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Abstract

This work examined the behavior of vaporous hydrogen peroxide (VHP) in clean,
room-scale galvanized steel (GS) and polyvinylchloride-coated steel air ducts, to
understand how it might be used to decontaminate larger ventilation systems. VHP
injected into the GS duct decreased in concentration along the length of the duct, whereas
VHP concentrations in the polyvinylchloride coated duct remained essentially constant,
suggesting that VHP decomposed at the GS surface. However, decomposition was
reduced at lower temperatures (~22°C) and higher flow rates (~80 actual cubic meter per
hour). A computational fluid dynamics model incorporating reactive transport was used
to estimate surface VHP concentrations where contamination is likely to residé, and also
showed how bends encourage VHP decomposition. Use of G. stearothermophilus
indicators, in conjunction with model estimates, indicated that a concentration-contact
time of ~100 mg/L. H,0,(g)*min was required to achieve a 6 log reduction of indicator
spores in clean GS duct, at 30°C. When VHP is selected for building decontamination,
this work suggests the most efficacious strategy may be to decontaminate GS ducting
separately from the rest of the building, as opposed to a single decontamination event in

which the ventilation system is used to distribute VHP throughout the entire building.

Introduction

The deaths and widespread contamination resulting from the incident in the
United States in 2001, in which spores of the highly virulent B. anthracis Ames strain
were sent via mail to various destinations (7, 2), highlighted the need for an improved

understanding of biological decontamination of buildings and their interiors. The
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ventilation system inside a contaminated building is likely to become contaminated as
well, either by direct introduction of a biological warfare agent, or indirectly by
reaerosolization of spores (3) in rooms to which the system is connected. Once inside a
ventilation system, spore transport can be influenced by a number factors, including size
(4, 5), duct material (5, 6), and connectors and bends in the duct (7). Depending on its
accessibility and value of associated hardware, demolition and disposal of a contaminated
ventilation system may be prohibitively expensive. Therefore, a need exists to
decontaminate high value ventilation systems in situ, if they become contaminated with a
biological agent.

Gaseous fumigants are a natural choice for decontaminating ducts, because they
can be introduced at an accessible location and then allo-wcd to permeate into the remote
reaches of a ventilation system. Several fumigants can be considered for this purpose,
including paraformaldehyde, methyl bromide, vaporized hydrogen peroxide (VHP), and
chlorine dioxide gas (/). The present work investigated the use of VHP (8), because it is
widely used to decontaminate clean rooms (9, /0), decomposes into the innocuous end
products water and molecular oxygen, and recently has been modified to decontaminate
chemical warfare agents (/7). Furthermore, it can be scaled up to decontaminate large
buildings (72, 13), and was used to decontaminate some of the buildings contaminated
during the incident in the United States in 2001 (7).

The overall objective of this work was to determine how the behavior of VHP
inside galvanized steel ducting might affect the decontamination of a biological warfare
agent. The specific tasks undertaken were to: assess the effect of galvanized steel (GS), a

common duct material, on VHP concentrations within a room-scale air duct; measure



10

11

12

13

14

15

16

17

18

19

20

21

22

23

VHP concentrations as a function of operating parameters that practically can be adjusted
during a decontamination event, including temperature, flow rate, and VHP injection rate;
measure concentration-contact time (Cet) values required to kill biological indicators
(BIs) of Geobacillus stearothermophilus spores, a surrogate for B. anthracis spores,
within the GS duct; develop and calibrate a computational fluid dynamics (CFD) model
to predict VHP concentrations at any location within the duct; use the CFD model to
understand how bends in a GS duct effect VHP concentration; and to illustrate how BI

kill and CFD results can be used to estimate decontamination times for ducts.

Materials and Methods

Experimental apparatus. Decontamination experiments were conducted in two
adjacent rooms of a retrofitted construction trailer, housing a model duct run and required
instrumentation, respectively. Separate duct runs were constructed of round, 6 in (15.2
cm) diameter GS “snap duct” (obtained from a local building supply store) or
polyvinylchloride (PVC)-coated steel duct (McMaster-Carr). A layout was chosen (Fig.
1) to make the duct as long as practically possible, within the space of the test room.
VHP produced by a STERIS VHP 1000® generator was introduced into one end of the
duct, and was measured at six locations along the duct with near-infrared spectroscopy
(Guided Wave Model 412 Process Analyzer; reference /4) by absorption cells (25 cm
path length) placed normally to the duct’s axis (inset, Fig. 1) at each location. The
STERIS VHP 1000® generator was the source of flow for the majority of experiments
(~21 actual cubic meter per hour (acmh)). Higher flow rates were achieved by

connecting a dust collector (Dayton model 6H004A) to the end of the duct. Temperature
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at each absorption cell was measured by a thermistor (Omega, model THX400AP)
protruding into the duct, and flow rates were measured by “machined convergent” type
venturis placed at the end of the duct. Experiments were nearly isothermal, with
temperatures decreasing by a maximum of 3°C along the length of the duct.

Safety. Workers were protected from exposure to VHP by making the room
containing the duct as air tight as practically possible, and running experiments remotely
from the adjacent room, which was maintained at a slightly higher relative air pressure.
VHP concentrations in the adjacent room also were monitored by a Drager PAC il
electrochemical detector alarmed at 1 ppmv.

VHP profile experiments. VHP profiles were measured separately in GS and
PVC-lined steel ducts at various initial VHP concentrations entering the duct, flow rates,
and temperatures (Table 1). The liquid hydrogen peroxide sterilant vaporized by the
STERIS VHP 1000® generator was either a 35% solution (Vaprox®, STERIS), or a 14%
solution (obtained by dilution) to achieve lower VHP concentrations. All experiments
were run for a minimum of four hours (six hours was common), to ensure steady state
values were reached throughout the entire duct. For each set of conditions tested, three
experiments were performed on separate days, and VHP concentrations were reported as

a weighted average calculated by
c 1
— - (1
i3 o
where C_', and s, are the steady state average and standard deviation, respectively of VHP
concentrations from a given experiment (/5).

Cet values. Cet values were estimated with Bls containing approximately 2.5E6

G. stearothermophilus spores (Apex Labs, lot H0635) placed inside the GS duct, in the

i
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immediate vicinity of the first and fifth absorption cells (Fig. 1). G. stearothermophilus
spores were chosen because they are more resistant to VHP than spores of many other
bacteria (/6 - 19), including B. anthracis Ames strain (20). For each experiment, ten Bls
were taped to a plastic strip that conformed to the inside of the duct, and three replicate
experiments were performed for each exposure time. These tests were performed
separately from those described above, but under the same nominal conditions of 20
acmh and 30°C. After a given exposure time, Bls were collected from the duct, placed
aseptically into prepared tryptic soy broth tubes (PML Microbiologicals), incubated for 7
days at 55°C, and then inspected visually for turbidity as a sign of growth.

Modeling VHP Fate and Transport. CFD simulation of the loss of VHP within
the GS duct was performed using the commercial software STAR-CD (CD-Adapco)
using the second-order Monotone Advection Reconstruction Scheme (2/) and the
SIMPLE algorithm (22). General boundary conditions included a laminar, plug flow
velocity at the duct’s entrance, isothermal walls, and setting the VHP mass entering the
duct equal to the product of the experimentally measured flow rate and concentration at
the first absorption cell (Fig. 1). A computational grid consisting of 817,000 cells was
constructed for the duct configuration shown in Fig. 1. Local mesh refinement was
carried out close to the walls, resulting in a maximum non-dimensional normal distance
(y") from the wall of 0.6. The finite volume formulation of the Reynolds Averaged

Navier Stokes equations
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were solved to predict the steady-state airflow field in the duct. Turbulence was included
via stress tensor elements (ty, Supporting Information) determined by integrating the

low-Reynolds-number turbulence model

dak d ak
U = v +v,  P-c (4
Iaxj axj( total axi] turk ( )

de 9 v,, 06| & 2\ &2
Uj——=—| Vipgtor + 22— |+ —1.44v,,, (P + P) - 1.92{1- 03¢ |—
"o, ax,( 1.2zaxj) ;T Wl PHE ( )k ©)

all the way to the wall of the duct (as opposed to assuming a wall function). Lastly, the
VHP concentrations were predicted for a given airflow field by solving the transport

equation

oC d —
Uj——7+aTj(CV,_J+ujC)=S (6)

where S is a sink term due to VHP decomposition, which was set equal to

K.C
K,+C

(7
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in the first layer of cells adjacent to the wall, and zero everywhere else. The mixed order
form of Eq. 7 was suggested by data collected at different initial VHP concentrations
(Results), which indicated a uniform loss rate at the highest concentrations tested, and a
first order loss at lower concentrations. Several simulations of each VHP data set were
performed, until one set of values for K, and K, was obtained that resulted in an
acceptable foot mean square error. All terms in the above equations are summarized in

Nomenclature.

Results

Qualitative effect of VHP on GS. Oxidative damage to the GS duct was
minimal, even after performing more than 100 experiments over a one year period. A
visual examination of the GS duct when it was dismantled revealed a patina on surfaces
in the immediate vicinity of where VHP was introduced, but most of the duct had a
mildly dulled or hazed appearance, compared to GS not exposed to VHP.

Duct material and process parameter effects. Reproducible data from the GS
duct were obtained after initial passivation of the GS duct during several preliminary
experiments (data not shown). Results of experiments performed at different VHP mass
loading rates (or equivalently, different initial VHP concentrations entering the duct) with
GS and PVC-lined steel ducts are shown in Fig. 2. As can be seen, VHP concentrations
decreased markedly along the length of the GS duct (Fig. 2a), but were essentially
constant in the PVC-lined duct tested under the same nominal conditions (Fig. 2b). VHP

concentrations in GS duct were also dependent on flow rate (Fig. 3) and temperature (Fig.
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4). To determine the effect of each parameter, the percent VHP loss was calculated as the
ratio of VHP mass exiting the duct to the total VHP mass vaporized by the generator
during each set of experiments (Table 1). As can be seen, the highest flow rate (~78
acmh) and the lowest temperature (~22°C) tested led to the smallest percent losses within
the GS duct. Increasing the initial VHP concentration with other parameters held
constant also minimized VHP loss, but not to the same extent (Table 1). VHP losses
were the largest at the lowest initial concentration and highest temperature tested (Table
1).

VHP decomposition rates. The attenuation of VHP in the GS duct, but minimal
attenuation in the PVC-lined duct under the same conditions, suggested that the GS was
catalyzing the decomposition of VHP at the surfaces of the duct. To test this hypothesis,
the three dimensional CFD model incorporating reaction at the GS surface was used to
simulate the VHP data (dotted lines in Figs. 2-4). Due to the temperature sensitivity of
VHP decomposition, separate CFD simulations were performed to obtain values of X,
and K, at each temperature tested (Table 2). The coefficients at ~30°C were determined
by simulating data at lower (Fig. 2a) and higher (Fig. 3) flow rates simultaneously to
obtain one representative set of coefficients for this temperature, as opposed to fitting
them separately. The agreement between measured and CFD predicted VHP
concentrations was reasonable for all temperatures except ~ 30°C, for which agreement
was better at lower flow rates (e.g. Fig. 2a) than at higher ones (Fig. 3).

Surface area normalized decomposition rates were estimated by dividing the VHP
loss rate, given by Eq. 7, by the surface area of the grid cell at a particular location. The

largest decomposition rates observed in this study (Table 2) were estimated at the
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beginning of the duct where VHP surface concentrations, and therefore decomposition,
were the highest. These rates may not be maximal, however, because some experiments
were initiated at VHP concentrations near or below the value of K, (Table 2), implying
decomposition rates (e.g. Eq. 7) may not have reached maximum values. Fit of an
Arrhenius-like expression (K,=Aexp(E,/RTy)) to surface area normalized decomposition
rates (K,: Table 2) yielded a pre-exponential factor (A) of 6.2E13 nanomole/min/cm? and
an activation energy (E,) of 68.8 kJ/mol (with a R? of 0.99; data not shown).

Effect of bends in GS duct. Once values for K, and K, were obtained, the CFD
model was used to understand the effect of bends on VHP concentration within the GS
duct. Using the first bend as an example, CFD predicted the VHP profile exiting the
bend was altered, and of a lower average value, than that entering the bend (Fig. Sa).
VHP loss occurs at every bend, so that after ~ 1.5m the actual duct tested (Fig. 1) was
predicted to have lower concentrations than a straight duct (Fig. 5b) of equal length. In
general, fluid flow around a bend creates regions of lower and higher velocity on the
bend's inner and outer edges, respectively (23), the net result of which is more destruction
of VHP in the bend, compared to regions of straight duct with fully developed flow (Fig.
5b).

Surface VHP concentrations. One straightforward outcome of a surface
catalyzed decomposition process is a decrease in VHP concentrations contacting the
surface. Again using the first bend in the GS duct as an example, the VHP concentrations
contacting the walls of the duct (e.g. at axial distances 0 cm and 15.24 cm, Fig 5a) were
appreciably lower than the bulk concentration at this location. This is illustrated further

in Fig. 6, which shows the surface concentrations were predicted to be lower than bulk
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concentrations throughout the entire duct. These results highlight the fact that measured
VHP concentrations are much closer to the bulk concentration in the middle of the duct
than those contacting the surface, because they are average values measured across the
path length of a particular absorption cell.

Cet values and estimated decontamination times. Cet values at the first and
fifth absorption cells (Fig. 1) were estimated as the product of the exposure time required
to kill Bls and the surface VHP concentration (obtained by CFD) at each location. The
results are shown in Fig. 7, which indicates a minimum Cet value of 83 mg/Lemin (0.925
mg/L*90 min) was required to kill all Bls placed at the first absorption cell (Fig. 7a),
whereas a value greater than 100 mg/Lemin (0.185 mg/L*540 min) may have been
required at the fifth absorption cell (Fig. 7b). The positive result at the fifth absorption
cell at 100 mg/Lemin (Fig. 7b) was due to the growth of one BI out of thirty. These Cst
values correspond to a 6 log reduction of indicator organisms under the conditions tested,
because the Bls had a burden >2E6 spores.

One way to estimate the time required to decontaminate an air duct is to
determine the time at which the entire inner surface of the duct exceeds a given Cst value.
For this approach, CFD can provide the VHP concentrations contacting the surface where
spores would likely reside, and the Cet value used must be representative of the
conditions inside the duct. This is illustrated for the GS duct in Fig. 8, which compares
the decontamination time for experiments performed at the highest flow rate (open
triangles, Fig. 3) with that of experiments performed at the highest initial concentration
(open circles, Fig. 2a). As can be seen, conditions associated with the highest flow rate

tested (curve a, Fig. 8) decontaminated the GS duct approximately three times faster than
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those associated with the highest initial concentration (curve b, Fig. 8). This illustration
assumed a constant Cet value (e.g. “Chick-Watson” or “toxic load” exponent equal to
one; reference 24) of 100 mg/Lemin determined from BI experiments (above). The two
curves in Fig. 9 cross because the VHP concentrations at the highest flow rate tested
initially were lower in the first ~ 12 m of the duct (Fig. 2a), but then were higher in the
remaining length of the duct, compared to experiments at the highest initial concentration

tested (Fig. 3).

Discussion

The observations of decreasing VHP concentrations along the length of the GS
duct under a variety of conditions, but essentially constant VHP concentrations along the
length of the PVC-lined duct, strongly indicate that VHP undergoes a surface catalyzed,
heterogeneous decomposition as it passes through GS ducting. Clearly, the loss observed
in the GS duct was not due to homogeneous decomposition of VHP, which occurs only at
temperatures greater than 400°C (25). Heterogeneous decomposition of VHP has been
reported qualitatively at near-ambient temperatures (26, 27). VHP decomposition rates
also have been measured at temperatures between 110°C-250°C, and ranged between 1
umole H,O,/min/em® for glass to greater than 100 pmole H,0,/min/cm® for
electropolished stainless steel (28). Although the decomposition rates for GS duct
reported in the present study at ambient temperatures (40-167 nmol H,0O,/min/cm?; Table
2) are at least two orders of magnitude smaller than those reported at higher temperatures,
the very large surface area of a typical duct system is likely to cause a substantial loss of

VHP that will impact decontamination. VHP is not unique in its reaction and depletion at

RS 1 [



10

11

12

13

14

15

16

17

18

19

20

21

22

surfaces. Other fumigants, including chlorine dioxide (29) and ozone (30) also are
consumed by surfaces found in the indoor environment, although the effect of GS on
these other fumigants apparently has not yet been reported.

Though VHP decomposition is catalyzed by GS surfaces, the results presented
here show it can be minimized by the choice of operating conditions during
decontamination. Temperature, flow rate, and initial concentration each effected the
fraction of VHP mass decomposed, with temperature and flow rate having the most
beneficial effect over the ranges tested (Table 1). Lower temperatures slowed the
kinetics of VHP decomposition, as suggested by the reasonable fit of K, (Table 2) to an
Arrhenius- like expression. In general, higher flow rates are expected to result in two
competing effects: increased turbulent transport of VHP to the duct’s surface, which
feeds the decomposition reaction; and decreased residence time of VHP within the duct
to react with the GS surface. For the duct system in the present work, shorter residence
times apparently were more important in determining the effect of flow rate. For
building scale applications, lower temperatures could be created with a cooling system or
simply by operating in the coolest parts of the day, provided condensation is managed
properly. Higher flow rates are easily produced with large blowers, but would require a
larger VHP generator (/2) to maintain sporicidal concentrations. It should not be
assumed, however, that conditions minimizing VHP decomposition will necessarily
decrease the time required for decontamination. For example, lower temperatures also
may slow the kinetics of VHP killing spores, as observed in liquid H,0, solutions (37,

32). Clearly, minimizing decomposition makes more VHP available for
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decontamination, but actual decontamination times are estimated most accurately with
Cst values measured at operating conditions.

The VHP decomposition kinetics observed in these experiments were limited
mainly by the rate of reaction at the surface of the GS duct, and to a lesser extent by the
transport of VHP to the duct’s surface. This is indicated by the dramatic effect of
temperature, because temperature directly affects decomposition rate, while minimally
affecting turbulent transport. Furthermore, higher flow rates, which should enhance
transport of VHP to the surface, actually decreased the fraction of VHP decomposed
(Table 1). This suggests the fitted coefficients and rates listed in Table 2 largely are
independent of transport effects unique to this experiment, and capture the kinetics of
VHP decomposition at the GS surface tested. Of course, to develop a predictive
engineering capability for duct decontamination, kinetic coefficients for a variety of
indoor surfaces, including surfaces soiled with typical indoor dust and grime, should be
obtained.

The present work attempted to capture the effect of VHP decomposition on
biological decontamination by placing commercial Bls within the duct, but clearly this is
different from killing aerosolized spores in an aged duct after a spectacular event. In a
recent survey of indoor materials (20), the log reduction of G. stearothermophilus spores
was approximately five times lower than B. anthracis Ames strain spores when both were
inoculated onto coupons of GS, meaning G. stearothermophilus is a good indicator for
decontamination of GS surfaces. However, G. stearothermophilus on GS coupons also
were much more resistant than commércial G. stearothermophilus Bls made from

stainless steel coupons (20) similar to those used in the present work. Furthermore, the
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GS duct used in the present study was new and passivated, whereas functioning
ventilation systems contain dust, grime, and other materials that will most likely exert an
additional oxidative demand for VHP. Therefore, the Cet values presented here very
likely underestimate actual values required to decontaminate aged GS duct in a building.

CFD analysis yielded information on two .additional aspects that effect VHP
decontamination of GS ducting. First, CFD simulations provided quantitative estimates
of VHP concentrations at the surface of the duct, as opposed to average, near-bulk
concentrations provided by the experiments. This is an important distinction because
spores are likely to settle on the interior surfaces of the duct (5, 6). Most commercially
available detectors for the major fumigants measure only bulk concentrations, and CFD
provides a general way to estimate the corresponding surface concentrations. Second,
CFD showed quantitatively how bends enhance VHP decomposition. Given the catalytic
nature of GS towards VHP, this finding is consistent with the general observation that
bends in pipes enhance heat and mass transport (33). Furthermore, CFD simulations can
be used to predict the time required for decontaminating a duct, including the effects of
bends. It is recognized that CFD cannot be applied to evc;'y ventilation system that may
require decontamination. Rather, this work suggests that CFD analysis of a limited
number of additional experiments, involving different duct materials and geometries,
could provide average reaction rates that would reasonably predict decontamination in a
wide variety of ventilation systems.

This work has bearing on the larger issue of whether or not ventilation systems
should be used to distribute gaseous decontaminants throughout an entire building, as

was done with chlorine dioxide during decontamination of the US Postal Service's
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Trenton facility in 2003 (34). This approach may not be suitable for VHP, if
decomposition within the duct significantly reduces the concentration delivered to
attached rooms and spaces. However, the ventilation system could be isolated from the
building and decontaminated separately to insure adequate concentrations are reached, as
was done during the successful decontamination of the General Services Administration’s
Building 410 with VHP in 2003 (35). Decontaminating a ventilation system with VHP
separately from the rest of the building is an additional step that stakeholders may want to
take, if the possible corrosive effects of chlorine dioxide (36) on the ventilation system

are a concern.
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Nomenclature

A Arrhenius pre-exponential factor (nanomole/min/cm?)

C concentration of VHP (mg/L)

C_‘, steady state average VHP concentration from a given experiment
& fluctuating components of concentration

Cet  Product of VHP concentration and exposure time (mg/Lemin)

K, Surface area normalized VHP decomposition rate (nmol/min/cm?)
K, zeroth order VHP decomposition constant (mg/L/sec)

K, VHP concentration at half maximum rate (mg/L)

k turbulent kinetic energy (m?*/sec?)

P production of turbulent kinetic energy £, by mean velocity gradients
P’ near-wall turbulence energy dissipation

p pressure (Pa)
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Universal gas constant (8.3144 J/°K/mol)
turbulent Reynolds number

standard deviation of VHP concentration from a given experiment
Temperature (°K) |
time (sec)

fluctuating velocity component (m/sec)

mean velocity cémponent (m/sec)

diffusion velocity component (m/sec)

Cartesian coordinate (i=1, 2, 3) (m)
non-dimensional normal distance from the wall
turbulent dissipation rate (m*/sec’)

total kinematic viscosity (m?/sec)

turbulent kinematic viscosity (m?/sec)
molecular kinematic viscosity (m*/sec)

density (kg/m’)

components of stress tensor (Pa)
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Table 1. A summary of experimental conditions tested, and corresponding amounts of

VHP decomposition in GS duct for each condition. VHP and flow rates are reported as

weighted averages calculated with Eq. 1 (+ standard deviation) from three experiments

performed on different days; temperatures are simple averages between first and last

absorption cells. Per cent VHP decomposition values were computed from mass balance

calculations as described in text.

Experimental conditions VHP
decomp”
VHP, VHP, Avg. H,0, (1) H,0,(h flow
first last temp” sterilant vap rate
abs cell’ abs cell” rate®
(mg/L) (mg/L) (*C) (Fowiw) _(g/min) (acmh)* (mass %)
Experiments at different initial concentrations (corresponds to data in Fig. 2a)
0.36 £ 0.01 0.02+0.002 299+08 14 1.0 196 £0.2 95.2
(.58 £ 0.01 0.06+0.004 208+0.8 14 1.5 20.7+0.2 90.1
1.12+£0.03 0.20+0.01 30207 35 1.2 19702 842
Experiments at different flow rates (corresponds to data in Fig. 3a)
0.53 £0.01 0.15+0.01 31.1%1.1 35 1.2 46.6+03 71.3
0.52 £0.01 0.23+0.01 297402 35 2.1 779+03 60.2
Experiments at different temperatures (corresponds to data in Fig. 4a)
1.11 £0.01 0.50+0.01 21.8 0.6 35 1.1 194 £0.2 584
1.16 £0.16 0.02+0.003 37804 35 1.4 199 +0.2 98.6
“ absorption cell

" average temperature between first and last absorption cells
“ vaporization rate of H,0, (1) sterilant

“ actual cubic meter per hour

“ VHP decomposition in GS duct

g



Table 2. Values of K, and K, (Eq. 7), and surface area normalized decomposition rates

(K,) of VHP in GS duct, as a function of temperature tested.

Avg. Temp K, K, K,
("C) _(mg/L/sec) (mg/L) (nmol/min/cm*)*
218 . 4.0 1.9 40
30.2 9.0 1.3 97
378 16 0.8 167

*nanomoles VHP/min/cm? of GS duct
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Figure Captions

Figure 1. Schcmatic of experimental apparatus. Round GS and PVC-lined ducts were
constructed and tested separately, but had essentially the same configuration shown here.
Dimension shown indicates overall size of apparatus. Locations of near-infrared
absorption cells for VHP measurement (inset) were approximately 1 m, 4 m, 8 m, 13 m,

20 m, and 27 m from the inlet.

Figure 2. Effect of initial concentration on VHP profiles in GS (a) and PVC- lined steel
(b) ducts, respectively, and CFD predictions of VHP concentrations in GS duct (dotted
lines in (a)). Nominal conditions were ~21 acmh and ~30°C; see Table 1 for exact
values. Each symbol is a weighted average (calculated via Eq. 1) of VHP concentrations
from a given absorption cell (+ standard deviation as error bars) for triplicate experiments
performed on separate days. Data from the PVC-lined duct were not modeled with CFD

and are connected with solid lines (b).

Figure 3. Effect of flow rate on VHP profiles in GS and PVC-lined steel (inset) ducts,
and CFD predictions of VHP concentrations in GS duct (dotted lines). Nominal
conditions were ~30°C and ~0.55 mg/L at the first absorption cell; see Table 1 for exact
values. Data at 21 acmh ([J) are reproduced from Fig. 2a for ease of comparison. See

caption of Figure 2 for additional remarks.
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Figure 4. Effect of temperature on VHP profiles in GS and PVC-lined steel (inset) ducts,
and CFD predictions of VHP concentrations in GS duct (dotted lines). Nominal
conditions were ~21 acmh and ~1.1 mg/L at the first absorption cell; see Table 1 for
exact values. Data at 30°C (O) are reproduced from Fig. 2a for ease of comparison. See

caption of Figure 2 for additional remarks.

Figure 5. The effect of bends on VHP concentration. Panel (a) shows the VHP
concentration profile estimated by CFD at 0.6 m before (solid line) and 0.3 m after
(dotted line) the first bend in the duct. The abscissa in (a) is the axial distance across the
duct. Panel (b) shows the overall effect of bends, comparing a CFD simulation of the
actual GS duct tested (dotted line; reproduced from Fig. 2a) with a simulation of a

straight duct with no bends (solid line) of the same total length.

Figure 6. Comparison between CFD-predicted bulk and surface concentrations in the GS
duct. The surface concentration (solid line) is for an arbitrary line run along the length of
the duct; the bulk concentration (dotted line) is reproduced from Fig. 2a. The oscillations
in surface concentrations (solid line) are due to locally lower VHP concentrations
experienced on the inner edge of some bends, and locally higher concentrations on the

outer edge of other bends.
Figure 7. Kill of G. stearothermophilus Bls placed in the immediate vicinity of the first

(a) and fifth (b) absorption cells in the GS duct, at nominal conditions of ~ 30°C and ~ 20

acmh flow rate. Results are expressed at the per cent of Bls that were positive for growth

~98



at the corresponding Cet value. Symbols are averages (+ standard deviation as error bars)
from triplicate experiments in which 10 Bls were used per experiment. Surface VHP

concentrations given in each panel were obtained from CFD.

Figure 8. Estimated fractional decontamination of the GS duct, for the highest flow rate
(curve a) and highest initial VHP concentration (curve b) tested. Decontamination was
estimated as the fraction of the duct’s surface that exceeded a Cet value of 100 mg/Lemin

for a given exposure time step.
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Figure 1. Schematic of experimental apparatus. Round GS and PVC-
lined ducts were constructed and tested separately, but had essentially
the same configuration shown here. Dimension shown indicates overall
size of apparatus. Locations of near-infrared absorption cells for VHP
measurement (inset) were approximately 1 m, 4 m, 8 m, 13 m, 20 m,
and 27 m from the inlet.
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Figure 2. Effect of initial concentration on VHP profiles in GS (a) and PVC- lined
steel (b) ducts, respectively, and CFD predictions of VHP concentrations in GS duct

(dotted lines in (a)). Nominal conditions were ~21 acmh and ~30°C; see Table 1 for
exact values. Each symbol is a weighted average (calculated via Eq. 1) of VHP
concentrations from a given absorption cell (+ standard deviation as error bars) for
triplicate experiments performed on separate days. Data from the PVC-lined duct were
not modeled with CFD and are connected with solid lines (b).
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Figure 3. Effect of flow rate on VHP profiles in GS and PVC-lined steel (inset)
ducts, and CFD predictions of VHP concentrations in GS duct (dotted lines).
Nominal conditions were ~30°C and ~0.55 mg/L at the first absorption cell; see

Table 1 for exact values. Data at 21 acmh (0) are reproduced from Fig. 2a for
case of comparison. See caption of Figure 2 for additional remarks.
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Figure 4. Effect of temperature on VHP profiles in GS and PVC-lined steel
(inset) ducts, and CFD predictions of VHP concentrations in GS duct (dotted
lines). Nominal conditions were ~21 acmh and ~1.1 mg/L at the first absorption

cell; see Table 1 for exact values. Data at 30°C (O) are reproduced from Fig. 2a
for ease of comparison. See caption of Figure 2 for additional remarks.
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Figure 5. The effect of bends on VHP concentration. Panel (a) shows the VHP
concentration profile estimated by CFD at 0.6 m before (solid line) and 0.3 m
after (dotted line) the first bend in the duct. The abscissa in (&) is the axial
distance across the duct. Panel (b) shows the overall effect of bends, comparing
a CFD simulation of the actual GS duct tested (dotted line; reproduced from Fig.
2a) with a simulation of a straight duct with no bends (solid line) of the same
total length.
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Figure 6. Comparison between CFD-predicted bulk and surface concentrations
in the GS duct. The surface concentration (solid line) is for an arbitrary line run
along the length of the duct; the bulk concentration (dotted line) is reproduced
from Fig. 2a. The oscillations in surface concentrations (solid line) are due to
locally lower VHP concentrations experienced on the inner edge of some bends,
and locally higher concentrations on the outer edge of other bends.
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Figure 7. Kill of G. stearothermophilus Bls placed in the immediate vicinity of
the first (a) and fifth (b) absorption cells in the GS duct, at nominal conditions of

~30°C and ~ 20 acmh flow rate. Results are expressed at the per cent of Bls that
were positive for growth at the corresponding Cet value. Symbols are averages
(+ standard deviation as error bars) from triplicate experiments in which 10 Bls
were used per experiment. Surface VHP concentrations given in each panel were
obtained from CFD.
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Figure 8. Estimated fractional decontamination of the GS duct, for the highest
flow rate (curve a) and highest initial VHP concentration (curve b) tested.
Decontamination was estimated as the fraction of the duct’s surface that
exceeded a Cet value of 100 mg/Lemin for a given exposure time step.
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Additional details on the experimental apparatus. Decontamination
experiments were conducted in two adjacent rooms of a retrofittéd construction trailer,
housing a model duct run and required instrumentation, respectively. VHP produced by a
STERIS VHP 1000® generator (residing in the adjacent room) was passed through a ~15
m coil of 2 in (5.1 cm) braided Tygon® tubing, to cool the vapor to experimental
temperature prior to introducing it into the duct. VHP concentrations were measured in
real time at six locations along the duct (Fig. 1) with a Guided Wave Model 412 Process
Analyzer, which measures VHP and water vapor concentrations by near-infrared
spectroscopy (Adams et al., 1998). Absorption cells (25 cm path length) were placed
normally to the duct’s axis (inset, Fig. 1), and transmitted absorbance spectra via 10 m
fiber optic cables to the analyzer in the adjacent room for measurement. Temperature at
each absorption cell was measured by a thermistor (Omega, model THX400AP)
protruding into the duct. A flow straighter constructed of ~470 beverage straws was
inserted into the ductwork ~1 m upstream of the first absorption cell, to impart a laminar

velocity profile on the flow at the start of the duct. Flow rates were measured by two,
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separate “machined convergent” type venturis manufactured to the standard ASME
MFC-3M-1989 (ASME, 1989), having beta values of 0.3030 (for majority of experiments
performed at ~21 actual cubic meter per hour (1 acmh = 12 actual cubic feet per minute)
or 0.6282 (for higher flow rates), and estimated discharge coefficients greater than 0.95
(ASME, 1937). Pressure differences from the venturis were measured by a differential
pressure transmitter (Dwyer, model 607-0). VHP data were recorded by proprietary
software provided with the near-infrared instrument, and all temperature and flow data
were recorded in real time by a computer data acquisition program written in LabVIEW
6.0.1. -

For the majority of experiments run at a nominal flow rate of ~21 acmh, the VHP
1000” generator was used as the source of flow, by connecting it in a closed loop with the
duct. The VHP 1000*’s internal catalytic converter removed remaining VHP in the
return stream before infusing it with freshly vaporized sterilant, providing a constant
mass loading of VHP into the duct. Higher flow rates were tested separately in a “one
pass” experiment, in which conditioned outside air was pulled through the duct with a
dust collector (Dayton model 6HOO4A) attached to its outlet, and then exhausted outside
after passing through a fluidized bed of palladium beads. For these experiments, the
generator injected VHP into the beginning of the duct, and was provided a separate
source of return air.

Additional details of CFD modeling. CFD simulation of the loss of VHP within
the GS duct was performed using the commercial software STAR-CD (Adapco, 2004)
using the second-order Monotone Advection Reconstruction Scheme (Asproulis, 1994)

and the SIMPLE algorithm (Patankar, 1980). A computational grid consisting of 817,000
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cells was constructed for the duct configuration shown in Fig. 1. Local mesh refinement
was carried out close to the walls, resulting in a maximum non-dimensional normal
distance (y') from the wall of 0.6. The finite volume formulation of the Reynolds
Averaged Navier Stokes equations were solved to predict the steady-state airflow field in

the duct

ﬂ".&o (S1)
dx; ;

ar
a_lji__la_p_’_i( mm‘ﬂ].,._‘f (S2)
9x ax

j v
ox pox, ox, j

Turbulence was included via stress tensor elements T, determined by integrating the low-

Reynolds-number turbulence model

2Kty Ky P (93
j dx;

de 9o v, de| ¢ 2\ &2
U—=—o/I\v_, +-2 " 14+7144v . (P+P)-1.92(1-0.3c% |—
Tax, ax,.["""“ 1.22ax,) (L 40P+ P =19 ST &0

all the way to the wall of the duct, as opposed to assuming a wall function. The stress

tensor 7, (Eq. S2) is given by:

aU —
7, = UW("—U' + 3;1) ~pUU, (S5)

j i



V,..: 18 the total kinematic viscosity given by:

Viotal = Vaurs + Vimotec (S6)

Vios (Eqs. S3-84) is the turbulent viscosity and is calculated using the expression

0.09pk?
Vo = [P (ST)
~0.0198Re. 529
where f, = (1-e r)(n-—] and Re, = yJk /v (S8); (S9)
Re,

where y is the normal distance to the wall. R, (Eq. S4) is the turbulent Reynolds number
given by
R =k*/ve  (S10)

P (Egs. S3-S4) is the production of k by mean velocity gradients given by

- 0U,+07U,
ox, ox

U,

S11
e 1D

and P' (Eq. S4), which ensures that the correct level of near-wall turbulence energy
dissipation is returned, is given by

P =1.33(1-o.3e""’ )( P 42 Emoiec kz TP (Si2)

.ulurb B

Lastly, the VHP concentrations were predicted for a given airflow field by solving the

transport equation

JoC 4 T
UIE+;J(CVMH¢]C)-S (813)
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where S is the sink term due to VHP decomposition, which was set equal to

S e K.C
K

(S14)

2+

in the first layer of cells adjacent to the wall, and zero everywhere else. The mixed order
form of Eq. S14 was suggested by data collected at different initial VHP concentrations
(see Results section of manuscript), which indicated a uniform loss rate at the highest
concentrations tested, and a first order loss at lower concentrations. Several simulations
of each VHP data set were performed, until one set of values for K, and K, was obtained
that resulted in an acceptable root mean square error. All terms in the above equations
are summarized below.

Calculations were performed on a dual AMD Athlon 2200+ Linux cluster using 4
dual processor nodes. The airflow field (Eqs. S1-S4) and transport (Eqs. S13-14)
equations were considered converged when their noﬁnalized residuals fell below 1E-4
and 1E-10, respectively, which required between 12-42 hours and 2-3 hours of CPU time,
respectively. A comparison of predicted velocity profiles as the airflow transitioned from
the inlet plane (laminar plug flow) into a fully developed turbulent pipe flow provided

verification that the airflow was being modeled as expected (data not shown).
Terms used in these equations are defined below:

C concentration of VHP (mg/L)

C; steady state average VHP concentration from a given experiment

-S6-



fluctuating components of concentration

turbulent kinetic energy (m®*/sec?)

production of turbulent kinetic energy k, by mean velocity gradients
near-wall turbulence energy dissipation

pressure (Pa)

turbulent Reynolds number

standard deviation of VHP concentration from a given experiment
time (sec)

fluctuating velocity component (m/sec)

mean velocity component (m/sec)

diffusion velocity component (m/sec)

Cartesian coordinate (i=1, 2, 3) (m)

non-dimensional normal distance from the wall

turbulent dissipation rate (m?/sec’)

total kinematic viscosity (m*/sec)

turbulent kinematic viscosity (m?/sec)

molecular kinematic viscosity (m?/sec)

density (kg/m*)

components of stress tensor (Pa)
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Additional details on the effect of bends on decomposition. The following figure is an
enhanced version of Fig. 5 in the published manuscript, which shows additional data on
the velocity profile before and after the first bend, and a schematic defining where the
“entering” and “exiting™ profiles were taken. Panel (a) shows the VHP concentration
profile estimated by CFD at 0.6 m before (solid line) and 0.3 m after (dotted line) the first
bend in the duct. Panel (b) shows the CFD estimated velocity magnitude profile at the
same locations. The abscissa of (a) and (b) is the axial distance across the duct, with the

outer edge of the duct at 0 cm, and the inner edge at 15.24 cm (6 in), as indicated in

schematic (¢).
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