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Achieving new technologies with high reliability while reducing the cost
and time of the design cycle is one of the most significant challenges in
developing complex systems. This paper discusses the reliability-based
design of a space system during the conceptual design phase. Generally,
there are eight steps in designing for reliability. As applied to a liquid
propellant engine with electro-pump technology, these steps include
planning, determination of failure modes, reliability modeling, reliability
allocation, propagation of uncertainty, implementation of the chosen
method in reliability analysis, reliability prediction, and reliability
evaluation. Each step contains sub-steps that follow in a specific order.
In the second step, the prediction of failure modes is carried out using
two FMEA methods alongside design constraints. The third step involves
developing the reliability block diagram for the electro-pump. In the
fourth step, various reliability allocation methods are introduced and
reviewed. The fifth step presents four approaches to investigate
uncertainty: sampling methods, analytical methods such as FORM and
SORM, polynomial estimation using Taylor series, and advanced
methods like random expansion. Subsequently, the uncertainty in the
electro-pump engine is addressed alongside the limited functions in the
electro-pump engine. Finally, in the seventh step, the reliability
evaluation of the electro-pump engine is discussed. This evaluation is
conducted to validate the proposed method, where reliability is
determined using two indicators: specific impulse and mass ratio (initial
mass to final mass).
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Table 3. Predicted failure rates of engine subsystems.

Failure Failure rate
Row Component rate value
Name
Index (Failure per min.)
Oxidizer and
1 Fuel Tanks A 6.6e-6
2 Battery A2 6.67e-5
3 Inverter A3 6.6e-6
4 Electro-Motor A 6.67e-5
5 Fuel Pump As 6.67e-5
6 Oxidizer Pump As 6.67e-5
7 Valves A7 6.67e-5
Thrust
8 Chamber As 6.7e-4
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Table 4. Calculation of weighted coefficients, assigned failure
rate and reliability of engine subsystems.

Component . .
Row A w; A R;(t)
Name
Oxidizer and
1 6.6e-6 | 0.006 | 0.0000012 | 0.99998
Fuel Tanks
2 Battery 6.67e-5 | 0.06 | 0.000012 | 0.9998
3 Inverter 6.6e-6 | 0.006 | 0.0000012 | 0.99998
4 Electro-Motor | 6.67e-5 | 0.06 0.000012 | 0.9998
5 Fuel Pump 6.67e-5 | 0.06 | 0.000012 | 0.9998
Oxidizer
6 6.67e-5 | 0.06 | 0.000012 | 0.9998
Pump
7 Valves 6.67e-5 | 0.06 | 0.000012 | 0.9998
Thrust
8 6.7e-4 | 0.618 | 0.00012 0.998
Chamber
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Table 5. Scope of application of different uncertainty propagation approaches.

o Failure No. Solver
Row Approach Non-linearity - No. Parameters
domains Runs
1 Monte Carlo Arbitrary Arbitrary many >10%(3 sigma)
2 Simulation Arbitrary Arbitrary <10 >107(3 sigma)
3 | Directional Sampling Arbitrary One dominant <10 1000-5000
4 Adaptive Im_portance Monotonic One dominant <20 500-1000
Sampling

5 FORM, SORM Monotonic One dominant <20 200-500
6 ISPUD Continuous Few dominant <20 200-500
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Table 8. Setting the parameters in the ARSM-DS method.

1. Directional sampling

Number of directions: 1000

2. Metamodel

Number of supports in 1st step: 200
Scaling factor in 1st step: 3
Number of supports in per step: 50
Number of steps: 3
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Table 6. Setting the parameters in the MCS method.

Total number of samples: 1000
Samples to be computed in 3
parallel:

FORM 4, ;5 o el )y wulss — ¥ Jou

Table 7. Setting the parameters in the FORM method.

1. Optimization algorithm
Optimization algorithm used: NLPQL
2. Optimizer settings

Desired accuracy: 0.0005
Differentiation scheme: Central
Differentiation step size: 0.01
Maximum number of solvers runs: 10000
Number of parallel line searches: 1
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Table 9. Variables, range of changes and uncertainties in electropump engine.

Variable Reference Min. Max. Notation Variable cov Distribution
Value Type Type
Consumption ratio 2.24 2 2.34 Continues % 2 Normal
Ratio of tank
volume to 1.04 1.03 1.05 k, Continues - Deterministic
propellant volume
Initial pressure of 270 250 300 Po Continues - Deterministic
the gas tanks
Chamber Pressure 110 95 120 P, Continues 002 Normal
Battery energy s . 0
densities 230 130 500 b,E Continues 002 Normal
Efficiency of 085 080 | 09 N | Continues | - |Deterministic
inverter
Efficiency of 0.66 063 | 07 Mow | Continues | - |Deterministic
oxidizer pump
Efficiency of fuel | 61 | 056 | o065 ne | Continues | - |Deterministic
pump
Burning time 900 600 1200 Iy Continues - Deterministic
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Fig. 4. The relationship between the chamber pressure and
consumption ratio with the objective function of the final

velocity within the cloud of reliability points in the electro-
pump feeding system.
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Fig. 7. Correlation between specific impulse index and
reliability in electro-pump feeding system.
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Fig. 5. Clarify the failure and safe area in electro-pump feeding system
with two variables of chamber pressure and consumption ratio.
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Fig. 6. Relation between chamber pressure and battery energy
density with the objective function of the final speed in the cloud
of reliability points in the electro-pump feeding system.
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