• Same type of analysis for US, assumed to be cantilever
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Contact Models

• 2 models considered • Both are regulation based and depend on relative penetration of MP and the sleeves

Δ 𝑖 𝑏 = 𝑝 𝑟 + |𝑝 𝑟 | 2 𝑏 - 𝑝 𝑙 -𝑝 𝑙 2 𝑏 = ቐ + 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑜𝑛 𝑅𝑖𝑔ℎ𝑡 -𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑜𝑛 𝐿𝑒𝑓𝑡 0 𝑁𝑜 𝐶𝑜𝑛𝑡𝑎𝑐𝑡
• First model: a mass-less, two-stage linear spring with a gap

𝐹 𝑖 = 𝐾 𝑐 Δ 𝑖 + 𝐾 𝑚 2 ቐ 𝑝 𝑟 -𝑔 𝑖 + 𝑝 𝑟 -𝑔 𝑖 𝑖𝑓 𝑝 𝑟 ≥ 𝑔 𝑖 𝑝 𝑙 + 𝑔 𝑖 -𝑝 𝑙 + 𝑔 𝑖 𝑖𝑓 𝑝 𝑙 ≤ -𝑔 𝑖 0 𝑒𝑙𝑠𝑒
• Second model: Lankarani and Nikravesh (L&N) contact model

𝐹 𝑖 = 4 3 𝜋𝐸 𝑖 * 𝑅 𝑖 * 𝐿 𝑖 Δ 𝑖 𝑏 𝑏 ∈ [1.0,1.5]
• Both characterize different aspects and simplifications for these types of systems • Both are implemented and can produce similar results • Differences were noticed for both higher frequency (especially resonance range) sine excitation and parts of more realistic excitation • Large dynamic excitations shows variability in contact models • But for the scope of early design phase/excitations of interest, current modeling is sufficient 

Background•

  CEA is focused on the development of next generation nuclear reactors • Current development for Reactivity Control Systems (RCS) -Main use: Control output of reactor • Exhibit difficult case of forced excitation and multi-body interactions with frictional contacts • Desire: a simplified tool for early design phase simulations for safety during seismic event -Easy to modify/adjust test system Date Commissariat à l'énergie atomique et aux énergies alternatives PIRAT • To study these systems, PIRAT (Python Implementation for Reliability Assessment Tools) is currently being developed • Based on 3 main tools: -StaBI -Statically enforced boundary -DEBSE -Dynamically enforced boundary (Focus of this work) -SIKI -Kinetic insertion to measure droptime • Uses analytical (continuous) modeling approaches -Opposed to FE Date Commissariat à l'énergie atomique et aux énergies alternatives

••

  3 types of excitations considered -Nearly same maximum displacement of excitation locations -Safe Shutdown Earthquake (SSE) magnitude • 1 st -Stepped-Sine excitation -Easier to understand interactions -Adjust applied frequency -Identify resonance behavior • 2 nd /3 rd -Realistic excitations -Generated from whole-core simulations -Reactor is not expected to restart • Focus on early time Date Commissariat à l'énergie atomique et aux énergies alternatives First Results -Stepped Sine Excitation • The first result is for LS motion via Sine wave with variable frequency • Plot shows maximum displacement magnitude of Upper Guide (UG) normalized to static deformation estimate -Dynamic Amplification Factor (DAF) • Shows 4 distinct regions based on frequency Date Commissariat à l'énergie atomique et aux énergies alternatives Sine Excitation Discussion • Low frequency region -Nearly identical results -Some numerical issues at very low frequencies • Resonant region -MP mode at 2.3 Hz and US mode at 2.1 Hz -Causes numerical instabilities • Mid frequency region -Large variability -Response dominated by low frequency motion, not excitation High frequency region -Multi-mode response Date Commissariat à l'énergie atomique et aux énergies alternatives Resonance Effects • 2 Aspects of resonance effects -Variability (partially due to numerical conditioning) -Increase in response • Increase in response due to imposing large displacement at mode shape max -Large energy due to resonance, but fixed amount of energy in 2 nd mode due to fixed displacements -Energy transferred to 1 st mode where UG has large displacement Date Commissariat à l'énergie atomique et aux énergies alternatives Realistic Excitation -BASILIQ excitation • To mimic more realistic excitation, response of whole core simulation of seismic event is used (From BASILIQ CAST3M a CEA code) • Uses dynamics of fuel rods, RCS, and core • Based on realistic seismic spectrum to get deflection of LS Date Commissariat à l'énergie atomique et aux énergies alternatives BASILIQ Excitation -Results • For short-time (<8 seconds), little variability • In general for this excitation only focused on short-time -Reactor is not expected to restart after this level of earthquake • Within short-time, |DAF|<1 suggesting that static estimate might be conservative Date Commissariat à l'énergie atomique et aux énergies alternatives Realistic Excitation -Dynamic Excitation on Statically Deformed System • In actuality, the deformation is comprised of several components, some static and some dynamic • Static contributions: -Installation misalignment -Fabrication uncertainty -Irradiation • Dynamic contributions: -Primarily seismic activity • To simulate this, apply dynamic excitation to statically deformed system • Nearly same maximum deformation Date Commissariat à l'énergie atomique et aux énergies alternatives Static + Dynamic-Results • Almost no variability in short time (<10 seconds) • Largest DAF <1 • Some instances where IG is positive (at all times) and UG is negative -Induces large shear forces that hinder the safety function of RCS Date Commissariat à l'énergie atomique et aux énergies alternatives Conclusions • CEA is developing tools to study Reactivity Control Systems that consist of multiple sub-systems • One of the most difficult aspects is the interaction between sub-systems • For the dynamic tool DEBSE, 2 candidate contact models are compared -2-stage spring, L&N contact model (with various exponential values)

  

  

  

  

  

  

Types of Systems

  

  𝑝 𝑟 > 0 for contact on Right, and 𝑝 𝑙 < 0 for contact on Left • Depends on US or LS • For LS: 𝑝 𝑟 = 𝜙 0 𝑡 𝐷 0 𝑥 𝑘 + 𝜙 𝐿 𝑡 𝐷 𝐿 𝑥 𝑘 + 𝑁 𝜓 𝑛 𝑥 𝑘 𝑞 𝑛 𝑡 -𝑉 𝑘 𝑡 -𝑅 𝐿𝑆 𝑥 𝑘 -𝑅 𝑀𝑃 𝑥 𝑘 𝑝 𝑙 = 𝜙 0 𝑡 𝐷 0 𝑥 𝑘 + 𝜙 𝐿 𝑡 𝐷 𝐿 𝑥 𝑘 + 𝑁 𝜓 𝑛 𝑥 𝑘 𝑞 𝑛 𝑡 -𝑉 𝑘 𝑡 + 𝑅 𝐿𝑆 𝑥 𝑘 -𝑅 𝑀𝑃 𝑥 𝑘 𝑝 𝑟 = 𝜙 0 𝑡 𝐷 0 𝑥 𝑚 + 𝜙 𝐿 𝑡 𝐷 𝐿 𝑥 𝑚 + 𝑁 𝜓 𝑛 𝑥 𝑚 𝑞 𝑛 𝑡 -𝛾 𝑧 𝑚 𝑄 𝛾 𝑡 -𝑅 𝑈𝑆 𝑧 𝑚 -𝑅 𝑀𝑃 𝑥 𝑚 𝑝 𝑙 = 𝜙 0 𝑡 𝐷 0 𝑥 𝑚 + 𝜙 𝐿 𝑡 𝐷 𝐿 𝑥 𝑚 + 𝛾 𝑧 𝑚 𝑄 𝛾 𝑡 + 𝑅 𝑈𝑆 𝑧 𝑚 -𝑅 𝑀𝑃 𝑥 𝑚

		Δ 𝑖 𝑏 =	𝑝 𝑟 + |𝑝 𝑟 | 2	𝑏	-	𝑝 𝑙 -𝑝 𝑙 2	𝑏	+ 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑜𝑛 𝑅𝑖𝑔ℎ𝑡 = ቐ -𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑜𝑛 𝐿𝑒𝑓𝑡 0 𝑁𝑜 𝐶𝑜𝑛𝑡𝑎𝑐𝑡
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	•	For US:					
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