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 Port Plane ApproachPort Plane ApproachPort Plane ApproachIntroductionIntroduction
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachIntroductionIntroduction
 Well posed Deterministic Modelsprovide accurate predictions that are insensitive to uncertainties in model parameters.
 Micro/Macro DistinctionMicroscopicMicroscopic – model spatially detailed behavior governed by partial differential conservation equations in spatially continuous regimes.MacroscopicMacroscopic – model spatially averaged behavior governed by ordinary differential conservation equations in finite control volume idealizations of systems.
 Multi-Zone + Duct Network
 Macro Model
 Micro Model Embeddedin a
 Macro Model
 Single-Zone
 Micro Model
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachIntroductionIntroduction
 In deterministic modeling:Accuracy is realized through:
 Consistency: To model phenomena in a physically consistent manner.Completeness: To model model allrelevant phenomena.
 Sensitivity to model parameters:Condition: Model sensitivity is characterized by the “condition” of the modeling equations.Complexity: Complex (e.g., nonlinear) models often lead to model sensitivity.
 ‘A model should be as simple as possible, but no simpler.’[Attributed to Albert Einstein]
 or
 ‘A model should be consistent and complete, but no more complex than
 necessary.’
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheory Theory –– Building IdealizationBuilding Idealization
 Conventional ApproachConventional Approach (COMIS, CONTAM, etc.)SystemSystem = zone and junction control volumes linked by discrete airflowpaths – zone node pressures are independent variables.An incomplete approach An incomplete approach – mass conservation is imposed but
 mechanical energy conservation is not.Port Plane ApproachPort Plane Approach
 SystemSystem = junction, zone and flow path control volumes separated by port planes – port plane pressures and velocities are independent variables.A complete approachA complete approach - Allows imposition of mechanical power balance.A general approachA general approach - Includes the Bernoulli approach preferred by piping network analysts and the conventional approach as special cases.
 Building System
 duct node
 zone node port planes
 mass/volflow rate velocity
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheoryTheory –– Port Plane System VariablesPort Plane System Variables
 Port Plane VariablesPort plane pressures and airflow velocities must be understood to be spatial averagesspatial averages of (time-smoothed) detailed pressure and velocity distributions across port plane sections.Node pressures are not needed!
 control volume ID
 port plane ID
 kix̂variable
 spatialaverage
 detailed distributions ofpressure and velocity
 port iAi
 port jAj
 spatial averagepressures and velocities
 port iAi
 port jAj
 ),( srpi ),( srv j ii pv ˆ,ˆjj pv ˆ,ˆ
 representativeport planes i and j
 iA
 ii AdAvvi
 ∫=ˆ iA
 ii AdAppi
 ∫=ˆ
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheory Theory –– Power BalancesPower Balances
 Power Balances (isothermal steady case)In general, one must consider detailed pand v variations when considering mechanical energy conservation of a control volume “e”:
 One may, however, recast the detailed power balance in terms of the macro port plane variables by introducing v and pprofile correction terms α and β
 ),(1 zyvi+
 ),( zypi
 0
 difference rateenergy kinetic
 21
 221
 difference rate work pressure
 11
 11
 =−⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛−+⎟
 ⎟⎠
 ⎞⎜⎜⎝
 ⎛− ∫∫∫∫
 ++
 +++ev
 Aii
 Aii
 Aii
 Aii EdAvdAvdAvpdAvp
 iiii
 υυρ
 ( ) ( ) 0ˆˆˆˆˆˆ
 difference rateenergy kinetic
 13
 113
 21
 difference rate work pressure
 1111 =−−+− +++++++eviiiiiiiiiiiiii EAvAvAvpAvp
 ααρββ
 iii
 Aii
 i Avp
 dAvpi
 ˆˆ
 ∫≡β
 ii
 Aii
 i Av
 dAvi
 3
 2
 ˆ
 ∫≡
 υα
 velocity resultant
 normalvelocity
 DetailedDetailedPower BalancePower Balance
 MacroMacroPower BalancePower Balance
 ( ) ( ) 1;0ˆˆˆˆˆˆ
 difference rateenergy kinetic
 13
 13
 21
 difference rate work pressure
 111 ===−−+− +++++ βαρ eviiiiiiiiii EAvAvAvpAvp
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheory Theory –– Friction Loss FactorFriction Loss Factor
 Viscous Dissipation Rate: Ev [=] wattsFor two-port control volumes Ev be related to kinetic energy transport rate:
 Friction loss factor eve is expected to
 be a function of Re and geometry:
 Well-established published values are available in large number and variety.Yet Yet the building ventilation community has largely ignored this published data!
 evii
 ev eAvE 3
 21 ˆρ=
 )(Re,ˆ 3
 21
 geomfAv
 Eeii
 eve
 v ==ρ
 Idelchik, I.E., Handbook of Hydraulic Resistance - 3rd Edition. 1994
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheory Theory –– System Equations 1System Equations 1ofof44
 To form the system equations one assembles:mass conservation functions, dissipation functions, boundary condition functions & zone field assumption functions
 Mass Conservation Functions Fm = 0 :Mass Conservation “Functions:” Fm = 0 Diagram Two-Port Control Volume
 0ˆˆ =− jjii AvAv ρρ
 Multi-Port Control Volume 0ˆˆ
 ,...2,1outflow
 ,...2,1inflow
 =− ∑∑== jjj
 jj
 iii
 ii AvAv ρρ
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 Port Plane ApproachPort Plane ApproachPort Plane Approach
 Dissipation FunctionsFd = 0
 Dissipation “Functions:” Fd = 0 Diagram Two-Port Power Balance
 ( ) ( ) 0ˆˆˆˆˆˆ
 difference rateenergy kinetic
 3321
 difference rate work pressure
 =−−+− kvjjjiiijjjjiiii EAvAvAvpAvp
 ραραββ
 Two-Port “Bernoulli” – A Total Pressure Balance
 ( ) ( ) 0ˆ)(ˆˆˆ 2212
 21 =−−+− j
 kj
 kvii
 kjjii vevpp ρααρββ
 Two-Port “Conventional” – A Static Pressure Balance
 ( ) ( ) 0ˆˆˆˆˆ 221 =−+−+ i
 kkvjjjiji vezgpzgp ρρρ
 Two-Port “Hagen Poiseuille” – A Linear Static Pressure Balance
 ( ) 0ˆ32ˆˆ 2 =−− ih
 ji vD
 Lpp µ
 Multi-Port “Power Balance Zone”
 0)ˆˆ(ˆˆˆˆdifference rateenergy kinetic
 ,...2,1outflow
 3
 ,...2,1inflow
 321
 difference rate work pressure
 ,...2,1outflow
 ,...2,1inflow
 =−+− ∑∑∑∑====
 jjj
 jjj
 iii
 iii
 jjj
 jjjj
 iii
 iiii AvAvAvpAvp ααρββ
 Multi-Port “Conventional Zone” – Hydrostatic Assump.
 ( ) ( ) 0ˆˆˆˆ =+−+ jk
 jik
 i zgpzgp ρρ
 for each i-j pair of port planes
 PBal
 Bern
 Conv
 H-P
 PBal-Z
 Conv-Z
 Theory Theory –– System Equations 2System Equations 2ofof44
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheory Theory –– System Equations 3System Equations 3ofof44
 Boundary Condition Functions Fb = 0 :Boundary Condition “Functions:” Fb = 0 Diagram Velocity Boundary Condition
 0ˆˆ * =− ii vv
 Static Pressure Boundary Condition
 0ˆˆ * =− ii pp
 Total Pressure Boundary Condition
 0ˆˆˆ *221 =−+ itoti
 ki pvp ρ
 Pstat
 V
 Ptot
 Note: total pressure boundary conditions are Note: total pressure boundary conditions are straightforward in the Port Plane Approachstraightforward in the Port Plane Approach
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheory Theory –– System Equations 4System Equations 4ofof44
 Zone Field Assumption Functions Ff = 0needed to close the system equations ...
 Field Assumption “Functions:” Ff = 0 Diagram Uniform Pressure Field Assumption
 ( ) ( ) 0ˆˆ =− ji pp
 Hydrostatic Field Assumption
 ( ) ( ) 0ˆˆ =+−+ jk
 jik
 i gzpgzp ρρ
 Irrotational Field Assumption
 ( ) ( ) 0ˆˆˆˆ 2212
 21 =++−++ j
 kj
 kji
 ki
 ki gzvpgzvp ρρρρ
 P
 Hy
 Ir
 Note: the hydrostatic field assumption is not Note: the hydrostatic field assumption is not the only choice! the only choice!
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheory Theory –– Solution of System Equations 1Solution of System Equations 1ofof22
 A deeper understanding demands consideration of solution of the system equations.Define System State Vector {X} for m port planes:Form & Collect Functions {F({X})} ... for n control vols, b BCs, f field assumps.
 n Mass Conserve Functions:
 n Dissipation Functions:
 b BC Functions:
 f Field Assump. Functions:
 System Equations (... (sometimes very!) nonlinear ...)
 { } { }Tmm ppvv ˆˆˆˆ 11 =X
 Tndddd FFF },...,{}{ 21=F
 Tnmmmm FFF },...,{}{ 21=F
 Tbbbbb FFF },...,{}{ 21=F
 Tbffff FFF },...,{}{ 21=F
 }{
 )()()()(
 )}({ 0
 XFXFXFXF
 XF =
 ⎪⎪⎭
 ⎪⎪⎬
 ⎫
 ⎪⎪⎩
 ⎪⎪⎨
 ⎧
 =
 f
 b
 d
 m
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachTheory Theory –– Solution of System Equations 2Solution of System Equations 2ofof22
 Newton Raphson Iteration (other methods use similar steps)0. Provide an initial iterateinitial iterate (i.e., an initial guess of the solution):
 for k=1 to maxsteps,
 1. Form the System System JacobianJacobian:
 2. Solve the truncated Taylor series:
 3. Update solution estimate:
 4. Check convergence ... repeat steps 1., 2., & 3. if not converged
 ][
 ][}{}{
 }{}{k
 kXX
 FJ∂∂=
 )}}({{}{}{ ][]1[][ kkk XF∆XJ −≈+
 ]1[][]1[ }{}{}{ ++ += kkk ∆XXX
 ]0[}{ =kX
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplications Implications –– Topology, Condition, ConvergenceTopology, Condition, Convergence
 Model Model TopolgyTopolgy::For a given idealization of a building system we may form system equations by assembling appropriate “functions” - but ... many model topologies are possible!
 Which topology is best?As always one must balance accuracy (i.e., consistency & completeness), sensitivity & computational efficiency.
 Conv-ZConv-Z
 Conv
 Conv ConvPstat
 Pstat
 Pstat
 HyHy
 PstatPBal-ZPBal-Z
 Pbal
 PBal PBalPtot
 Pstat
 Hy
 PBal-ZPBal-Z
 Conv
 Bern BernPtot
 Pstat
 Pstat
 Hy
 a. full conventional model
 b. full power balance model
 b. hybrid model
 ports 1, 21m x 1m
 ports 5, 60.75m x 0.75m
 ports 3, 41.5m x 1.5m3m
 3m 8m
 Actual Building Problem
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplications Implications –– Topology, Condition, ConvergenceTopology, Condition, Convergence
 CondtionCondtion: The topology affects the condition of the System Jacobean.An ill-conditioned system of algebraic equations is sensitive to uncertainties in its coefficient parameters – i.e., well-conditioned = well-posed.
 Implication #1:Implication #1:Use complete dissipation models but do not use greater nonlinearities than needed theoretically! Define field assumptions and boundary conditions to avoid near singularity!
 Conv-ZConv-Z
 Conv
 Conv ConvPstat
 Pstat
 Pstat
 HyHy
 PstatPBal-ZPBal-Z
 Pbal
 PBal PBalPtot
 Pstat
 Hy
 PBal-ZPBal-Z
 Conv
 Bern BernPtot
 Pstat
 Pstat
 Hy
 a. full conventional model(initial (initial condcond. no: 4.4e+4; iterations: 10. no: 4.4e+4; iterations: 10))
 [1.83e+4
 b. full power balance model(initial (initial condcond. no: 1.42e+8; . no: 1.42e+8; nonconvergentnonconvergent))
 b. hybrid model(initial (initial condcond. no: 3.9e+7; iterations: 13). no: 3.9e+7; iterations: 13)
 ports 1, 21m x 1m
 ports 5, 60.75m x 0.75m
 ports 3, 41.5m x 1.5m3m
 3m 8m
 Actual Building Problem

Page 17
                        

AxleyAxley--Yale ArchitectureYale Architecture AIHce AIHce -- Vent 2006Vent 2006 Slide Slide 1717
 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplications Implications –– Boundary ConditionsBoundary ConditionsImplication #2:Implication #2:
 Sealed building static wind pressures do not provide accurate BCs for porous buildings ... however, for windward ports total pressures BCs do.Furthermore: windward total pressures are determined by wind proFurthermore: windward total pressures are determined by wind profile alone!file alone!
 Why? Because undisturbed approach wind is irrotational in Why? Because undisturbed approach wind is irrotational in horizontal planes (i.e., p + horizontal planes (i.e., p + ½½ ρρv2 = constant)!v2 = constant)!
 PPstatstat
 PPtottot
 Porous BuildingPorous Building Sealed BuildingSealed Building
 9090°° IncidenceIncidence
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplications Implications –– ModellingModelling Building OpeningsBuilding Openings
 CCdd ModelModel:The simplified orifice equation – the “discharge coefficient Cd model” has been applied to porous building airflow analysis indiscriminately.
 Yet,Airflow in an orifice meter is not similar to airflow in building openings,The assumptions of the Cd model are generally not satisfied in building openings:
 fully developed flow,steady flow,uniform pressure profiles,nearly uniform velocity profiles
 Why is it used?Why is it used?
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplications Implications –– ModellingModelling Building OpeningsBuilding Openings
 A Complete Model:A Complete Model:One may directly model building openings using the port plane approach:
 One sees airflow in openings depend on:Viscous dissipation:Kinetic energy rate differences:
 Pressure-work rate differences:
 Compare this to the “inverse form” of the:
 discharge coefficient model:
 port iAi
 port jAj
 ii pv ˆ,ˆ jj pv ˆ,ˆ
 ( )⎥⎦
 ⎤⎢⎣
 ⎡ −+=− k
 ijijkv
 iji
 AAevpp
 βαα
 ρ)/(
 ˆ21ˆˆ 2
 kve
 ))/(( ijij AA αα −
 )ˆˆ()ˆˆ( jik
 jjii pppp −≈− βββ
 ⎥⎦
 ⎤⎢⎣
 ⎡=− 2
 2 1ˆ21ˆˆ
 d
 kkji C
 vpp ρAre these three effects Are these three effects individually important?individually important?
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplicationsImplications –– ModellingModelling Building OpeningsBuilding Openings
 Dissipation Term Dissipation Term eevvkk :
 Building openings are not sharp-edged - they are thick-edged. Idelchikprovides orifice relations for thick edge openingsthick edge openings, for example:
 2A0A
 t2A
 0At
 1A0A
 t1A
 Inlet Orifice (Idelchik Diag. 3-13)
 Intrazonal Orifice (Idelchik Diag. 4-12)
 Outlet Orifice (Idelchik Diag. 11-23)
 tAA
 AAe oo
 vt λτ +⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛−+⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛−+≈
 2
 2
 2
 115.0 :OrificeInlet
 tAA
 AAe oo
 vt λτ +⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛−+⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛−+≈
 375.0
 1
 75.0
 1
 115.01 :orificeOutlet
 ( )( )( ) Thickness Relative /;104.2 :Parameter Thickness
 805.0
 8535.025.0
 ht
 t
 dttt =×−=⎟⎟⎠
 ⎞⎜⎜⎝
 ⎛
 ++−
 τ
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplicationsImplications –– ModellingModelling Building OpeningsBuilding Openings
 Dissipation Term Dissipation Term eevvkk (con’d):
 Plots of “effective” Cd based on Idelchik’s correlations (i.e., )Inlet (solid line) and outlet (dashed line) of Sandberg’s cylinder. Zero thickness (dotted grey line) reveals impact of wall thickness.
 Also plotted: Outlet (open squares) and Inlet (closed squares) [Sandberg and colleagues].Empirical values for outlet openings (triangles) [Aynsley].Values for a casement window (x markers) [Heiselberg and colleagues].
 Ao/A
 Cd
 wall thickness significant wall thickness insignificant
 (Eqn 15)-1/2
 (Eqn 17)-1/2
 kvd eC /1=

Page 22
                        

AxleyAxley--Yale ArchitectureYale Architecture AIHce AIHce -- Vent 2006Vent 2006 Slide Slide 2222
 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplicationsImplications –– ModellingModelling Building OpeningsBuilding Openings
 Kinetic Energy Rate Difference TermKinetic Energy Rate Difference Term:CFD/DNS computed alphas for different wind directions:
 Conclusions:Conclusions:The α terms are
 significant (i.e., velocity distributions are not uniform ...)
 The α terms increase with wind angle. (Due to increasingly nonuniformvelocity distributions.)
 0.00
 0.50
 1.00
 1.50
 2.00
 2.50
 3.00
 3.50
 4.00
 4.50
 5.00
 Wind Incidence Angle (deg)
 Port
 Pla
 ne A
 lpha
 s
 α1 1.57 1.58 1.85 2.51 3.27 3.91α2 1.70 1.73 2.05 2.76 3.61 4.50α3 1.60 1.76 1.71 1.56 1.53 1.86α4 1.66 1.79 1.79 1.73 1.69 2.62
 90.00 105.00 120.00 135.00 150.00 165.00
 1, a, 2
 5, d, 63, c, 4
 ø
 ))/(( ijij AA αα −
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplicationsImplications –– ModellingModelling Building OpeningsBuilding Openings
 Kinetic Energy Rate Difference TermKinetic Energy Rate Difference Term (cont’d): Kinetic energy terms based on CFD/DNS determined alphas for different wind directions:
 Conclusions:Conclusions:
 The kinetic energy term becomes significant at large wind angles for both inlet and outlet.
 The kinetic energy term for the “zone” is even more significant and negative! (Due to unequal port areas A2 and A3.)
 -5.00
 -4.00
 -3.00
 -2.00
 -1.00
 0.00
 1.00
 2.00
 3.00
 Wind Incidence Angle (deg)
 Con
 trol
 Vol
 ume
 Kin
 etic
 Ene
 rgy
 Term
 s (s
 olid
 )
 Con
 trol
 Vol
 ume
 Fric
 tion
 Loss
 Fac
 tors
 (das
 h)
 (α2(A1/A2) - α1) 0.13 0.15 0.20 0.25 0.34 0.59(α3(A2/A3) - α2) -0.99 -0.95 -1.29 -2.07 -2.93 -3.67(α4(A3/A4) - α3) 0.06 0.03 0.08 0.17 0.16 0.76ev_a 0.42 0.42 0.47 0.70 1.14 2.72ev_c 0.46 0.45 0.46 0.51 0.65 2.03
 90.00 105.00 120.00 135.00 150.00 165.00
 1, a, 2
 5, d, 63, c, 4
 ø

Page 24
                        

AxleyAxley--Yale ArchitectureYale Architecture AIHce AIHce -- Vent 2006Vent 2006 Slide Slide 2424
 Port Plane ApproachPort Plane ApproachPort Plane ApproachImplicationsImplications –– ModellingModelling Building OpeningsBuilding Openings
 PressurePressure--work rate differenceswork rate differences:CFD/DNS computed beta terms for different wind directions:
 ConclusionsConclusions::
 For laminar developed flow beta terms should approach 2.0 – as observed in downstream ports.
 Upwind port betas seen to be approx 1.0, insensitive to wind direction (almost).
 Spurious values for port plane 2 are not understood!
 -1.0
 -0.5
 0.0
 0.5
 1.0
 1.5
 2.0
 2.5
 3.0
 3.5
 4.0
 Wind Incidence Angle (degrees)
 Port
 Pla
 ne B
 eta
 Port Plane 1 9.658E-01 9.836E-01 9.997E-01 1.031E+00 1.101E+00 -4.303E-01Port Plane 2 1.903E+00 2.983E+00 1.950E+00 4.425E-01 -9.095E-01 8.391E-01Port Plane 3 2.863E+00 2.448E+00 2.376E+00 2.263E+00 2.282E+00 2.273E+00Port Plane 4 1.936E+00 2.028E+00 2.023E+00 2.193E+00 2.172E+00 2.279E+00
 90 105 120 135 150 165
 1, a, 2
 5, d, 63, c, 4
 ø
 )ˆˆ()ˆˆ( jik
 jjii pppp −≈− βββ
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 Port Plane ApproachPort Plane ApproachPort Plane ApproachConclusionConclusion
 The Port Plane ApproachThe Port Plane ApproachThe theory underlying an approach to building airflow analysis based on port plane, spatially averaged pressures and velocities has beenpresented .This approach is general in that it includes as special cases:
 Power Balance Multi-Zone Analysis: Full mass and mechanical power balances analysis.Bernoulli Multi-Zone Analysis : Mass and total pressure (Bernoulli) balance analysis.Conventional Multi-Zone Analysis: Mass and static pressure balance analysis.Hybrid combinations of the above.
 Implications (i.e., preliminary conclusions):Hybrid model topologies may optimize accuracy (consistency, completeness & condition) and computation efficiency (convergence).Total pressure boundary conditions supported by the Port Plane Approach may provide marginally improved accuracy for porous buildings.Completeness of modeling building openings may resolve long standing confusion surrounding use of the discharge coefficient model.
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