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Abstract: The investigation of the cleaning effectiveness of air cleaners under realistic conditions is
challenging. Mathematical models are needed to extract characteristic properties of the air cleaning
system from experimental data. An incremental evaluation model based on a source term and a total
first-order loss coefficient in each segment was developed to analyze indoor particle measurements.
The application of the model is demonstrated using two scenarios, one in a well-mixed testing room
and another in a fully equipped aircraft cabin at 750 hPa with a typical aircraft ventilation system.
In the first scenario, a normalized version of the model is used to eliminate the source’s influence.
For the investigation in the aircraft cabin, the model served to extract temporal and spatial resolved
source terms and first-order loss coefficients. The incremental evaluation model is applicable to
enhance the certification of air cleaners. The application of the model is not only limited to particles;
measurements of gaseous compounds like ozone, carbon dioxide, or volatile organic compounds can
be evaluated analogously. The model’s utility for the data analysis of experiments with complex flow
conditions should be studied in further investigations.

Keywords: mathematical model; data analysis; CADR; air purifier; air cleaner; aircraft cabin; particu-
late matter; spatial resolution; temporal resolution; curve fitting

1. Introduction

Air cleaners (AC) can remove particulate matter (PM) and bioaerosols from indoor
air [1-3]. The concept of a virtual clean air delivery rate (CADR) is used to specify the
cleaning efficiency of an air cleaner at a certain physical volume flow [2-8]. The cleaning
efficiency depends on the type of matter that has to be removed from the indoor air.
The contaminants could be particulate matter [1-3,8,9], volatile organic compounds [10], or
inorganic gaseous compounds. Furthermore, in the case of particulate matter, the cleaning
efficiency of an air cleaner depends on the particle size distribution [2,3,6].

The removal effectiveness of an air cleaner can be specified in a laboratory under
controlled and reproducible conditions. Mathematical models can implement the analysis
of the experimental data of the test. Without a source that releases matter in the ana-
lyzed phase of the experiment, a simple exponential decay function can be used for the
analysis [2,4-6]. While matter is released or contaminated outdoor air is infiltrating the
room, a source term has to be considered [11-15]. Models based on a source term and a
first-order loss term are common and well described elsewhere [3,8,10-12,14-18].

The general purpose of a fitting function is to describe a set of data. Ideally, all
used fitting parameters are related to a physical-chemical meaning. The focus of this
research was the development and application of an incremental fitting model. The model
should be based on an equation that describes each segment. Hence for each phase of
the experiment, the concentration curve between the concentration at the beginning of
each segment and the equilibrium concentration at infinity. An analogous equation was
utilized by Schumacher et al. and Jung; however, Jung did not use the option to string
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together several segments to create an incremental evaluation model, and Schumacher
et al. did not use the model for data analysis [3,12]. In the case of first-order kinetics, the
equilibrium concentration in this model equals the source term divided by a first-order loss
coefficient [3,12].

This research demonstrates the application of the incremental evaluation model using
two scenarios. The first application scenario—“case study 1”"—is the determination of
a clean air delivery rate (CADR) of a mobile air cleaner in a test room with well-mixed
conditions. The second application scenario—"case study II”"—investigates a non-thermal
plasma air cleaning technology as an alternative technology for aircraft cabins. Generally,
the feeding air in aircraft cabins is filtered by HEPA filters [9]. These filters are installed in
the ventilation ducts. The advantage of the investigated alternative air cleaning technology
was the reduction of the pressure drop in the ventilation duct resulting in lower energy
consumption of the ventilation system. The flow conditions in aircraft cabins are complex;
therefore, the temporal and spatial characteristics must be considered. When emitting
particles in the aircraft cabin, measurements [19] and simulations [20] clearly show a spacial
variation with increased concentrations closer to the emitter and lower concentrations
farther away. This proves that the assumption of perfect mixing cannot be applied to such
environments. Investigations in similar environments like train compartments similarly
show that the distance from a virus emitter in the carriage is crucial for the exposure, and
perfect mixing cannot be assumed [21,22]. Therefore, case study II focused on the temporal
and spatial resolved evaluation of the source term s [(ug/ m?)/h)] and total first-order loss
coefficient k [h~1].

Applications of the incremental evaluation model for particulate matter, Phi6 bacterio-
phage bioaerosol, and ozone have recently been published [13,23].

2. Materials and Methods
2.1. Materials

Three identical light scattering aerosol spectrometers LSAS (Fidas Frog, Palas GmbH,
Karlsruhe, Germany) were used to measure the aerosols in a micro range of 0.18-20 pm.
The aerosol spectrometers continuously recorded PM fractions (PM;, PM; 5, and PM;g) and
the particle number concentration.

A nebulizer (AGK 2000, Palas GmbH, Karlsruhe, Germany) nebulized an aerosol at
1.5 bar inlet pressure into the room air. The nebulized liquid was a Phi 6 (Pseudomonas
Phage Phi6; DSM 21518) bacteriophage suspension, according to AHAM AC-5-2022 [24].
The molar concentrations of the salts in the suspension were: 86 mM NaCl, 49 mM
Nay;HPOy, 22 mM KH,PO4, 1 mM CaCl,, and 1 mM MgSQOj.

The microbiological analysis is not relevant to this publication. However, microbio-
logical sampling is described hereafter because the air sampling influenced the particle
measurements (see Section 3.2.6). For the microbiological analysis, a bacteriophage plaque
assay was used [23,25]. The plaque assay proceeded according to DIN EN 13610 [26]. Air
samples for the plaque assays were collected with an airflow of 3 m?/h by a Holbach air
sampler (MBASS30V3, Umweltanalytik Holbach GmbH, Wadern, Germany).

2.2. Test Room for Determination of Clean Air Delivery Rate (CADR)

The air cleaner test was conducted in the Fraunhofer Indoor Air Test Center (IATC)
in Valley, Germany (Figure 1). The IATC is a test facility with a room volume of 129 m?
(8.24 x 5.06 x 3.09 m?), where the climatic conditions are specifically set and kept constant
over the measurement period. The test room was equipped with chairs and tables to
simulate the situation in a classroom or an office.



Atmosphere 2022, 13, 1655

30f17

Desk 1 Desk 2 Desk 3 Desk 4

d d &
@ e g
d 4 @4

Desk 9 Desk 8 Desk 7 Desk 6

. Aerosol release (position: desk 5)
® Particle measurement (three positions: desk 2, 4 and 7)

&‘(/ . Chairs

® Fans (two positions: desk 5 and between 1 and 9)

| i Air cleaner
(a) (b)

Figure 1. IATC test setup with one aerosol generator, two fans, one air cleaner, and three particle
measurement devices: (a) view towards aerosol generator; (b) positions of the aerosol generator,
three particle counters, and the air cleaner (AC) in the test room.

The nebulizer continuously nebulized the phage suspension into the air. The aerosol
spectrometers continuously recorded PM fractions in addition to the particle number
concentration (or particle count, respectively) at three different positions in the room. Two
fans, each with a volume flow of 400 m3/h and directed against each other, mixed the air
during the entire test procedure. One fan was placed behind the aerosol generator, and the
second in front of the air cleaner (see Figure 1b). The test procedure was subdivided into
five phases, see Table 1.

Table 1. Events during determining the clean air delivery rate of an air cleaner in a well-mixed

test room.
Time of Day te[lﬁi’ t Event
11:30 —0.50 Start of particle measurement
12:00 0.00 Aerosol release was switched on.
13:00 1.00 Air cleaner with 100% power level was switched on.
14:00 2.00 Aerosol release was switched off.
14:40 267 Aerosol release was switched on and air cleaner
reduced from 100% to 50% power level.
15:40 3.67 Aerosol release was switched off.
17:00 5.00 End of particle measurement

2.3. Investigation of an Air Cleaner in an Aircraft Cabin

The Fraunhofer Flight Test Facility (FTF) is a test platform on which aircraft ventilation
systems and the tracing of in-cabin transmission can be investigated. In addition, real emis-
sion data can be used to evaluate various air cleaning devices. The full-size demonstrator
consists of a front section of a long-range twin-aisle aircraft with ten rows of 2/4/2 seating
(Figure 2). It has original ceiling air inlets, lateral inlets below the overhead bins, and
extraction below the side wall at floor level into the triangle area (cheeks). Here the airflow
is split into recirculation and exhaust air extracted from the bilge section. The aircraft’s
cabin volume is 107 m°.
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. Sheffield head (periodic aerosol release, position 4G)
) Particle measurement (three positions: 3H, 4A and 9D)
® Heated dummies

® Phage sampling (two positions: 4H and 9F)
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Figure 2. Aircraft cabin and positions: (a) interior view; (b) positions of the Sheffield head, three
particle counters, two air samplers for phage plaque assay, and 25 heated dummies.

The experimental schedule and the documented events are listed in Table 2. The clean-
ing technology was implemented in the recirculation line. State of the art uses HEPA filters
to purify the cabin air. In this test setup, the air in the recirculation line was first cleaned by
a HEPA filter. Afterwards, the HEPA filter was removed and replaced by a non-thermal
plasma air cleaner.

Table 2. Documented events during the investigation in the aircraft cabin.

Time of Day [t;i’f;f] Event
08:00 -30 Ventilation with HEPA filter switched on
08:38 8 Start of particle measurement
09:17 47 Takeoff (pressure drop from 946 hPa to 750 hPa)
09:31 61 Cruising altitude reached (750 hPa)
09:32 62 Start of aerosol release (Sheffield head close to position 1)
10:30 120 Start of phage sampling
11:00 150 End of phage sampling
11:02 152 HEPA filter removed
11:13 163 Alternative technology on
12:13 223 Start of phage sampling
12:43 253 End of phage sampling
12:48 258 End of aerosol release
13:17 287 Descent (pressure rise from 750 hPa to 946 hPa)
13:21 291 Alternative technology off
13:34 304 Landing (946 hPa)
13:35 305 End of particle measurement

The experimental setup followed a scenario with a continuous emitter in the cabin,
simulating the continuous exhalation of aerosols. The aerosol release was realized by a
modified “breathing” Sheffield head which was combined with the aerosol generator and
placed at seat number 4G (black head in Figure 2a) [27]. The modified head was "breathing"
20 cycles per minute with 2 L “respiratory volume” per cycle resulting in an output of
40 L/min or 2.4 m3/h, respectively. The aerosol spectrometers continuously recorded the
PM fractions and the particle number concentration at three positions (3H, 4A, and 9D; see
Figure 2b). For the evaluation, the PM; 5 fraction was used.

Indoor climate parameters were set to 23 °C, 5-15% relative humidity, and 750 hPa.
This pressure is typical for cruise conditions. The aircraft ventilation system provided an
airflow of 846 m3/h, of which 50% was fresh air and 50% was recirculated air. The total
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airflow corresponds to a mean air exchange rate of 7.9 h~!. The airflow in the cabin was
63% ceiling outlet and 37% below the overhead bins. The ventilation nozzles were not used.
A total of 25 passengers were simulated by 25 heated dummies (75 W, human-like shape).
Each passenger received 34 m3/h of cabin air.

2.4. Mathematical Basics
2.4.1. Clean Air Delivery Rate

The clean air delivery rate (CADR) is the virtual volume flow of clean air [m3/h]
supplied by an air cleaner. While the experimentally determined loss coefficient k¢ is
characteristic for the test setup, the CADR is characteristic for the air cleaner itself [2,4-7].
The loss coefficient k4¢ of the air cleaner is the total loss coefficient k minus the natural loss
coefficient k;qt, which describes the behavior of the test setup without an air cleaner.

The clean air delivery rate of an air cleaner [2-8] is the product of the loss coefficient
due to the air cleaner and the room volume, see Equation (1):

CADR = kAC XV = (k_knat) xV (1)

where CADR is the clean air delivery rate in [m3/h], kac is the air cleaner loss coefficient in
[h~1], kpat is the natural loss coefficient in [h™1], k is the total loss coefficient in [h 1], and V
is the room volume in [m?].

Volume V is the volume in which the locally determined total loss coefficient k and
the natural loss coefficient k;;; are valid. Hence, a necessary condition for determining
a CADR is to have well-mixed conditions in the room. Otherwise, neither the volume V
nor the time-resolved natural loss coefficient ks are known. Therefore, a homogeneous
concentration in the whole room is mandatory.

2.4.2. Steady State Condition

In a steady state condition, the source term s [ug/ (m3 h] equals the concentration loss
[ug/ (m3 h]. In the case of first-order kinetics, the concentration loss in the steady state is
the product of the equilibrium concentration and the total first-order loss coefficient [h~1].
The steady-state condition is expressed by Equation (2):

§ = Ceq X k 2)

where s is the source term in [pg/ (m3 h)], Ceq is the equilibrium concentration in [pg/ m3],
and k is the total loss coefficient in [h™1].
There can be several contributions to the source term s. Equation (3) represents an
example for a source term s:
s=R/V+c¢y,, xF/V 3)

where s is the source term in [pug/ (m3 h)], R is the release rate in [ug/h], V is the room
volume in [m3], ¢;,, is the concentration in [ng/ m3] in the outdoor air infiltrating the room,
and F is the flow in [m3/h] streaming into volume V.

The total first-order loss coefficient k can be considered a sum of first-order loss
processes. Equation (4) represents an example of a total first-order loss coefficient k:

k= (ksed + kreact + kaglom + F/V) (4)

where k is the total loss coefficient in [h 1], k., is the loss coefficient due to sedimentation
in [h™1], kyeact is the loss coefficient due to reactions in [h 1], and kaglom is the loss coefficient
due to agglomeration in [h~!]. The volume flow F in [m3/h] divided by volume V in [m3]
results in the air exchange in [h~1].

While the determination of a CADR needs well-mixed conditions, the spatially re-
solved determination of a loss coefficient k can be used without this requirement.
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3. Results

An incremental model consists of various calculation segments. Each segment rep-
resents a characteristic part of the concentration curve and corresponds to a phase of the
analyzed experiment. The basis of this work was the development of an equation describ-
ing the concentration curve between the concentration at the beginning of each segment
and the equilibrium concentration at infinity. As the concentration converges to a steady
state, this equation can be called a steady state convergence function.

The concentration at a certain time can be described by Equation (5):

cn(t) = cegn + (cn_1(tn_1) - cgq,n) x ¢~ knx(t=ty—1) (5)

where ¢, (f) is the concentration in [pg/ m?3] at a certain time f in [h], Ceq,n is the equilibrium
concentration in [ug/ m3] of phase n, c,—1(ty—1) is the concentration in [ug/ m?] at the
beginning of phase 1 at t,,_1 in [h], and k,, is the total first-order loss coefficient in [h '] of
phase n.

With t = t,_1, Equation (5) results in the initial concentration c,—1. The outcome for ¢
towards infinity is the equilibrium concentration c;. The concentration curve between the
initial and final concentration is described by an e-function.

The final concentration of phase 7 is not necessarily the equilibrium concentration.
The concentration c;, at the end of phase n is calculated by Equation (6) analogous to
Equation (5) by using the time parameter ¢, of the end of phase n:

Cn = Cn<tn) = Cegn t+ (Cn—l - Ceq,n) x e knx(tn=tu-1) (6)

The concentration at the beginning of a certain phase 7 is equal to the concentration at
the end of the previous phase n—1 at t,_1. At the beginning of the first phase (n = 1), the
concentration ¢, _1(t;_1) is co(tp).

3.1. Case Study I: Determination of a Clean Air Delivery Rate under Well Mixed Conditions
3.1.1. Fitting Function

Typically, the testing of air cleaners is implemented under controlled conditions and
with a fixed testing procedure. At the beginning of the test (phase zero), there is an
initial period with no aerosol release and no active air cleaner. The concentration ¢y at the
beginning of the test should be small enough to be neglectable.

At the beginning of the first phase, the source was switched on (v = 1) while the air
cleaner stayed off (power level p = 0%). The concentration c; at the end of phase 1 was
used to normalize; see Equation (5). For the normalized function f,(t), the parameter
sy was replaced by the product of the normalization parameter N with the parameter
r that characterizes the status of the source. The result of this normalization process
was Equation (7):

_ Nxry

N
fn(t) k + (fn_l — ; T’n) X g_kﬂx(t_tn—l) (7)
n n

with N = knat/ |:1 — e_knufx(t1—t0):|

where f,,(t) is the normalized concentration [-] at a certain time ¢ in [h] during phase 1, N is
a normalization parameter [h~1], ky, is the total loss coefficient in [h~1] in phase 1, kyq is the
natural loss coefficient in [h~!] determined in phase 1, tj is the time in [h] at the beginning
of the aerosol release, #; is the time in [h] at the beginning of the simultaneous operation of
aerosol release and air cleaner, t,,_; is the time in [h] at the beginning of phase n, f,,_1 is
the normalized concentration [-] at the end of the previous phase n—1 att,_1, and r, isa
parameter that characterizes the status of the source: = 0 means off and = 1 means on.
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The value f; at the end of phase n (t = t;) was calculated by Equation (8), analogous to
Equation (7):

N xry

fi’l - fn(tn) = + (fn—l _ N X rn) X efknx(tﬂftnfl) (8)
ky kn

The total loss coefficient k,, for a certain phase n was calculated by Equation (9):
ky = kyat + pn % €pn X kac )

where k, is the total loss coefficient in [h~!] in phase n, ky4t is the natural loss coefficient in
[h~1] determined in phase 1, p,, is the power level (between 0 and 100%) of the air cleaner,
epn is the efficiency of the air cleaner at a certain power level p (e.g., eso, at 50% power
level in Table 3), and k¢ is the loss coefficient in [h~'] due to the air cleaner.

Table 3. Resulting set of equations for the five segments of the incremental model.

P];‘lafe Startt, ;  Endt, f,(£) with Nekye/[1—exp[—kuar X (t1—t0)]]
n th1 tn fa(t) = N X ry/kn+ (fac1 — N X 1u/kn) X exp[—ky, X (t —t,—1)]  with  ky, = kyat + pn X en X kac
1 0 1.00 fl(t):N><1/k1+(0—N><1/k1)><exp[—k1><(t—0)] with klzknat+0XOXkAC
2 1.00 2.00 fz(t) =N x 1/k2 + (1 — N x 1/](2) X exp[sz X (t — 100)} with kz = km,[ +1x1x kAC
3 2.00 2.67 f3(i’) =N x0/ks + (fz(tz) — N x 0/’(3) X exp[—k3 X (t — 2.00)} with ks =kpat +1x 1 X kac
4 2.67 3.67 f4(t) =N X 1/k4 + (f3(t3) — N Xx l/k4) X exp[fk4 X (t — 267)} with k4 = knat + 0.5 x €509, X kAC
5 3.67 5.00 f5(t) =N x0/ks + (f4(t4) — N x 0/k5) X exp[—k5 X (t — 3.67)] with ks = kyat + 0.5 X esp9, X kac

* The fitted curve was divided in five segments with known or defined parameters t,_1, fo, f1, "n, P, €0% = 0,
e100% = 1 and three unknown variables k¢, kac and esqo,.

3.1.2. Fitting Process

Initially, the fitting model was constructed by setting up five equations analogous to
the normalized Equation (7) for five phases (1 = 1 up to n = 5) and by including the known
parameters in these five equations (Table 3).

The mean values for PM;y, PM, 5, and PM; and the particle count from the particle
measurement at three positions in the test room were each calculated and normalized by
the maximum concentration at the end of phase 1. The maximum PM, 5 concentration
reached 517 pg/m3 at maximum after 1 h aerosol release. The relative standard deviation of
PM; 5 at the three positions did not exceed 12% (or <12 pg/m? for <100 pug/m3). The PM, 5
concentration in the initial phase (phase 0) was 2.1 & 0.9 ug/m?>, thus only 0.4% of the
maximum concentration.

The resulting total fitting curve (Table 3) can be divided into 3 parts. The first part
(n=1) was used to adjust k4, the second (n = 2 and 3) to adjust kac, and the third
(n = 4 and 5) to adjust e5(9,. Therefore the fitting process was done in three steps:

1.  The parameter ks was changed until the curvature of the curve f1(t) met the experi-
mental data in phase 1. The parameter t; was adjusted slightly;

2. The parameter ksc was changed until the curve met the experimental data in phases
2 and 3. The parameters f; and 3 were adjusted slightly;

3. The parameter esp, was changed until the curve met the experimental data in
phases 4 and 5. The parameters t; and t5 were adjusted slightly.

3.1.3. Fitting Results

The results of the fitting process are shown in Table 4 and Figure 3. Notice that the
curve of the normalized concentration can be described for 5 h and 5 different testing
modes (parameters changed: 3 power levels of AC and release on/off) very well (variance
between 5% and 10%) with only three unknown variables (k.4 kac, and efficiency esgq,).
Until 2.68 h (phases 1, 2, and 3), only two variables (k, and k4c) were necessary.
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Table 4. Known parameters t,_1, py, and r, and variable fitting parameters k¢, kac, and esqo, for the

fitting curve in Figure 3.

Phasen * t,_, (Start) kyat kac AC AC Release k, fstartn feqn
[-] [h] [h—1] [h—1] Power Level p Efficiency e r [h—1] [-] [-]
1 0.00 0.5 3.0 0% (off) - 1 (on) 0.5 0.00 2.51
2 1.02 0.5 3.0 100% (on) e100% = 1 1 (on) 3.5 1.00 0.36
3 2.02 0.5 3.0 100% (on) e100% = 1 0 (off) 35 0.38 0.00
4 2.68 0.5 3.0 50% (on) eso, = 1.14 1 (on) 221 0.04 0.57
5 3.68 0.5 3.0 50% (on) eso, = 1.14 0 (off) 221 0.52 0.00
* The fitted curve was divided into five model segments with individual parameters p, ¢, and r. The fitting
parameters k. and kac have been kept constant for all five segments. Bold type numbers are unknown variables
used for matching the curve to the measurement data.
1 release release | release release release — fitted curve
on on off on off Knoe = 0.5
AC AC AC AC AC ky=3.0h"

normalized concentration [-]

c(t)/ c(1h)

(@]

on on on on

€spo, = 114 %

normalized
measurement data:
« PM10
« PM25
« PM1

particle count

time [h]

Figure 3. Determination of the coefficient k4¢ of an air cleaner (AC) in a well-mixed room. The natural
loss coefficient is determined between 0 and 1 h. (Fitting process see Section 3.1.2.).

The clean air delivery rate (CADR) is calculated subsequently by Equation (10):
CADR = kpc x V=30h"! x 129 m® = 387 m®/h (10)

where CADR is the clean air delivery rate in [m3/h], kac is the air cleaner loss coefficient in
[h~1], and V is the volume of the test room in [m?3].

At 50% power level the efficiency e of the air cleaner was higher (e5qe, = 114%) than at
100% power level (e1p9, is defined as 100%).

3.2. Case Study II: Investigation of an Air Cleaner in an Aircraft Cabin
3.2.1. General Aspects concerning the Fitting Model

The equilibrium concentration of a certain phase was calculated by Equation (11):

Sn

Ceqn = F
n

(11)

where Ceqn is the equilibrium concentration in [ug/ m3 ] in phase 1, s, is the source term in
[ng/ (m3 h] in phase 1, and k;, is the total loss coefficient in [h"11in phase n.

The source term s at a certain location was not the same as the release rate of the
particle source because only a part of the released particles flowed through the volume
compartment where the measurement took place.

The concentration at a certain time was calculated by Equation (12):

cn(t) = %: + <Cn1(tn1) - S”) x gk (t=tin) (12)
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where ¢, (t) is the concentration in [ug/ m?>] at a certain time ¢t in [h] during phase n, s, is
the source term in [pug/ (m3 h]in phase n, k, is the total loss coefficient in [h~1]in phase 7,
and c,_1(t,—1) is the concentration in [pg/ m?] at the end of the previous phase n—1 at t,_4
in [h].

The concentration ¢, at the end of phase 1 was calculated by Equation (13), analogous
to Equation (12):

en = cultn) = 2+ <Cn1 - ;i) xetrthey (13)
n n

The parameter k; affects the curvature of the fitted curve. Both parameters together
affect the concentration level. As the curvature of the curve is only influenced by pa-
rameter k;, the curvature of the fitted curve is the starting point of the fitting procedure.
The lower the noise of the data, the less ambiguous the choice of parameter values and
their interpretation.

Equation (12) offers the possibility of deriving physical information from experimental
data. The shape of the fitted curve can be connected to the physical parameters k;, s,
and the schedule of the experiment. The selection of the values for the parameters is not
trivial. For instance, the schedule can be assumed as strictly fixed parameters or variables.
The latter is appropriate if there is a time delay between cause and effect or if the events
cannot be related to a known event from the schedule of the experiment.

3.2.2. Fitting Process for Phases with Active Source (s, >> 0)

The source term s can be assumed as a variable or fixed value. If the curvature of the
curve can be identified clearly, the parameter k; is specified, and the connected source term
sy has to be calculated by Equation (14):

Cn — C(p—1) X e_knx(t”_t("*l))

sy, =k, X (14)

1 _ e*kn X(tnft(n71>)

where s, is the source term in [ug/ (m? h)] during phase 1, k, is the total loss coefficient in
[h1]in phase n, ¢y, is the concentration in [pg/ m?3] at the end of phase n at t,, in [h], and
Cy—1 is the concentration in [ug/ m3] at the beginning of phase n at t,_; in [h].

On the other hand, if k, cannot be specified adequately in a certain phase n due to
high data noise, the source term s, can be assumed as a constant parameter during several
phases. In this case, the source term s, is set equal to the source term of another phase in
which the parameter k;, can be determined more adequately.

3.2.3. Fitting Process for Exponential Decay until Background Concentration Is Reached

Suppose the source is off and the concentration at the end of phase 7 is the background
concentration. In this case, Equation (15) is used, and the parameter k; is adjusted until the
fitting curve meets the experimental data:

en(t) = co+ (cp1 — co) x e Fnx(t=tna) (15)

where c,(t) is the concentration in [ug/ m?] at a certain time ¢ in [h], ¢y (cp = ¢;) is the
background concentration in [pg/ m3], ¢,,_1 is the concentration in [ug/ m3] at the beginning
of phase n at t,_1 in [h], and k;, is the total loss coefficient in [h"1]in phase n.

The parameter s, is calculated subsequently by Equation (16):

Sp = kn X ¢ (16)

where s, is the source term in [pg/ (m3 h)] in phase n, k, is the total loss coefficient in [h1]
in phase 1, and ¢j (cy = c) is the background concentration in [pg/ m3].
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3.2.4. Fitting Process for Exponential Decay If the Concentration at the End of the Phase Is
Higher Than the Background Concentration

Suppose the source is off and the concentration at the end of phase  is higher than
the background concentration cg (¢, > cp). In this case, the parameter k;, is calculated by
Equation (17):

Ch1—2C
b = tn( 250 /1, 1,0) 17)

where k,, is the total loss coefficient in [h~1] in phase 1, ¢;,_1 is the concentration in [pg/ m3]
at the beginning of phase n at t,_1 in [h], ¢y (cx > ¢p) is the background concentration in
[ng/ m3], and ¢, is the concentration in [ug/ m?] at the end of phase n at t,, in [h].

The parameter s, is calculated subsequently by Equation (16).

3.2.5. Implementation of the Adjustment of the Parameters k, and s,

In a phase n without an active source (s, = 0), the parameter k, was calculated in
Equation (17) or Equation (15), and the parameter s, was calculated subsequently by
Equation (16). The adjustable parameters were the concentrations c¢,_; and c, at the
beginning (t,_1) and the end (t,) of phase n. In this case, the parameters k, and s, were
unambiguous to a large extent (variance usually less than 5% and up to 10%).

The parameter k, was the preferred fitting parameter also in phases with an active
source (s, >> 0). The exponential coefficient k,, was used to adjust the curvature of the fitting
curve to the experimental data, while the parameter s, was fixed using Equation (14).

When the noise of the experimental data was too high to specify k;, clearly in a certain
phase n, the assumption of a constant source term was used to reduce the ambiguity. In this
case, a phase n = ref with a clearly specified kr (well-defined curvature) was selected as a
reference for the value of Srefs and the parameter k, was changed until s,, equals Sref- Asa
result, the parameter s,, was calculated by Equation (14).

3.2.6. Fitting Results

Figure 4a illustrates the fitting curve and the experimental data for the concentration
at position 1 in the aircraft cabin close to the aerosol release. Figure 4b presents the trends
of the parameters s, and k; at position 1, and the specific values can be extracted from
Table 5. During the aerosol release, the total loss coefficient k, amounted to about 17 h-1
and the source term about 4420 (ig/m?3)/h. When the aerosol release terminated, the loss
coefficient k;, initially increased for a short moment and afterward decreased in several
steps from 28.3 down to 3.9 h~!. This result clearly indicates that the exponential decay
coefficient is not constant over time. With the beginning of the pressure rise at 285 min, the
coefficient k; increased again due to venting the cabin with fresh air.

At position 2 (Figure 5a) and especially at position 3 (Figure 5b), the particle concentra-
tion is smaller than at position 1 due to the larger distance from the aerosol source. While
the change of the cleaning technique from HEPA filter to non-thermal plasma almost did
not affect the concentration at position 1 and slightly at position 2, the concentration at
position 3 increased by a factor of about 3. This is a clear indication that the purification
effect of the cleaning technique depends on location in the aircraft cabin.

Figure 6 illustrates the trends of k,, and s;, at positions 2 and 3. Several changes of k,
can be dedicated to events of the experimental schedule, like switching the aerosol release
on and off, changing the cleaning technology, and the start of the pressure rise due to
venting the aircraft cabin. The concentration drops and the increase of k, at positions 2 and
3 at about 123 min and 225 min (Table 6) correlated with the beginning of the air sampling
for bacteriophage plaque assays. The volume flow of the sampling pumps was 3 m3/h and,
therefore, in the range of typical respiratory flow volumes of approximately six passengers
(0.5 m3/h per person). The reason for the lower source term s, during phases 1 and 2 at
position 3 is unknown (194 instead of 524 (u1g/m3)/h). Due to the low noise in phase 2, the
variance of parameter k; is low.
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Figure 4. Results of the particle measurement and fitting process at position 1 close to the aerosol
release and the changed parameters like source on/off, start of pressure rise, and change of air
cleaning technique and: (a) PM, 5 and corresponding fitting curve; (b) parameters k, and s, of the
fitting curve.
Table 5. Fitting parameters k, and s, for the fitting curve for position 1 and derived concentration
Cstart,n at the beginning of phase n and equilibrium concentration ceg, ;.
Position Phase n * t, (Start) kn Uncertainty Sy Uncertainty Cstartn Ceqn
in Cabin [-] [min] [h—1] Factor of kj [(ug/m3)/h]  Factor of s, [ug/m3] [ug/m?3]
1 63.5 17.0 1.4 4420 1.4 1.0 260
2 259.7 28.3 1.1 435 2.0 260 9.2
3 260.9 15.8 1.05 94 2.0 148 35
4 262 9.3 1.05 23 2.0 111 24
Position 5 266 6.7 1.05 11 2.0 60.0 1.6
1 6 270 53 1.05 7 2.0 38.8 1.3
7 274 5.1 1.05 5 1.9 27.5 1.0
8 283 39 1.05 4 1.7 13.4 1.0
9 289 15.7 1.05 14 1.2 9.4 1.0
10 294 30.0 1.05 2 1.2 34 0.4

* The fitted curve was divided into ten phases with individual fitting parameters k, and s, in each phase #. #

The aerosol was generated between 62 min and 258 min while the pressure continuously was 750 hPa. Between
120 min and 150 min, as well as between 223 min and 253 min, microbiological sampling with 3 m3/h proceeded.
At 150 min, the HEPA filter was removed, and at 163 min, the alternative cleaning technology was built in. Venting
the cabin started at 285 min.
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Figure 5. Experimental data of particle measurement (grey line) and fitted curve (red line) at positions
in farther distance to the particle release: (a) PM, 5 at position 2; (b) PM; 5 at position 3.
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Figure 6. Fitted parameters k, and s,, and changed parameters like source on/off, start of pressure
rise, and change of air cleaning technique: (a) k;; and s,, at position 2; (b) k;; and s;, at position 3.
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Table 6. Fitting parameters k;, and s, for the fitting curves for position 2 and position 3 and derived
concentrations csart,n at the beginning of phase n and equilibrium concentrations ceq,,- The bold type
values were used for the initial determination of k;. In the other phases, the assumption of a constant
source term was applicated.

Position Phasen * t, (Start) kn Uncertainty Sy Uncertainty Cstartn Ceq,n
in Cabin [-] [min] [h—1] Factor of kj [(ug/m3)/h)]  Factor of s, [ug/m3] [ug/m3]
1 63 14.0 15 1950 1.5 0.5 139
2 83 22.8 2.0 1947 29 138 85.4
3 85 11.6 2.0 1952 1.8 110 168
4 91 15.65 2.0 1950 2.0 150 125
5 107 139 2.0 1950 2.0 125 140
6 122 15.1 2.0 1953 2.0 140 129
L 7 135 15.75 2.0 1953 2.0 130 124
Position 8 158 13.0 2.0 1950 2.0 124 150
2 9 226 14.5 2.0 1956 2.0 150 135
10 248 13.2 2.0 1957 2.0 135 148
11 256 159 2.0 1956 2.2 146 123
12 261 6.84 1.1 21 2.0 130 3.1
13 273 4.53 1.1 6 2.0 32 1.3
14 288 17.5 1.1 17 14 11 1.0
15 295 30.0 1.1 30 1.0 2.3 1.0
1 65 18.0 2.0 193 1.7 0.7 10.7
2 72 8.1 1.4 194 1.3 9.5 23.9
3 87 194 2.0 524 2.0 22.0 27.0
4 124 23.3 2.0 524 2.0 27.0 22.5
5 146 17.3 2.0 525 1.9 22.5 30.3
6 157 7.3 14 524 1.4 30.0 71.8
. 7 183 5.7 2.0 525 1.8 70.0 92.1
Position 8 195 7.4 2.0 525 22 85.0 70.9
3 9 205 5.6 2.0 519 1.8 75.0 101.1
10 225 9.4 2.0 521 2.4 94.0 61.1
11 232 6.5 2.0 523 2.0 67.0 80.5
12 262 5.61 1.1 12 2.0 81.0 2.1
13 278 4.19 1.1 5 2.0 19.0 1.1
14 288 15.3 1.1 17 1.2 10.0 1.1
15 297 25.0 1.1 27 1.0 2.0 1.1

* Each fitted curve was divided into 15 phases with individual fitting parameters k, and s, in each phase n.
# The aerosol was generated between 62 min and 258 min while the pressure was continuously 750 hPa. Between
120 min and 150 min, as well as between 223 min and 253 min, microbiological sampling with 3 m®/h proceeded.
At 150 min, the HEPA filter was removed, and at 163 min the alternative cleaning technology was built in. Venting
the cabin started at 285 min.

4. Discussion
4.1. Case Study I: Determination of a Clean Air Delivery Rate under Well Mixed Conditions

Usually, testing procedures for determining a CADR utilize an exponential decay with-
out continuous particle release and hence without a source term [2,4-7]. Schumacher et al.
presented an equation analogous to Equation (5). However, they did not utilize their model
to analyze experimental data [3]. No CADR evaluation method considering an aerosol
release during the testing period could be found in the literature besides the utilization of
the presented model for the analysis of particulate matter and bacteriophage plaque assays
by Burdack-Freitag et al. and Schmohl et al. [13,23].

With the presented test schedule in combination with the application of the presented
incremental evaluation model, the clean air delivery rate could be determined accurately
with about 5% of uncertainty. Additionally, this method is very robust because the fitting is
done over a long period. Therefore, short-term artifacts do not influence the result (e.g.,
Figure 3, PMjj at 1.5 h). Furthermore, a continuous aerosol release is more realistic than
tests without aerosol release during the testing of the air cleaner.
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The particle size distribution of the used aerosol and the particle size dependency of
the filter efficiency have to be considered to determine a CADR [2,3,6]. In this research, this
aspect was neglected to reduce the complexity of the topic.

The purpose of case study I was to validate the incremental evaluation model under
controlled experimental conditions and to demonstrate the excellent agreement of the
mathematical model with the experimental data.

4.2. Case Study II: Investigation of an Air Cleaner in an Aircraft Cabin

Computer-assisted simulations are commonly used to compare experimental data with
calculated data [28,29]. Numerical simulations can provide spatial and temporal resolved
parameters in high resolution. However, the effort to create a numerical simulation model
is much higher than the utilization of the presented incremental evaluation model.

Usually, the effectiveness of air purification is investigated by a test setup that reduces
the complexity of the system. For instance, a single-pass collection effectiveness assessment
can be used, and the concentration before and after the cleaning device can be compared [9].
However, due to this simplification, the influence of the distance neither to the particle
source nor to the air inlets and outlets can be determined. Case study II provides the
first experimentally derived spatial and temporal resolved source terms s and total loss
coefficients k in an aircraft cabin, thus under complex flow conditions.

Jung utilized an equation similar to Equation (12) to describe the change of CO; concen-
tration in a car cabin [12]. However, no analysis with several time segments was executed.

The determined source terms in case study II were not equal to the release rate at
Sheffield’s head because only a part of the released particles reached the volume compart-
ment where the aerosol spectrometers measured the particle concentration. The further
the position of the aerosol spectrometer from Sheffield’s head, the lower the source term.
The realized source term in the volume compartment depends on flow characteristics.
Therefore, a change in flow directions, for example, due to moving staff, can change the
source term at a certain position. The assumption of a constant source term was used to
reduce the complexity of the model. This can imply a shortcoming for the application of
the incremental model. The set of parameters has to be plausible concerning the events and
effects during the experiment.

Usual exponential decay models with a constant total loss coefficient were unsuitable
for describing the concentration decay process after the aerosol release terminated. How-
ever, the presented incremental model could quantify the change of the total loss coefficient
and the source term during the concentration decrease. At position 1, terminating the
aerosol release resulted in a short increase of k; (up to 28.3 h~!) followed by a stabilization
close to the ky (approx. 5 h~!) of positions 2 and 3. Physically, this indicates that the
aerosol release in the proximity dominated and outperformed the benefit of the cleaning
technology. Once the emission is terminated, the local particle cloud quickly dilutes until
the concentration is homogeneous in the aircraft cabin (approx. 10 pg/m?® at 288 min).
The results for all three positions indicate a slowdown of particle loss after the aerosol
release terminated. Initially, the particle diffusion effect contributed to the particle loss
resulting in a high total loss coefficient. Afterwards, the loss process was increasingly
dominated by the air exchange. At all three positions, the following increase of particle loss
at approx. 288 min correlated with the pressure rise while venting the cabin.

Compared with the mean air exchange of 7.9 h~!, the determined total loss coefficients
were higher at all three positions (13-23 h~!) while the HEPA filter was used. With the
non-thermal plasma cleaning technique, the total loss coefficient was in the same range
at positions 1 and 2, but at position 3, the total loss coefficient dropped to approximately
7 h~1. The change of the total loss coefficient k during the experiment indicated whether
the sampling position was affected mainly by the aerosol release or the air cleaning technol-
ogy. The change of the cleaning technology resulted in a reduced total loss coefficient at
position 3 (from 17.3 to 7.3 h~1). On the contrary, the change did not affect the total loss
coefficient at position 1 (17.0 h~! constantly). This interpretation is consistent with the
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higher source term s at position 1 (4420 (ug/ m?)/h) in comparison with position 3 (approx.
520 (g/m?3)/h). These results confirmed the interpretation that the aerosol release in the
proximity of the particle releasing source dominated and outperformed the benefit of the
cleaning technology and that the particle diffusion effect contributed to the particle loss.

Additionally, the influence of a parallel air sampling for phage plaque assay could
be quantified using the incremental model. The sampling resulted in an increase in the
total loss coefficient at positions 2 (9-20%) and 3 (12-68%). An alternative set of parameters
could be a stable loss coefficient combined with a reduced source term, but this option was
assumed to be less plausible. The influence of parallel sampling should be considered in
future investigations.

5. Conclusions and Outlook
5.1. Case Study I: Determination of a Clean Air Delivery Rate under Well Mixed Conditions

In realistic air cleaner applications, the source releases aerosol simultaneously while the
air cleaner is purifying the indoor air without the support of external mixing, e.g., by fans.
Air cleaners should be tested under similar conditions. Therefore, the testing procedure
described in Table 7 is recommended for evaluating air cleaners.

Table 7. Recommended testing procedure for the evaluation of air cleaners.

Phase tstart Aerosol Air Both Purpose
n [h] Release Cleaner Fans p
1 0.0 on off on determination of kyt start under ideal, well-mixed conditions
2 1.00 on on on . N ) . s "
3 Le7 off on on 2 & 3: determination of k4c jgeq; under ideal, well-mixed conditions
4 2.33 on on off . o . "
5 300 off on off 4 & 5: determination of k4c e, under realistic conditions
6 3.67 on off on proof of stable aerosol generation by comparison with phase 1
7 433 * off off on proof of stable ky+ by comparison of kgt eng (1 = 7) With knat start (n =1)
* End of phase 7 at 5.00 h.

With the suggested testing procedure, it can be proved that the air cleaner can mix
the air in the test room independently of the external air mixing devices during phases 4
and 5 (fan off). Subsequently, the last two phases can be applied to prove the stability of
the aerosol generation (step 6, in combination with ky,; from step 7) and the natural loss
coefficient kyq (step 7).

In phases 4 and 5, the well-mixed condition is potentially not fulfilled. For these two
phases, the data can be evaluated by the incremental model analogous to the scenario in
the aircraft cabin (case study II).

5.2. Case Study II: Investigation of an Air Cleaner in an Aircraft Cabin

Spatial and temporal resolved source terms s and total loss coefficients k could be
derived from the available experimental data. Thus, the local effectiveness of the air
cleaning technology could be evaluated more reliably than without the application of the
incremental evaluation model. Likewise, identifying some disturbance factors was possible
(e.g., the effect of parallel air sampling on the total loss coefficient k or change of the source
term s at position 3 at 87 min).

5.3. Applications beyond the Presented Case Studies

The presented model is limited to scenarios with zero-order and first-order kinetics
processes. An adaptation of the equation is potentially needed if processes with second-
order kinetics, such as chemical reactions of two air components, have to be considered.
The effects independent of the concentration (=zero-order kinetics) affect the source term s,
and the effects with first-order kinetics concerning the concentration affect the total loss
coefficient k. The individual effects contributing to the source term s and the total loss
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coefficient k have to be determined by a suitable design of the experiment, such as changing
between periods with and without the purifying technology (or source, respectively).
Additionally, the model could be extended with a release rate as a function of time.

With the incremental fitting model, even complex and challenging experiments with
dynamic conditions can be described. The practical benefits are:

- Spatial and temporal resolved quantification of source terms s and total loss coefficients k;

- More reliable evaluation of the local effectiveness of an air purifying technology;

- Support in the identification of disturbance factors;

- Determination of the spatial and temporal resolved air exchange rate in indoor spaces,
e.g., by a parallel controlled release of COy;

- Assistance in the planning of experiments through the prediction of expected matter
concentrations and necessary sampling volumes (analogous to Schumacher et al. [3]).

Usually, the incremental evaluation model can be used independently from the kind of
matter. For example, concentration curves of volatile organic compounds (VOC), CO, [12],
N>O [15], NO,, NO, and Ozone [13] can also be analyzed. For instance, Jung utilized an
equation analogous to Equation (12) to determine the evolution of the CO, concentration
in car cabins, but without changing the experimental conditions and hence not as an
incremental model [12]. Furthermore, the analysis of bioaerosols using plaque assays is
feasible [13,23]. In the case of using air samples, such as for bacteriophage plaque assays, the
integral of Equation (12) is needed [23]. Further investigations to evaluate the robustness
of this tool are necessary and should proceed in future research. An objective and future
topic is the transfer of the equations into a comfortably manageable evaluation tool.
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