Journal of Environmental Protection, 2016, 7, 212-229 “:Q Scientific
Published Online February 2016 in SciRes. http://www.scirp.org/journal/jep ":" 53?%2;.‘?29
http://dx.doi.org/10.4236/jep.2016.72019 ¢

Identification of Model Parameters of
Vaporized Hydrogen Peroxide
Decomposition Flux on Building Materials
for Computational Fluid Dynamics

Kazuhide Ito*, Sung-Jun Yoo, Hirofumi Horata

Interdisciplinary Graduate School of Engineering Science, Kyushu University, Fukuoka, Japan
Email: ito@kyudai.jp

Received 4 December 2015; accepted 22 February 2016; published 25 February 2016

Copyright © 2016 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

To maintain healthy and sanitary indoor air quality, development of effective decontamination
measures for the indoor environment is important and hydrogen peroxide is often used as decon-
tamination agent in healthcare environment. In this study, we focused on the decomposition phe-
nomena of vaporized hydrogen peroxide on wall surfaces in indoor environment and discussed a
wall surface decomposition model for vaporized hydrogen peroxide using computational fluid
dynamics to simulate the concentration distributions of vaporized hydrogen peroxide. A major
drawback to using numerical simulations is the lack of sufficient data on boundary conditions for
various types of building materials and hence. We also conducted the fundamental chamber expe-
riment to identify the model parameters of wall surface decomposition model for targeting five
types of building materials.
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1. Introduction

In spaces that require a high level of cleanliness, such as cleanrooms in factories, museum, healthcare center and
hospitals, there is a great demand for the development of effective decontamination method in indoor environ-
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ment. Decontamination by using gas-phase decontaminant agents will be essential when three-dimensional
indoor spaces are contaminated by various kinds of chemical and biological contaminants. Various methods for
controlling indoor air quality have been proposed and put into practical use. For example, spraying vaporized
hydrogen peroxide (hereafter VHP) into the air is known as generally used biological decontamination method,
i.e. fumigation, in Japan. VHP is practically used for decontamination in hospitals, airliner cabin and factories
because of its high efficiency in sterilizing microorganisms in indoor spaces, especially on the wall surfaces
[1]-[3].

In predicting the concentration distribution of a chemical substance, e.g. volatile organic compounds; VOCs
in an indoor environment, advection-diffusion phenomena in the room and adsorption-desorption phenomena on
indoor wall surfaces have been modeled and the results have been applied to various flow fields and indoor en-
vironmental conditions [4]-[9]. In addition, modeling of concentration-determining factors such as the chemical
reactions of a highly reactive chemical substance such as ozone and electrophoresis produced by the charged
fine particles of an electric field has been carried out in recent years and practical prediction methods for con-
centration distributions have been discussed [10]-[14].

In this study, we focused on spraying VHP into a space as a decontamination method for the indoor environment.
We discussed numerical simulation models for wall surface decomposition as well as procedures for determining
model parameters of wall surface decomposition model. Computational fluid dynamics (CFD) was used to pre-
dict the non-uniform distributions of VHP indoors. Here, a combined approach of fundamental chamber experi-
ments and CFD simulations was used for parameterization of the wall surface decomposition model of VHP.

With regard to predicting a VHP concentration distribution based on CFD, a few studies have applied chemi-
cal reaction models and a wall decomposition model to an indoor environment and verified prediction accuracy.
For example, Chen and Chen reported application of CFD to a commercial airliner cabin [15]. In this study, a
first-order decay model was incorporated into the transport equation for VHP [16]. Verce et al. reported a VHP
decomposition model using CFD simulation and also determined model parameters using a cylindrical test
chamber experiment [17]. They focused on relatively high VHP concentrations and used only galvanized steel as
the decomposition wall surface. The aim of this study was to determine the model parameters of VHP wall sur-
face decomposition model for various building materials, focusing on relatively low VHP concentrations [18]
[19].

2. Vaporized Hydrogen Peroxide

VHP is an unstable chemical substance with high oxidizability and a bactericidal effect [1]-[3] [20]. Furthermore,
at high concentrations, VHP can decompose spore-forming bacteria with highly durable cell structures. One of
the advantages of using VHP is its ability to sterilize in a short timeframe. A hydrogen peroxide (H,O,) aqueous
solution at a concentration of 2.5% - 3.5% w/v is commercially available as Oxydol under the Japanese Phar-
macopoeia as a topical disinfectant for medical use and is used as a sterilization method in practice. Because
VHP eventually decomposes into water (H,O) and oxygen (O,), no hazardous substances remain and VHP can
be handled easily. On the other hand, the wall surface deposited/adsorbed VHP contributes to decontamination
on the wall surfaces in indoor environment. Therefore, development of computational methods to accurately
predict the amount of surface VHP decomposition and subsequent VHP concentration distributions in indoor en-
vironment is an important goal of this study.

In indoor decontamination with VHP, because the VHP concentration in the air is on the order of parts per
million (ppm) and the residence time is short (less than a few hours), it is difficult to ensure adequate reaction
probability (collision) between H,O, molecules and the targeted contaminant in the air with sufficient reaction
time. Therefore, it is difficult to improve the decontamination efficiency in the air; thus, the bactericidal effect is
targeted at wall-attached bacteria on a solid wall surface.

The reaction mechanism between VHP absorbed or deposited on a wall surface and the wall-attached bacteria
remains unclear. In particular, it is uncertain whether H,O, exerts a sterilization effect after being emitted into
the room air by adsorbing onto the wall and reacting with the wall-attached bacteria (the so-called dry process)
or whether the H,O, in an aerosol layer or solution layer reacts with the wall-attached bacteria after a phase
change from gas to a liquid/aerosol at the wall surface (the so-called wet process). However, in terms of the
contact probability with wall-attached bacteria, if the H,O, condenses so that it surrounds the wall-attached bac-
teria, decontamination effect will be improved. It is important to maximize the amount of VHP deposited/
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adsorbed onto the surface (termed “decomposition” in this study) while minimizing reactions between the wall
covering material and VHP. Although VHP is typically generated by heating with a vaporizer/evaporating device,
it is uncertain whether all of the H,O, emitted remains gaseous or becomes an aerosol by condensation/cluster-
ing when it is emitted into the room air.

Therefore, to develop a series of mathematical models describing the sterilization effect of VHP, it is neces-
sary to specifically clarify the status of VHP in the air, the rate of decrease of the VHP concentration in the air,
decomposition phenomena, and reaction phenomena on the solid surface. In this study, we discussed the funda-
mental equations required to predict the amount of surface decomposition of VHP based on the assumption that
existing chemical reaction models can be applied to a VHP transport model. Here, vaporized hydrogen peroxide
was assumed to be gas phase and to be subjected to the fundamental kinetic theory of molecules.

3. Reaction Modeling of Vaporized Hydrogen Peroxide

A few reaction models and analytical cases have utilized CFD, as noted above. For example, Verce et al. ana-
lyzed an experimental apparatus for a duct system, simulating decomposition on the wall while ignoring self-
attenuation of VHP in the air [17]. Their analysis incorporated a decomposition model of the Langmuir type (as
shown in Equation (9)), which used the concentration dependence of the first layer of cells adjacent to the wall
surfaces as a sink term.

It is challenging to simulate decomposition on the wall while including the phase change, because of the
heavy load on the computer and the need to identify model constants. Therefore, in this study, we assumed that
vaporized hydrogen peroxide was in the gas phase (i.e., VHP) and simplified representation of the concentration
by converting the values to a concentration in the gas phase.

3.1. Reaction Model Using a Reaction Rate Constant

Assuming the concentration of VHP at a point in space to be C and the concentration of a pollutant reacting with
VHP in the air to be C;, the transport of VHP is expressed by Equation (1), a Reynolds-averaged Navier-Stokes
(RANS) equation system with an applied ensemble mean:
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where an overbar denotes the ensemble mean value, D (m?/s) is the molecular diffusion coefficient of VHP, U
(m/s) is the ensemble-mean velocity, v, (m?/s) is the turbulent eddy viscosity, and o is the turbulent Schmidt
number. The source terms for the chemical reaction can be simply modeled by the following first-order and
second-order reactions in the air [10] [13]:

S, =k, -C 2
S, =—k,-C-C, @)

where Kk, is the first-order reaction rate constant for self-attenuation and k, is the second-order reaction rate con-
stant for the reaction between VHP and microorganisms in the air. S, represents the loss of C through the
first-order reaction (self-attenuation) of VHP in the air, while Sy, represents the loss of C through the intermole-
cular reaction between VHP and the pollution in the air. Equation (1) was solved by applying the wall boundary
condition. Thus, we used source term modeling for the wall surface decomposition flux model and hence, source
term S represents the decomposition reaction rather than first-order/second-order chemical reactions in the air
phase.

3.2. Modeling Wall Surface Decomposition Flux

Concerning the interaction between gas-phase VHP adjacent to wall surface and wall surface itself, we use the
term decomposition in accordance with Verce et al. [17].

To estimate decontamination at the wall by VHP, it is necessary to predict the amount of decomposition rela-
tive to the time-integrated value. In previous studies, deposition phenomenon of gas-phase chemical compound
was modeled using a deposition flux equation based on molecular theory [21] [22]. Assuming the decrease in the



K. Ito et al.

rate of VHP colliding with the wall surface to be y, the average thermal velocity (m/s) of VHP to be <v>, and the
concentration of VHP in the immediate vicinity of the wall (24/3 m from the wall) to be C s the decompo-
sition flux J4 of VHP in the immediate vicinity of the wall can be expressed as [21]: y=23

i
=170 .. (4)
In the immediate vicinity of the wall, the decomposition property for VHP can be expressed as follows:
n
I

y= ®)
where r; is the amount of VHP that is removed from the air after it collides with the wall surface and r, is the
total amount of VHP that collides with the wall surface. In addition to Equation (4), if the flux from a discretely
defined point to distance 24/3 is determined by molecular diffusion, the decomposition flux J of VHP from this
point to the wall (Ay; away from the point) is expressed as follows [13] [22]:

Y —
I=- (v‘; A y=4Ayy (6)
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where C| is the VHP concentration at the discretely defined point, vq4 is the deposition velocity (m/s). Ay,

y=Ay;

in Equation (6) is the distance of the defined point from the wall when the wall unit y* (dimensionless normal
distance from the wall boundary surface) is <1 [13]. The flux modeling by using deposition velocity concept is
generally adopted and simple definition is shown in Equation (7). Ay, in Equation (7) is the distance of the de-
fined point from the wall when the wall unit y* is 30 - 100 (generally log-law region or outer of boundary layer).
The above models give a linear decomposition flux as a boundary condition. Equation (6) represents a viscous
sublayer as the boundary layer and Equation (7) is a simple model for use outside of the concentration boundary
layer of the wall surface as a reference concentration. The deposition velocity concept is similar and analogous
to mass transfer coefficient.

On the other hand, in the approach of Verce et al. [17]. shown above, decomposition was modeled by only
using the sink term S for the first layer of cells adjacent to the wall. For example, the following linear and Sig-
moid type models can be used:

S=-K-C ©)
y=Ay,
s=-taC (9)
K,+C

y=Ay

In this study, we adopted two wall surface decomposition models, Equation (6) and Equation (8), and the
model parameters of these wall surface decomposition models are identified by fundamental experiments and
corresponding CFD simulations. The wall surface decomposition model represented by Equation (6) is flux type
model and is applied as wall surface boundary condition of CFD simulation. On the other hand, the decomposi-
tion model represented by Equation (8) is source term model and is applied the first cells attached wall surface
boundary. The prediction accuracy of these two models is equivalent (if the first grid point is satisfied with y* <
1). Generally, the boundary condition setting of commercial CFD codes will have restrictions and hence these
two types of wall surface decomposition models will be able to be used properly according to the situation of the
commercial CFD code.

4. Basic Experiments for Identifying Decomposition Model Parameters

Fundamental chamber experiments with a rectangular duct apparatus were conducted to identify the model pa-
rameters for the wall surface decomposition models of VHP.
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4.1. Overview of the Rectangular Duct Apparatus and the Concentration Measurement
System

Figure 1 shows the layout and appearance of the rectangular duct-type chamber constructed of stainless steel.
The inner surface of the stainless steel was well polished and mirror finished. The chamber had two mechanical
fans to regulate the air pressure and flow profiles. The main test section consisted of two 4.0-m-long rectangular
portions and connected with a half-circular cross-section (R-shape bent) with a radius of 0.3 m. The mean wind
speed in the test section could be adjusted from 0.1 to 3.0 m/s using an inverter to control the fans.

To measure the decrease in VHP concentration in the gas phase through wall decomposition, stainless steel
sampling tubes were installed in the test section at intervals of 0.5 m. The tested building materials were placed
on the lower part of the test section (floor face). The dimensions of the test section were set 0.02 m high x 0.1 m
wide to increase the contact probability between the building material and the VHP (see Figure 1).

Clean air supplied to the rectangular duct apparatus was generated by eliminating particulate matter with an
ultra-low penetration air filter (ULPA) after removing chemical pollutants from dehumidified fresh air using a
charcoal filter and chemical filter. We confirmed that the volatile organic compounds (VOCSs) in the supplied air
had reasonably low concentrations using gas chromatography/flame ionization detector (GC/FID) analysis after
sampling with Tenax GR. Moreover, based on wide-range particle spectrometer (WPS) measurements (MSP
model 100XP), the aerosol concentration in the supplied air was confirmed to be below the detection limit. A
WPS can measure the particle size distribution from 10 nm to 10 pm by combining a condensation particle
counter (CPC), differential mobility analyzer (DMA), and laser particle spectrometer (LPS).

A 30% H,0, solution from WAKO Co., Ltd (Japan) was used to generate VHP at a constant concentration
using a bubbling method in which dry air passed through 300 mL of the H,O, solution in a flask. The quantity of
VHP generated was determined by measuring weight changes in the H,O, solution with an electronic balance,

P HZOZ
/ Supply Inlet

Charcoal

Massflow  Filter

‘T\ Controller

VHP Generaor

(1) Outline of the duct-type test chamber
0.1m

P Stainless steel (ceiling, side walls)
O.lmi/

* 0.02m Test material (Floor side)

U;,=1.0m/s

in™

(2) Running section (3) A part of test section

Figure 1. Experimental setup.
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while simultaneously measuring the concentration in the supplied air upstream of the rectangular duct apparatus.
VHP concentrations in the air were continuously measured using an electrochemical sensor (Drager Polytron
7000) with a resolution of 0.1 ppm, calibrated at 0 and 300 ppm. Results are presented as time-averaged values
over 30 min.

4.2. Experimental Conditions

A constant concentration of VHP was supplied upstream of the rectangular duct chamber and the reduction in
concentration of VHP passing through the duct (particularly over the surface of the building materials) was
measured. The mean wind speed in the rectangular duct chamber (test section) was controlled at 1.0 m/s + 10%.
The flow rate in the duct was continuously confirmed by measuring the pressure difference between the front
and rear orifices using a digital pressure gage. The wind speed in the test section of the duct was calculated by
dividing the flow rate by the cross-sectional area of the test section.

The VHP concentration in the air supplied to the duct was gradually increased from 0.5 to 10 ppm to evaluate
the concentration dependence of the wall surface decomposition. This concentration range is relatively low
compared to typical VHP concentrations used in indoor sterilization (~100 ppm). Previous reported paper fo-
cused high VHP concentration condition (~800 ppm) [17], and there is no study in the low VHP concentration
(~10 ppm). In general, non-uniform VHP concentration distributions will be formed in indoor environment and
there will be a possibility to form a low concentration at local domain. In this point of view, VHP decomposition
data in the low concentration level will contribute to the practical application of VHP sterilization in indoors.

All of the experiments were conducted at a constant room and air temperature of 22.2°C £ 1.0°C.

The entire rectangular duct chamber was constructed of stainless steel. Therefore, we first estimated the VHP
decomposition rate on the stainless steel surfaces in the test section, including all of the faces on the upper (ceil-
ing), lower (floor), left, and right side walls, to understand the background amount of decomposition on the
stainless steel. We then placed the tested building materials (test specimen) on only the lower wall (floor) of the
test section and measured the decrease in the VHP concentration when VHP was supplied at a constant concen-
tration. The experimental cases, including the list of tested building materials, are summarized in Table 1. Five
materials were tested: the stainless steel (SUS304 Japan Industrial Standard), flooring material (Vinylester resin)
for a clean room, heat-resistant glass (Pyrex), plywood (which is widely used as building material in Japan), and
a wall material (Calcium silicate board with ultraviolet curable resin) for a clean room. Photos of the tested
building materials are shown in Figure 2.

Table 1. Cases analyzed.

Case Test material Test conditions in the test section Initial (inlet) VHP concentration Ci,
Case 0 Stainless steel (SUS304) 0.82£0.10 - 12.87 £ 0.12 ppm
Case 1 Floor material (resin) 3.63+0.05-12.53 +0.16 ppm

Uin = 1.0 m/s £ 10%
Case 2 Pyrex glass Tin=22.2°C+10% 3.68+0.17 - 12.47 + 0.39 ppm
RHi, < 5%
Case 3 Plywood 3.45+0.10-12.10 £ 0.11 ppm
Case 4 Wall material (resin) 6.07 £0.05 - 10.73 £ 0.10 ppm

Stainless steel Floor material (resin) Pyrex glass Plywood Wall material (resin)

Figure 2. Photos of tested building materials.
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5. Numerical Analysis for Identification of Decomposition Model Parameters

We conducted a CFD analysis that precisely reproduced the geometry and boundary conditions of the rectangu-
lar duct chamber and then analyzed concentration decreases in the duct under these conditions using wall de-
composition models for VHP. We applied Equations (6) and/or (8) to the CFD analysis as the wall decomposi-
tion model for VHP and parametrically varied each model parameter. In this way, we determined the relationship
between the decrease in concentration (C,,/C;,) and the model parameters for each decomposition flux model.

5.1. Overview of the Computational Fluid Dynamics Analysis

We precisely reproduced the inner geometry of the rectangular duct chamber from the running section (con-
stricted flow section and upstream of the test section) to the expanded section downstream and overlaid a CFD
analysis mesh. In the test section, a fine mesh of approximately 0.1 mm or less was used as the first layer of
mesh on the building material surface to resolve the flow profile in the viscous sub-layer. The number of meshes
was set to approximately 3,000,000 for the rectangular duct model. For this analysis case, the wall unit y* was <1
in all areas, where y* =u*y, /vy, is the distance normal to the wall surface, v is the kinematic viscosity, and
u* =z, /p is the friction velocity (p is the air density and z,, is the wall shear stress). In this CFD simulation,
grid independence check was carefully executed and minimum mesh size in the vicinity of wall surface, skewness
and size ratio of adjoining mesh were elaborately designed.

The entire flow field in the rectangular duct chamber was analyzed using a low-Reynolds-number k-¢ model
(Abe-Kondoh-Nagano model) [23]. Generally, the low-Reynolds-number k-¢ model was designed to account for
damping and echo effects in the near wall region; it is also applied to quasi-laminarized flow fields existing
within stable stratifications. The model implements damping and model functions, and performs low-Reynolds
number corrections for the production and dissipation terms of the eddy viscosity w and ¢ equations. The low-
Reynolds number k-¢ model can reproduce turbulence phenomena found around walls that result from trying to
solve adequately refined mesh partitions under no-slip conditions in the region around the wall. This low Rey-
nolds number type turbulence model (Abe-Kondoh-Nagano model) has been adopted for the various types of
flow field analysis (from laminar to turbulence) and confirmed the good prediction accuracy to flow field analy-
sis intended for enclosed space [24].

The SIMPLE algorithm was used as the computation algorithm. A second-order upwind difference scheme
was used for the convection terms and a center difference scheme was used for the other terms. The experiments
were conducted under isothermal conditions and thus, the CFD analysis applied the same conditions.

Concerning the VHP concentration distribution analysis, hydrogen peroxide in air was assumed to be gas
phase in accordance with the previous reported papers [15] [17]. The transport equation for the VHP concentra-
tion using the ensemble average was calculated after the steady flow field was analyzed. Here, two models were
used for the wall decomposition flux model for VHP. Equation (6), which is the wall decomposition model, was
applied as the wall surface boundary condition. In this CFD simulation, low-Reynolds-number k-¢ model was
applied as turbulence model and flow profile inside viscous sub-layer was precisely analyzed. Wall surface de-
composition model intended inside viscous sub-layer, i.e. Equation (6) and-or Equation (8), was used in this
study. Equation (8) was the source term model and hence, was applied only to the first layer of cells adjacent to
the wall; the other cells were set to zero. The analyses were conducted under these two conditions. The turbulent
Schmidt number g in the transport equation for VHP (Equation (1)) was set to 1.0.

The supply inlet of the rectangular duct apparatus had a 0.1 m x 0.1 m cross-section, at which the boundary
condition of U;, = 0.2 m/s was applied. Further downstream, the cross-section was constricted to 0.02 m x 0.1 m,
the size of the test section, via a bell-mouth-type squeezing part. The mean wind speed in the test section was
1.0 m/s in the test section. Table 2 lists the numerical and boundary conditions.

Figure 3 shows the results of the flow field analysis. The comparatively uniform flow profile was formed in
the former part of test section (upstream side) and obvious non-uniform flow pattern was generated in a half-
circular cross-section (R-shape bent) and the latter part of test section (downstream side) in the rectangular duct
chamber.

5.2. Chart for Identification of Model Parameters

Prior to the experiments, we conducted a CFD simulation and evaluated the relationship between the decompo-
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Table 2. Numerical and boundary conditions.

Turbulence model Low Re type k-& model (Abe-Kondoh-Nagano model [23], three-dimensional)
Mesh 3,007,680 mesh (wall unity* < 1)
Scheme Convection term: second-order upwind

Uin = 0.2 m/s (inlet air velocity in the running section, which corresponds to an average of 1.0 m/s air
Inflow boundary velocity in the test section)
kin = 3/2(0.1Uin)%, &, = C¥Kk* N, C,=0.09, liy=0.02m

Outflow boundary Uout = free slip, Koue = free slip, u = free slip

Velocity = no-slip

Wall treatment VHP Equation (6) or (8)

VHP Passive scalar (turbulent Schmidt Number o; = 1.0)

Exhaust Outlet

nz 0.8 .1'2— L0 N

Supply Inlet A2
G 0512 1.6—2

Exhaust Outlet

Supply Inlet

Figure 3. Velocity distribution in the duct-type test chamber (m/s). (Upper figure shows the velocity distribution in horizon-
tal plane at the center of test section/Lower figure shows the velocity distribution in vertical plane at the center of test sec-
tion).

sition properties of VHP and the concentration decrease between the supply inlet (C;,) and the exhaust outlet
(Cou) Of the test section by analyzing the VHP concentration change in the test section of the rectangular duct
apparatus. By using these CFD simulation results, we prepared an identification chart to represent the relation-
ship between the decrease in concentration (C,/Ci,) and each model parameter (reaction probability y in Equa-
tions (6) or first-order rate constant K in Equations (8)) in order to identify the model parameters in Equations
(6) and (8). Three types of identification chart are shown in Figures 4-6. Details of the analytical procedure and
these identification charts are described in following two cases.

1) Estimating the background amount of decomposition on stainless steel

The entire rectangular duct chamber was constructed of stainless steel (SUS304). Therefore, Figure 4 shows
the analysis results for the supply inlet and exhaust outlet of the test section when y was gradually varied after
applying Equation (6) to the upper, lower, left, and right faces of the rectangular duct chamber. Here, y expresses
reaction probability of gas-phase VHP and building material surface (originally defined in Equation (5)), and
this Figure 4 denotes the identification chart for reaction probability y in case of stainless steel as background for
decomposition of VHP. We assumed that y was concentration-independent in the decomposition flux model
(Equation (6)). Therefore, the concentration field analysis was non-dimensionalized to the concentration at the
supply inlet of the test section. y for stainless steel was identified by the decrease in the VHP concentration in the
subsequent experiment, designed to be overlapped onto this chart. In this experiment, reaction terms other than
the wall decomposition effect were neglected, because the nominal time constant z, (representative ventilation
time [s] calculated from the airflow rate (m*/s) and the chamber volume (m®) and represents average air change
time in piston flow) was approximately 8 s, which was very short.

2) Estimating the decomposition property y of building materials placed on the floor

Figure 5 shows the concentration difference between the supply inlet and the exhaust outlet of the test section
simulating placement of the building materials on the floor of the test section. This Figure 5 denotes the identi-
fication chart for reaction probability y in case of tested building materials. The sigmoid type relation between
concentration ratio (C,./Ciy) and reaction probability y was observed. In this case, a constant value of y for
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Concentration ratio (Cy/Cj,) [-]

—]

SUS304

010 [ \\

1E-07 1E-06 1E-05 1E-04 1E-03
Reaction Probability [-]

Figure 4. Identification chart for reaction probability y (stain-
less steel as background for decomposition of VHP).

Concentration ratio (Cou/Cin) [-]

1.00

090 F |
r \Wall material

Pyrex Glgss (Resin)

0.70 Floor material
F (Resin)

Plywood

0.00 G
1E-07 1E-06 1E-05 1E-04 1E-03
Reaction Probability [-]

Figure 5. Identification chart for reaction probability y (tested
building materials).

stainless steel was assigned to the upper, left, and right faces of the inner duct chamber, excluding the lower face.
The values of y for the tested building materials were determined by the decrease in VHP concentrations in the
subsequent experiment, overlapped onto this chart.

After estimating the decomposition property y (reaction probability), the decomposition property K (first order
rate constant) of Equation (8) was also estimated. K is the model coefficient that determines the sink term Sy in
the first layer of cells adjacent to the wall. The procedure for chart preparation for K was the same as for y. Fig-
ure 6 shows the chart for estimating K in the source (sink) term of the model (Equation (8)).

5.3. Experimental Results and Estimation of y

Figure 7 shows the measured inlet concentrations C;, and outlet concentrations C,,; when the building materials
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Concentration ratio (Co/Cin) [-]

5°)

yrex Glass
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1E-02

1E-01 1E+00 1E+01 1E+02
First Order Rate Constant [1/sec]

Figure 6. Identification chart for model parameter K for
testing materials.
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Figure 7. Experimental results for the VHP concentration
at the exhaust outlet C,; as function of the concentration
at the supply inlet C;,.

were placed on the floor of the test section and VHP was supplied at a constant concentration upstream of the
rectangular duct apparatus. In all building materials, the relation of almost linear between C;, and C,,; was ob-
served in this VHP concentration range. Table 3 lists the model parameters for the decomposition flux model

determined using the concentration ratio (C,./C;i,) and identification chart shown in Figure 5.

The case in which building materials were not placed in the test section represents that in which the upper,
lower, left, and right faces of the test section were stainless steel (SUS304); the concentration ratio (Cou/Cin) in
this case was approximately 0.78 when VHP was supplied at 0.82 + 0.01 to 12.87 + 0.12 ppm. Thus, concentra-
tion dependence was not observed. By overlapping this concentration ratio onto the chart in Figure 4, we could
determine that y for stainless steel (SUS304) was approximately 2.64 x 10°°. The identification chart for the

()
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Table 3. Estimation of the reaction probability y.

Test material Concentration ratio (Cout/Cin) Reaction probability y
Stainless steel (SUS304) 0.86 264%x10°
Floor material (resin) 0.78 8.25x10°
Pyrex glass 0.88 1.72x10°°
Plywood 0.45 1.26 x 107
Wall material (resin) 0.82 513%x10°

model parameter y in Figure 5 was constructed using a constant value for y of 2.64 x 10 ® for the stainless steel
(SUS304) surfaces; the analysis was conducted only at the floor where the value of y was varied sequentially.

The case in which a building material was placed on the floor of the test section represents that in which the
floor of the test section was made of the building material and the upper, left, and right faces of the test section
were stainless steel (SUS304). For the flooring material (resin), the concentration ratio (Co,/C;,) was approx-
imately 0.78 with VHP supplied at 3.63 + 0.05 to 12.53 + 0.16 ppm. For Pyrex glass, the concentration ratio
(Cou/Cin) was approximately 0.88 with VHP supplied at 3.68 + 0.17 to 12.47 £ 0.39 ppm. For plywood, the con-
centration ratio (C,./Ci,) was approximately 0.45 with VHP supplied at 3.45 + 0.10 to 12.1 + 0.11 ppm. Finally,
for the wall material (resin), the concentration ratio (C,/C;,) was approximately 0.82 with VHP supplied at 6.07
+ 0.05 to 10.73 + 0.10 ppm. By overlaying these concentration ratios onto the chart in Figure 5, we estimated
that the value of y for the floor material (resin) was approximately 8.25 x 10°°, y for Pyrex glass was approx-
imately 1.72 x 10°°, y for plywood was approximately 1.26 x 10~ and y for the wall material (resin) was ap-
proximately 5.13 x 10°°.

5.4. Estimation of the Model Parameter K of the Linear Decomposition Model

The model parameter K of the linear sink term model Sy in Equation (8) can be determined using the measured
inlet concentration C;, and outlet concentration C,. Table 4 lists the results for K based on the experimental da-
ta assuming perfect mixing in the duct chamber, and that based on combined CFD analysis. By using CFD si-
mulation, development of VHP boundary layer on the building material surface could precisely reproduced and
impact of non-uniformity of decomposition of VHP on the building material surface was able to incorporate into
K parameterization. The K estimated from the experimental data was calculated as ((Coyt — Cin)/Cin)/7,- Here, z, is
the nominal time constant calculated using the flow rate Q;, and test cross-sectional volume V. Table 4 also lists
estimates of the model parameter K based on fitting the experimental results to the chart in Figure 6. These re-
sults are equivalent to estimates of the model parameter K determined by CFD using a non-uniform concentra-
tion field and hence, are termed “K estimated by CFD.”

The values for the model parameter K estimated using only the experimental results (K estimated by experi-
ment) were approximately two orders of magnitude smaller than those estimated by CFD (K estimated by CFD).
A relatively simple uniform flow formed in the rectangular duct apparatus used in this experiment, along with a
concentration boundary layer for VHP and an area effect at the building material surface or the reaction plane.
However, with a non-uniform flow field, a non-uniform concentration field formed in the chamber, along with a
reference concentration change from upstream to downstream. This suggests that it is important to estimate the
model parameters incorporating these non-uniform features.

In case of the experiments and results reported by Verce et al. [17], sigmoid type model (i.e. Langmuir model
in Equation (9)) was adopted to reproduce the decomposition effect of VHP on the wall surfaces. In Verce et al.
[17], for galvanized steel and a relatively high VHP concentration (approximately 800 ppm), K; was estimated
to be 4.0 mg/L-s and K, was 1.9 mg/L for an ambient temperature of 21.8°C, whereas K; was 9.0 mg/Ls and K,
was 1.3 mg/L when the ambient temperature was 30.2°C. In our experiments, we assumed relatively low VHP
concentration and obvious concentration dependence against the conversion rate of VHP on the wall surface was
not observed. This was the reason to adopt the linear type model as shown in Equation (8) in this study. Though
the direct comparison of estimated parameters (K; and K;) by Verce et al. [17] and K by our experiments, the
value of (Ky/K,) can be assumed to represent the same kinetic parameter of K in case of low VHP concentration.
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Table 4. Determination of the model parameter K in Equation (8).

Test material K (s7%) estimated by experiment K (s™) estimated by CFD
Stainless steel (SUS304) 8.40x10°° 9.20x 107"
Floor material (resin) 1.72x 1072 2.89 x 10°
Pyrex glass 421x10°° 587 x 107"
Plywood 5.81 x 1072 1.31 x 102
Wall material (resin) 1.17 x 107 1.77 x 10°

The calculated value of (Ki/K) was 2.11 s * for galvanized steel (21.8°C, Verce et al. [17]). On the other hand, K
estimated by CFD in this study was 0.92 s * for stainless steel and 2.89 s * for floor material (resin) (22.2°C). It
could be estimated that both (K,/K,) and K were approximately same orders considering the differences of mate-
rials.

6. Application to a Three-Dimensional Model Room

A CFD simulation coupled with the VHP transport and wall surface decomposition model was carried out for a
full-sized three-dimensional model room. The purpose of this analysis was to demonstrate potential application
and possibility of contribution of CFD simulation to prediction of indoor VHP concentrations at the design stage.
The simulation results in this section are just the application example of the wall surface decomposition model
of VHP into 3-dimensional CFD simulation and the validation of the prediction accuracy will be future study.

Figure 8 shows the target room model with dimensions of 4.25 m (x) x 4.42 m (y) x 3.0 m (z). The room had
one supply inlet opening at the center of the ceiling and one exhaust opening at the corner of the ceiling. The
floor was covered by floor material (resin) and the other wall surfaces including the ceiling were stainless steel
(see Table 3 and Table 4). In this room model, a VHP generator (0.5 m (x) x 0.9 m (y) x 0.4 m (z)) was located
on the floor. The VHP generator had one supply inlet (from the generator to the room) at the top of the device
and one exhaust outlet (from the room to the generator) on the lower part of the device. The recirculation ratio
for VHP inside the VHP generator was set at 0%.

Numerical and boundary conditions for the room model analyses are shown in Table 5. Steady-state CFD si-
mulations were performed using a low Reynolds (Re) number-type k-¢ model [23]. The value for turbulent ki-
netic energy at the inlet was prescribed assuming 10% turbulence intensity. A no-slip boundary condition was
applied at the wall surfaces inside the room model. A second-order upwind scheme was used for the convection
term and the SIMPLE algorithm was used. The geometric shapes of the wall surfaces and the VHP generator
were constructed using tetra mesh. The first mesh wall surface was set within the viscous sub-layer and the wall
units (y*) met the requirement of <1.0 over the entire surface of the room model. In addition, the total number of
grid cells was set to approximately 2 million meshes based on a grid independence check.

Two representative cases were analyzed: Case 1) fundamental conditions with the wall surface decomposition
model (Equation (6)) and air-conditioning (U;, = 0.2 m/s from ceiling), and Case 2) with the wall surface de-
composition model and without air-conditioning (U;, = 0 m/s).

VHP was supplied from the VHP generator to the room model space; a constant VHP concentration (Cin vip-g
= 1.0) was assumed at the inlet of the VHP generator. VHP concentration distribution analyses were performed
using non-dimensional concentrations. Isothermal conditions were assumed.

The flow and VHP concentration distributions are analyzed by ANSYS/FLUENT16.

Results and Discussion of the Room Model Analysis

Figure 9 shows the flow patterns (scalar velocity distributions) within the room model. Non-uniform air flow
distributions were observed for both Cases 1 and 2. In Case 1, indoor air flow was produced by the supply jet
from the VHP generator and supplied air flow from the ceiling (air-conditioning system). The supplied air veloc-
ity from the ceiling (U;, = 0.2 m/s) was relatively low compared with that from the VHP generator (U;, = 8.1
m/s) and hence, the air flow distributions in Cases 1 and 2 were nearly the same.

Figure 10 shows the VHP concentration distributions within the room model for the two cases analyzed. The
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Table 5. Numerical and boundary conditions for the large-scale climate chamber analysis.

Turbulence model
Mesh

Scheme

Inflow boundary
(room model)

Low-Re-type k-& model (Abe-Kondoh-Nagano model)
1,913,914 meshes (wall unity* < 1)
Convection term: second-order upwind

Case 1: Uiy = 0.2 m/s, kin = 3/2(0.1Un)%, ¢, = (:j"kfn/z/lin ,C,=0.09, li,=0.02m
Case 2: Ui, =0 m/s

Cin =0
Outflow boundary Uou = free slip, Koyt = free slip, &u = free slip
(room model) Cout = free slip
Inflow boundary Uin = 8.1 mfs, kin = 3/20.1U;)%, &, =C*k* /I, , C,=0.09, I, =0.02m
(\VHP generator) Cinviipg = 1.0
Outflow boundary Uou = free slip, oyt = free slip, gu = free slip
(\VHP generator) Coutvhr-g = free slip

Velocity, no-slip

Wall treatment VHP, deposition flux model in Equation (6)

VHP Passive scalar (turbulent Schmidt number o; = 1.0)

4.52[m]
Room_Inlet

0.2m/s
{0.63*0.63m)

Room_Outlet

Supply Inlet

0.08*0.08m
3[m]

Exhaust
outlet

0.9m
—V0.08m

/T\ 0.4m
7 X 0.5m

(2) VHP generator

(1) Room model

Figure 8. Diagram of the room model and VHP generator.

VHP concentrations in Figure 10 were normalized (non-dimensionalized) by the supply inlet VHP concentration
at the VHP generator (Ci,vir-g) as a representative concentration.

In Case 1, clean air (0 VHP concentration air) was supplied to the room model at the ceiling and a constant
VHP concentration was generated by the VHP generator. Therefore, clearly non-uniform VHP concentration
distributions formed in the room model. Except for the clean air supply and wall surface decomposition, no
chemical reaction models (e.g., first-order and second-order rate constant models) were incorporated into the
Case 1 analysis. The volume-averaged VHP concentration in the model room was 0.48 for Case 1. Additionally,
we carried out VHP concentration distribution analysis assuming zero decomposition flux (y = 0) and air condi-
tioning (C;, = 0) and the volume-averaged VHP concentration in the model room was estimated as 0.53. This
corresponds to a 5% decrease in the VHP concentration through wall surface decomposition and a 47% decrease
in the VHP concentration through ventilation.

In Case 2 with the wall surface decomposition model and without air-conditioning (U;, = 0 m/s), the vo-
lume-averaged VHP concentration in the model room became 0.82, corresponding to an 18% decrease in the
VHP concentration through wall surface decomposition. The decomposition flux of VHP on the wall surface
was proportional to the reference indoor VHP concentration, as shown in Equation (6). Differences in the VHP
concentration distributions near the wall surfaces had a strong impact on the total decomposition rate at the wall
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Figure 9. Air flow distributions in the model room determined by CFD.

The critical differences of boundary condition in Casel and Case2 were the differences of fresh air supply
from ceiling (with or without fresh air supply). In Casel, generated VHP was diluted by fresh air from ceiling
and decomposed on the wall surfaces but in Case 2, generated VHP was only decomposed by wall surface de-
composition (in this Case2, there was no fresh air supply).

In general, VHP concentrations in indoor sterilization are controlled by monitoring representative concentra-
tions in the room, e.g., a point concentration at the center of the room or the concentration at the inlet of the
VHP generator. However, the design concentration should be established with reference to the wall surface VHP
concentration and/or the wall surface decomposition flux. The described CFD-integrated VHP wall surface de-
composition model has the potential to improve prediction of wall surface concentrations and wall surface de-
composition flux, leading to improvements in decontamination/sterilization efficiency with VHP.

The prediction accuracy of VHP concentration distribution analysis in indoor environment is strongly depen-
dent on the quality of CFD simulation. We carefully conducted CFD simulation for referring previous bench-
mark test results [24]-[30]. Furthermore, the decomposition flux model discussed in this study is assumed to ap-
ply inside viscous sub-layer (wall unit y* < 1) and the first grid points adjacent to the wall were satisfied y* < 1
condition in most areas. In this point of view, the CFD procedure, boundary and numerical conditions including
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(d) Wall surface VHP concentration distributions (y-z plane at x = 0, x-y plane at z = 0 and floor)
(2) Case 2 (room air-conditioning system off)

Figure 10. VHP concentration distributions in the room model.
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decomposition flux model parameters could be judged that there was enough rationality and accuracy. However,
the prediction results of VHP concentration distribution in Figure 10 were not directly validated by experimen-
tal data and the results shown in Figure 10 just represent the results of sensitivity analyses as a function of de-
composition flux model parameter.

7. Conclusions

In this study, we proposed two wall decomposition models for VHP and demonstrated methods for identifying
model parameters using experiments with a rectangular duct chamber and CFD analysis. The findings of this
study can be summarized as follows:

1) In experiments where VHP was supplied to the duct at 0.8 - 13 ppm, the concentration ratios (Co./Ci,) were
essentially constant for the various test materials. Therefore, wall decomposition did not show concentration
dependence over the range 0.8 - 13 ppm VHP.

2) Based on the concentration ratios (C,,/C;,) obtained in experiments with the rectangular duct apparatus, y
(the VHP decomposition property for a building material) for stainless steel was approximately 2.64 x 10°°, y for
the floor material (resin) was approximately 8.25 x 10 °, y for Pyrex glass was approximately 1.72 x 10°®, y for
plywood was approximately 1.26 x 10 *, and y for the wall material (resin) was approximately 5.13 x 10 °. We
observed that y did not depend on the flow field, but rather on the material, because y was assumed to be estab-
lished within the molecular diffusion region in the viscous sub-layer.

3) The smallest value of y was found for Pyrex glass, whereas the largest value was found for plywood, 43
times larger than that for Pyrex glass.

4) Values of the model parameter K (in the source (sink) term of the decomposition model) estimated by the
experimental results were approximately two orders of magnitude smaller than those identified by CFD. Thus,
the value of the model parameter may have a large error if estimated using a method that does not consider the
non-uniformity of the concentration field.

Typically, for evaluation of sterilization using a biological indicator, the most essential information is the rela-
tionship between the fumigation time and the concentration, specifically, the total decomposition on the sterili-
zation surface. Therefore, wall decomposition models and the associated model parameters for various building
materials provide fundamental information for sterilization using VHP.
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Nomenclature

C: VHP concentration (ppm)
C;: pollutant concentration reacting with VHP in the air (ppm)

C‘ s : VHP concentration in the immediate vicinity of the wall (24/3 m from the wall) (ppm)
y:

c - : VHP concentration at the discretely defined point (ppm)

D: molecular diffusion coefficient of VHP (m%s)

Jg: decomposition flux of VHP in the immediate vicinity of the wall

ky: second-order reaction rate constant for the reaction between VHP and microorganisms in the air (ppm s %)
ky: first-order reaction rate constant for self-attenuation (s )

K: model coefficient

Ki: model coefficient

K,: model coefficient

r.: amount of VHP that is removed from the air after it collides with the wall surface

r,: total amount of VHP that collides with the wall surface.

Sy: loss of C through the intermolecular reaction between VHP and the pollution in the air (ppm/s)
S,: loss of C through the first-order reaction (self-attenuation) of VHP in the air (ppm/s)
U;: ensemble-mean velocity component (m/s)

u’: friction velocity

<v>: average thermal velocity of VHP (m/s)

vg: deposition velocity (m/s)

y*: wall unit

Ay distance of the defined point from the wall (m)

y: reaction probability (decrease in the rate of VHP colliding with the wall surface)

v, turbulent eddy viscosity (m%s)

p: the air density (kg/m®)

o, turbulent Schmidt number

7,, - the wall shear stress
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