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OBJECTIVESOBJECTIVES

To define some potential metrics that can To define some potential metrics that can 
be used to evaluate air distributionbe used to evaluate air distribution

But, first we need to look at implied metrics for But, first we need to look at implied metrics for 
acceptable Indoor Air Quality acceptable Indoor Air Quality 

Suggest some approaches to evaluate Suggest some approaches to evaluate 
metricsmetrics

SimulationSimulation
Experiment Experiment 



MaxMax’’s Metric Mantra:s Metric Mantra:

Metrics must be Metrics must be 
meaningful and meaningful and 

measurablemeasurable



PrePre--Metric: Acceptable IAQMetric: Acceptable IAQ

Frames discussion of metricsFrames discussion of metrics
WonWon’’t discuss this quantitatively, but t discuss this quantitatively, but 
operationally it shouldoperationally it should

Limit Limit damagedamage
Caused by Caused by contaminants contaminants of concernof concern
To which people are exposed over some To which people are exposed over some timetime
periodperiod



Types of Types of ““DAMAGEDAMAGE””

ComfortComfort
Unpleasant Odors, Irritation Unpleasant Odors, Irritation (covered by 62.2)(covered by 62.2)
Acoustics, lighting, thermal, etc. Acoustics, lighting, thermal, etc. (not covered)(not covered)

HealthHealth
Reduced physiological functioningReduced physiological functioning
Tissue damageTissue damage
Increased susceptibility to diseaseIncreased susceptibility to disease



Contaminants of ConcernContaminants of Concern

Compounds and specifics: Compounds and specifics: BjarneBjarne
WholeWhole--house ventilationhouse ventilation looks at what?looks at what?

Acute Mortality/Morbidity:  NoAcute Mortality/Morbidity:  No
E.g. we donE.g. we don’’t control phosgene with 62.2t control phosgene with 62.2

Reduction in lifeReduction in life--expectancy: Yesexpectancy: Yes
E.g. carcinogenesis, mutagenesis, toxic loads E.g. carcinogenesis, mutagenesis, toxic loads 

Reduction in quality of life: YesReduction in quality of life: Yes
E.g. hours of discomfort, minor disease etc. E.g. hours of discomfort, minor disease etc. 



Timed ExposureTimed Exposure

Delay in absorption of contaminantDelay in absorption of contaminant
Important for shortImportant for short--term exposureterm exposure

Body can repair/adapt sometimes; e.g.Body can repair/adapt sometimes; e.g.
10  10  ppmppm CO for 400 hours: small impactCO for 400 hours: small impact
400 400 ppmppm CO for 10  hours: deathCO for 10  hours: death

But not others; e.g. But not others; e.g. 
Irreparable tissue damageIrreparable tissue damage
Risk increases during exposureRisk increases during exposure



Damage Equation:Damage Equation:

Linear (n=1) for many cumulative risksLinear (n=1) for many cumulative risks
Most cancer, metals, stable (e.g. DDT)Most cancer, metals, stable (e.g. DDT)

n=3 for Chlorinen=3 for Chlorine
Typical of oxidants, poisonsTypical of oxidants, poisons

n>>1 represents a thresholdn>>1 represents a threshold
Time above threshold is importantTime above threshold is important

Linear approximation good if little variationLinear approximation good if little variation

( / )n
cD C C⋅



IAQ METRICSIAQ METRICS

Peak concentration of contaminantPeak concentration of contaminant
Good for high exposure levels/acute effectsGood for high exposure levels/acute effects
Good for thresholdGood for threshold--dominated contaminantsdominated contaminants
Focus on shortFocus on short--term doseterm dose

Average concentration (e.g. linearized)Average concentration (e.g. linearized)
Good for cumulative exposures Good for cumulative exposures 
Good for steady exposures above thresholdsGood for steady exposures above thresholds
Focus on longFocus on long--term doseterm dose



Average Concentration It isAverage Concentration It is

Highly variable emission ratesHighly variable emission rates
Not well controlled by continuous ventilationNot well controlled by continuous ventilation
Need source control (e.g. exhaust ventilation)Need source control (e.g. exhaust ventilation)

Contaminants of concernContaminants of concern
Must be above thresholds to be Must be above thresholds to be ““of concernof concern””
Are the ones we expect to control with wholeAre the ones we expect to control with whole--
house ventilationhouse ventilation

Metric is then longMetric is then long--term average term average 
concentration: DOSEconcentration: DOSE



How Do We Get ConcentrationHow Do We Get Concentration

Depends onDepends on
Sources & sinksSources & sinks
VolumesVolumes
Ventilation & air transportVentilation & air transport

Linked by Continuity EquationLinked by Continuity Equation
Need to proceed genericallyNeed to proceed generically

No pollutant specifics (i.e. a tracer gas)No pollutant specifics (i.e. a tracer gas)
Ignore speciesIgnore species--specific interactionsspecific interactions



T TJ Cµµ ⋅∂ =Λ

CONTINUITY EQUATIONCONTINUITY EQUATION

Locally Covariant DerivationLocally Covariant Derivation
Good everywhereGood everywhere
Even near black holesEven near black holes

Steady state, single zone expression:Steady state, single zone expression:
S=emission rate (e.g. cfm)S=emission rate (e.g. cfm)
Q= ventilation (e.g. cfm)Q= ventilation (e.g. cfm) /o o oC S Q=



Getting Back to DistributionGetting Back to Distribution

Air distribution is only relevant when it is Air distribution is only relevant when it is 
not a single not a single wellwell--mixedmixed zone.zone.

CanCan’’t get too crazy (e.g. CFD)t get too crazy (e.g. CFD)
Need to relate it to the simple resultNeed to relate it to the simple result

We use a We use a multizonemultizone continuity equationcontinuity equation
But we can assume the zones are well mixedBut we can assume the zones are well mixed
Need matrix formulation of continuity equationNeed matrix formulation of continuity equation



MATRIX EQUATIONMATRIX EQUATION

Local Zonal DescriptionLocal Zonal Description
Matrix of flowsMatrix of flows
Independent sourcesIndependent sources
Zonal concentrationsZonal concentrations

PsuedoPsuedo--Steady StateSteady State
Matrix inverseMatrix inverse
Represents averagesRepresents averages

V C Q C S⋅ + ⋅ =&

1C Q S−= ⋅



MATRIX NOTATIONMATRIX NOTATION

For N zones: N rows & N columnsFor N zones: N rows & N columns
Sum of all entries gives single zone valueSum of all entries gives single zone value
Diagonal element is total for zoneDiagonal element is total for zone
OffOff--diagonal elements of Q matrix are (negative diagonal elements of Q matrix are (negative 
of) flow between zonesof) flow between zones

Ask about Volume matrix if you dareAsk about Volume matrix if you dare

,
o ij

i j
Q Q≡∑



Dose is our IAQ MetricDose is our IAQ Metric

A person can only be in one zone at a timeA person can only be in one zone at a time
So, we define an So, we define an aactivity variable.ctivity variable.

Source strength may vary Source strength may vary zonallyzonally..
So, we define a So, we define a ssource fraction for each zoneource fraction for each zone

Distribution impacts are relative Distribution impacts are relative 
So, we define a relative dose v. perfect mixingSo, we define a relative dose v. perfect mixing



How Should We Use MetricHow Should We Use Metric

1.1. Evaluate Metric for distribution system of Evaluate Metric for distribution system of 
interestinterest

2.2. Evaluate Metric for distribution in Evaluate Metric for distribution in 
reference case (e.g. 62.2 default)reference case (e.g. 62.2 default)

3.3. Adjust total rate by ratio to increase or Adjust total rate by ratio to increase or 
decrease depending on systemdecrease depending on system

Could be tabulated like in 62.1Could be tabulated like in 62.1



DOSEDOSE

dd is doseis dose
ss is fractional source strengthis fractional source strength
aa is fractional time spent in each zoneis fractional time spent in each zone

DD is Distribution Matrixis Distribution Matrix

d a D s= ⋅ ⋅

1
oD Q Q−=



DISTRIBUTION MATRIXDISTRIBUTION MATRIX

Couples emission in one zone to exposure Couples emission in one zone to exposure 
in all other zones; e.g. in all other zones; e.g. 

All entries the same (1) for fully mixedAll entries the same (1) for fully mixed
Matrix diagonal for isolated zonesMatrix diagonal for isolated zones

IndependentIndependent of sources, activities, etcof sources, activities, etc
So, we could base final metric on itSo, we could base final metric on it

If we define activity/source distributionIf we define activity/source distribution



33--Zone Example (PFT data)Zone Example (PFT data)

Q Matrix=>Q Matrix=>
mm33/hr/hr
QQoo=726 m=726 m33/hr/hr

D Matrix =>D Matrix =>
DimensionlessDimensionless
DDoo=9.54=9.54

292292--2323--1717

--206206448448--130130

00--291291653653

2.632.630.210.210.110.11

1.391.391.971.970.430.43

0.620.620.880.881.301.30



Metric ChoicesMetric Choices

Need to determine how to use the Need to determine how to use the 
Distribution Matrix in a way that does not Distribution Matrix in a way that does not 
depend on knowing activity/sources.depend on knowing activity/sources.
What is appropriate for a standard?What is appropriate for a standard?

Best case?Best case?
Worst case?Worst case?
Typical case?Typical case?

What is that??What is that??



Extreme MetricsExtreme Metrics

The best and worst cases of the metric will The best and worst cases of the metric will 
be when the contaminant of concern is be when the contaminant of concern is 
emitted in a single zoneemitted in a single zone
Worst caseWorst case: Highest value in matrix; e.g. : Highest value in matrix; e.g. 
someone generates contaminants and someone generates contaminants and 
lives in same zone:  lives in same zone:  2.632.63 in examplein example
Best case:Best case: lowest value: e.g. live in most lowest value: e.g. live in most 
isolated room: isolated room: 0.11 0.11 in examplein example



Distributed Distribution Distributed Distribution 

Assume sources are fully dispersed and Assume sources are fully dispersed and 
activity is spread between all zonesactivity is spread between all zones

d=1.06d=1.06 in examplein example

Tends toward perfect mixing result because Tends toward perfect mixing result because 
of source distribution and activity patternsof source distribution and activity patterns

2/od D N=



Inactivity PatternsInactivity Patterns

Suppose sources were distributed but Suppose sources were distributed but 
someone spent all their time in the worst someone spent all their time in the worst 
zonezone
Relative dose would then be from the row Relative dose would then be from the row 
of Distribution Matrix with highest sum.of Distribution Matrix with highest sum.
From exampleFrom example

0.93, 0.93, 1.261.26, 0.98, 0.98
RMS mean=1.07RMS mean=1.07



Deviation from PerfectionDeviation from Perfection

Suppose we have no clue on activity Suppose we have no clue on activity 
patterns or source distributionspatterns or source distributions
We can measure the We can measure the ““distancedistance”” from from 
perfect mixing using RMS deviationperfect mixing using RMS deviation

d=1.80d=1.80 for example casefor example case

2

,

1 ( 1)ij
i j

1d D
N

= + −∑



Which Metric Option?Which Metric Option?

Fully distributed sources & activities (Fully distributed sources & activities (1.061.06))
Air distribution effect will be minimalAir distribution effect will be minimal

Worst zone; distributed sources (Worst zone; distributed sources (1.261.26))
Is reasonable?  (RMS=1.07)Is reasonable?  (RMS=1.07)

Clueless: (Clueless: (1.801.80))
Robust, but semiRobust, but semi--empirical; conservativeempirical; conservative

Worst case: (Worst case: (2.632.63))
Appropriate for minimum standard?Appropriate for minimum standard?



METRICS ARE WORTHLESSMETRICS ARE WORTHLESS

Unless you can measure them, of courseUnless you can measure them, of course
Direct Field MeasurementDirect Field Measurement

Measure response in real configurationMeasure response in real configuration
Can really only be done with tracer gasCan really only be done with tracer gas

SimulationSimulation
More practical; allows parametricsMore practical; allows parametrics
But must be believableBut must be believable

See See ““Direct Field MeasurementDirect Field Measurement”” aboveabove



HOW TO MAKE THE HOW TO MAKE THE 
MEAUSURMENTSMEAUSURMENTS

The diagnostics necessary to The diagnostics necessary to 
measured air distribution effectsmeasured air distribution effects



TWO TRACER APPROACHESTWO TRACER APPROACHES

SimplifiedSimplified for the Metric of Choice; e.g.for the Metric of Choice; e.g.
Inject tracer in reference source patternInject tracer in reference source pattern
Sample in reference activity patternSample in reference activity pattern

CompleteComplete CharacterizationCharacterization
Measure all flows to/from zonesMeasure all flows to/from zones
Can be used to compare metricsCan be used to compare metrics

And derive simplified approachAnd derive simplified approach

Can be used to verify simulationsCan be used to verify simulations



TRACER CONTINUITYTRACER CONTINUITY

Same Continuity equation, butSame Continuity equation, but
this time we know concentrations this time we know concentrations 
and are looking to determine the flowsand are looking to determine the flows

Unfortunately, no direct solutionUnfortunately, no direct solution
NN22 unknowns, but only N equationsunknowns, but only N equations
Need to get more informationNeed to get more information

V C Q C S⋅ + ⋅ =&



THREE APPROACHESTHREE APPROACHES

Time Series in NonTime Series in Non--steady State steady State 
Fit time series data over changing conditions Fit time series data over changing conditions 
(e.g. decay) to solve differential equation(e.g. decay) to solve differential equation

Series (SingleSeries (Single--Tracer) SteadyTracer) Steady--state Testsstate Tests
N tests are done one at a timeN tests are done one at a time

Simultaneous MultiSimultaneous Multi--Tracer TestsTracer Tests
Use N tracer gases to run simultaneous tests Use N tracer gases to run simultaneous tests 
(e.g. inject one in each zone)(e.g. inject one in each zone)



TIME SERIESTIME SERIES

( ) jA t
i ij

j
C t C e−= ∑Fit data to=>Fit data to=>

To find To find eigenvalueseigenvalues
““AA””ss are relevant air change ratesare relevant air change rates

N of the them; N of the them; CCijij are their eigenvectorsare their eigenvectors
Slowest is wholeSlowest is whole--building air change ratebuilding air change rate
Quickest determines uncertaintyQuickest determines uncertainty

This approach never works in real buildingsThis approach never works in real buildings
Mixing issues obscure vital informationMixing issues obscure vital information

KIDS: DONKIDS: DON’’T DO THIS AT HOMET DO THIS AT HOME



MIXING KILLSMIXING KILLS

In all real experiments mixing will obscure In all real experiments mixing will obscure 
shortshort--term information with noiseterm information with noise
DonDon’’t differentiatet differentiate------INTEGRATEINTEGRATE
Even in singleEven in single--zone situations, fitting zone situations, fitting 
decay data is inferior to integrating under decay data is inferior to integrating under 
the curvethe curve
In In multizonemultizone situations it is much worsesituations it is much worse

Alternative approaches are neededAlternative approaches are needed



MULTIPLE EXPERIMENTSMULTIPLE EXPERIMENTS

Do N different experiments & integrate/averageDo N different experiments & integrate/average
inject in N independent waysinject in N independent ways

E.g. in 1 zone different zone each experimentE.g. in 1 zone different zone each experiment

Add to Matrix equationAdd to Matrix equation
Can be inverted nowCan be inverted now

V C Q C S⋅ + ⋅ =&

1( )Q S V C C−= − ⋅ ⋅&



SERIES OR PARALLELSERIES OR PARALLEL

Series OptionSeries Option
Can be done with one tracer gasCan be done with one tracer gas
Very sensitive to changes in air flowsVery sensitive to changes in air flows

Parallel (Parallel (MultiTracerMultiTracer) Option) Option
Can accurately find average flowCan accurately find average flow
Takes less timeTakes less time
LBLLBL’’ss MTMS uses this approachMTMS uses this approach



MTMSMTMS

Mass Flow Controllers

Gas tanks

MULTI-TRACER  GAS  MONITORING  SYSTEM

Residual Gas Analyzer

Gas lines are in red, electrical lines are black

Weather
tower

RGA Interface

PC Computer

Data Acquisition
Computer

Test

Zones
Sampling

Valves

Sampling
pump

Outside
Exhaust

Capillary tube

Turbomolecular
pump

Oil trap Outside
Exhaust

To Zone
Temperatures
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WHAT TO DO NOW?WHAT TO DO NOW?

Some discussion on options for MetricsSome discussion on options for Metrics
Measurement of possible metrics in real Measurement of possible metrics in real 
buildings for various real systemsbuildings for various real systems

LBL & BSC planning on doing so this yearLBL & BSC planning on doing so this year
Simulate wider variety of options Simulate wider variety of options 

Significant differences between systems????Significant differences between systems????
Field diagnostics even needed????Field diagnostics even needed????

Implement in 62.2 as appropriate Implement in 62.2 as appropriate 



DISCUSSIONDISCUSSION


