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Abstract—To make better use of resources and achieve the highest benefits, the reliability and inspection strategy of the subsea gas boosting system are proposed in this paper. First, the operation modes and phases of the system were analyzed to establish the state transition chart accurately. On this base, the Markov model of the system with five state was established to depict the imperfect test effect and to get the steady-state reliability indexes of the system and the expression of steady-state probability of each state. Then, the failure rate was calculated using reliability predict method and the repairing rate was determined from experience and statistic data. Finally, system cost was calculated to determine the optimal inspection strategy and comparison was made to show the improvement of the system economic effectiveness.
Keywords-Repairable system; Inspecting strategy; Markov process; Optimization
I.  Introduction
For subsea oil and gas fields to produce hydrocarbons, there must be enough pressure to force the fluids to the surface. In some cases, it may be necessary to artificially increase the pressure. Reasons include deep water, ageing field (pressure drops as a field ages) and long tieback distances. The latest development in subsea boosting is subsea gas compression, instead of the pump-based boosting technology which has been used for several years in worldwide. There are significant technical issues to be overcome before gas boosting becomes commonplace. To investigate those issues connected to gas boosting technology, the Department of Production and Quality Engineering at NTNU constructed a laboratory which is shown in Figure 1. The laboratory objectives include control of the flow in the system, mapping of the compressor characteristics, using the lab as a pre-testing facility before full-scale testing at the Department of Energy and Process Engineering, and using it for educational purposes [1].
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To make better use of resources and achieve the highest benefits, it is necessary to improve the utilization rate of equipment and reduce the occurrence of failures. The means of maintenance is repairing the system with equipment after the system failure and the system continue to perform its function after repairing. Therefore, the system needs to be inspection and to be tested at regular intervals. Due to practical constraints, the detection may be inaccurate and the test may be imperfect. Some demands are hazardous events and may occur in many different ways. To simulate a demand may also be hazardous and may need to be repeated several times to cover all aspects of the demand. Proof tests are often carried out under conditions that are different from real demand conditions and may, therefore, not be fully realistic [2]. It is necessary to study the inspection strategy of the imperfect test effect on that repairable system to determine the optimal detection interval and make the best benefit from the system.
Figure 1.   Subsea Gas Boosting Laboratory model in Solid Works (Air, water source and controling system are not included.)
The system will run in three different operation modes to emulate the different existing wet gas compression solutions. The first mode is wet gas compression with separation where the gas and liquid are boosted separately before being rejoined in a multiphase pipeline. The second operation mode is wet gas compression without separation. In this mode, the separator is bypassed and the two-phase flow is compressed in the wet gas compressor. The last operation mode is dry gas compression.
For analyzing its availability, we need to study how many states and how long the time in each state when the system is running. It can be seen from the operation modes that the system can run in different states due to different failure mode of components. The first state is normal state or full function state, by which user can do all the three modes of test and research project. In addition to the normal state, degraded state exists, in which the second operation mode or the last operation mode can be used with failed separator, however, the first operation mode cannot be used due to separator failure.
Reliability is an important feature of repairable systems [3–6]. It is nature to perform reliability analysis by modelling the repairable system as a Markov process. Lam, C. T. and R. H. Yeh presents algorithms for deriving optimal maintenance policies to minimize the mean long-run cost-rate for continuous-time Markov deteriorating systems. The degree of deterioration (except failure) of the system is known only through inspection [7]. Abdel-Hameed, M. proposed an optimal maintenance of systems subject to deterioration of the renewal type [8]. Malwane M.S. Ananda and Jinadasa Gamage study steady state availability of a system with lognormal repair time [9]. Ferreira, R. J. P., et al. proposed a decision model, which can simultaneously determine inspection intervals for condition monitoring regarding the failure behavior of equipment to be inspected, features of maintainability and decision maker preferences about cost and downtime [11]. Inspired by those study, this paper proposed a simplified model and method to determine the reliability and inspection strategy of the Subsea Gas Boosting system considering imperfect test effects. The main reliability index of the system, the steady state availability of the system. 
II. state transition model of the system 
Most of these Markov-process-based models need that there are clear definitions of normal state and failure state and the definitions are independent of the evolutional history of the system. To make things clear, we divided the states of system into operation and maintenance phases as shown in Fig.2. In operation phase, the system can be either in normal working or in degraded working state. In degraded working state, the second wet gas compression without separation mode or the last dry gas compression mode can be used by user considering the actual failure mode of the system. In maintenance phase, the system may be in repaired state due to inaccurate diagnostic or damage introduced by test in normal working state, or due to inaccurate diagnostic or damage introduced by test in degraded working state, or direct failure in degraded working state.
The normal working state of the system is represented by W(0), to consider the imperfect test effect on the system, we denote every normal working state at the nth  test or inspection as W(0,n) (n=0,1,…). Similarly, the degraded working state is represented by D(1) (n=0,1,…), we denote every degraded working state at the nth test or inspection as D(1,n) to indicate the imperfect test effect on the degraded system. The state of repair due to failure before scheduled inspection is indicated by Fm(2). The state represented by Wm(3) is the repaired state in which normal working state was placed at the chances of being imperfect detected or tested , but the system is actually normal without failure. Finally, the repairing state where the abnormality is detected in the degraded working state is indicated by Dm(4).
Assume the system starts to work normally at time t=0, after that, the system is detected at specified intervals. The detection interval is considered being subject to exponential distribution and all the normal working and degraded working hours of the system are subject to exponential distribution too. All the random variables are considered independent of each other.
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When the system is working normally, the probability of being detected abnormally is q01, the probability of detecting normal is q00, thus q01+q00=1, and when the system is in degraded working state, the probability of detecting abnormally is q11, the probability of detecting normally is q10, again, q11+q10=1, The repair time of the system in states 2, 3 and 4 follows the exponential distribution of parameter 2, 3 and1 respectively. After the repair, the system return to initial normal working state and begin work normally.
Figure 2.  State transition model of the system

According to the above discussion, the differential equations of state transition of the system in state W(0,0) can be expressed as:
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After n-1th test or inspection, the system reach to state W(0, n) with the probability P0n(t), the differential equations of the transition can be expressed as:
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The following system differential equations can also be drown for state D(1,0) and D(1,n):
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For state Fm(2), Wm(3) and Dm(4), there are those relationship exits respectively:
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The probability of each state satisfies the following relation:
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The initial condition of the system is:
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When the system is in steady state, the change rate of each function of the system is 0, Therefore, the above equation can be transformed into the following linear system:
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Assume the unit time earnings is C0 when the unit is in the normal working state, and the unit time earnings of the degraded working state is C1(C0＞C1), The cost of repairing the components in states 3 and 4 is D3 and D4 (D3<D4) respectively; the repair cost of state 2 is D2, and the detection cost of each time is E. The cost function of the system for long run in time duration (0, t] can be defined as:
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To solve those equations, we can get from formula (6’):
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From formula (7’):
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From formula (2’), (3’), (4’), (5’):
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From formula (11), (12):
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From formula (8’):
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Therefore,
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Finally, we can get:
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III. System reliability index
A. The steady state availability of the system
The availability of the normal system is
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The availability of the abnormal system is
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The availability of the system is

[image: image30.wmf]12

AAA

=+


B. The steady-state failure frequency of the system 
The steady-state failure frequency of the system is:
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C. The steady-state detection frequency of the system 
The steady-state detection frequency of the system is:
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IV. Inspection Strategy for Subsea Wet Gas Compression Lab System
To develop reliability analysis and inspection strategy for the Subsea Gas Boosting System with normal working and degraded working states considering the effect of imperfect test. The structure and function of the subsea gas boosting system was first analyzed to establish a basis for the calculation of the value of λ1andλ2. Fig.3 is the structure of the system. Fig.4 is the function tree for global context of wet gas compression with separation. 
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Diagram of Subsea Gas Boosting System
Figure 4.  Function tree for global context of wet gas compression with separation
The system run time parameter is calculate using the data from PDS data hand book from[12] and Then, the failure rate was calculated using reliability predict method from[13] and the repairing rate was determined from experience and statistic data. The following value was gained from the calculation, and it was used to calculate the P0n(t) and all other probability function.
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The optimal detection of the system, which is making the benefit function is maximized, is found by derive the cost function and then find the extreme points. The value of extreme points for cost function is a positive number. The parameter of system unit time income and expense is:
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A MATLAB program was developed to calculate the benefit function, take above assignment into the designed program to calculate, the results are as follows:

The maximum of 
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is 4983.5, the maximum point is α=7.4448e-4, which means the steady-state maximum yield is 2835 when the test time interval obeys an exponential distribution with parameter 
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=7.4448e-4.

The availability of the system: 
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=0.9983, the steady-state failure frequency of the system is: 
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=4.8942e-8, the steady-state detection frequency of the system is: 
[image: image40.wmf]M

=7.4324e-4. The function image of the benefit function is shown in figure 5.
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Figure 5.  Cost function and its optimazation point of the system
V. Conclusions
In this paper, the theory of stochastic processes is employed to develop reliability analysis and inspection strategy for the Subsea Gas Boosting System with normal working and degraded working states considering the effect of imperfect test. A new model for the subsea gas boosting system is developed first, based on the theory of the Markov mathematic model with five states. Based on the developed model, the steady-state reliability indexes and the expression of steady-state probability of each state are derived. Also, the failure rate was calculated by using reliability method and repairing rate was calculated by using statistic date from experience. At last, system cost is obtained. All the derived reliability indexes can be expressed in closed-form, which provides an effective and comprehensive way to describe the reliability of the subsea gas boosting system.

In the future, more versatile reliability indexes might be defined and derived so that the behavior of system reliability from different aspects could be better captured. Moreover, considering the influence of system configuration, more system state combination can be investigated to achieve a more comprehensive understanding of reliability analysis of the two degraded states.
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