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ABSTRACT
Particle Deposition in Ventilation Ducts

by

Mark Raymond Sippola

Doctor of Philosophy in Civil and Environmental Engineering
University of California, Berkeley

Professor William W. Nazaroff, Chair

Exposure to airborne particles is detrimental to human health and indoor exposures
dominate total exposures for most people. The accidental or intentional release of
aerosolized chemical and biological agents within or near a building can lead to
exposures of building occupants to hazardous agents and costly building remediation.
Particle deposition in heating, ventilation and air-conditioning (HVAC) systems may
significantly influence exposures to particles indoors, diminish HVAC performance and
lead to secondary pollutant release within buildings. This dissertation advances the
understanding of particle behavior in HVAC systems and the fates of indoor particles by

means of experiments and modeling.

Laboratory experiments were conducted to quantify particle deposition rates in horizontal
ventilation ducts using real HVAC materials. Particle deposition experiments were
conducted in steel and internally insulated ducts at air speeds typically found in
ventilation ducts, 2-9 m/s. Behaviors of monodisperse particles with diameters in the size

range 1-16 um were investigated. Deposition rates were measured in straight ducts with
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a fully developed turbulent flow profile, straight ducts with a developing turbulent flow
profile, in duct bends and at S-connector pieces located at duct junctions. In straight
ducts with fully developed turbulence, experiments showed deposition rates to be highest
at duct floors, intermediate at duct walls, and lowest at duct ceilings. Deposition rates to
a given surface increased with an increase in particle size or air speed. Deposition was
much higher in internally insulated ducts than in uninsulated steel ducts. In most cases,
deposition in straight ducts with developing turbulence, in duct bends and at S-connectors

at duct junctions was higher than in straight ducts with fully developed turbulence.

Measured deposition rates were generally higher than predicted by published models.

A model incorporating empirical equations based on the experimental measurements was
applied to evaluate particle losses in supply and return duct runs. Model results suggest
that duct losses are negligible for particle sizes less than 1 um and complete for particle
sizes greater than 50 um. Deposition to insulated ducts, horizontal duct floors and bends
are predicted to control losses in duct systems. When combined with models for HVAC
filtration and deposition to indoor surfaces to predict the ultimate fates of particles within
buildings, these results suggest that ventilation ducts play only a small role in
determining indoor particle concentrations, especially when HVAC filtration is present.
However, the measured and modeled particle deposition rates are expected to be

important for ventilation system contamination.
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Uye = 5.3 m/s.

Comparison of the sublayer model of Fan & Ahmadi (1993) with and
without the lift force to data collected in straight steel ducts with U,,., =
5.3 m/s.

Comparison of the sublayer model of Fan & Ahmadi (1993) with three
roughness levels, £, to data collected in straight insulated ducts with U,,.
=5.3 m/s.

Comparison of the empirical models for bend penetration to data
collected in steel bend 5 at air speeds of 2.2, 5.3 and 8.8 & 9.0 m/s.
Comparison of the empirical models for bend penetration to data
collected in steel bend 6 at air speeds of 2.2, 5.3 and 8.8 & 9.0 m/s.
Comparison of turbophoretic model of Guha (1997) with different values
for the surface roughness, £, to data collected in straight steel ducts with

Uye = 5.3 m/s.
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5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

Comparison of turbophoretic model of Guha (1997) with different air-
wall temperature differences, A7, to data collected in straight steel ducts
with Uy, = 5.3 m/s.

Comparison of turbophoretic model of Guha (1997) with and without the
image force to data collected in straight steel ducts with U,,. = 5.3 m/s.
Comparison of the model of Guha (1997) when using either equation

(5.1) or (5.2) for the profile of v, versus y" to data collected in straight

rms

steel ducts.

Comparison of the turbophoretic model of Guha (1997) with a roughness

+
rms

of 60 um and equation (5.3) for v} to data collected in insulated ducts

with Ug. = 5.3 m/s.
Comparison of the turbophoretic model of Guha (1997) with a roughness

of 5 um, an air-wall AT of 0.2 °C and equation (5.2) for v/ to data

collected in steel ducts.

Comparison of the new empirical model to data collected in straight steel
ducts with U, = 5.3 m/s.

Comparison of the new empirical model to data collected in straight
insulated ducts with U,,. = 5.3 m/s.

Comparison of equation (5.10) to data collected at S-connectors in the
steel system at air speeds of 2.2, 5.3 and 9.0 m/s.

Comparison of dimensionless deposition velocities predicted by equation
(5.10) to data collected at S-connectors in the steel system at an air speed

of 5.3 m/s.
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6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

Schematic diagram showing airflow and potential particle fates when
modeling particle fates in buildings.

Filtration efficiency of ASHRAE 40% and ASHRAE 85% filters.
Predicted fractional losses for a single pass through return duct runs.
Predicted fractional losses for a single pass through supply duct runs.
Predicted fractional losses in a medium-loss duct run considering the
influence of duct bends and interior insulation.

Fraction of total losses occurring at different duct surfaces for low-loss

and high-loss return ducts.

Fraction of total losses occurring in different duct generation classes for

low-loss and high-loss return duct runs.
Fraction of total losses occurring at different duct surfaces for low-loss

and high-loss supply duct runs.

Fraction of total losses occurring in different duct generation classes for

low-loss and high-loss supply duct runs.

Predicted fractional fates of outdoor particles drawn into an unfiltered air

intake for low-loss and high-loss ducts.

Predicted fractional fates of outdoor particles drawn into an air intake
with ASHRAE 40% efficient filters for low-loss and high-loss ducts.
Predicted fractional fates of outdoor particles drawn into an air intake

with ASHRAE 85% efficient filters for low-loss and high-loss ducts.
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6.13  Predicted fractional fates of outdoor particles drawn into air intakes with

either ASHRAE 40% or ASHRAE 85% efficient filters and a filter

bypass fraction, £, of 0.15 for high-loss ducts. 366
6.14  Predicted fraction of outdoor particles remaining indoors with different

degrees of HVAC filtration and low-loss or high-loss ventilation ducts. 367
6.15 Predicted fraction of outdoor particles remaining indoors for particles

drawn into an air intake with ASHRAE 40% filters and a bypass fraction,

Fy, of zero or 0.15 for ducts with average losses. 367
6.16  Predicted fractional fates of particles released in a building with an

unfiltered ventilation system for both low-loss and high-loss ducts. 368
6.17 Predicted fractional fates of particles released in a building with

ASHRAE 40% efficient filters for both low-loss and high-loss ducts. 369
6.18 Predicted fractional fates of particles released in a building with

ASHRAE 85% efficient filters for both low-loss and high-loss ducts. 370

A.1  Example of discrete measurements of vertical displacement that may be

measured by a profilometer for a sample surface height profile. 410
A.2  The surface of a steel experimental duct as seen through an optical

microscope at two different levels of magnification. 411
A.3  Images of the surface of a steel experimental duct generated by a

scanning electron microscope at two different levels of magnification. 412
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A4

A5

A6

A7

B.1

B.2

B.3

B.4

Two-dimensional contour plot of the surface of a steel experimental duct
from an atomic force microscope. The lower panel displays a plot of the
surface height versus the lateral distance for the section through the
surface demarked by the pointers.

Three-dimensional contour plot of the same steel experimental duct
surface as in Figure A.4, generated by an atomic force microscope.
Images of the top layer of insulation from an insulated experimental duct
generated by a scanning electron microscope at two different levels of
magnification.

Comparison of friction velocities measured in the steel and insulated

systems to friction velocities predicted by empirical equations.

Sampling inlets with air streamlines and hypothetical particle trajectories
under three sampling conditions: isokinetic, sub-isokinetic and super-
isokinetic.

Photograph of a stainless steel isokinetic nozzle with a mounting
assembly on the shaft. The nozzle is attached to a 47 mm Teflon filter
holder.

Photograph of a shrouded nozzle showing the shrouded inlet piece, the
elbow and the shaft with the mounting assembly.

Schematics of a side view of a section through the centerline of the
shrouded inlet and of an end view of the inlet. Dimensions of defined

parameters are also given.
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B.5

B.6

B.7

B.8

B.9

C.1

C.2

C3

Isokinetic nozzle transport efficiencies versus particle diameter for the
nominal air speeds of 2.2, 5.3 and 8.8 & 9.0 m/s.

Shrouded nozzle transport efficiencies versus particle diameter for the
nominal air speeds of 2.2, 5.3 and 8.8 m/s.

Total aspiration efficiencies for the shrouded nozzle versus particle
diameter for the nominal air speeds of 2.2, 5.3 and 8.8 m/s. The models
are applied using equation (B.22) and equation (B.20) from Gong ef al.
for the factor F.

Total aspiration efficiencies for the shrouded nozzle versus particle
diameter for the nominal air speeds of 2.2, 5.3 and 8.8 m/s. The models
are applied using equation (B.22) with F'= 1.

Total transmission efficiencies for the shrouded nozzle versus particle
diameter for the nominal air speeds of 2.2, 5.3 and 8.8 m/s. The model
includes the empirical model for transport efficiencies and equations

(B.15) and (B.22) with /=1 for total aspiration efficiencies.

Pressure gradient, temperature and relative humidity profiles for run 4 in
the steel duct with an air speed of 2.2 m/s.

Pressure gradient, temperature and relative humidity profiles for run 10
in the steel duct with an air speed of 5.3 m/s.

Pressure gradient, temperature and relative humidity profiles for run 16

in the steel duct with an air speed of 9.1 m/s.

XXX

443

444

445

446

447

461

462

463



C4

C.5

C.6

C.7

C.8

C.9

C.10

Pressure gradient. temperature and relative humidity profiles for run 21
in the insulated duct with an air speed of 2.2 m/s.

Pressure gradient, temperature and relative humidity profiles for run 23
in the insulated duct with an air speed of 5.2 m/s.

Pressure gradient, temperature and relative humidity profiles for run 31
in the insulated duct with an air speed of 8.9 m/s.

Interior and exterior duct surface temperatures and centerline air
temperatures measured at locations A and B in the auxiliary surface
temperature experiment.

Comparison of estimated thermophoretic deposition velocities, v, to
measured dimensionless deposition velocities in the steel system at an air
speed of 2.2 m/s.

Comparison of estimated thermophoretic deposition velocities, v, to
measured dimensionless deposition velocities in the steel system at an air
speed of 5.3 m/s.

Comparison of estimated thermophoretic deposition velocities, vy, , to

measured dimensionless deposition velocities in the steel system at an air

speed of 9.0 m/s.
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1.1

2.1

2.2

23

24

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13
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Measured densities of dust on duct floors in office buildings and schools.

Equations for the Fanning friction factor in ducts with rough walls.
Particle deposition experiments in horizontal tubes with hydraulic
diameter less than 2.7 cm.

Particle deposition experiments in vertical tubes with hydraulic diameter
less than 2.7 cm.

Particle deposition experiments in horizontal tubes with hydraulic
diameter greater than 2.7 cm.

Particle deposition experiments in vertical tubes with hydraulic diameter
greater than 2.7 cm.

Explanation of comments in Tables 2.2-2.5 and Table 2.7.

Particle deposition experiments in tube bends with turbulent flow.
Correlations for the eddy viscosity of air.

Recommended values of k; for equation (2.52).

Recommended values of &, for equation (2.53).

Recommended values of k; for equation (2.54).
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2.14

3.1

32

33

3.4

3.5

3.6

4.1

4.2

4.3

44

4.5

4.6

4.7

Summary of conditions in Lagrangian particle deposition simulations

with turbulent flow from LES and DNS.

Aerosol solution mixtures, VOAG settings and particle densities for
particles in the steel system.

Aerosol solution mixtures, VOAG settings and particle densities for
particles in the insulated system.

Particle and airflow data for experiments in the steel system.

Particle and airflow data for experiments in the insulated system.

Dimensionless deposition velocities in steel system in test ducts 1 and 2.

Dimensionless deposition velocities in insulated system in test ducts 1

and 2.

Projected airborne concentrations at test duct 4 for selected experiments.

Dimensionless deposition velocities to S-connectors in the steel system.
Bend penetrations for experiments in the steel system.

Bend penetrations for experiments in the insulated system.
Dimensionless deposition velocities for all panels in test duct 3 in the
steel system.

Dimensionless deposition velocities for all panels in test duct 4 in the
steel system.

Dimensionless deposition velocities for all panels in test duct 3 in the

insulated system.
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4.8

5.1

52

6.1

6.2

6.3

6.4

6.5

Al

B.1

Dimensionless deposition velocities for all panels in test duct 4 in the

insulated system.

Values of k, and ks for use in equations (5.4) and (5.5) for the three
experimental friction velocities in steel ducts.
Values of k, and ks for use in equations (5.4) and (5.5) for the three

experimental friction velocities in insulated ducts.

Characteristics of modeled buildings.

Characteristics of modeled duct runs. Reported values are averages for
60 supply or 60 return duct runs with the range in parentheses.

Values for the 10", 50™ and 90" percentile cut-point diameters for a
single pass through supply and return duct runs.

Characteristics of low-loss and high-loss return duct runs compared to
the average of all return duct runs.

Characteristics of low-loss and high-loss supply duct runs compared to

the average of all supply duct runs.

Roughnesses of duct surfaces measured by profilometer.

Measured inlet diameters of isokinetic nozzles.
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C.1

C2

D.1

D.2

D.3.

Differences between the centerline air temperature and the ambient
temperature at locations A and B averaged for the three nominal air
speeds in both the steel and insulated systems.

Differences between the centerline air temperature and the duct surface
temperature at locations A and B for the three nominal air speeds in the

steel system and predicted near-wall temperature gradients.

Typical values and estimated errors associated with fundamental
measurements or input parameters.

Equations for error propagation in calculated values of the dimensionless
relaxation time.

Ranges of relative errors of reported parameters based on propagation of

random errors.
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a b c d

Abend

Aq

An

do, bo

aj dz as
ay, ds, dg

A;, By, C;

ax; bx: CX

C;

C] Jup
C] ,down
CZ, up

CZ, down

NOMENCLATURE

parameters in equations (2.122)-(2.126)

cross sectional area of a duct, m*

internal surface area of a duct bend, m?

apparent surface area of a duct surface sample or S-connector, m*
material-dependent Hamaker constant, kg m” s

parameters in equations (2.107)-(2.109)

constants in equation (2.68)

constants in equation (2.68)

parameters in Nikuradse’s (1936) empirical equation for the Fanning
friction factor in Table 2.1

general experimental parameters in an error analysis

instantaneous local airborne particle concentration, # m™
fluctuating airborne particle concentration, # m™

dimensionless airborne particle concentration, equation (2.84)
projected time-averaged concentration at the shrouded nozzle, # m™
time-averaged concentration at test duct 1, equation (3.8), # m™
time-averaged concentration at test duct 2, equation (3.10), # m™
time-averaged concentration upstream of test duct 1, # m™
time-averaged concentration downstream of test duct 1, # m™
time-averaged concentration upstream of test duct 2, # m™

time-averaged concentration downstream of test duct 2, # m™
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Cs
Cy

C5, out

C6, in

CLI ves E

Crp

Cin
Cindoor
Cinlet
Cout
Coutdoor
Coutlet
Cshroud

Cshroud,c

C+

projected time-averaged concentration at test duct 3, equation (4.6), # m™
projected time-averaged concentration at test duct 4, equation (4.7), # m™
projected time-averaged concentration at the outlet of bend 5, equation
(4.9), #m>

projected time-averaged concentration at the inlet of bend 6, equation
(4.8), #m>

time-averaged airborne particle concentration, # m™

time-averaged particle concentration in the turbulent core of a duct, # m™
Cunningham slip correction factor, equation (2.14)

drag coefficient of a spherical particle, equations (2.32)-(2.33)
fluorescein concentration in rinsing solution in a fluorometric analysis, ng
mL"

background fluorescein concentration in a fluorometric analysis, ng mL™
flow-weighted average concentration at a duct inlet, # m™

indoor particle concentration, kg m™

concentration entering a sampling nozzle inlet, # m™

flow-weighted average concentration at a duct outlet, # m™

outdoor particle concentration, kg m™

concentration at the outlet of a sampling transport line, # m™
concentration in a shroud upstream of a sampling nozzle inlet, # m™
concentration in a shroud upstream of a sampling nozzle inlet and near the

shroud centerline, # m™

dimensionless particle concentration at the dimensionless capture distance
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CL

rel

E,
Eindoor(t)
E,.

EF

EFye;

relative 95% confidence interval of an experimental variable, equation

(D.10), %

95% confidence limits for an experimental variable, equation (D.9)

aerodynamic particle diameter, m

Brownian diffusion coefficient of a particle, equation (2.30), m*s™
hydraulic duct diameter, equation (2.4), m

inlet diameter of a sampling nozzle, m

mass-mean particle diameter, m

particle diameter, m

inner diameter of a shroud on a shrouded nozzle, m

inner diameter of a transport line, m

temperature gradient dependent diffusion constant of a particle, m”s™
Dean number for flow through a bend, equation (2.28)

offset in the origin of the air velocity profile at a rough surface, m

dimensionless offset in the origin of the air velocity profile at a rough
surface, = e’ / 1%

the charge of a single electron, -1.6x10™"° C

strength of an electric field, V m™

potential energy of a surface, equation (2.120), kg m” s

arbitrary indoor particle emissions profile, kg h™

relative error, equation (D.7), %

deposition velocity enhancement factor, as in example equation (4.19)

enhancement factor in test duct 4 to ceiling panel 2, equation (4.19)
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f Fanning friction factor, equation (2.7)

fe fraction of particles exhausted from a building, equations (6.31) and (6.40)

fr fraction of particles filteres, equations (6.27) and (6.36)

fi fraction of particles depositing to indoor surfaces, equations (6.29) and
(6.38)

N fraction of particles depositing in return ducts, equations (6.30) and (6.39)

fs fraction of particles depositing in supply ducts, equations (6.28) and (6.37)

parameter used for predicting the total aspiration efficiency of a shrouded

nozzle, equation (B.20)

Fy fraction of supplied air that bypasses HVAC filters

Fe Coulomb force on a charged particle, equation (2.43), kg m s
Fy drag force on a particle, equation (2.31), kg m 2

F, electrostatic force on a particle, equation (2.45), kg m s?

F," dimensionless electrostatic force on a particle, = F,v / m pu*3
Fq gravitational force on a particle, equation (2.36), kg m s™

F shear induced lift force on a particle, equation (2.38), kg m s
F dimensionless shear induced lift force on a particle, = F)v / m pu*3
F, turbophoretic force on a particle, equation (2.51), kg m s™

Fu thermophoretic force on a particle, equation (2.40), kg m s

g gravitational acceleration at Earth’s surface, 9.81 m s

g dimensionless gravitational acceleration, equation (2.74)

h vertical height measured by a profilometer, m

H height of a duct with rectangular cross-section, m
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H, th
have
hmax

hs

Jip
Jip
Jiss
Jips
Jye2
Jp

Jaify

ki, ks, ks
ky, ks

ke

kg

ka

thermophoretic force coefficient, equation (2.41)

average height of a profilometer scan, m

maximum height measured in a profilometer scan, m

vertical height that an S-connector projects into the airflow, m
particle flux, # m™s™'

particle flux in test duct 1 to floor panel 1, # m™ 5™

particle flux in test duct 1 to floor panel 2, # m™ 5™

particle flux in test duct 1 to floor panel 3, # m™ 5™

particle flux in test duct 1 to floor panel 4, # m™ 5™

particle flux in test duct 4 to ceiling panel 2, #m™s™

particle flux due to Brownian diffusion, equation (2.29), # m?s’
particle diffusive flux due to Brownian and turbulent diffusion, equation
(2.47), #m? s

roughness scale of a surface, m

dimensionless roughness of a surface, equation (2.11)
constants in equations (2.52)-(2.54)

constants in equations (5.4)-(5.5)

constant in equation (5.10)

thermal conductivity of air, W m™ K!

Boltzman constant, 1.38x 1072 J/K

overall indoor particle decay constant, equation (6.33), h”
thermal conductivity of particulate material, W m™ K

particle Knudsen number, equation (2.15)
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L, AL
[ bend

lceiling

l duct

lﬂoor

Linlet

Loff&et

Ls
Lshroud
Lt, nv
Lt, total
[ total

[ wall

length of a segment of duct, m

fraction of particles entering a duct run lost in a bend, equation (6.21)
fraction of particles entering a duct run lost to the ceiling of a single duct
generation, equation (6.9)

fraction of particles entering a duct run lost in a single duct generation,
equation (6.17)

fraction of particles entering a duct run lost to the floot of a single duct
generation, equation (6.19)

length of the inlet piece of the shrouded nozzle, m

distance between the shroud inlet and nozzle inlet in a shrouded nozzle, m
length of a duct panel analyzed for particle deposition, m

total fraction of particles lost in a return duct run

total fraction of particles lost in a supply duct run

fraction of particles entering a duct run lost to the S-connectors of a single
duct generation, equation (6.20)

transverse length of an S-connector, m

length of a shroud on a shrouded nozzle, m

length of a nonvertical segment of a sampling transport line, m

total length of a sampling transport line, m

total fraction of particles lost in a duct run, equation (6.22)

fraction of particles entering a duct run lost to the wall of a single duct
generation, equation (6.18)

fluorescein mass measured by fluorometric analysis, ng

xli



ms,in

me,in

Mpend

Mpend, 5

mgq

Melbow

my

My

myp

miy

Miplet

my

mp

Mpyresented

mg

Mishaft

ng

np

total particle mass associated with an indoor particle release, equation
(6.35), kg

total airborne fluorescein mass entering bend 5, ng

total airborne fluorescein mass entering bend 6, ng

fluorescein mass deposited inside a duct bend, ng

fluorescein mass deposited inside bend 5, ng

fluorescein mass on a duct surface or S-connector surface, ng
fluorescein mass inside the elbow piece of the shrouded nozzle, ng
fluorescein mass on a filter, ng

fluorescein mass on a filter holder, ng

mass of fluorescein in a single particle, ng

total airborne fluorescein mass entering a bend, ng

fluorescein mass inside the inlet piece of the shrouded nozzle, ng
fluorescein mass inside a sampling nozzle, ng

mass of a particle, kg

total airborne fluorescein mass presented to the leading edge of an S-
connector, ng

fluorescein mass deposited on an S-connector, ng

fluorescein mass inside the shaft piece of the shrouded nozzle, ng
net excess of electrons on a particle (electrons minus protons)
number of distinct duct generations in a duct run

number of bend in a duct run

particle number count in an APS size bin
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Ny

Ng
Odinier
AP/AL
P

Py
Phena
Phends
Phends
Pc

Pceiling

P duct

P floor

P,

Ptotal

Pwall

number of repeated measurement of an experimental variable

number of vertical displacements measured in a single profilometer scan
number of S-connectors in a duct generation

outer diameter of the inlet piece at the waist of the shrouded probe, m
pressure drop per unit length of duct, kg m™ s

perimeter of a section through a duct normal to the direction of flow, m
static pressure at location A, Pa

particle penetration fraction through a duct bend

particle penetration through bend 5

particle penetration through bend 6

static pressure at location C, Pa

particle penetration through a duct generation owing to deposition only at
the duct ceiling, equations (6.3) and (6.7)

particle penetration fraction through a duct, equations (2.2)-(2.3)

particle penetration through a duct generation owing to deposition only at
the duct floor, equations (6.5) and (6.7)

particle penetration through a duct generation owing to deposition only at
S-connectors at duct junctions, equations (6.6)

particle penetration through a portion of a duct run, equation (6.1)
particle penetration through an entire duct run, equation (6.1)

velocity pressure measured by a pitot tube, Pa

particle penetration through a duct generation owing to deposition only at

the duct wall, equations (6.4) and (6.8)
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Pr

0O

Opump
Os

R

R,
Rave
Rbpend

Veeiling

Vduct

Yfloor

Vindoor
Tp
+

Ip

rs,

Prandtl number of air, ~ 0.7

electric charge on a particle, equation (2.44), C

sampling pump flow rate to achieve isokinetic sampling, equation (3.2),
m’ s’

sampling pump flow rate, m’ s~

building supply air flow rate, m® s™

restitution coefficient of a surface

fraction of return air recirculated to a building

bend ratio, equation (2.18)

arithmetic average roughness of a surface from a profilometer scan, m
radius of a duct bend, m

rate of particle loss to the ceiling of a duct generation, equations (6.10)
and (6.14)

total rate of particle loss in a duct generation, equation (6.16)

rate of particle loss to the floor of a duct generation, equation (6.12) and
(6.14)

rate of particle loss to indoor surfaces, equation (6.25), kg h™!

particle radius, m
. . . . &
dimensionless particle radius, =r,u / 1%

rate of particle loss to the S-connectors of a duct generation, equation

(6.13)
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Pywall rate of particle loss to the wall of a duct generation, equations (6.11) and

(6.15)
Re flow Reynolds number in a duct, equation (2.10)
Re, particle Reynolds number, equation (2.34)
S stopping distance of a particle, equation (2.80), m
S* dimensionless stopping distance of a particle, equation (2.81)

S, »Sp ,8. ~ random errors associated with the experimental parameters a,, b, and ¢
X X X

Sa, random error in particle diameter measurement, equation (D.11), m

S, random error associated with calculated experimental variable x,

Sc particle Schmidt number, equation (2.55)

St particle Stokes number, equation (2.19)

Stintet Stokes number defined at a sampling nozzle inlet, equation (B.5)

St Stokes number defined at an S-connector, equation (4.15)

Stehroud Stokes number defined at a shroud inlet, equation (B.21)

St; Stokes number defined in a sampling transport tube, equation (B.13)

t experimental time, min

T temperature, °C or K

T, air temperature at the duct centerline, °C or K

Trotal total transmission through a sampling system, equation (B.3)

T, surface temperature of a duct wall, °C or K

AT temperature difference between the air at y* = 200 and a duct surface, °C
or K

xlv



500 dimensionless temperature gradient parameter, equation (C.4)

1

u instantaneous streamwise air velocity, m s

u time averaged mean streamwise air velocity, m s™

u' fluctuating streamwise air velocity, m s™

u friction velocity, equations (2.5)-(2.6), m s™

u 1* lowest nominal experimental friction velocity in steel or insulated ducts
0, middle nominal experimental friction velocity in steel or insulated ducts
u; highest nominal experimental friction velocity in steel or insulated ducts
u'v' the time average of the product of the streamwise and wall normal

. . . 2 2
fluctuating air velocity components, m” s

U, local air velocity immediately upstream of a sampling nozzle, m s
. . -1

Uy, local air velocity, m s
Uuve bulk average air velocity in a duct, m gt

. . . -1
U air velocity at the duct centerline, m s
U; local streamwise air velocity, m st

. . . . -1
Uinlet air velocity at a sampling nozzle inlet, m s
us air velocity integrated over the height of an S-connector, m s™

. . . . -1

Ushroud average air velocity in a shroud upstream of a sampling nozzle inlet, m s
U air velocity through a sampling transport line, m s
v instantaneous wall normal air velocity, m s™
V volume of indoor space, m™
v time averaged mean wall normal air velocity, m s™'
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Va

Vd,c

Vd, comp

Vay

Vd, w

Vd, Ic
Vair
Vd, Iw

Vd, 4c2

Vie
Vies
thdzﬁ‘
Vay

+
Vd,f,S

fluctuating wall normal air velocity, m s

the time average of the product of the wall normal fluctuating air velocity
and the fluctuating airborne particle concentration, kg m™s™

particle deposition velocity, equation (2.1), ms™'

average deposition velocity to the ceiling of test ducts 1 and 2, equation
(4.3), ms”

composite deposition velocity in a square horizontal duct, equation (4.4),
ms’

average deposition velocity to the floor of test ducts 1 and 2, equation
(4.1),ms”

average deposition velocity to the wall of test ducts 1 and 2, equation
(4.2), ms”

average deposition velocity to the ceiling of test duct 1, m s™

average deposition velocity to the floor of test duct 1, m s™'

average deposition velocity to the wall of test duct 1, m s™

deposition velocity in test duct 4 to ceiling panel 2, equation (4.20), m s™'

dimensionless deposition velocity, equation (2.12)
dimensionless deposition velocity to a horizontal ceiling
dimensionless deposition velocity to a ceiling S-connector
dimensionless deposition velocity due to particle diffusion
dimensionless deposition velocity to a horizontal floor

dimensionless deposition velocity to a floor S-connector

xlvii



+
Vd Jnertial
+
Vd S
+
Vd W

+
Vd,w,S

Vp, crit

Vpey

pcy

Voy.o

py,0

dimensionless deposition velocity due to particle inertia
dimensionless deposition velocity to an S-connector
dimensionless deposition velocity to a vertical wall

dimensionless deposition velocity to a wall S-connector

gravitational settling velocity of a particle, equation (2.37), m s™

particle velocity, m s™

initial particle velocity, m s

critical particle impact velocity for determining the likelihood of particle
bounce upon impact with a wall, equation (2.119), m s™

particle convective velocity in the wall-normal direction, m s™

dimensionless particle convective velocity in the wall-normal direction,

= vpc)/ /u
particle velocity in the axial direction, m s™

dimensionless particle velocity in the axial direction, =v / u

particle velocity normal to the wall, m s™

dimensionless particle velocity normal to the wall, =v,, / u
fluctuating particle velocity normal to the wall, m s™

initial particle velocity towards the wall in a sublayer model, m s™

dimensionless initial particle velocity towards the wall in a sublayer

sk
model, =v, , / u
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Vi

Vth

Vin

Yb

Ye

dimensionless wall-normal particle velocity at the dimensionless capture

distance in a free flight model
volume of rinsing solution in a fluorometric analysis, mL

root-mean-square of the fluctuating wall-normal air velocity, m s™

dimensionless root-mean-square of the fluctuating wall-normal air

velocity, equation (2.23)

turbophoretic velocity of a particle, equation (2.50), m s

thermophoretic velocity of a particle, equation (2.42), ms™

dimensionless thermophoretic velocity of a particle, equation (C.8)

instantaneous spanwise air velocity, m s™

width of a duct with rectangular cross-section, m

time averaged mean spanwise air velocity, m s

fluctuating spanwise air velocity, m s

width of a duct panel analyzed for particle deposition, m
streamwise distance in a duct, m

dimensionless streamwise distance in a duct, = xu" / 1%

a calculated experimental variable in an error analysis
average value of a repeatedly measured experimental variable
wall-normal distance in a duct, m

dimensionless wall-normal distance in a duct, equation (2.24)

thickness of the buffer layer in equation (2.97), m

equilibrium separation between a particle and a surface, m

xlix



Vo dimensionless lower boundary for integration of the mass conservation

equation in a turbophoretic model

z spanwise distance in a duct, m

z dimensionless spanwise distance in a duct, = zu" / 1%

Zlim initial spanwise particle location in a sublayer model, m

Z}om dimensionless initial spanwise particle location in a sublayer model,
= Zylt’ / v

Greek symbols

p indoor loss coefficient, h™

o angle of a transport line measured from the horizontal plane, radians

A particle capture distance in free-flight deposition models, m

A" dimensionless particle capture distance in free-flight deposition models

€o permittivity of air, 8.86x10"* C* N m™

@ angle of a bend in a sampling transport line, radians

O roughness parameter in equations (2.75)-(2.77)

Ma aspiration efficiency at a sampling nozzle inlet, equation (B.1)

Na,inlet aspiration efficiency at the nozzle inlet of a shrouded nozzle, equation
(B.18)

Na.shroud aspiration efficiency at the shroud of a shrouded nozzle, equation (B.17)

Na.total total aspiration efficiency at a shrouded nozzle, equation (B.19)

1B transport efficiency through a transport line owing to Brownian diffusion



Nbend

g

Ninlet

Nls

i

Pa

Pp

transport efficiency through a bend in a transport line

transport efficiency through a transport line owing to gravitational settling
transport efficiency through a short length inside a sampling nozzle inlet
owing to particle inertia and anisokinetic sampling

S-connector deposition fraction, equation (4.10)

transport efficiency of sampling transport lines

gravitational deposition parameter, equation (B.8)

mean free path of gas molecules, m

outdoor air exchange rate for an indoor space, equation (6.24) h™

total air exchange rate for an indoor space, equation (6.23) h™!
streamwise length of near-wall low-speed streaks, m

dimensionless streamwise length of near-wall low-speed streaks, = ﬂxu* / %
wall-normal depth of near-wall low-speed streaks, m

dimensionless wall-normal depth of near-wall low-speed streaks,

= /”Lyu* / 1%

spanwise width of near-wall low-speed streaks, m

dimensionless spanwise width of near-wall low-speed streaks, = A_u" / 1%
dynamic viscosity of air, kg m™ s

kinematic viscosity of air, m* s

angle of a duct bend, radians

air density, kg m™

particle density, kg m™
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o

Ta

Te

U

Tw
Sa
<

standard deviation of the mass-mean particle diameter measurement,

equation (D.11), m

standard deviation of the roughness height of a surface, m

dimensionless standard deviation of the roughness height of a surface,
=ou / 1%
standard deviation of an experimental variable, equation (D.8)

dimensionless particle relaxation time, equation (2.17)

air shear stress, equation (2.25), kgm™ s

time scale of near-wall turbulent air eddies, equation (2.16), s
integral timescale of turbulence, equation (2.13), s

particle relaxation time, equation (2.13), s

shear stress at a duct wall, kg m™ s

eddy viscosity of air, m* s™

eddy diffusivity of a particle, m* s

diffusional deposition parameter in equation (B.11)
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