be imaged clearly with 200 kHz and 1 MHz excitation signals in water-based mud environment. At the depth ranging from 5.27 to 5.4 m, three horizontal notch with a width of 10 mm can be distinguished. Owing to the lower resistivity of water than oil, the amplitude of samples in 200 kHz and 1 MHz ranges from 0 to 614, and from 84 to 558, respectively, which are larger than those in Figure 11. Although the results with 5 MHz excitation signal still has the worst performance in Figure 13, it behaves better than that in Figure 11, since more pattern details with 5 MHz excitation signal in Figure 13 are revealed, especially at depths from 5.8 m to 6.8 m. The sample amplitude with 5 MHz ranges from 205 to 369. The images in Figure 14 demonstrates consistent results with those in Figure 13.



Since the stratum impedance is frequency dependent, the sample amplitude will change in different magnetic fields. Moreover, the gap mud impedance between receiver electrode and stratum,   Z  R n   , will also change in different environments, which will introduce changes in the measured impedance   Z  M n   . The increase of working frequency leads to increase in the stratum impedance and gap mud impedance, which will reduce the current flowing the sample resistor and decrease the sample amplitudes. The reduced signal-to-noise ratio in higher working frequency environment will influence the imaging quality.



In the third test, the simulated borehole is filled with water-oil mixed mud. UMMAI moves from 10.9 m to 12 m. The same align operations and average filter are applied over the samples. The modulus and phases of filtered samples are illustrated in Figure 15 and Figure 16.



As shown in Figure 15, the patterns on the borehole wall can also be imaged clearly with 200 kHz and 1 MHz excitation signals in water-oil mixed mud environment. At the depth ranging from 11.4 m to 11.6 m, four horizontal notches with a width of 8 mm can be distinguished. The amplitude of samples in 200 kHz and 1 MHz ranges from 0 to 398, and from 126 to 214, respectively, which are larger than those in Figure 11 and smaller than those in Figure 13. The results with 5 MHz excitation signal also gives acceptable image of patterns. The sample amplitude with 5 MHz ranges from 136 to 201. The images in Figure 16 demonstrates consistent results with those in Figure 15.



Since the UMMAI system is a multi–frequency working system, the resolution performance of UMMAI is comprehensively evaluated with amplitude and phase images with all working frequencies. The above results show that UMMAI can provide high resolution images in different mud environments.



According to the public literatures from Baker Hughes [30] and Halliburton [31], the vertical and azimuthal resolution of STAR imager is about 0.2 inch (5 mm), and its applicable mud resistivity range is from 0.01 Ω/m to 10 Ω/m, which is not suitable for oil-based mud environment.The resolution of EMI and StrataXaminer is about 0.2 in (5 mm), and they are only applicable in an oil-based mud environment.



In the field tests of UMMAI, limited to the minimum notch width in the test fields, several horizontal notches with a width of 8 mm can be distinguished in Figure 11 and Figure 15. Therefore, UMMAI is regared to own a resolution better than 8 mm and has comparable imaging performance with mainstream commercial logging equipments, which is suitable and universal in multiple mud environments.





4. Conclusions


To obtain diverse high-resolution subsurface formation information in various logging scenarios, a universal multi–frequency micro-resistivity array imaging (UMMAI) system is developed and verified. The methodology and modeling of UMMAI are established and the UMMAI hardware design is presented. Several lab tests are conducted over UMMAI and the result verifies large dynamic range, good linearity of transceivers and excitation signal diversity in UMMAI, which enable UMMAI present abundant amplitude–frequency characteristics response images and phase–frequency characteristics response images of subsurface formations at the same time. Three field tests analysis of UMMAI show that it can give satisfactory credible formation images with high resolution, which is suitable for subsurface formation discrimination and useful for reservoir identification.
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Figure 1. The circuit model of UMMAI imaging system. 
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Figure 2. The relations between impedances   Z  M n   ,   Z  R n    and   Z  X n   . 






Figure 2. The relations between impedances   Z  M n   ,   Z  R n    and   Z  X n   .



[image: Remotesensing 14 03116 g002]







[image: Remotesensing 14 03116 g003 550] 





Figure 3. The simplified measurement equivalent circuit in actual measurement environment. 
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Figure 4. The pictures of (a) control-processing unit, (b) transmitter unit and (c) signal acquisition unit in UMMAI. 
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Figure 5. The normalized amplitudes of samples at different chain gains and transmitter phase shifts when the excitation signal frequency is (a) 100 kHz, (b) 1 MHz and (c) 10 MHz, respectively. G stands for the gain of receiving chain and P represents the phase of transmitted signal. 
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Figure 6. The phases of samples at different chain gains and transmitter phase shifts when the excitation signal frequency is (a) 100 kHz, (b) 1 MHz and (c) 10 MHz, respectively. G stands for the gain of receiving chain and P represents the phase of transmitted signal. 
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Figure 7. The amplitudes of samples in different resistor measurements when the excitation signal frequency is (a) 1 kHz, (b) 10 kHz, (c) 100 kHz and (d) 1 MHz, respectively. G stands for the gain of receiving chain. 
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Figure 8. The measured resistance values in different resistor measurements when the excitation signal frequency is (a) 100 kHz, (b) 1 MHz and (c) 10 MHz, respectively. G stands for the gain of receiving chain. 
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Figure 9. The sample phases in different resistor measurements when the excitation signal frequency is (a) 100 kHz, (b) 1 MHz and (c) 10 MHz, respectively. G stands for the gain of receiving chain. 
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Figure 10. The field test setup of UMMAI. The left is patterns on the simulated borehole wall. The right is the test scenario of UMMAI. 
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Figure 11. The imaging result of borehole wall patterns with UMMAI sample modulus in the first test, while the borehole is filled with oil-based mud. 
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Figure 12. The imaging result of borehole wall patterns with UMMAI sample phases in the first test, while the borehole is filled with oil-based mud. 
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Figure 13. The imaging result of borehole wall patterns with UMMAI sample modulus in the second test, while the borehole is filled with water-based mud. 
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Figure 14. The imaging result of borehole wall patterns with UMMAI sample phases in the second test, while the borehole is filled with water-based mud. 
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Figure 15. The imaging result of borehole wall patterns with UMMAI sample modulus in the third test, while the borehole is filled with water-oil mixed mud. 
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Figure 16. The imaging result of borehole wall patterns with UMMAI sample phases in the third test, while the borehole is filled with water-oil mixed mud. 
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