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Technical Background

Q”I‘g;?olu:;qz Loop Heat Pipe (LHP)

Rvoff l * invented in the former Soviet
Union in 1970s

* two-phase capillary-pumped heat

transport — no moving part

Liquid ny,

Thermal-Fluid Interaction
* heat exchange with environment

) via components’ casing
Q .\ ° ad ) ° L)
o P 5 _ * fluid “movement” initiated by
e
Heat Sink phase change
Q(Zd’) 0. +0%) * thermal/fluid dynamics of fluid

(L L driven by thermal environment
0 = Q2+ 5y y
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Nominal Operatio

n

Steady State Operations
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Development of LHP Linear Stability Theory

High Frequency Low Amplitude (HFLA) Oscillations

a. . Mec .
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Low Frequency High Amplitude (LFHA) Oscillations
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Previous Research at U.S. Naval Research Laboratory NF

Physical Dimensions and Properties of NRL LHP
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Scope of Current Research

* Primary Objectives

— “deep dive” into dynamical system behaviors of LHP thermal-fluid interaction in all
plausible operating scenarios/regimes

— develop accurate/ efficient analytical tools to predict LHP system performance for large
number of conditions (even in uncharted territories)

— eliminate/mitigate ill effects of LHP (temperature) oscillations

« Technical Approach
— simplify governing equations by exploiting unique characteristics of problems at hand
— select suitable solution scheme(s) that are numerically stable and runtime efficient
— conduct far-reaching analytical investigation of LHP performance in relevant conditions
— search for sensible methods to mitigate/control LHP oscillations
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LHP Thermal-Fluid Governing Equations

Fluid “Dynamical” System Heat Exchange with Environment
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Multi-Scale Perturbation Problem
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« Adaptive Runge-Kutta-Fehlberg

« Model Assumptions for Simulations
incompressible flow (Mach No. < 0.2)

no mechanical moving part

a successful LHP start-up precedes

loop operations to be simulated
wicks in working condition

single-pass condenser/subcooler
no gravity-assist mode of operation

« Computer Code

— written in BASIC as part of Excel Macro
— spreadsheets utilized as 1/O medium Node 401
— thermophysical properties of working

fluid from NIST database
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7z e
% Node 401
% (Reservoir
% Inner Wall)
Z Node 901 Node 901
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3 2 w58
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[ % ™ =]
T T = .
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P % = Conductances
3 % Condenser: G1-G20
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8.0kJ/K

Attached Thermal Mass
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8.0kJ/K

Attached Thermal Mass
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8.0kJ/K

Attached Thermal Mass
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Qyy = 50W, Ty = +20°C & Ty =-30°C Q= 52W, Ty = +20°C & Ty =-30°C Quy = 60W, Ty = +20°C & Ty =-30°C
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reduced with decreasing attached thermal mass
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Look Ma, No LFHAS!
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LHP operations exhibit many fundamental
characteristics of nonlinear dynamical systems

Selkov Model of Glycolysis

dx
dt

dy

—=b—ay—x°y

dt
Hopf bifurcations

similar to those of
LFHA oscillation
In LHP operation

— = —x+ay + x%y

Brusselator Model of
Autocatalytic Reaction

Phenomena in other dynamical systems may be
drawn upon to study LHP oscillatory behaviors
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Summary / Future Works

« Multi-Scale Singular Perturbation Method

— Inspired by Prandtl’s Boundary Layer Theory = isolate/separate computational
domains into somewhat independent regimes for specific sets of characteristics

— LHP fluid subsystem has at least two distinct time scales: one for vapor dynamics
and one for liquid counterparts (in addition to those of thermal environment)

— modeling of LHPs is perhaps NOT as intimidating as thought

« LHP Dynamical System Analysis
— verified Hopf Bifurcations in LHP operation

— characteristics almost identical to those of many other systems = leveraged to
serve as roadmap for future research

* Potential operational issues to be investigated
— externally—forced periodic operating conditions — resonance?
— multiple LHPs thermally—coupled in Thermal Control System
— unstable “subcritical” Hopf bifurcation in oscillatory regimes
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