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OutlineOutline
•• Introduction and problem descriptionIntroduction and problem description
•• Literature review and objectivesLiterature review and objectives
•• Model developmentModel development
•• ValidationValidation
•• Summary and conclusionsSummary and conclusions
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•• 2D horizontal annulus2D horizontal annulus
•• Steady state, natural convectionSteady state, natural convection
•• Concentric inner and outer cylindersConcentric inner and outer cylinders
•• Isothermal boundary conditions,Isothermal boundary conditions,

Geometry:Geometry:
Relative boundary sizeRelative boundary size

Effective gap spacingEffective gap spacing

Shape, orientationShape, orientation

Problem DefinitionProblem Definition

ioio ddPP ⇒/

( ) 2ioe dd −⇒δ

Ti > To

(spheres)

(spheres)



43rd Aerospace Sciences Meeting and Exhibit, Reno NV

Parameter DefinitionsParameter Definitions
•• Total heat transfer rate nonTotal heat transfer rate non--dimensionalizeddimensionalized by by 

Nusselt numberNusselt number

•• selected as characteristic length:selected as characteristic length:
For                     limit, scale length related to inner bodFor                     limit, scale length related to inner body y 
dimensions onlydimensions only

Similar results for similar body shapes, orientationsSimilar results for similar body shapes, orientations
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Parameter DefinitionsParameter Definitions
•• Dimensionless conduction shape factorDimensionless conduction shape factor

•• Effective conductivityEffective conductivity

•• Rayleigh numberRayleigh number
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Literature Review Literature Review -- Data Data 
Experimental and Numerical StudiesExperimental and Numerical Studies
•• Concentric spherical enclosuresConcentric spherical enclosures

Over 20 publications with average heat transfer dataOver 20 publications with average heat transfer data
Most experimental data for high Rayleigh number, boundary layer Most experimental data for high Rayleigh number, boundary layer flowflow
All other data from numerical simulationsAll other data from numerical simulations

•• Other enclosure geometriesOther enclosure geometries
Numerical data for circular, polygonal, rhombic, elliptical cyliNumerical data for circular, polygonal, rhombic, elliptical cylindersnders

•• Correlations of experimental, numerical dataCorrelations of experimental, numerical data
Valid for limited ranges of Valid for limited ranges of RayleighRayleigh numbernumber
GeometryGeometry--dependentdependent
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Literature Review Literature Review -- ModelsModels
•• Analytical models available for concentric, eccentric Analytical models available for concentric, eccentric 

circular annuluscircular annulus
RaithbyRaithby & Hollands& Hollands2828

Kuehn and GoldsteinKuehn and Goldstein2929

•• BoydBoyd3030 presents general correlation procedure for 2D presents general correlation procedure for 2D 
annulus with arbitrarilyannulus with arbitrarily--shaped boundariesshaped boundaries

Requires correlation coefficient values from empirical dataRequires correlation coefficient values from empirical data

Difficult to implement for nonDifficult to implement for non--standard boundary shapesstandard boundary shapes
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ObjectivesObjectives
•• Analytical modeling of natural convection in Analytical modeling of natural convection in 

horizontal annulushorizontal annulus
Full range of          from conduction to convectionFull range of          from conduction to convection
Applicable to wide range of geometriesApplicable to wide range of geometries

•• Inner and outer boundary shapes and orientationInner and outer boundary shapes and orientation
•• Relative boundary sizesRelative boundary sizes

PhysicallyPhysically--based analysisbased analysis

•• Validate model using experimental, numerical data Validate model using experimental, numerical data 
from the literaturefrom the literature

Circular annulusCircular annulus
Annuli with different inner, outer boundary shapesAnnuli with different inner, outer boundary shapes

iPRa
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Model DevelopmentModel Development
•• Assume linear superposition of diffusive, convective limitsAssume linear superposition of diffusive, convective limits

•• Kuehn and GoldsteinKuehn and Goldstein8,98,9 data for circular annulusdata for circular annulus
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Model DevelopmentModel Development
•• General model based on Churchill and UsagiGeneral model based on Churchill and Usagi3333

composite solution techniquecomposite solution technique

•• Combination of three asymptotic solutionsCombination of three asymptotic solutions

•• Combination parameter Combination parameter nn determined from validation determined from validation 
with numerical, experimental datawith numerical, experimental data
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Conduction Shape FactorConduction Shape Factor
•• Correlations, models, from handbooksCorrelations, models, from handbooks
•• Numerical simulationsNumerical simulations
•• Approximate method from equivalent circular annulusApproximate method from equivalent circular annulus

Effective Effective 
diameter ratiodiameter ratio

Dimensionless conduction shape factorDimensionless conduction shape factor
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Boundary Layer ConvectionBoundary Layer Convection
•• AssumptionsAssumptions

Laminar flowLaminar flow
uniformuniform

NonNon--intersecting boundary layersintersecting boundary layers

•• Series combination of resistancesSeries combination of resistances

•• NonNon--dimensionalize using Nusselt numberdimensionalize using Nusselt number
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Boundary Layer ConvectionBoundary Layer Convection
•• Convection modeled using YovanovichConvection modeled using Yovanovich3131and Jafarpurand Jafarpur3636

•• Laminar boundary layer convection asymptoteLaminar boundary layer convection asymptote
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Transition FlowTransition Flow
•• Boundary layers merge when Boundary layers merge when 

•• Model as equivalent circular annulusModel as equivalent circular annulus

•• Three distinct regions are formedThree distinct regions are formed

•• Central regionCentral region
Radial conductionRadial conduction

Buoyancy induced flowBuoyancy induced flow

•• For narrow gap spacing,             , For narrow gap spacing,             , 
temperature, velocity in central region temperature, velocity in central region 
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Transition FlowTransition Flow
•• Enthalpy balance in topEnthalpy balance in top--end and end and 

bottombottom--end regionsend regions

•• Transition flow asymptoteTransition flow asymptote
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Validation: Circular AnnulusValidation: Circular Annulus
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Circular AnnulusCircular Annulus
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Circular AnnulusCircular Annulus
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Concentric Elliptic CylindersConcentric Elliptic Cylinders

verticalvertical

horizontalhorizontal
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Square and Diamond in CircleSquare and Diamond in Circle
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Hexagon in Circular CylinderHexagon in Circular Cylinder



43rd Aerospace Sciences Meeting and Exhibit, Reno NV

Circle in Square CylinderCircle in Square Cylinder
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SummarySummary
•• Analytical study of natural convection heat transfer Analytical study of natural convection heat transfer 

for isothermal, horizontal annulifor isothermal, horizontal annuli

•• Model developed based on combination of analytic, Model developed based on combination of analytic, 
asymptotic relationshipsasymptotic relationships

Diffusive limitDiffusive limit

Laminar boundary layer convectionLaminar boundary layer convection

Transition flow convectionTransition flow convection

•• Validated using previous data for similar, different Validated using previous data for similar, different 
inner and outer cylinder shapesinner and outer cylinder shapes

•• 6 6 –– 9% RMS difference between model and data9% RMS difference between model and data
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