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The Yungang Grottoes are a collection of man-
made cave temples dating from the 5th century A.D.
that now are situated in the middle of one of China's
largest coal mining regions. Air pollutant particles enter
these caves and deposit onto the more than 50 00D
stone carvings contained within the caves, leading
to rapid soiling of the sculptures. In order to study

this problem, computer-based models have been
combined that simulate the air flow into the caves

and particle deposition within the caves. The evolution
of the airborne particle concentrafion and size
distribution is tracked as outdoor air is drawn into the
caves by a natural convection flow that is driven

by the temperature difference between the outdoor air
and the interior walls of the caves. Particle deposition
rates are computed from the boundary layer flows
along the surfaces within the caves. Predicted coarse
airborne particle (diameter > 2.3 um) size distribution
and coarse particle deposition fluxes to horizontal
surfaces within caves 6 and 9 at Yungang compare
closely to experimental observations made during

the period April 15—16, 1991. It is found that horizontal
surfaces within caves 6 and 9 at Yungang would
become completely covered by a full monolayer of
particles in only 0.3—0.5 yr under the April conditions
studied here and will be soiled even more rapidly
under annual average conditions. The model developed
here can be used in the future to compute the effects
of particle filtration systems and/or altered
ventilation rates on soiling within the groftoes.

Intreduction

Archaeological sites that are exposed to a polluted atmo-
sphere can be damaged as a result. One such site that
suffers from a very high rate of airborne particle deposition
is the collection of more than 20 Buddhist cave temples at
Yungang in northern China. The Yungang Grottoes are
carved into the side of the Wuzhou Hills, about 16 Jan west
of the industrial city of Datong, in the norih of Shanxi
Province. The earliest caves were excavated into the face
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of a sandstone cliff under the patronage of the emperors
of the Northern Wei Dynasty (1) during the middle of the
5th century A.D. Cross-sectional drawings of caves 6 and
9 at Yungang, which will be discussed extensively in the
present work, are shown in Figure 1, and a color photograph
of the cliff face at Yungang showing caves 6 and 9 at the
right taken during the experiments reported here is
reproduced by Holloway (2). Many of the caves consist of
an interior chamber of approximate plan size of 12 m by
12 m by 15 m high, hollowed out around a central column
that typically is carved into a giant statue of the Buddha or
alternatively takes the shape of a pagoda. More than50 000
smaller Buddhist carvings adorn: the interior walls of the
caves and depict Buddhist deities or scenes from the life
of the Buddha. In antiquity, the entrances to each large
cave were covered by a wooden temple structure several
stories high and one room deep, as seen in front of cave
6 shown in Figure 1. Significant repairs to the caves were
made duringthe 11th and 17th centuries. Bythe early 20th
century, travelers to the area report that the caves had fallen
into a state of neglect (3), and by that time only caves 5 and
6 retained a wooden structure in front of their entrance. In
more recent years, the caves have been cleaned, and their
surroundings have been turned into a park. Hundreds of
visitors daily visit the site.

Today, Yungang is surrounded by one of China's largest
coal miningregions. Particles are generated by the various
processes at the mines. Coal truck wtraffic on a nearby
highway produces much dust, Coal combustion occurs
for cooking and heating in the village of Yungang. Coal-
fired locomotives run on nearby railroad tracks. Trafficon
dirt roads in the village of Yungang creates additional dust.
Since Yungang is located near the edge of the Gobi Desert,
it also is affected by regional dust storms. As a result ofa
combination of the above, the Yungang Grottoes suffer from
a severe particle deposition problem, and the statues and
carvings inside the caves are soiled at a Tapid rate.

From a year-long monitoring program conducted during
1991/1992 (4), the following background information can
be provided:

{a) The outdoor airborne particle concentrations at
Yungang are very high. Annual average coarse (diameter,
dp > 2.1 ym) particle concentrations outdoors during 1991 —
1992 averaged 378 ug m™3, increasing to more than 1200
ug m—2 during peak 24-h sampling periods while fine
airborne particle concentrations (dp < 2.1 zm) outdoors
averaged 130 g m™3 (5).

(b) The largest contributors to the coarse airbormne
particles include crustal dust (e.g., soil dust), accounting
for over 80% of the coarse particle mass, and carbon-
containing particles (10% of coarse mass). The fine particles
outdoors consist of carbon-containing particles (45.5%)
followed in importance by crustal dust (24%) (5).

(c) The outdoor particles are transferred to the inside of
the caves byanatural convectionflow (6). AsseeninFigure
1, the largest caves at Yungang contain two enirances
through the stone cliff face, one at ground level (position
1 in Figure 1a and position 2 in Figure 1b) and a second
entrance at about the third floor level (position 2 in Figure
la and position 3 in Figure 1b). During the middle of the
day, the outdoor air is warmer than the cave walls. As a
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FIGURE 1. Vertical cross section drawings of cave 9 {a) and cave 6 (b).

result, air enters the caves through the upper windows in
the cliff face, cools as it flows down the colder interior cave
walls, and then exits through the ground level entrance to
the cave, At night, the reverse happens: cold outdoor air
flows into the caves through the ground floor entrance,
flows up the warmer walls, and flows out of the caves
through the opening in the rock face of the cliff at about
the third floor level.

(d) Once inside the caves, the airborne particles deposit
onto the various horizontal and vertical surfaces. For
example, measurements show that over the 5-yr period
from 1986 to 1991, particle deposits as deep as 0.8 cm, with
anaverage depth of 0.4 cm, accumulated on the sculptures
within cave 9 at Yungang (4).

In order to test the design of systems that will control
this particle deposition problem, a quantitative description
of the cause and effect relationships that translate outdoor
particle concentrations into the observed deposition flux
isneeded. In this paper, a computer-based mathematical
model will be formulated that links the outdoor particle
concentration and size distribution and the air flow through
the caves to the indoor particle concentration and size
distribuiion. The particle flux to interior surfaces will be
simulated along with the determination of the rate of surface
coverage by depositing particles. The model will be tested
using detailed measurements of the time series of outdoor
particle size distributions and indoor particle concentrations
and deposition fluxes within caves 6 and 9 at Yungang
during April 1991. Once verified, this model can be used
to study the effect of proposed particle filtration and control
systems for the caves in advance of their adoption.

Model Formulation

The airborne particle deposition model for the Yungang
Grottoes is constructed by combining the features of an
existing model for indoor aerasol mechanics and particle
deposition in buildings with a fluid mechanical model for
the natural convection-driven air exchange between the
outdoors and the cave interior.

The model for the air exchange between the interior of
the caves and the outdoors is based on the description of
Christoforou et al. (6). A natural convecton flow is driven
by wall and air temperature differences. When warm air
flows inte a cave like cave 9 at Yungang, it enters through
the upper level window in the rock wall at position 2 in
Figure 1a. The airis cooled as it flows down the cave walls;
cool air accumulates in the cave and then flows out of the
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ground level entrance to the cave at position 1 in Figure 1a.
Three equations can be written that describe the simul-
taneous convection and heat transfer problem at cave 9:

d
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where p, is the mass density of air inside the cave; p, is the
mass density of air outside the cave; Vis the volume of the
cave; Uh and U are the air velocities through the openings
in the rockwall between the outdoors and the inside of the
cave at positions 1 and 2 in Figure 1a, respectively; T, and
T, are the temperatures of the air inside the cave and the
air outdoors, respectively; T,, is the temperature of the cave
walls; ¢, is the specific heat of air measured at constant
pressure; ¢, is the specific heat of air measured at constant
volume; A; and A; are the cross-sectional areas of the
openings through the rock wall at positions 1 and 2 in Figure
la; h; is the heat transfer coefficient for flow over the ith
surface inside the cave where index i runs from 1 to 3
indicating walls, floor, and ceiling, respectively; S; is the
surface area of the ith surface inside the cave; Ci. is the loss
coefficient for flow through the rectangular openings in
the rock wall at positions 1 and 2 in Figure la; H is the
elevation difference between the entering and exiting
portions of the critical fluid streamline along which motion
starts as air enters and leaves the cave, and g is the
acceleration due to pgravity, Equations 1—3 describe
continuity, energy conservation, and the balance between
the pressure drops in the air path versus density differences
acting on the height of the air column between the entering
and exiting air paths, respectively.

This system of equations is then simplified by assuming
that p, = p, = p except that (g, — po)/po = 0, and also (p,
— pallpo % (Ty ~ T/T, so that eqs 1—3 become

U4, = U4, @



TABLE 1 )

Natural Convection Heat Transfer Relationships used by Transport Algorithm of Particle Deposition Model

surface Nusselt number® condition ref
vertical walls _ 0.387Ra,® )2 10-7 < Raz < 1072 b
Nuz = [0.825 +
z [1 + (0.492/Pn) 537

horizontal

upward facing heated or Nu, = 0.54Ra 104 < Ra, < 107 c

downward facing cooled surface Nuy = 0.15Ra,"® 107 < Rap < 107 c
horizental

upward facing cooled or Nu, = 0.27Ra 0% 10% < Rar < 1.4 x 1010 c

downward facing heated surface

. mz=2hlk is the Nusselt number based on the haight of the cave walls, Z: the heat transfer coefficient, h;, along the ith surface; and the thermal

conductivity of air, k. Nu, = Lh/kis the Nussalt number based on a charactaristic dimension, L, which is computed as the area of the surface divided
by the perimeter of the surface. Razis the Rayleigh number based on the height of the cave walls. Raz= Pr g|T, — TW|Z/{T,v?), where Fris the
Prandtl number for air, g is the acceleration due to gravity, » is the kinematic viscosity of air, Ty, is the cave surface temperature, and T, is the air
temperature in the cave. Ra, is the Rayleigh number based on the characteristic length, L, which is computed as the area of the surface divided
by its perimeter. & Fram Churchill and Chu {7). ¢ From Incropera and DeWitt (8).
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An analogous set of equations can be written for the case
where cold air enters at ground level and flows up the
warmer walls of the cave. Equations 4—6 may be solved
for the unknown air velocities through the openings into
cave 9 (U and Uy) as well as the indoor air temperature (7,)
within the cave, which are the unknown parameters in this
problem. Once either U} or U; is known as a function of
time, the air flow through the cave is known.

In the case of a cave like cave 6, which still retains the
wooden structure in front of the cave entrance, the
additional pressure drops that occur as air flows through
the doors and cracks in the wooden building must be
simulated. The incorporation of such added pressure drops
into the system of eqs 4—6 is described more fully elsewhere
(6).

Solution of eqgs 4—6 requires that the heat transfer
coefficients for air flow over the various interior surfaces
of the cave, the }; in eq 5, must be estimated. Natural
convection heat transfer coefiicients used to represent flow
over the vertical walls of the caves, the cave ceiling, and the
cave floor are given in Table 1. These heat transfer
coefficients were derived for flow over flat plates, but the
walls of the cave are not flat. Instead they are carved in
high relief. Asaresult, the walls contain more surface area
than the superficial dimensions of the walls would indicate.
The walls also contain roughness elements that will
interrupt 'the natural convection boundary layer flow,
thereby increasing heat transfer rates. To compensate for
the added surface roughness and surface area, a semi-
empirical adjustment to the model was developed and
tested (6): the product k;S; appearing in eq 5, which
quantifies heat transferrates for flow over the vertical walls
of the cave, was taken to be twice as large as would be the
case for a vertical flat plate having the nominal surface area
of the major outline of the cave walls. This correction was
based on an examination of photagraphs that show that
the actual surface area of the carved walls consists of
hundreds of closely spaced Buddhist deities carved in high

relief. We estimate thata sequence of human figures backed
against a wall with spacing between the figures like that
seen at Yungang yields about a factor of 2 greater surface
area than the superficial area computed from the wall
perimeter times the cave height.

Particle Deposition Model. The model for particle
deposition onto surfaces within the caves follows the
formulation of Nazaroff and Cass (9). The interior of each
cave js represented as a single chamberbaving a well-mixed
core. The aerosol within the cave is represented by the
multicomponent sectional formulation of Gelbard and
Seinfeld (10). The particle size distribution is divided into
22 consecutive bins that cover the range from 0.05 to 149.7
pm in diameter. Particles of each size may be composed
of many different chemical components, but all particles
of the same size have the same relative composition (i.e.,
the aerosolis assumed to be internally mixed). The aerosol
mass concentration within each size section is assumed to
be uniformly distributed with respect to the logarithm of
the diameter of the particles. The rate of change of the
aerosol mass concentration for each component within each
size section is governed by the following differential
equation:

d
GOt = St~ LonpCompic @

where G,y represents the mass concentration of chemical
component k in particie size section j within chamber m
of the model; Sy is the sum of all sources of component
k in particle size j within chamber m, and L, is the sum
of all losses of component kin particle size j within chamber
m. Sources (S include all processes that add to the
particle concentration in a size section: direct emissions
of particles within the cave, advection of particles into the
cave from outdoors, and coagulation of smaller particles
to form larger particles. Particle losses (L) include
deposition of particles onto surfaces, removal of particles
from the caves by the natural conveciion flow that exits the
cave, and loss of particles to larger sizes by coagulation.
These sources and sinks vary over time.

While the model has the ability to handle coagulation
calculations, that feature is not used during the present
simulations because the fine particle concentrations are
not high enough to cause that process to have important
effects on the calculated aerosol size distribution. There-
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TABLE 2

Particle Deposition Velocities (vy) If Induced by
Homogeneous Turbulence in Air in Core of Cave (9)

surface orientation deposition velocity® conditions
all W=vep+ v all
all v= —N,v% all
tan™ ' {8{KJa) )
vertical Vop = a%( DK)"? c

v,
downward facing vpp=——2 ¢

TV
"ol

Ve

Vep = __-_——an
1— ex|
p(zwxa)’ﬂ)

* In the equations above, vep is the deposition velocity according to
Cornerand Pandlebury ( 71); v isthe thermophoreticvelocity of particles;
N:= KIATIT.) is the thermophoresis parameter; AT'is the temperature
difference between the surface temperature and the temperature of air
outsidathe boundary layer, T_; K; is the turbulence intensity parametear;
Kisthethermophoresis coefficient { 72); Disthe coefficient of Brownian
diffusivity of particles; a is the thermal diffusivity of air; and v, is the
gravitational settling velocity. # In the expression for deposition veloeity,
0 is the boundary layer thickness given approximately by & ~ {1.2){v/
K)x, %, where X, is the length of the surface in the direction of flow
{8, 12), and v is the kinematic viscosity of air. © For very small particles,
vepto a surface having any orientation is mere accurately given by the
expression vep = (DIG)2Ttan™"[6(K./D)2]], where & is given in footnate
a above. For a particle to be sufficiently small for this expression to
be appropriate, it must satisfy D > 0.019%8K1%:2", A typical set of
conditions has K. =0.1s""and x,= 1m, forwhichthe inequality becomas
D= 0.004 cm?s7, i.e., that the particle must be smaller than 0.004
in diameter.

upward facing

fore, when a caveis represented by a single chamber model
asitisaffected by advection of air through the caves, indoor
sources, and particle deposition, eq 7 becomes

d
V-G = Copeloa + Byt = Gyt D S, ~ Cupfea~ ®
I

where Gy and Cop are the concentrations of chemical
component kin particles of size jin air inside (a) or outside
{0) the cave, respectively; f.. is the volumetric flux of air
flowing from outside to inside the cave (flow in = flow out
in this case); E.p is the emission of new particles of
composition k and size j due to activities within the cave,
S; is the surface area of the ith surface; and Vay, is the
deposition velocity for particles containing component k
in size j to the ith surface within the cave. In the present
modei application, particle emissions within the cave will
‘betaken to be zero since the caves were unoccupied during
the experiments related here. In the future, if visitors o
the caves introduce a new source of particles within the
caves, then the model can be readily adapted to study that
situation.

Particle deposition from the atmosphere inside the caves
tohorizontal and vertical surfaces in the caves is calculated
for the relevant air flow regimes along the interior surfaces,
including deposition of particles due to turbulence in the
core of the caves plus natural convection flows along the
walls, as well as deposition to horizontal surfaces by both
gravitational sedimentation and convective diffusion. The
relationships used for computing these deposition velocities
are given in Tables 2 and 3. The deposition velocity due
to gravitational sedimentation used in the present work is
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corrected using an appropriate shape factor to account for
the irregular shape of the coarse mineral dust particles
encountered (13).

The mean particle deposition velocity to vertical surfaces
depends on particle transport in the atmospheric boundary
layer near the wall. Two cases are distinguished, namely,
laminar or turbulent natural convection induced by the
wall-air temperature difference and homogeneous turbu-
lence induced by air movement in the core of the cave. The
equations used for the former case arise from analogies
between heat and mass transfer resulis and are fully
described by Nazaroff and Cass (9, 12, 14). The equations
used in the latter case are based on the work by Cornerand
Pendlebury (i1). Both cases are discussed more fully
elsewhere (9, 14). As was the case with the natural
convection heat iransfer calculations to the vertical walls
of the caves described earlier, a semi-empirical correction
that accounts for the added surface area of the vertical cave
walls due to the carvings that are present was applied to
the particle deposition calculations. The product of the
deposition velocity times the surface area of the vertical
walls was taken to be twice that estimated for deposition
to a flat surface having an area equal to that computed
from the major outline of the cave walls, This increase in
effective surface area is based on detailed examination of
photographs of the cave walls showing the degree of surface
modulation provided by the carvings.

Inputs required for use of the model defined by eqs 4—6
and 8 are as follows: (1) the particle size distribution and
concentration in the outdoor air as well as the initial particle
size distribution and concentration inside the caves; (2)
wall and air temperature data from which are calculated
(a) the air flow into the caves by natural convection and {(b)
the deposition velocities of particles from natural convection
flows along the walls; (3) an estimate of the turbulence
intensity levels inside the caves as well as the thermo-
phoresis coefficient for the particles (9, 14); and (4) the
geomeiry and size of the caves. Measured air flows into
and out of the caves can be substituted for the flows
predicted by eqs 4—6 if desired. Outputs from the model
include (1) the aerosol size distribution and concentration
inside the caves and (2) particle deposition rates as a
function of particle size to walls, floors, ceilings, and other
horizontal or vertical surfaces inside the caves, from which
mass fluxes and the rate of surface coverage by deposited
particles can be calculated.

Experimental Program

During April 1991, an experimental program was conducted
at Yungang to gather data needed for evaluation of the
present model for particle deposition in the caves. The
experiment extended over 2 days with samples taken over
consecutive 4-h intensive sampling periods. The experi-
ment began at 0200 h on April 15 and lasted until 2200 h
onApril16. Duringthis period, the following measurements
were made;

Outdoor and Indoor Airborne Particle Concentrations
and Size Distributions. Ambient aerosol samples were
taken over consecutive 4-h sampling periods both outdoors
and inside caves 9 and 6 by drawing air at a rate of 3 L
min! through 47 mm diameter Millipore filters (0.22 um
pore size, membrane filter GSWP04700) secured in open-
faced filter holders, thus ensuring collection of both large
and small particles. Subsequent automated optical mi-
croscopy analysis (4) yielded size distributions of the



TABLE 3

Particle Deposition Velocities (v;) for Deposition from Natural Convection Flows (9)?

surface orientation deposition velocity conditions
vertical va = Yalg| AT/ A2 TV Aa RDRRZ- 11 (0)/Le™R] Raz < 10°
ve = maximum of 10° < Raz < 1012
2l gl A TH 42 TL) e ROPRZ W 0 (D) /L)
& 2{0 — 0.387Ra,"® }2
or v, ; :
tZz [1+ (0.492/Sc) ¥
h N"{o 825 + OTR, }2
where v, =—N=3 0. :
4 [1 + (0.492/Pn*e9%
horizontal

upward-facing heated or
downward-facing cooled surface

horizontal
upward-facing cooled or
downward-facing heated surface

va = sgvg — N¢/(0.54Ra, ") + D], (0.54Ra, )
Va = SgVg — N/¢{0.15Ra,"3) + 5/,(0.15Ra,'R)

Vi = SqVg — Ne/{0.27Ray ™) + 9/,(0.27 Ra; )

va= 0; 10* < Ra; < 107
va = 0; 107 < Ra; < 1011

va = 0; 105 < Ra < 1010

* vy is the daposition velacity; g is the acceleration due to gravity; AT is the temperature difference between the cava surface temperature and
the temperature of air outside the boundary layer, T_; v Is the kinematic viscosity of air, a is the thermal diffusivity of air; D is the coefficient of
Brownian diffusivity of particles; Zis the height of the cave; w'(0) is the slope of the normalized particle concentration at the surface {12); Le is the
particle Lewis number, o/D; v is the thermaphoretic velocity of particles; Ra is the Rayleigh number; Sg is the particle Schmidt number, ¥/D; N, =
KIATIT.) is the thermaphoresis parameter; K is the thermophoresis coefficient (12); v, is the gravitational settling velacity; s; is an orientation
coefficient, 1 for upward-facing and —1 for downward-facing; and L is a charactaristic dimension of the surface (area divided by perimeter).

particles suspended in the air. This method was used to
meastire the size distribution of coarse airborne particles
both inside and outside the caves over the diameter, dj,
range 2 pm < d < 148 gm. The outdoor size distribution
of fine particles over the size range 0.05 ym < d,, < 2,3 um
was obtained using a 32-channel Particle Measuring
Systems Madel ASASP laser optical particle counter (OPC).
Gravimeiric determination of aerosol mass concentration,
both outdoars and within the caves over each 4-h sampling

- period, was obtained with the use of samples collected on
Teflon membrane filters (Gelman Teflo, 0.5 #m pore size)
through which air was drawn at a rate of 10 L min— each.
Fine particle samples were collected on a Teflon filter
located downsiream of an ATHI -design cyclone separator
that removed particles with an aerodynamic diameter
greater than 2.1 #m (5), while total aerosol samples were
collected simultaneously on an open-faced Teflon filter,
The Teflon filters were weighed before and after sampling
for gravimetric determination of aerosol mass concentra-
tHon. Coarse particle concentrations were determined by
the difference between total particle minus fine particle
concentrations,

Indoor Particle Deposition Flux onto both Vertical and
Horizontal Surfaces. Millipore filters (47 mm in diameter,
0.22 zm pore size, membrane filter GSWP04700) were used
as a surrogate surface for the collection of particles that
deposited onto horizontal surfaces, while particles that
deposited onto vertical surfaces were collected on micro-
scope glass slides (75 mm by 25 mm by 1 mm thick). The
vertical collection plates within caves 9 and 6 were fastened
to the surface of a large aluminum plate, which was then
secured on the cave wall in order to achieve thermal contact
with the wall surface. Thehorizontal deposition plates were
placed on top of platforms at a height of about 1 m ahove
ground level. A pair of horizontal collection plates was
exposed for each of the consecutive 4-h sampling periods
on April 15—16, while a single set of vertical deposition
plates was continuously exposed for the 19-day period from
April 12 until April 30 because of the great difference in
deposition rates between horizontal and vertical surfaces
(15}, The deposited coarse particle size distribution on

both horizontal and vertical surfaces was obtained by
automated optical microscopy analysis, and the results are
reported by Christoforou et al. {4).

Temperature Data. Wall and air temperatures were
measured by thermistor arrays that were placed inside caves
6 and 9 at Yungang. The wall thermistors (Part No. 44202,
Yellow Springs Instrument Co., Yellow Springs, OH) were
secured in wall cracks using a thermal joint compound in
order to ensure proper thermal contact with the wall. The
air temperature thermistors were placed 5.1 cm away from.
the wall. Signal conditioning circuits transformed the
thermistors’ output into a voltage that was propoertional to
the temperature. Data were recorded every minute with
the aid of a Campbell Scientific CR-10 measurement and
control module (Campbell Scientific Inc., Logan, UT), with
the exception of cave 6 data, which were recorded usinga
strip chart recorder. The outdoor air temperature was
measured at a weather station operated by the Chinese
Government at Yungang that is located about 140 m south
of the entrances to the caves, and the data were logged on
a paper chart recorder.

Air Exchange Rates. In the case of cave 9, air exchange
rates were measured with the aid of an omnidirectional
velocity probe (TSI Model 1620) placed in the center of the
ground level entrance of the cave. Data were againrecorded
every mintte using the CR-10 data logger. A hand-held
mechanical air velocity meter (vaneometer, Part No.
6610A4306, Whatman Labs, Hillshoro, OR) was also used
at regular intervals to measure air speed and direction in
the ground level entrance to cave 9. That information on
the direction of air flow was used to assign the direction
of flow to data taken continuously via the TSI omnidirec-
tional velocity probe.

Air exchange rates through the entrance to cave 6 were
measured using the mechanical air velocity meter and also
using perfluorocarbon tracers (16). Tracer sources that
emitted perfluorocarbons at a slow but constant rate were
placed at selected locations inside the cave. Tracer
collection tubes were exposed aver consecutive 4-h periods
and then were analyzed to give the total air infiltration rate
through the cave (m® h™) as a function of time. Analysis
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TABLE 4

Characteristics of Caves 6 and 9

symhol description cave 6 cave 3

5 wall area, m2 1370 174

S ceiling area, m? 163 44

S floor area, m? 179 44

v volume, m? 2222 528

rd physical height of the cave 15 m 10.35 m

H elevation difference between entering and 8.25m 2.39m
exiting critical fluid streamline

A crass-sactional area of entrance through rock wall 7.4 m2
at ground level, cave 9

Az cross-sectional area of opening in rock wall at 3rd 5.6 m?
and 4th floor level, cave 9

Ata cross-sectional area of openings in building shell 4.8 m?
downstairs, cave 8, front door open

A cross-sectional area of openings in building shell 0.46 m?
downstairs, cave &, frant door closed

Az cross-sectional area of entrance through rock walls 11.82 m?
at ground level, cave 6

Aa cross-sectional area of opening in rock wall at 21.12 m?
3rd plus 4th, floor level, cave 6

As cross-sectional area of openings in building 4,09 m?

shell upstairs, cave 6
monitoring period
start time, date
end time, date

0200 h, April 15, 1991
2200 h, April 15, 1991

0200 h, April 15, 1991
2200 h, April 16, 1991

of the tracer samples taken was performed by the
Brookhaven National Laboratory staff.

Model Evaluation

The field experimental data for the April 15-16 period at
Yungang were matched to the particle deposition model.
Air flows and particle deposition fluxes within both cave 6
and cave 9 were computed starting from the cave dimen-
sions given in Table 4 and the time series of measured
outdoor particle size distributions plus data on the time
series of the outdoor air temperatures (T,) inegs 5 and 6,
and the indoor cave wall temperatures (T,,) in eq 5. Air
flow through cave 6, which retains a wooden temple
structure in front of its enirances, is modeled with the main
ground level doors to that wooden structure open during
the day but closed at night, as described in detail by
Christoforouetal. (6). The outdoor airhorne coarse particle
concentration (d, > 2 xm) and outdoor airborne fine particle
concentration (d, < 2 ym) data supplied to the model are
illustrated in Figure 2. The fine particle data of Figure 2b
show a comparison of consecutive 4-h average outdoor
particle mass concentrations measured gravimetrically from
samples collected on Teflon filters as described earlier versus
the consecutive 4-h average fine particle mass cancentration
computed by integrating the aerosol size distribution
measured by the PMS laser optical particle counter over
the size range below 2.3 um particle diameter using an
assumed fine particle density of 2.2 g cm™3.

The graph of outdoor coarse particle concentrations over
time (Figure 2a) shows data obtained by the difference
between gravimetric analysis of consecutive 4-h average
total particle samples collected on open-faced Teflon
membrane filters minus concurrent measurements of fine
particle concentrations compared to coarse particle mass
concentrations estimated by automated light microscopy
analysis of particles larger than 2 ym diameter collected on
Millipore filters. Conversion of particle counts to mass
concentrations for those coarse particle samples was
accomplished using a coarse particle densityof 2.2 g cm™3
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and a shape factor of 1.46 (13, 17). The single-particle
density values are based on examination of bulk deposits
of formerly airborne material removed fram surfaces in the
caves at Yungang, and the shape factor is determined by
examination of both airborme and deposited particle
samples from Yungang. The aggregated deposits composed
of many particles as they reside on the cave surfaces are
fluffy and have alower mass per unitvolume of bulk deposit
than 2.2 g cm™2 due to much incluzded air space between
particles. Fine particle mass concentrations measured
gravimetrically are in excellent agreement with mass
concentrations inferred from integration of aerosol size
distribution data. Coarse particle mass concenirations
measured by integrating particle size distribution data are
generally lower than concentrations measured gravimetri-
cally, but the data obtained by particle counting are still
usually within + 2 standard errors of the gravimetrically
determined values.

An example of the combined ouidoor airborne fine
particle plus coarse particle size distribution is shown in
Figure 3, averaged over the entire 2-day experiment. That
size distribution is obtained by merging the fine particle
data from the laser optical particle counter with concurrent
coarse particle counts taken by automated light microscopy
applied to the autdoor Millipore filter samples. Similar
size disiribution data are available for each 4-h period during
the experiment, and those consecutive 4-h average size
distribution data form the actual inputs to the particle
deposition model.

The outdoor coarse particle concentrations shown in
Figure 2 are seen to be both much higher than the fine
particle concentrations and show greater variation through-
out the day, These coarse particle concentrations peak at
greater than 1000 g m™3 over the 4-h averaging period
nominally extending from about 0600 h to 1000 h each
morning. During the early part of this time period, activities
within the small village of Yungang and along the nearby
highwayhave begun, and broom sweeping ofthe dirt terrace
in front of the caves is observed, but the air is generally still,
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and mixing depths arelow, leading to high outdoor particle
concentrations.
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In addition to the time series of outdoor aerosol size
distribution data, the deposition model requires time series
data on the outdoor air temperature and cave wall tem-
peratures. From these temperature data, air flows through
the caves are predicted. Figure 4a shows the outdoor air
temperature and the cave wall temperature at cave 9 over
the 2-day period studied here. Alsoshown isthe airvelocity
measured after having filtered the output of the thermo-
electronic velocity probe located in the ground level
entrance to cave 9 at position 1 in Figure 1a as compared
to the velocity predicted by the natural convection air
exchange model of eqs 4—6 (see Figure 4b). Avery detailed
analysis of the performance of the air exchange model over
a much longer period of time is provided by Christoforou
et al. (6). From Figure 4, it is seen that at night when the
outdoor air is colder than the cave walls, air flows into the
cave at the ground level entrance (graphed as the positive
flow direction in Figure 4b), while during the day the
situation reverses. On most days during April 1991, air
flows stagnated and then reversed direction twice per day,
once at about 0930 h in the mormning and again at about
2100 h at night, as is typified by the data for April 15, with
both flow reversals occurring near the time of zero
temperature difference between the outdoor air and the
cave walls. From Figure 4b, it is seen that the natural
convection air flow model for cave 9 predicts both the
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pattern and the magnitude of the air flows through that
cave reasonably well. Air exchange between the outdoors
and the interior of cave 6 likewise is reproduced well by the
natural convection model, and these results are displayed
and discussed by Christoforou et al. (6).

Fipure 5 shows model predictions ofthe airborne particle
mass size distribution inside cave 9 averaged over the 44-h
experiment as well as the size distribution of the daily
average (24-h average) mass flux of particles deposited onto
horizontal surfaces within cave 9 over that period. Model
predictions in size ranges above 2 um particle diameter are
compared to particle counts obtained by automated optical
microscopy analysis of airborne particle filter samples and
deposited particle samples, both collected on the surfaces
of Millipore filter material. Within cave 9, excellent
agreement is obtained between measured and predicted
airborne coarse particle size distributions and between the
measured vs predicted size distribution of coarse particle
fluxes to horizontal surfaces. Fine particle concentrations
measured by filtration inside cave 9 can be compared to
the integral under the predicted size distribution curve of
Figure 5a in particle sizes below 2.1 ym in diameter.
Averaged over the course of the 2-day simulation, the
predicted airborne fine particle concentration inside cave
9 is 149 ug m—3 as compared to an average measured
concentration of 151 ug m™3,

3432 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL, 30, NO. 12, 1996

10°% pre-r r
model prediclion ——
measurad ——

ol @ E

alrhome particle mass, de(logdp) {ug m"‘)

10" %
0.1 1 10 100
particls diameter {pm)

107 .
model prediction —
measured ~+—

ol ® ]

10*
10% |
102

10 ¢

deposiled pariicla mass, dJrd(togd,) (g m2 day“)

0.1 1 10 100

particle dlameter {izm}
FIGUREG. Muodel performance, April 15—16, cave 6: (a) 2-dayaverage
size distribution of airhorne particles, dA¥d(log d,), inside cave 6
compared to measured values, and (b) predicted size distribution
of the particle deposition rate, dJ/d{log d.}, onto horizontal surfaces
inside cave 6 compared to measured values.

As can be seen if Figure 6 is compared in detail to Figure
5, indoor coarse particle concentrations and deposition
fluxes inside cave 6, both measvred and predicted, are lower
than in cave 9. This occurs in part because the average
retention time for air parcels inside cave 6 is about four
times longer than in cave 9. Differences in air parcel
retention time between caves 6 and 9 vary by time of day.
The wooden doors at the ground level entrance to the
temple structure in front of cave 6 are closed both at night
and during the early portion of the high outdoor coarse
particle concentration episodes depicted in the morning
hours in Figure 2a. When those doors are closed, air is
forced to flow through the many cracks and small openings
in the wooden building shell, and the added resistance to
air flow causes the indoor/outdoor air exchange rate to
drop. This reduced air exchange rate in turn acts to reduce
particle induction into the building in front of cave 6 at
those times, slowing the replacement of deposited particles,
thus lowering hoth indoor airborne particle concentrations
and particle deposition fluxes.

Figure 6 indicates that model predictions do not match
measured values in cave 6 as closely as was the case inside
cave 9. This is due mainly to the fact that the outdoor
particle samples used to drive predictions for both cave 6
and cave 9 were collected directly in front of cave 9 (see
sampler placement diagram in ref 5). Coarse particle
concentrations, due to their generation by fugitive dust
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sources and the rapid removal of very large particles by
sedimentation, often vary considerably over short distances.
The entrances to cave 6 are located about 43 m away from
the outdoor samplers, while the outdoor samplers are only
2 m away from the entrance to cave 9. Airborne particle
concentration and deposition fluxes inside cave 6 also are
more difficult to measure accurately because the lower
concentrations and fluxes in cave 6 as compared to cave
9 yield smaller particle counts. In spite of this, the model
predictions for coarse particles in cave 6 are within 2
standard errors of the measured value of the indoor aerosol
size distribution and deposition flux data in most cases,
Comparison of model predictions for airborne fine particle
mass concentration obtained by integrating the predicted
size distribution of Figure 6a below 2.1 #gm diameter versus
that measured by filtration yields good agreement (129 ug
m~3 predicted vs 116 g m~3 measured averaged over the
2-day experiment).

The time series of deposition flux predictions to hori-
zontal surfaces inside caves 9 and 6 are shown in Figures
7 and 8, respectively. The deposition flux predictions inside
cave 9 are in excellent agreement with meastred values at
most times. The deposition fluxes inside cave 6, both
measured and predicted, differ considerably from those
inside cave 9, because the early morning peak in the

TABLE 5
Deposition Fluxes to Sorfaces inside Caves 6 and 9
at Buddhist Cave Temples at Yongang, April
15—16, 1891°

horizontal surfaces? vertical surfaces  ceiling
methad {zgm2s-1) [upm2s)  (ggm~2577)
Cave 9
measured 29
modeled 3.0 712 x 107 393 x 104
Cave 6
measured 1.4
modeled 1.4 541x%x10% 1.73x10°5

2 Note that the measured deposition fluxes over other time periods
are higher. Forthe 21-day period April 12—May 1, 1991, the deposition
fluxes averaged 13.40 and 4.54 ug m~2 s~ to horizontal surfaces in
caves 9 and 6, respectively. Over the 1-yr period 1991—1892, the
deposition fluxes to horizontal surfaces within cave 6 averaged 5.23 ug
m~2 s~ (4). ® Upward-facing horizontal surfaces.

deposition fluxes at cave 9 is suppressed both by the longer
retention times for air exchange in cave 6 (about four times
longer than in cave 9) and by the way that the wooden
temple structure doors are operated at cave 6 (the outdoor
particle inputs to the models for both caves are represented
asbeingidentical). Particle fluxesinside cave 6are generally
lower than at cave 9 at most times. The predicted particle
fluxes in Figure 8 fall within 2 standard errors of the
individual measurements at most times, yet there is
evidence for somebiasin the model or in the measurements,
with model predictions falling below nominally measured
values in 8 out of 11 sampling periods.

Maodel predictions of the integrated mass flux of particles
to horizontal surfaces, to vertical surfaces, and to the ceiling
of caves 6 and 9 are given in Table 5. Results are stated as
a deposition flux converted to a 24-h average for the
conditions that accurred on April 15-16, 1991, The
horizontal fluxes can be compared to the measured values
averaged over a 24-h day. The model predictions and
measured values are in good agreement. It should be noted
here that deposition fluxes overlonger periods of time would
have been larger. Measurements made over a 1-yr period
in 1991—1992 show a deposition flux to horizontal surfaces
for the year of 5.23 ug m™2 s~1 in cave 6, which is a factor
of 4 higher than observed during April 15—16, 1991 (4.
Differences between the 2-day period examined in detail
here versus the longer term annual flux are undoubtedly
due to day-to-day fluctuations in outdoor particle con-
centrations and changes in the outdoor temperatures that
drive air exchange through the caves. The model works
well enough that it would probably track these changes
well over long periods of time if the outdoor pollutant data
and temperature data needed to exercise the model for
long periods of time were acquired. While the model is
fairly sophisticated, the model inputs needed are surpris-
ingly few.

Predicted deposition fluxes to vertical surfaces and to
the cave ceiling also are given in Table 5. Fluxes to these
surfaces are orders of magnitude smaller than to horizontal
surfaces. This is because deposition to horizontal surfaces
is dominated by gravitational sedimentation of coarse dust
particles while deposition to vertical surfaces and to the
ceiling is dominated by convective diffusion and thermo-
phoresis. Deposition velacities due to gravitational settling
are much higher than those due to convective diffusion
and thermophoresis under the conditions at Yungang.
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TABLE 6
Predicted Time (yr) for 100% Coverage To Occur®
surface orientation cave 6 cave 9
upward-facing horizontal 0.5 0.3
vertical 270 18
ceiling 830 26

# Values shown are based on outdoor particle concentrations and
air exchange rates calculated using data for the April 15—16, 19891,
period. Particle fluxes over an annual averaging period inside cave 6
are afactor of 4 higherthan during the April 15—16 period of simulation,
indicating that aver long pariods oftime, the time forcomplete coverage
to occur is probably one-fourth as long as shown here {4).

Furthermore, coarse particle mass concentrations greatly
exceed fine particle concentrations at Yungang (5), again
favoring higher deposition fluxes due to gravitational
sedimentation as compared to convective deposition
processes.

The size distribution of the deposited particles predicted
by the maodel has been used to compute the time required
to completely cover initially clean surfaces of various
orientations with their first full monolayer of particles if
particle deposition rates were to continue for long periods
of time at the rates observed for April 15—16, 1991. Forthe
purposes of constructing this index, a full monolayer
coverage by deposited particlesis reached at the point where
particles having a cumulative projected cross-sectional area
of 1 em?have deposited onto 1 cm? of cave surface. Results
areshowninTable6. Cave$8, whichlacks awooden shelter
in front of the cave at present, is direcily exposed to the
outdoor atmosphere, UnderApril 15—16, 1991, conditions
horizontal surfaces inside cave 9 would become completely
covered by a monolayer of dust in only 0.3 yr, while vertical
surfaces and the decorated ceiling would require 18 and 26
yr, respectively, to reach the same degree of coverage. Cave
6, which is sheltered by the wooden temple front structure
and which haslower airvelocities along its walls and smaller
wall-air temperature differences than in cave 9, would
require longer to reach the first full monolayer coverage by
particles, asshown in Table 6. The particle size distributions
of the fluxes to the walls, floor, and ceiling differ from each
other, and for that reason surface coverage rates given in
Table 6 relative to mass deposition rates given in Table 5
differ between surfaces. Recognizing that the deposition
rate to horizontal surfaces over an annual period is about
four times higher than during the April 1516 conditions
studied here, the actual average elapsed time toreach a full
monolayer coverage by deposited particles is probably
about one-fourth as long as the values shown in Table 6.

The madel for air circulation and particle deposition
within the Buddhist cave Temples at Yungang is judged to
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render useful predictions of particle accumulation within
the caves. The model can be used in the future to predict
the relative effectiveness of particle filtration systems and/
or altered ventilation rates on the particle deposition
problem at the Yungang Grottoes.
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