
 
 
 
 

Particle Deposition in Ventilation Ducts 
 

by 
 

Mark Raymond Sippola 
 

B.S. (The Ohio State University) 1996 
M.S. (University of California, Berkeley) 1997 

 
 
 
 

A dissertation submitted in partial satisfaction of the 
 

requirements for the degree of 
 

Doctor of Philosophy 
 

in 
 

Engineering - Civil and Environmental Engineering 
 

in the 
 

GRADUATE DIVISION 
 

of the 
 

UNIVERSITY OF CALIFORNIA, BERKELEY 
 
 
 

Committee in charge: 
 

Professor William W. Nazaroff, Chair 
Professor Robert A. Harley 
Professor Dorian Liepmann 

 
 

Fall 2002 



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 µm 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 µm and complete for particle 

sizes greater than 50 µm.  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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Ro bend ratio, equation (2.18) 

Rave arithmetic average roughness of a surface from a profilometer scan, m 

Rbend radius of a duct bend, m 

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

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

rp
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rwall 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) 

Rep 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) 
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pds  random error in particle diameter measurement, equation (D.11), m 
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Sc particle Schmidt number, equation (2.55) 

St particle Stokes number, equation (2.19) 

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

StS Stokes number defined at an S-connector, equation (4.15) 
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T temperature, °C or K 
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'  the time average of the product of the streamwise and wall normal 

fluctuating air velocity components, m

'vu

2 s-2 

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

ua local air velocity, m s-1 

Uave bulk average air velocity in a duct, m s-1 

uc air velocity at the duct centerline, m s-1 

ui local streamwise air velocity, m s-1 

uinlet air velocity at a sampling nozzle inlet, m s-1 

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-1 

ut air velocity through a sampling transport line, m s-1 

v instantaneous wall normal air velocity, m s-1 

V volume of indoor space, m-3 

v  time averaged mean wall normal air velocity, m s-1 
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'v  fluctuating wall normal air velocity, m s-1 

''Cv  the time average of the product of the wall normal fluctuating air velocity 

and the fluctuating airborne particle concentration, kg m-2 s-1 

Vd particle deposition velocity, equation (2.1), m s-1 

Vd,c average deposition velocity to the ceiling of test ducts 1 and 2, equation 

(4.3), m s-1 

Vd,comp composite deposition velocity in a square horizontal duct, equation (4.4), 

m s-1 

Vd,f average deposition velocity to the floor of test ducts 1 and 2, equation 

(4.1), m s-1 

Vd,w average deposition velocity to the wall of test ducts 1 and 2, equation 
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Vd,1c average deposition velocity to the ceiling of test duct 1, m s-1 

Vd,1f average deposition velocity to the floor of test duct 1, m s-1 

Vd,1w average deposition velocity to the wall of test duct 1, m s-1 

Vd,4c2 deposition velocity in test duct 4 to ceiling panel 2, equation (4.20), m s-1 

+
dV  dimensionless deposition velocity, equation (2.12) 

+
c,dV  dimensionless deposition velocity to a horizontal ceiling 

+
S,c,dV  dimensionless deposition velocity to a ceiling S-connector 

+
diffdV ,  dimensionless deposition velocity due to particle diffusion 

+
f,dV  dimensionless deposition velocity to a horizontal floor 

+
S,f,dV  dimensionless deposition velocity to a floor S-connector 
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+
inertialdV ,  dimensionless deposition velocity due to particle inertia 

+
S,dV  dimensionless deposition velocity to an S-connector 

+
w,dV  dimensionless deposition velocity to a vertical wall 

+
S,w,dV  dimensionless deposition velocity to a wall S-connector 

vg gravitational settling velocity of a particle, equation (2.37), m s-1 

vp particle velocity, m s-1 

vp,o initial particle velocity, m s-1 

vp,crit critical particle impact velocity for determining the likelihood of particle 

bounce upon impact with a wall, equation (2.119), m s-1 

vpcy particle convective velocity in the wall-normal direction, m s-1 

+
pcyv  dimensionless particle convective velocity in the wall-normal direction, 

*uvpcy=  

vpx particle velocity in the axial direction, m s-1 

+
pxv  dimensionless particle velocity in the axial direction, *uvpx=  

vpy particle velocity normal to the wall, m s-1 

+
pyv  dimensionless particle velocity normal to the wall, *uvpy=  

py'v  fluctuating particle velocity normal to the wall, m s-1 

vpy,o initial particle velocity towards the wall in a sublayer model, m s-1 

+
opyv ,  dimensionless initial particle velocity towards the wall in a sublayer 

model, *
, uv opy=  
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+
+∆,py

v  dimensionless wall-normal particle velocity at the dimensionless capture 

distance in a free flight model 

Vr volume of rinsing solution in a fluorometric analysis, mL 

rms'v  root-mean-square of the fluctuating wall-normal air velocity, m s-1 

+
rmsv'  dimensionless root-mean-square of the fluctuating wall-normal air 

velocity, equation (2.23) 

vt turbophoretic velocity of a particle, equation (2.50), m s-1 

vth thermophoretic velocity of a particle, equation (2.42), m s-1 

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

w instantaneous spanwise air velocity, m s-1 

W width of a duct with rectangular cross-section, m 

w  time averaged mean spanwise air velocity, m s-1 

'w  fluctuating spanwise air velocity, m s-1 

Wp width of a duct panel analyzed for particle deposition, m 

x streamwise distance in a duct, m 

x+ dimensionless streamwise distance in a duct, ν*xu=  

xo a calculated experimental variable in an error analysis 

ox  average value of a repeatedly measured experimental variable  

y wall-normal distance in a duct, m 

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

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

ye equilibrium separation between a particle and a surface, m 
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+
oy  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, ν*zu=  

zlim initial spanwise particle location in a sublayer model, m 

+
limz  dimensionless initial spanwise particle location in a sublayer model, 

ν*
limuz=  

 

Greek symbols 

β indoor loss coefficient, h-1 

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

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

∆+ dimensionless particle capture distance in free-flight deposition models 

εo permittivity of air, 8.86×10-12 C2 N-1 m-2 

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

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

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

ηa,inlet aspiration efficiency at the nozzle inlet of a shrouded nozzle, equation 

(B.18) 

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

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

ηB transport efficiency through a transport line owing to Brownian diffusion 
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ηbend transport efficiency through a bend in a transport line 

ηg transport efficiency through a transport line owing to gravitational settling  

ηinlet transport efficiency through a short length inside a sampling nozzle inlet 

owing to particle inertia and anisokinetic sampling 

ηS S-connector deposition fraction, equation (4.10) 

ηt transport efficiency of sampling transport lines 

κ gravitational deposition parameter, equation (B.8) 

λ mean free path of gas molecules, m 

λo outdoor air exchange rate for an indoor space, equation (6.24) h-1 

λs total air exchange rate for an indoor space, equation (6.23) h-1 

λx streamwise length of near-wall low-speed streaks, m 

+
xλ  dimensionless streamwise length of near-wall low-speed streaks, νλ *ux=  

λy wall-normal depth of near-wall low-speed streaks, m 

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

νλ *uy=  

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

+
zλ  dimensionless spanwise width of near-wall low-speed streaks, νλ *uz=  

µ dynamic viscosity of air, kg m-1 s-1 

ν kinematic viscosity of air, m2 s-1 

θ angle of a duct bend, radians 

ρa air density, kg m-3 

ρp particle density, kg m-3 
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mmdσ  standard deviation of the mass-mean particle diameter measurement, 

equation (D.11), m 

σk standard deviation of the roughness height of a surface, m 

+
kσ  dimensionless standard deviation of the roughness height of a surface, 

νσ *uk=  

oxσ  standard deviation of an experimental variable, equation (D.8) 

τ+ dimensionless particle relaxation time, equation (2.17) 

τa air shear stress, equation (2.25), kg m-1 s-2 

τe time scale of near-wall turbulent air eddies, equation (2.16), s 

τf  integral timescale of turbulence, equation (2.13), s 

τp particle relaxation time, equation (2.13), s 

τw shear stress at a duct wall, kg m-1 s-2 

ξa eddy viscosity of air, m2 s-1 

ξp eddy diffusivity of a particle, m2 s-1 

ζ diffusional deposition parameter in equation (B.11) 
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