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1  |  INTRODUC TION

Ventilation of airplane cabins is indispensable to the realization 
of a healthy and comfortable cabin environment1,2 for the annual 
4.5 billion passengers worldwide (in 2019).3 Managed by the envi-
ronmental control system (ECS), the ventilation (fresh) air should 
provide a reduction of airborne contaminants (e.g., ozone, volatile 
organic compounds, CO2, bioaerosols potentially including influenza 
or SARS viruses2,4) and control the air temperature. The thereby in-
duced airflow patterns should operate as such, with maximum dilu-
tion and extraction of contaminants and without the introduction 
of uncomfortable draft. Besides, pressurization of the cabin is also 

realized by the ventilation air. Since the ventilation air is drawn from 
the jet engines and requires conditioning,2 it is energy consuming 
and expensive5–8 while both energy use and costs are preferably 
limited to a minimum.

The main air distribution in airplane cabins is most commonly 
provided through overhead (ceiling and/or lateral) diffusers supply-
ing high-momentum air with air extraction at floor level,4 also called 
mixing ventilation (MV). Many experimental and computational 
fluid dynamics (CFD) papers9–32 can be found in the literature in 
which the MV flow in different airplane cabin configurations (e.g., 
single-aisle as the B737-200, A320, and MD-82, or twin-aisle as the 
B767-300 or A380) was investigated and characterized in terms of 
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Abstract
Airplane cabin ventilation is essential to ensure passengers' well-being. The con-
ventional ventilation method is mixing ventilation with a statistically steady supply, 
which, according to former studies, has reached its limits regarding, for example, the 
ventilation efficiency. However, the effect of a statistically unsteady (time-periodic) 
supply on the mixing ventilation efficiency has remained largely unexplored. This re-
search uses computational fluid dynamics (CFD) with the large eddy simulation (LES) 
approach to study isothermal time-periodic mixing ventilation in a section of a single-
aisle airplane cabin model, in which the air exhaled by the passengers functions as 
(passive) contaminants. Two time-periodic supply strategies are evaluated. The in-
duced time-periodic airflow patterns promote an efficient delivery of fresh air to the 
passenger zone and affect the passengers' expiratory plumes. This results in increased 
mean contaminant mass fluxes, causing a strong reduction of the mean contaminant 
concentrations in the passenger zone (up to 23%) and an increased contaminant ex-
traction from the cabin. Mean velocities increase with up to 55% but remain within 
the comfortable range. It is shown that the ventilation efficiency improves; that is, the 
contaminant removal effectiveness and air change efficiency (in the full cabin volume) 
increase with up to 20% and 7%, respectively.

K E Y W O R D S
airplane cabin, computational fluid dynamics (CFD), convective and turbulent contaminant 
mass fluxes, large eddy simulation (LES), time-periodic mixing ventilation, ventilation efficiency
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its mean and instantaneous flow patterns, distributions of velocity, 
turbulence, temperature, relative humidity, pressure, and vorticity. 
The ventilation performance regarding the distribution of (gaseous) 
contaminants,11,13,15,17,28,29,32,33–37 droplet and aerosol deposition/
dispersion,15,32,38–45 age of air,13,27,46,47 thermal comfort (predicted 
mean vote, predicted percentage dissatisfied)47–49 and heat27,48,50 or 
contaminant13,35 removal was also reported.

In MV, circulation patterns51 and high turbulence intensities16,19 
are induced in order to mix (dilute) the cabin air, which should create 
a homogeneous air distribution with relatively uniform temperature 
and contaminant levels19,52,53 and low velocities.16,19,53 However, 
concerns about the air dilution in MV are manifold. Typically, this 
causes an air (ex)change efficiency (ACE)54 below the value of 0.5. 
Also, contaminants may be dispersed throughout the cabin,21,35,44 
mainly in the lateral direction (cross contamination)34,40 due to full-
length inlet/outlet slots55,56 designed to limit the longitudinal flow 
(although longitudinal transport can still be present20,33,34,40,44), re-
sulting in a contaminant removal effectiveness (CRE)13,35 of usually 
less than unity. A uniform temperature distribution, although it en-
hances thermal comfort, causes the theoretical upper limit of the 
heat removal efficiency (HRE)48 to be limited to 0.5. Furthermore, 
stagnant zones may be present giving rise to contaminant/heat lock 
up13,25,27,36,45,57 and the high-momentum supply air may cause ther-
mal discomfort.48,49,58 Some studies36,37,40 pointed out that an im-
proved air quality may be obtained by increasing the ventilation flow 
rate, though at the expense of increased energy use.

In order to counteract the potential deficiencies of MV, alterna-
tive main ventilation methods were studied. In displacement venti-
lation (DV), air is usually supplied at floor level via diffusers at the 
sides,27,59,60 below the seats48,61 or under the aisle,35,46,52,62,63 while 
being extracted above the passengers, in order to displace the cabin 
air rather than to dilute it. DV can therefore yield higher values of 
the ACE,54 CRE27,60 and HRE27,48,59–61 (yielding opportunities for en-
ergy savings27,48,61) compared to MV, but may be more susceptible 
to temperature stratification27,48,52,59–61 and draft at foot level48,51,58 
potentially causing thermal discomfort. Some studies reported the 
thermally stratified flow to cause contaminant/heat accumulation 
right above the breathing zone,4,8,63 and insufficient cooling under 
hot ambient conditions (before take-off or after landing).46 In addi-
tion, DV relies on the presence/distribution of heat sources, and it is 
also less suitable for heating.61

Other proposed ventilation methods are in essence modi-
fied versions of traditional MV and DV, or are a combination of 
both.27,46,48,50,58,59 Furthermore, some studies proposed personal 
ventilation (PV) methods complementary to the main air distribu-
tion, for example, using overhead gaspers that may improve thermal 
comfort42,64 or may help in contaminant reduction.65–68 This is par-
ticularly true for the more advanced PV methods that incorporate 
a direct supply and/or extraction of air in the passengers' micro-
environment,8,35,52,69–73 for example, through seat-mounted supply 
and extraction devices.

Rather than resorting to other ventilation methods, which can 
be difficult to implement in (existing) cabins due to high costs70 

or restrictions by the (aesthetic) interior design,47,51 this paper in-
vestigates whether MV can be optimized via modifications to the 
supplied air, since its momentum is the main driver of the air dis-
tribution.57 Whereas in all conventional cabin ventilation methods, 
air is supplied at a constant (statistically steady) rate, the focus 
here is on the application of time-periodically varying supply 
flow rates. Wu and Ahmed74,75 showed with unsteady Reynolds-
averaged Navier–Stokes (RANS) CFD simulations in a twin-aisle 
cabin, that time-periodic supply flow rates improved the MV per-
formance compared to statistically steady ventilation (i.e., lower 
air temperatures, concentration levels and mean age of air). Due 
to the supply jets being directed toward the passenger zone, by 
switching between (constant) high and low flow rates (square-
wave signal), an oscillatory interaction between the supply jets and 
the passengers' thermal plumes was generated and maintained. 
Another time-periodic supply strategy is the continuous varying 
of the supply flow rate (sine-wave signal), which in essence can 
be regarded as a more active forcing of the flow patterns com-
pared with this of Wu and Ahmed.74,75 Kandzia et al.,76 Schmidt 
et al.,77 and van Hooff and Blocken78 investigated such inlet con-
dition in generic opposing-jet MV flow configurations that resem-
ble those often encountered in cabin ventilation (in which the 
supply jets coming from both sides interact above the aisle). They 
showed that large-scale eddies can break up76,77 and contaminant 

Practical implications

•	 Time-periodic mixing ventilation strongly reduces the 
mean penetration of the passengers' expiratory plumes 
to the passengers in front (longitudinal transport), which 
may protect them from being exposed to high contami-
nant concentration levels.

•	 Whereas longitudinal (mean) contaminant mass trans-
port reduces, the mass fluxes (both convective and 
turbulent) in the vertical cross-section of the cabin in-
crease, with convective transport remaining the domi-
nant mechanism.

•	 The two evaluated time-periodic supply strategies af-
fect the mean mass fluxes and hence the mean con-
centration levels at every passenger seat differently: 
the lowest/highest mean concentrations are observed 
at the window/middle seat (statistically steady supply), 
aisle/middle seat (asymmetric time-periodic supply), and 
window/aisle seat (symmetric time-periodic supply).

•	 The asymmetric time-periodic supply strategy shows 
the best ventilation efficiency.

•	 Overall, time-periodic mixing ventilation shows the 
potential for improved cabin air quality compared to a 
conventional statistically steady supply, although the 
realization of optimal indoor conditions (including ther-
mal comfort) will require careful selection of the supply 
parameters.
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concentrations in stagnant zones were reduced while an increased 
CRE was achieved.78 Other studies showing improved mixing 
under time-periodic inlet conditions can be found in, for example, 
Thysen et al.79 However, to the best of our knowledge, a continu-
ous time-periodically varying (sine-wave) supply flow rate has not 
yet been examined for airplane cabin ventilation.

Therefore, this paper presents large eddy simulations (LES) of 
airplane (opposing-jet) MV with time-periodic supply flow rates ac-
cording to a sine wave with a relatively short period of the order 
of seconds. Distributions of the mean velocity and (passive gas-
eous) contaminant concentration are analyzed and compared with 
those obtained in the conventional statistically steady ventilation 
(SV) case. The performance of time-periodic ventilation (TPV) is as-
sessed from the ACE and CRE, and insights into the mean concen-
tration distribution are obtained from the inspection of mass fluxes 
that are responsible for the contaminant transport. It should be 
mentioned that thermal effects from heat sources (e.g., passenger 
thermal plumes) are not implemented (isothermal conditions). This 
choice is substantiated by previous studies19,21,29,57 that showed 
thermal effects to be of secondary importance compared with the 
significant impact of the supply jets in opposing-jet SV configura-
tions. Thermal effects may create a more stable flow and have an 
influence on the mean flow symmetry to some degree. In addition, 
an increased width of the supply jets (i.e., more entrainment), an 
increased overall flow velocity, and a higher turbulent kinetic en-
ergy of the smaller-scale flow structures were also observed under 
non-isothermal conditions,19,21,22,25,29 although the prevailing flow 
patterns remained dominated by the high-momentum opposing 
supply jets.

The structure of the paper is as follows. Section  2 outlines 
the computational parameters of the LES simulations, after which 
Section 3 presents a brief description of the contaminant transport 
equations and performance indicators. In Section 4, the computa-
tional results of the SV versus TPV cases are outlined, followed by 
Section 5 which provides the discussion, limitations, and suggestions 
for future work. The conclusions are summarized in Section 6.

2  |  COMPUTATIONAL PAR AMETERS

2.1  |  Computational domain

The computational geometry, shown in Figure 1, is constructed in 
SpaceClaim 2020 R280 and represents a section of a single-aisle air-
plane cabin similar to, for example, the Airbus A320 or Boeing 737–
200 series.81,82 The cabin width (W) at floor level measures 3.31 m 
(maximum width is 3.54 m) and the height (H) is 2.20 m (width-to-
height ratio is ≈ 1.5) (Figure 1A). The section consists of three (identi-
cal) rows corresponding to 18 passenger seats with a seat pitch (S) 
of 0.80 m,57,83 resulting in a cabin section length (L) of 2.40 m. The 
overhead stowage compartments (OHSCs), placed 1.59 m above the 
floor, have the shape of traditional pushing-up type bins47 with a 
spacing in between of 1.16 m (Figure 1B).

Fresh air is supplied to the cabin through the opposing ceiling in-
lets at the top of the cabin and the opposing lateral inlets located di-
rectly below the OHSCs. They are modeled as fully open linear slots 
(Figure 1C), that is, without any specific diffuser geometry such as a 
honeycomb structure and/or a multi-slot configuration.16,21,24,57 The 
inlet slot dimensions are 25 × 731.5 mm2 with a separation distance 
between adjacent slots of 68.5 mm (Cao et al.57). The dimensions of 
the outlet slots at floor level, through which air exits the cabin, are 
the same except for the slot height which is now 50 mm.

The seat geometry is slightly simplified to allow for an easier 
generation of the computational grid (e.g., gaps between individual 
seats are omitted), although their general shape and dimensions are 
in line with those reported in the B737 documentation82 and the 
guidelines provided by Quigley et al.83 Specific seat dimensions are 
indicated in Figure 1B. The seats are positioned such that the middle 
of the seat cushion is aligned with the middle of the row. The hor-
izontal distance between the seats of subsequent rows is approxi-
mately 0.20 m and the distance between the seats on the left and 
right side (aisle) is 0.51 m.

The passenger model is created in Meshmixer.84 The height of 
a seated passenger is 1.32 m and its total body surface is 1.64 m2. 

F I G U R E  1 3D computational geometry of airplane cabin and passengers. (A) Perspective view. (B) Front view with indication of 
monitoring points (circles) located in vertical midplane z/H ≈ 0.55. (C) Dimensions of inlets and outlets and spacing between two adjacent 
inlets/outlets
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At the mouth of each passenger, a small opening with an area of 
approximately 400 mm2 is incorporated through which exhaled air 
is introduced into the cabin (creating so-called expiratory plumes). 
Note that the feet of the passengers at the first row are cut and 
moved behind the seats of row three.

2.2  |  Computational grid

Figure 2 shows the high-resolution computational hybrid grid con-
structed with ANSYS Fluent meshing 2020 R2,85 which consists of 
a non-conformal hexahedral grid in the bulk of the domain (cubical 
cells with size change 1:2) and hexagonal prism layers along the 
boundaries, with in between polyhedral cells to make the transi-
tion between the bulk flow and the boundary layer. This grid type 
is chosen instead of the tetrahedral grids commonly used in air-
plane ventilation studies, since, ideally, cubical cells are used for 
LES,86 which can provide a higher accuracy as well.87–89 The use of 
prism layers to resolve the viscous sublayer is common practice for 
meshing complex boundaries and it provides a higher grid quality 
than with tetrahedral cells.90,91 Furthermore, polyhedral cells have 
the advantage of being less sensitive to stretching compared to 
tetrahedral cells (skewness) and perform better in resolving gra-
dients of flow variables due to every polyhedral cell having many 
neighboring cells.92–94

The total cell count is 30 538 995. The length of the cells in 
the cubical part of the grid (bulk flow) varies from 2.3 to 18.3 mm, 
which is in the same range as in other airplane ventilation CFD stud-
ies.18,23,95 Within the interaction zones of the opposing lateral and 
ceiling jets the cell length equals 18.3 and 4.6 mm, respectively, 
in line with the length scale to be used in LES within these zones 
according to Wang et al.26 The number of prism layers used in the 
boundary layer grid is 10, with the height of the first prism cell layer 
equal to 0.5 mm. The growth rate of the prism layers is determined 

locally (last ratio method91), by setting the last cell layer height to 
40% of the local surface cell length, with the cell layers in between 
the first and last cell layers growing exponentially. The dimension-
less wall unit y* < 0.45 in all simulations. All inlets have 20 cells over 
the inlet height.

The current grid resolution is the result of several preliminary 
simulations in which the grid was systematically refined to ensure 
that the value of the ratio of the mean resolved to the mean total 
turbulent kinetic energy (Kres/K) would be larger than 80%, which 
is a measure of well-resolved LES.86 Figure 3A,B shows Kres/K ob-
tained along profiles in the vertical midplane (z/H ≈ 0.55; Figure 2) 
and horizontal plane (y/H ≈ 0.53), respectively, for case SV. The re-
sults in Figure 3A are only shown in half the domain (x/H < 0) and in 
Figure 3B for row two (0.36 < z/H < 0.73) because of the mean flow 
being close to symmetric. The dashed lines indicate the sampling lo-
cations. It is clear that Kres/K is larger than 80% (average of all sam-
pling lines is 93%).

2.3  |  Boundary conditions

Three ventilation cases with different inlet conditions are simu-
lated, with case one representing conventional SV, and cases two 
and three TPV strategies. The inlet velocities u0 in each of the cases 
evolve over time t according to:

U0,SV  =  0.771 m/s is the constant contribution to u0, ΔU0 the 
amplitude of the sinusoidal contribution with period T and phase 
angle φ, and u0’ representing turbulent fluctuations. The inlet ve-
locities during one supply cycle (1 T) in the SV and two TPV cases 
are shown at the top of Figures 4 and 5 and 6, respectively, with 
below several snapshots of the flow field that will be discussed 

(1)u0(t)∕U0,SV = 1 +
(
ΔU0 ∕U0,SV

)
⋅ sin

[
2�t ∕T + �

]
+ u0

’(t)∕U0,SV

F I G U R E  2 Computational grid (30 538 995 cells) in several planes: (A) vertical midplane (z/H ≈ 0.55) with zoom-in on area at inlet and 
passenger, and (B) horizontal plane intersecting passengers' mouths (y/H ≈ 0.53). Note that in (A) passengers in row 1 are omitted for better 
visibility
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    |  5 of 25THYSEN et al.

later. Note that the contribution of u0’ is not visualized for the sake 
of clarity. In case SV (top of Figure 4), ΔU0 = 0 and the statistically 
steady inlet velocity at all ceiling/lateral inlets equals U0,SV, accord-
ing to a constant total volume supply flow rate of 9.4 L/s per pas-
senger.2 The inlet velocities in the two TPV cases (top of Figures 5 
and 6) include a sinusoidal contribution with ΔU0/U0,SV  =  1 and 
T = 1TFT, where TFT is the flow-through time ≈9.9 s as calculated 
from the circumference of half the domain and U0,SV. The differ-
ence between both TPV cases is φ at each inlet: in the case de-
noted as “TPV_AS” (Figure 5), u0 of all ceiling and lateral inlets at 
the same side (left or right) of the cabin is equal, but φ = 180° out 
of phase with respect to the opposing side, whereas in the case 
hereafter called “TPV_SS” (Figure 6), u0 of all lateral inlets (left and 
right side) is equal, but φ = 180° out of phase with respect to all 
ceiling inlets. This means that in TPV_AS the supply flow rate at 
both sides is time-periodically “asymmetric” with respect to the 
vertical symmetry plane (x/H = 0; Figure 1B) whereas in TPV_SS, 
“symmetric” supply flow rates are used. Note that in all three ven-
tilation cases, the total supply flow rate remains unchanged over 
time (9.4 L/s per passenger).

The turbulent velocity fluctuations at the inlet (u0’) are gener-
ated via the vortex method.96 The inlet turbulence intensity is set 
to 30%26 and the hydraulic diameter is ≈0.0483 m. Also, the inlet 

subgrid-scale (SGS) kinetic energy is prescribed to be ≈0.0161 m2/
s2, which equals 20% of the total inlet turbulent kinetic energy86 
(determined from the specified turbulence intensity97). Isothermal 
conditions are considered; hence, no heat sources are present in the 
cabin (i.e., no heat load induced by the passengers, and equal density 
of the supply air and cabin air ). In addition, no contaminants are 
present in the supply air.

The air exhaled by each passenger is modeled using the follow-
ing settings. Through the mouths of the passengers, air is supplied 
with a constant velocity of 0.349 m/s perpendicular to the mouth 
surface, resulting in a volume flow rate of 8.4 L/min per passenger, 
which is the minute volume exhaled by a seated passenger.98 The 
vortex method is used here as well to induce velocity fluctuations, 
with the turbulence intensity equal to 0.5%.98 The hydraulic diam-
eter of a mouth opening is ≈0.0196 m and the SGS kinetic energy is 
≈9∙10−7 m2/s2. The exhaled air is modeled as a passive gas (i.e., same 
density as supply and cabin air), whose transport is described by an 
Eulerian advection–diffusion equation (see Section 3). The exhaled 
air is regarded as the (constant) source of contaminant concentration 
(with exhaust rate Gc in kg/s). It does not interact (e.g., adsorption) 
with the cabin environment, nor undergoes (chemical) reactions.

The cabin outlets have zero static gauge pressure and on all sur-
faces the no-slip condition is applied, apart from the back and front 
planes (z/H ≈ 0 and z/H = 1.09, respectively), which are set as peri-
odic boundaries.

2.4  |  Numerical procedure and settings

The LES of case SV is initialized with a steady RANS simulation 
(Renormalisation group99 k-ε model) on which synthetic turbulence is 
superimposed.100 Then, the LES start-up and time-averaging phases 
are performed. The start-up phase is conducted over four TFT, with 
the first 0.5TFT carried out using the iterative time-advancement 
(ITA) scheme and the SIMPLEC algorithm for the pressure–velocity 
coupling,85 together with increased under-relaxation factors (URFs) 
for pressure and momentum (0.9) for faster convergence.100 A time 
step size of 0.001 s (≈1.01∙10−4TFT) and 10 iterations per time step 
allowed the residuals to decrease two to five orders of magnitude 
to values below 10−3–10−7 in every time step. The time step size cor-
responds to a maximum Courant number of ≈5.2 (average Courant of 
≈0.018). The remainder of the start-up phase (3.5TFT) is performed 
with the non-ITA (NITA) scheme combined with the fractional-step 
method for pressure–velocity coupling to shorten the simulation 
time per time step, while the URFs are decreased to 0.7. For the TPV 
simulations, case SV after completion of its start-up phase is used as 
initial flow field. The NITA scheme, fractional-step method, and val-
ues of the URF are maintained. The start-up phase comprises three 
TFT (equal to three periods of the inlet velocity). All simulation cases 
have a time-averaging phase encompassing 28TFT (≈4.6 min), which 
is sufficiently long to achieve a converged mean solution. Similarly 
as outlined in Thysen et al.,97 convergence is carefully checked from 
the ratio of the variation of the moving average of different flow 

F I G U R E  3 Profiles of ratio of mean resolved to mean total 
turbulent kinetic energy (Kres/K) in case SV: (A) vertical midplane 
(z/H ≈ 0.55) and (B) horizontal plane (y/H ≈ 0.53)
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6 of 25  |     THYSEN et al.

F I G U R E  4 Dimensionless inlet 
velocity (u0(t)/U0,SV) (top) and contours 
of dimensionless instantaneous 
velocity magnitude (|v|/U0,SV) (left) and 
dimensionless background concentration 
(c*/Sc

*) (right) in vertical midplane 
(z/H ≈ 0.55) at indicated instances a-d in 
case SV. Note that the exhaled air jets 
(with concentration c and source rate Sc) 
do not contribute to c*
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    |  7 of 25THYSEN et al.

F I G U R E  5 Dimensionless inlet 
velocity (u0(t)/U0,SV) (top) and contours 
of dimensionless instantaneous 
velocity magnitude (|v|/U0,SV) (left) and 
dimensionless background concentration 
(c*/Sc

*) (right) in vertical midplane 
(z/H ≈ 0.55) at indicated instances a-d in 
case TPV_AS. Note that the exhaled air 
jets (with concentration c and source rate 
Sc) do not contribute to c*
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8 of 25  |     THYSEN et al.

F I G U R E  6 Dimensionless inlet 
velocity (u0(t)/U0,SV) (top) and contours 
of dimensionless instantaneous 
velocity magnitude (|v|/U0,SV) (left) and 
dimensionless background concentration 
(c*/Sc

*) (right) in vertical midplane 
(z/H ≈ 0.55) at indicated instances a-d in 
case TPV_SS. Note that the exhaled air 
jets (with concentration c and source rate 
Sc) do not contribute to c*
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    |  9 of 25THYSEN et al.

variables (recorded at several monitoring points shown in Figure 1B) 
to its corresponding final mean value, which decreases to values well 
below 1.9% (for velocity; apart from the two points within the jet 
interaction zone in TPV_AS at which 6.6% is noted) and 1.7% (con-
centration) at the end of the averaging phase.

In all simulations, discretization of momentum is governed by the 
bounded central differencing scheme, scalar variables are second 
order and time discretization uses the bounded second-order implicit 
scheme. For the gradients, the least-squares cell-based method is ap-
plied and the warped-face gradient correction is enabled for improved 
gradient accuracy (recommended for hybrid grids91). The total calcula-
tion time amounts approximately 38–44 days per simulation, using 512 
cores (four nodes of 2 × 64-core 2.6 GHz AMD Rome 7H12 CPUs with 
256 GB RAM/node) on the Dutch national supercomputer Snellius 
(SURFsara). Note that the wall-clock time of a simulation is longer 
which, for example, incorporates the time needed for saving data files.

2.5  |  CFD solution validation

The LES simulations are performed with the dynamic kinetic energy 
SGS model.101 This SGS model was used in a previous paper by the 
authors,97 which presented LES simulations in a generic and empty 
reduced-scale airplane cabin model. The generic flow field incorpo-
rated the fundamental flow components/phenomena inherent to 
opposing-jet MV under isothermal conditions (e.g., supply jets, jet-jet 
interaction, merged jet, impingement and recirculation zones, laminar-
turbulent transitional zones, turbulence anisotropy, and streamline 
curvature97) and the LES simulation results were extensively validated 
using mean velocity and turbulence measurement data. The study 
showed a very good performance of LES with the dynamic kinetic en-
ergy SGS model, in close agreement with the measurement data. Also, 
Wang and Chen102 obtained accurate results using this model in their 
generic set-up representing half an airplane cabin with inclusion of 
an obstruction and mixed convection. Following the principle of sub-
configuration validation,103–105 it can be assumed that the LES predic-
tions with the dynamic kinetic energy SGS model will be accurate in 
the current (more realistic) airplane cabin model as well. In addition, 
former studies18,23 that did compare LES simulations with measure-
ments of opposing-jet MV in realistic airplane cabins (both under oc-
cupied and non-occupied conditions) confirm the high accuracy of LES.

3  |  CONTAMINANT TR ANSPORT AND 
VENTIL ATION EFFICIENCY

3.1  |  Dispersion modeling

Mass transport of passive contaminants (exhaled air by the passen-
gers) is governed by the Eulerian advection–diffusion equation (in 
Einstein notation):

where c is the instantaneous (scalar) contaminant concentration (ex-
haled air), expressed in units of mass of contaminants per unit volume 
of air (kg/m3), ui (m/s) the velocity components (u, v, or w), sc (kg/m3s) 
the production of exhaled contaminants (i.e., Gc per unit volume; 
Section 2.3), and Dm the molecular mass diffusivity (m2/s).

In LES, the filtered form of Equation 2 is used (i.e., in terms of 
filtered/resolved variables), which — after application of (time-)av-
eraging — becomes:

Note that Sc is equal to sc due to the constant rate of contaminant pro-
duction. Qm,i, Qc,i, and Qt,i (kg/m2s) represent the components of the 
mean molecular, convective, and turbulent mass fluxes, respectively, 
defined as:

The overbar indicates time-averaging and the tilde symbol refers to 
filtered/resolved variables. Qm,i (Equation 4) is the mean contribution 
of molecular diffusion to the mass transport, related to the gradient of 
the mean resolved concentration 

≂
c. Typically, Qm,i is much smaller than 

the other mass fluxes (in this study, two to three orders of magnitude) 
and will therefore not be discussed further. Qc,i (Equation 5) accounts 
for the advection of 

≂
c by the mean resolved flow (

≂
ui). Qt,i (Equation 6) 

encompasses the mean contribution of the resolved (first term) and 
SGS (second term) fluctuations, with qSGS,i modeled as − DSGS

� c̃

�xi
 in 

which the SGS mass diffusivity DSGS (m
2/s) is determined as the ratio 

of the SGS kinematic viscosity νSGS (m
2/s) and the SGS Schmidt number 

ScSGS (−), the latter being dynamically calculated.
Important to mention is that Qt,i in case SV takes into account 

only the turbulent (i.e., random) fluctuations whereas in the cases 
with TPV, besides the turbulent fluctuations also the large-scale/
low-frequency (time-periodic) fluctuations induced by the time-
periodic forcing are incorporated. Strictly, referring to Qt,i as a 
turbulent mass flux in the TPV cases is thus not correct, yet this ter-
minology is remained in the rest of the paper for all simulation cases 
to allow easier notation. In order to obtain the true turbulent mass 
fluxes under TPV, triple decomposition has to be performed in which 
the velocity and concentration variables are decomposed into their 
mean value, the time-periodic fluctuation and the turbulent fluctua-
tion, which is not considered in this work.

In order to facilitate notation, mean (resolved) variables will 
be denoted by upper-case letters (e.g., 

≂
c becomes C). The concen-

trations will be presented in dimensionless form C/Cref with Cref a 
reference concentration determined as the ratio of Gc to the total 

(2)
�c

�t
+ ui

�c

�xi
= Dm

�2c

�xi
2
+ sc

(3)�

�xi

(
Qm,i + Qc,i + Qt,i

)
= Sc

(4)Qm,i = − Dm

�
≂
c

�xi

(5)Qc,i =
≂
ui

≂
c

(6)Qt,i =
−

ũi
� c̃� +

−
qSGS,i
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10 of 25  |     THYSEN et al.

(volume) supply flow rate of fresh air. Similarly, for the mass fluxes, a 
reference flux Qref = Cref∙U0,SV will be used.

3.2  |  Ventilation efficiency

The ventilation efficiency106 often encompasses two indices that 
represent the performance of a ventilation system regarding the ef-
ficiency with which fresh air is supplied to the indoor environment 
(i.e., the ACE εa) and effectiveness of the extraction of contaminants 
(i.e., the CRE εc).

The ACE relates the actual air change time (i.e., the room mean 
age of air <�>) to the shortest possible air change time (i.e., the nom-
inal time constant τn) according to:

τn is determined by the cabin air volume and the total supply 
flow rate, and <�> is obtained from the volume-averaged (full cabin 
volume) local mean age of air � , which is the mean time of supply air 
to reach a specific location. Note that angle brackets <.> are used 
to indicate volume-averaging. Following Etheridge and Sandberg,107 
the local mean age of air can be calculated in the case a uniformly 
distributed (homogeneous) source is present. Therefore, a second 
source of passive gas is incorporated that is uniformly distributed 
throughout the entire cabin with a source rate Sc

*  =  10−6  kg/m3s 
producing a “background” concentration c*; note that the star sym-
bol is used to refer to the source rate and concentration related to 
this uniform source, not to be confused with those of the air exhaled 
by the passengers mentioned earlier (Sc and c). The local mean age of 
air is then � = C*/Sc

*. Inclusion of this source thus solely serves the 
purpose of calculating the ACE and will be used in Section 4.1 for 
visual inspection of the distribution of fresh air in the cabin. It does 
not affect the flow nor the contaminant concentration from the ex-
haled air. A perfectly mixed flow is characterized by an ACE = 0.5. 
Further insights into εa can be obtained from the local air change 
index54 εa,p:

which represents the distribution of �. In the case εa,p > 1, air is deliv-
ered more efficiently to the particular point in the cabin than in a per-
fect mixing system.

The CRE is an indication of the effectiveness of dilution and re-
moval of contaminants, defined according to:

where the subscripts refer to the outlet (o) and the supply (s). Since 
no contaminants are present in the supply air, Cs is zero (no recycling 
of extracted air). In a fully mixed flow, <C> = Co and εc = 1. Short-cut 
flows, for example, tend to decrease the CRE, whereas induction of 
piston flow can cause CRE > 1.

4  |  COMPUTATIONAL RESULTS

4.1  |  Instantaneous flow fields

Figures 4, 5, and 6 provide contours of the dimensionless (instan-
taneous) velocity magnitude (|v|/U0,SV) and corresponding dimen-
sionless background concentration (c*/Sc

*) in the vertical midplane 
(z/H ≈ 0.55) at several instances (indicated as a-d) over the course 
of one supply cycle of the inlet velocities for the three ventilation 
cases, respectively. Corresponding Videos S1–S6 are added to the 
supporting information section. Again, note that c* is generated from 
the uniform source Sc

* (i.e., not from Sc of the exhaled air), the dis-
tribution of which provides insights into the delivery of the fresh 
supply air throughout the cabin. The contaminant concentration in-
duced in the cabin by the exhaled air of the passengers (c) is thus not 
visible in Figures 4–6, and the concentration levels c* are solely de-
termined by the uniform source and the fresh supply air. Passengers 
and seats that are behind the midplane are visualized by the thin 
white outline and the white plus symbols indicate the location of the 
passengers' mouths.

The snapshots of case SV (Figure  4; Videos  S1, S2) show four 
times a similar flow pattern, with the opposing jets interacting (col-
lision) and merging into a downward flow (merged jet) at the vertical 
symmetry plane (x/H  =  0; Figure  1B). The transient jet interaction 
causes the merged jet to alternate left and right nearby x/H = 0 within 
the aisle zone. Fresh air then reaches the passenger zone and the zone 
below the seats (like indicated on the image of instance a: t/T ≈ 0.13).

The characteristic flow patterns in TPV_AS are illustrated in 
Figure  5 (Videos  S3, S4). At instance a (t/T ≈ 0.14), the inlet ve-
locity at the left inlets is close to maximum and at the right inlets 
it is almost zero. While the left supply jets are developing, vorti-
ces are generated below each of the jets and the jets experience 
the adverse pressure gradient from the counterflow (that is still 
present from the attenuated right supply jets during the previous 
supply cycle). At instance b (t/T ≈ 0.34), the left lateral jet is then 
pushed downwards and high-momentum fresh air directly enters 
the passenger zone from above the aisle seat. Part of the fresh air 
also reaches the zone below the seats. As illustrated with instance 
c (t/T ≈ 0.58), the right inlet velocities have increased in the mean-
while and the developing right supply jets now experience a coun-
terflow (from the attenuated left supply jets), which deflects the 
right jets downward. Instance d (t/T ≈ 0.92) shows that both right 
jets eventually propagate further and interact again with the de-
veloping opposing left jets. In TPV_AS, the induced time-periodic 
flow patterns oscillate from side to side. In addition, the vortices 
developing below the lateral inlets (which are not present in case 
SV) contribute to the distribution of fresh air above the passen-
gers' heads.

In TPV_SS, shown in Figure  6 (Videos  S5, S6), at instance a 
(t/T ≈ 0.14) the inlet velocity at the lateral inlets increases while it 
decreases at the ceiling inlets, with the lateral jets developing and 
interacting at the vertical symmetry plane (x/H  =  0; Figure 1B). As 
shown with instances b (t/T ≈ 0.34) and c (t/T ≈ 0.58), the same occurs 

(7)�a = �n ∕2⟨�⟩

(8)�a,p = �n ∕�

(9)𝜀c =
(
Co − Cs

)
∕
(
< C > − Cs

)
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    |  11 of 25THYSEN et al.

for the ceiling jets during the subsequent half of the periodic cycle. At 
instance d (t/T ≈ 0.92), the lateral jet velocity has increased again while 
this of the ceiling jets has decreased. This creates “pulses” of high-
momentum fresh air along the merged jet, which remains localized 
within the aisle zone. Whereas the merged jet driven by the ceiling jets 
(instances a: t/T ≈ 0.14, and d: t/T ≈ 0.92) has a relatively narrow width 
and is characterized by a low concentration, the width of the merged 
jet formed from the lateral jets is broad and already well-mixed (in-
stances b: t/T ≈ 0.34, and c: t/T ≈ 0.58). Also in this TPV case, vortices 
below the lateral inlets distribute fresh air to the upper parts of the 
passenger zone. Vortices developed below the ceiling jets can travel 
along the merged jet (instance d: t/T ≈ 0.92). Fresh air then becomes 
distributed from the merged jet to the passenger zone and to below 
the seats (as indicated at instances c: t/T ≈ 0.58, and d: t/T ≈ 0.92).

4.2  |  Mean velocity

Figure  7 shows contours and profile plots of the dimensionless 
mean velocity magnitude (|V|/U0,SV) in (half of) the vertical mid-
plane (z/H ≈ 0.55; Figure 7A,B) and the horizontal plane at row two 
(y/H ≈ 0.53; Figure 7C,D) for the three ventilation cases. Mean veloc-
ity vectors are also plotted in Figure 7A. In Figure 7E, the volume-
averaged dimensionless mean velocity magnitudes (<|V|>/U0,SV) 
obtained in the full cabin (image 1) and subzones (images 2–7) of 
case SV are reported, together with the corresponding percentage 
changes for the two TPV cases with respect to case SV. The sub-
zones encompass the passenger zones (images 2–5), the zone below 
the seats (image 6), and the aisle zone (image 7), of which the di-
mensions are as indicated (the height of the aisle zone is based on 
ASHRAE guidelines64). Each zone covers the full length of the cabin 
(L in Figure 1A).

All cases show a recirculation cell above the seats, with the flow 
below the seats directed toward the outlets, part of which is ex-
tracted at the outlet and part of which flows back upwards along 
the sidewalls (return flow). A clear difference between TPV with 
respect to SV is the overall increased velocity levels (Figure 7A,B); 
especially above the passenger seats (0.3 < y/H < 0.4) and in the aisle 
seat zone in TPV_AS, and in the aisle zone, below the seats and near 
the sidewall in TPV_SS, in line with the instantaneous flow behavior 
(Figures 4–6; Videos S1–S6). Furthermore, an increased width of the 
lateral supply jets is observed, and the size of the low-velocity center 
of the recirculation cell, located in between the middle (x/H ≈ −0.45) 
and aisle (x/H ≈ −0.23) seat passengers, is reduced. Figure 7C indi-
cates more clearly that this reduction is much stronger in TPV_AS. 
In Figure  7C,D, the local high-velocity areas right in front of the 
passengers' heads show the core of the exhaled air jets (expiratory 
plumes) from the mouths (which in Figure 7B are visible as peaks at 
y/H ≈ 0.53).

A quantitative comparison of the velocity levels in the dif-
ferent cases is presented in Figure  7E. <|V|>/U0,SV over the full 
volume (image 1) increases with 13% and 30% in TPV_AS and 
TPV_SS, respectively. Within the passenger zone (images 2–4), the 

increase in velocity magnitude depends on the case (TPV_AS or 
TPV_SS) and the seat zone (window, middle or aisle seat): in TPV_
AS, <|V|>/U0,SV increases the most in the middle (+55%) and aisle 
(+52%) seat zones, whereas in TPV_SS, the increase is highest in 
the window (+43%) and middle (+36%) seat zones. In all cases (SV 
and TPV), the mean velocity magnitude decreases from the aisle 
seat toward the window seat zone. The velocity increase in the 
total passenger zone (image 5) amounts 49% (TPV_AS) and 31% 
(TPV_SS). Below the seats (image 6) the velocity level strongly in-
creases (+34%) in TPV_SS only. Similarly, in the aisle zone (image 
7), <|V|>/U0,SV increases by 39% in TPV_SS, in contrast to TPV_AS 
for which a reduction of 19% is noted.

4.3  |  Mean exhaled contaminant concentration

Figure 8 presents the distributions of the dimensionless mean exhaled 
contaminant concentration (C/Cref) in cases SV and TPV — again, not 
to be confused with c* shown in Figures 4–6 — using contours (with 
isolines) and profiles in the vertical midplane (Figure 8A,B) and in the 
horizontal plane (Figure 8C,D). Volume-averaged values (<C>/Cref) 
in case SV and corresponding percentage changes in the two TPV 
cases are reported in Figure 8E.

Figure 8A–D shows that in all ventilation cases, relatively high 
concentration levels are observed around the contaminant sources 
in the vertical midplane (mouths of passengers; 0.4 < y/H < 0.7 in 
Figure  8A,B) and in front of the passengers (0.51 < z/H < 0.73 in 
Figure 8C,D). In the supply jet areas (i.e., right below and in between 
the OHSCs; y/H > 0.7) and in the aisle zone, the concentration levels 
are relatively low.

TPV reduces the concentrations around the sources com-
pared with SV, as for example shown by the reduced peak values 
in Figure 8B (y/H ≈ 0.53). Whereas the reduction at the middle seat 
(x/H ≈ −0.45) is similar in both TPV cases, the peak concentration at 
the aisle seat reduces more in TPV_AS (x/H ≈ −0.23), while at the 
window seat (x/H ≈ −0.67), it reduces more in TPV_SS. Also in the 
horizontal plane, the overall decrease in concentration under TPV 
compared with SV is noted. Especially within the low-velocity re-
circulation cell center in case SV in front/between the heads of the 
middle and aisle seat passengers (cf. Figure 7C), the concentration 
level strongly reduces (green colored zones in Figure  8C). In the 
upper parts of the cabin (Figure 8B; y/H > 0.7, x/H > −0.45) the con-
centration in TPV_SS increases to above this of case SV, and is higher 
than in TPV_AS.

Figure 8C,D furthermore shows a strong reduction in the hor-
izontal (longitudinal) penetration depth of the high-concentration 
expiratory plumes under TPV, clearly visible from the isolines in 
Figure 8C or the much faster concentration decay along the horizon-
tal sampling lines in Figure 8D. Figure 9 provides a further visualiza-
tion of the mean expiratory plume shape in the vertical cross-section 
of each passenger (using isolines of C/Cref in Figure  9A–C) and 
throughout the cabin (isosurface C/Cref  =  2 in Figure  9D) for the 
three ventilation cases. The (3D) mean velocity vectors are also 
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12 of 25  |     THYSEN et al.

F I G U R E  7 Dimensionless mean velocity magnitude (|V|/U0,SV) in SV, TPV_AS and TPV_SS: (A) contours and velocity vectors in vertical 
midplane (z/H ≈ 0.55); (B) profile plots along vertical sampling lines shown in (A); (C) contours in horizontal plane (y/H ≈ 0.53); (D) profile plots 
along horizontal sampling lines shown in (C), with cross symbols indicating location of vertical sampling lines; (E) volume-averaged velocity 
magnitude (<|V|>/U0,SV) in full volume and subzones of SV with corresponding percentage changes in TPV cases
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    |  13 of 25THYSEN et al.

F I G U R E  8 Dimensionless mean exhaled contaminant concentration (C/Cref) in SV, TPV_AS, and TPV_SS: (A) contours in vertical midplane 
(z/H ≈ 0.55); (B) profile plots along vertical sampling lines show in (A); (C) contours in horizontal plane (y/H ≈ 0.53); (D) profile plots along 
horizontal sampling lines shown in (C), with cross symbols indicating location of vertical sampling lines; (E) volume-averaged concentration 
(<C>/Cref) in full volume and subzones of SV with corresponding percentage changes in TPV cases. Isolines of C/Cref are also shown in (A) 
and (C).
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14 of 25  |     THYSEN et al.

shown in Figure  9A–C. In all ventilation cases, the orientation of 
the plumes is according to the mean recirculation flow (Figure 7A): 
plumes of the aisle seat passengers are directed downwards while 
at the middle and window seats the plume direction is upwards. 
Their reduced spatial extent under TPV indicates a better dilution 
of the exhaled concentration compared to case SV, caused by the 
time-periodic flow patterns that perturb the plumes' flow direction. 
Noteworthy is the strongly diluted plume of the aisle seat passen-
ger in TPV_AS (Figure 9C), surrounded by the strong downflow (cf. 
Figure 5B). In TPV_SS, the decreased longitudinal penetration of the 
passengers' plumes at the window and middle seats (Figures 9A,B 
and 8C) compared with TPV_AS may be attributed to the somewhat 
stronger upward (return) flow in this case (see vectors and profiles 
at x/H = −0.67 and −0.45 in Figure 7A,B), which in addition results 
in more prolonged plumes that are deflected away further from the 
sidewall (see Figure 9D and isolines in Figure 8A).

A quantitative view of the changes in concentration levels using 
TPV compared with SV is obtained from <C>/Cref in Figure 8E. In the 
full volume (image 1), <C>/Cref decreases more in TPV_AS (−12%) 
than in TPV_SS (−5%), with a decrease of 18% and 16% in the pas-
senger zone (image 5), respectively. Within the passenger zone, the 
reduction in the concentration level varies per seat zone (images 2–
4): in TPV_AS, the reduction is highest at the aisle (−23%) and mid-
dle seat (−21%) zones, whereas in TPV_SS the middle seat zone is 
affected most (−23%). In terms of absolute concentration levels, in 
SV and TPV_AS <C>/Cref is highest at the middle seat. The lowest 
concentrations in these two cases are observed for the window seat 
and aisle seat, respectively. In TPV_SS, <C>/Cref decreases from the 
aisle seat toward the window seat. On the contrary, below the seats 
(image 6) and in the aisle zone (image 7), TPV results in increased 

concentrations (+2% to 8%), indicating transport of contaminants 
from the passenger zone toward the surrounding zones.

As outlined in Table  1, the concentration at the outlets in the 
TPV cases increases compared to case SV, which, together with the 
decreased contaminant concentrations within the cabin (subzones), 
results in an increased εc (Equation 9). In the full cabin volume, the 
increase amounts 20% (TPV_AS) and 9% (TPV_SS), and in the pas-
senger zone 28% (TPV_AS) and 23% (TPV_SS). In addition, Table 1 
shows εa (Equation 7), which equals 0.54 in case SV. An increased 
εa is observed for TPV_AS (+7%), whereas in TPV_SS εa decreases 
(−4%). The latter is caused by a strong decrease (−28%; not shown 
in Table 1) of the local air change index εa,p (Equation 8) in the upper 
part of the cabin in between the OHSCs (y/H > 0.7) and in the aisle 
zone (−11%) in this case compared with case SV, due to the (ceil-
ing) supply jets that do not continuously provide fresh air to these 
zones of the cabin unlike in cases SV and TPV_AS (see e.g., instance 
b: t/T ≈ 0.34 in Figure 6). However, in the passenger zones εa,p does 
increase (although weakly, +2%) with respect to SV, indicating that 
the delivery of fresh air to the passengers occurs more efficiently. 

F I G U R E  9 Isolines of dimensionless mean exhaled contaminant concentration (C/Cref) and mean velocity vectors in vertical cross-sections 
of (A) window, (B) middle, and (C) aisle seat passengers, and (D) isosurface C/Cref = 2 in SV, TPV_AS, and TPV_SS

TA B L E  1 Concentration in the outlet air (Co/Cref) and 
performance indicators (εc and εa) in case SV, together with 
corresponding percentage change in TPV cases

SV TPV_AS TPV_SS

Co/Cref [−] 0.96 +6% +4%

εc [−]

•	 Full volume 0.83 +20% +9%

•	 Passenger zone 0.64 +28% +23%

εa [−] 0.54 +7% −4%
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    |  15 of 25THYSEN et al.

This of course also holds for TPV_AS, which shows an up to 14% 
increase of εa,p in the passenger zone.

4.4  |  Mean exhaled contaminant mass fluxes

Figures 10 and 11 show contours of the dimensionless mean convec-
tive (Equation 5) and turbulent (Equation 6) mass flux components, 
respectively, for the three ventilation cases. Isolines of C/Cref are 
also shown. Note that the turbulent mass flux components in the 
TPV cases incorporate both the time-periodic as well as the random 
(turbulent) fluctuations, as mentioned earlier. In all ventilation cases, 
convection appears to be the dominant mass transport mechanism, 

which, in the vertical midplane (Figure  10A,B), is the highest (in 
terms of absolute values) within the supply jets and the flow above/
below the passenger seats (Qc,x/Qref, Figure  10A), and in the aisle 
zone and near the sidewall (Qc,y/Qref, Figure 10B). In the horizontal 
plane (Figure 10C), high (positive) fluxes in the longitudinal direction 
(Qc,z/Qref) emanate from the sources (expiratory plumes).

Figure  10A indicates an increased (negative) Qc,x/Qref (i.e. flux 
toward the left) in TPV_AS in between/below the source locations 
of the middle and aisle seat passengers (number I in Figure  10A; 
−0.45 < x/H < −0.23, y/H ≈ 0.5) compared with case SV, induced 
by the downflow described earlier (see instance b: t/T ≈ 0.34 of 
Figure 5). In TPV_SS, higher (positive) Qc,x/Qref are observed at the 
source location of the window seats (small very dark red area with 

F I G U R E  1 0 Contours of dimensionless mean convective mass fluxes in (A) x-direction (Qc,x/Qref) and (B) y-direction (Qc,y/Qref) in vertical 
midplane (z/H ≈ 0.55), and in (C) z-direction (Qc,z/Qref) in horizontal plane (y/H ≈ 0.53) for SV (left), TPV_AS (middle), and TPV_SS (right). 
Isolines of C/Cref are shown as well. The white plus symbols in (A,B) indicate source locations (mouth) at x/H ≈ −0.23, −0.45 and −0.67. 
Numbers I–VI indicate specific regions mentioned in text.
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16 of 25  |     THYSEN et al.

Qc,x/Qref >1 at plus symbol, indicated with number II in Figure 10A), 
and the area below containing positive flux increases in width (num-
ber III in Figure  10A; x/H < −0.60, 0.28 < y/H < 0.53), which could 
be attributed to the stronger return flow noticed for this case. In 
both TPV cases, slightly increased (positive) fluxes are also observed 
above the source locations (0.53 < y/H < 0.60; numbers IV) in the 
area affected by the lateral supply jets.

Figure  10B shows that differences in Qc,y/Qref between the 
TPV cases and case SV are more distinct. TPV_AS is character-
ized by a much stronger downward (negative) flux above the aisle 
seat (number I in Figure 10B) and an increased positive flux above 
the middle source location (x/H ≈ −0.45; number II); cf. instances 
b-d: t/T ≈ 0.34–0.92 in Figure 5. The latter is also true for TPV_SS 
(number II in Figure 10B; see also instance c: t/T ≈ 0.58 in Figure 6), 

which in addition shows increased (positive) fluxes near the sidewall 
(number III), in particular at the source location of the window seat 
passenger (small very dark red area with Qc,y/Qref > 1 at plus symbol, 
indicated with number IV). An increased downward flux in the upper 
(y/H > 0.7) and lower (y/H < 0.2) areas of the aisle zone (numbers V), 
and an increased upward flux along the OHSC (number VI) are also 
observed for this case.

Figure  10C shows a clear reduction of the longitudinal mean 
convective fluxes (Qc,z/Qref) of the expiratory plumes with TPV com-
pared with SV. Whereas in TPV_AS the extent of the aisle and middle 
seat passengers' plumes strongly reduces, in TPV_SS mainly those 
of the middle (and to a lesser extent of the window and aisle) seat 
passengers are affected, which is in line with the results presented in 
Figure 8C,D and Figure 9. The relative magnitude of Qc,z with respect 

F I G U R E  11 Contours of dimensionless mean turbulent mass fluxes in (A) x-direction (Qt,x/Qref) and (B) y-direction (Qt,y/Qref) in vertical 
midplane (z/H ≈ 0.55), and in (C) z-direction (Qt,z/Qref) in horizontal plane (y/H ≈ 0.53) for SV (left), TPV_AS (middle), and TPV_SS (right). 
Isolines of C/Cref are shown as well. The white plus symbols in (A,B) indicate source locations (mouth) at x/H ≈ −0.23, −0.45 and −0.67. 
Numbers I and II indicate specific regions mentioned in text.
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    |  17 of 25THYSEN et al.

to Qc,x and Qc,y (Figure  A1 in Appendix  A) indicates that Qc,z is at 
least an order of magnitude smaller than Qc,x and Qc,y in the supply 
jet area (y/H > 0.7), in the aisle zone, below the seats and in parts of 
the passenger zone (all ventilation cases). Areas where |Qc,z/Qc,x| and 
|Qc,z/Qc,y| are both larger than unity are rather limited and mainly 
present around the passengers' heads (expiratory plumes), the spa-
tial extent of which reduces using TPV (Appendix A).

Figure 11 presents distributions of the turbulent mass flux com-
ponents in the vertical midplane (Qt,x/Qref and Qt,y/Qref) and in the 
horizontal plane (Qt,z/Qref) for the three ventilation cases. Although 
both the resolved and modeled (SGS) contributions (Equation 6) are 
taken into account, it is interesting to note that the latter is verified 
to be at least three orders of magnitude smaller than the former due 
to the high grid resolution applied. In all ventilation cases, Qt,x/Qref 
and Qt,y/Qref (Figure 11A,B) are — in terms of absolute values — the 
highest within the supply jets, the aisle zone (y/H > 0.4) and around 
the source locations. High (positive) values of Qt,z/Qref (Figure 11c) 
are present in the expiratory plumes.

Figure 11A,B shows similar trends in Qt,x/Qref and Qt,y/Qref for 
both TPV cases compared to case SV. TPV leads (in terms of ab-
solute values) to increased turbulent fluxes in most of the supply 
jets compared with SV (indicated with numbers I in Figure 11A,B), 
attributed to higher turbulence levels resulting from the stronger 
shearing forces (due to the rapidly changing inlet velocity (gradi-
ents)) and the time-periodic flow patterns. Furthermore, the rela-
tively high (positive/negative) turbulent fluxes at most of the source 
locations in case SV cover an extended area with TPV (dark red/
blue areas where |Qt,x/Qref| and |Qt,y/Qref| are in between 0.1 and 

1 surrounding the white plus symbols), which demonstrates the in-
creased perturbations of the expiratory plumes by the time-periodic 
flow patterns. The turbulent fluxes at the source locations point 
away from the source, indicating that turbulent mass transport oper-
ates as a diffusion mechanism from high to low concentrations. The 
areas surrounding the source locations also obtain increased fluxes 
(numbers II in Figure 11A,B), in particular around these of the middle 
(x/H ≈ −0.45) and aisle (x/H ≈ −0.23) seat passengers.

According to Figure 11C, TPV reduces the turbulent transport in 
the longitudinal direction (Qt,z/Qref) in front of the passengers (dark 
red color in expiratory plumes where Qt,z/Qref > 0.1) compared to SV. 
Again, in TPV_AS, the reduction in the middle and aisle passenger 
zones is the largest, whereas in TPV_SS Qt,z/Qref mainly reduces 
in the middle passenger zone (although also the window and aisle 
zones show decreased positive values). At both sides of each source, 
the negative flux areas (−0.1 < Qt,z/Qref < −0.01) appear to grow, es-
pecially for the aisle seat passenger.

Figure 12 presents the relative magnitude of the total turbulent 
and convective fluxes (Qt/Qc) in the vertical midplane (Figure 12A) 
and the horizontal plane (Figure 12B) for each ventilation case. In 
all cases, in most of the cabin (49%–61% of the data points in the 
two planes) Qt is at least an order of magnitude smaller than Qc 
(Qt/Qc < 0.1, mainly in lower half of the cabin). Figure  12A shows 
that with TPV, Qt increases with respect to Qc within the supply jet 
area (y/H > 0.7; light gray color with Qt/Qc > 0.1). However, the areas 
at which Qt > Qc (white colored in Figure 12A,B) remain limited (<3% 
of the data points in the two planes, mainly located close to the 
source locations and in confined areas in between the OHSCs); note 

F I G U R E  1 2 Contours of ratio of total turbulent to convective mass flux (Qt/Qc) in (A) vertical midplane (z/H ≈ 0.55) and (B) horizontal 
plane (y/H ≈ 0.53) for SV (left), TPV_AS (middle), and TPV_SS (right). The black plus symbols in (A) indicate source locations (mouth) at 
x/H ≈ −0.23, −0.45 and −0.67. The isoline Qt/Qc = 0.5 (red color) is also shown.
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18 of 25  |     THYSEN et al.

that the isoline Qt/Qc = 0.5 (red color) is also shown as a reference. 
On the contrary, as indicated by the isoline and the size of the white 
colored areas in Figure 12B, Qt reduces in magnitude with respect 
to Qc within the expiratory plumes of the aisle and middle seat pas-
sengers in TPV_AS, and of the window and middle seat passengers 
in TPV_SS. In the latter case, Figure 12A,B shows that most of the 
area nearby the window (x/H < −0.7 and 0.3 < y/H < 0.5) obtained a 
reduced relative magnitude (dark gray color with Qt/Qc < 0.01).

5  |  DISCUSSION AND FUTURE WORK

Both TPV strategies induce time-periodic airflow patterns, which 
promote the delivery of fresh air to the passenger zone, thereby 
also perturbing the passengers' expiratory plumes. As a result, both 
convective and turbulent contaminant transport (the latter to be 
interpreted according to the aforementioned clarification) within 
the vertical plane enhance, while the longitudinal convective and 
turbulent transport within the expiratory plumes becomes more 
restricted, causing a rapid dilution of the exhaled contaminant con-
centration and a distribution of contaminants from the passenger 
zone to surrounding areas. In addition, the poorly ventilated center 
of the recirculation cell reduces. This leads to an overall reduction 
in the mean concentration levels, an augmented extraction of con-
taminants from the cabin and a more effective mixing of fresh air 
with cabin air, reflected by the higher ACE (or at least an increased 
local air change index in the passenger zone) and CRE. Hence, an im-
proved ventilation efficiency can be realized without increasing the 
total supply flow rate compared with conventional SV.

The potential of TPV for improved cabin air quality may advocate 
a reduction of the total time-periodic supply flow rate, in order to 
decrease the costly extraction of bleed air to improve energy sav-
ings; in conventional airplane ventilation, the total supply flow rate 
prescribed by the ASHRAE standard2 is actually set even slightly 
higher to compensate for expected locally lower ACE. Furthermore, 
implementation of time-periodic ventilation does not require a full 
redesign of the ventilation system, as may be the case for alterna-
tive ventilation methods (DV or PV), which is beneficial for existing 
airplanes. Of course, not only MV, but also alternative ventilation 
methods may reveal improved performance under time-periodic 
inlet conditions. Furthermore, the air quality in other enclosures, 
such as cars, trains, and buildings, may be improved by operation of 
time-periodic supplies.

However, some limitations to this study have been identified 
which require future work to further explore the potential of time-
periodic inlet conditions:

•	 Future work should evaluate different periods and amplitudes 
of the supply flow rate. These parameters can have a strong im-
pact on the ventilation efficiency,78,79 as well as on the passen-
gers' thermal sensation and comfort108–111 or on acoustic noise.61 
With the current inlet parameters, air at high-momentum pen-
etrates into the passenger zone (e.g., downflow above the aisle 

seat passenger in TPV_AS) or aisle zone (pulsated merged jet in 
TPV_SS), which may increase the draft risk for seated or stand-
ing passengers. Lowering the amplitude (which is at maximum 
value in this study) and/or adjusting the period may help in this 
respect. As outlined in Table  2, the velocity levels recorded at 
the (seated) passengers' ankles and chests do not exceed the 
ASHRAE threshold value of 0.36 m/s,2,64 although at ankle level 
(which is a draft-sensitive body area) the velocity is preferred to 
be lower than 0.20 m/s, which is not the case in TPV_SS. In addi-
tion, thermal discomfort may also be caused by the higher cooling 
effect on the human body when subjected to fluctuating air ve-
locities.108–111 However, this may equally well provide an opportu-
nity to increase the design temperature of the TPV system (which 
under SV is usually set low enough to provide sufficient cooling) 
to counteract the stronger cold sensation, thereby also reducing 
the energy demand as less cooling of the supply air is needed.

•	 Although for opposing-jet configurations several studies pointed 
out that thermal effects are of secondary importance19,21,29,57 
due to the dominant influence of the supply jets (Section 1), non-
isothermal conditions should also be examined in which ther-
mal plumes of passengers and conditioning of the airsupply air 
temperature are considered. Incorporation of heat loads can be 
important as it is the main factor that determines the required 
supply flow rate.1,51 Thermal comfort indicators, the HRE and 
the dynamic performance50,59 could then be derived. Also, ther-
mal plumes raising above the passengers will interfere with the 
ventilation flow, the impact of which depends on their relative 
strength.112–114 The — under SV dominant — supply jets may lose 
some strength when the TPV supply flow rate temporarily de-
creases. However, the overall impact may be moderate in the case 
of high amplitudes and/or short periods of the supply flow rate (as 
in this study), although future work is needed in this respect.

•	 Although convection is the dominant contaminant mass transport 
mechanism, future simulations could incorporate triple decom-
position to distinguish between the turbulent transport related 
to the random fluctuations and the transport driven by the low-
frequency time-periodic fluctuations.

•	 Large eddy simulation is used for its accurate prediction of the 
transient opposing-jet interaction and turbulence characteris-
tics,97 which is expected to provide improved predictions of the 
convective and turbulent mass fluxes compared to steady RANS. 
For case SV, a comparison of C/Cref between LES and RANS is 
provided in Figure 13. Although the overall concentration distri-
bution obtained with RANS shows similarities with this of the LES 
prediction (root-mean-square deviation measured over the two 
planes is 2.87), local differences can be high, for example, at the 
source locations. This may be explained by, for example, the inca-
pability of steady RANS to capture the influence of unsteady flow 
phenomena (e.g., transient opposing-jet interaction, fluctuations 
of expiratory plumes), and/or the inaccurate turbulence modeling, 
thereby affecting the convective and turbulent mass transport. 
False predictions related to the improper use of the standard 
gradient-diffusion hypothesis115,116 are assessed to be negligible 
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    |  19 of 25THYSEN et al.

in this study (Appendix B). Evidently, future work should consist 
of the validation of contaminant concentrations and mass fluxes. 
Focusing on different RANS models and unsteady RANS simu-
lations, and/or time-efficient calculation algorithms such as fast 
fluid dynamics (FFD),117 will also be valuable given the long simu-
lation time of LES.

•	 Although TPV improves the dispersion of (gaseous) contaminants, 
it may likewise increase the risk of cross contamination23,75 (due 
to the dynamic flow patterns it induces). Future work should focus 
on the spread of droplets/aerosols introduced by one or multiple 
index patients through breathing, coughing, or sneezing, with an 
assessment of the risk of infection to the surrounding passengers 
(see e.g., refs. in Section  1). Also, more realistic breathing pat-
terns, real gaseous contaminants (CO2, CO, and ozone) or humid-
ity conditions could be considered.

•	 Actual implementation of time-periodic MV in a realistic cabin 
(mock-up) allows to validate its capabilities under realistic bound-
ary conditions. Information on the diffuser power, cooling/heat-
ing capacity and potential energy savings can be gathered,118 as 
well as (subjective) comfort data. A single-aisle cabin is examined 
in this study since these remain the most used commercial air-
planes,31 but other configurations may also be explored in the 
future.

6  |  CONCLUSIONS

The current study uses LES simulations to analyze the performance 
of isothermal opposing-jet airplane cabin mixing ventilation (MV) 

TA B L E  2 Mean velocity magnitude (|V|) with standard deviation σ and maximum value (m/s) in the vertical midplane (z/H ≈ 0.55) at 
monitoring points located near the window (x/H ≈ −0.67), middle (x/H ≈ −0.45), and aisle (x/H ≈ −0.23) seat passengers, at ankle level 
(y/H ≈ 0.045) and at chest height (y/H ≈ 0.40)

Window seat Middle seat Aisle seat

|V| ± σ Maximum |V| ± σ Maximum |V| ± σ Maximum

Chest SV 0.07 ± 0.023 0.11 0.12 ± 0.041 0.17 0.16 ± 0.047 0.26

TPV_AS 0.10 ± 0.034 0.15 0.18 ± 0.049 0.27 0.21 ± 0.069 0.34

TPV_SS 0.11 ± 0.026 0.14 0.14 ± 0.045 0.21 0.18 ± 0.066 0.31

Ankle SV 0.16 ± 0.026 0.20 0.17 ± 0.031 0.21 0.16 ± 0.031 0.20

TPV_AS 0.15 ± 0.035 0.20 0.16 ± 0.030 0.21 0.15 ± 0.032 0.20

TPV_SS 0.19 ± 0.052 0.27 0.22 ± 0.047 0.30 0.23 ± 0.036 0.30

F I G U R E  1 3 Contours (A,B) and profiles (C) of dimensionless mean exhaled contaminant concentration (C/Cref) obtained in RANS 
simulation (A,C) and LES simulation (B,C) of case SV in vertical midplane at z/H ≈ 0.55 (top) and horizontal plane at y/H ≈ 0.53 (bottom)
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20 of 25  |     THYSEN et al.

with time-periodic supply flow rates compared to conventional 
statistically steady ventilation (SV). The cabin model geometry is 
comparable with the Airbus A320 or Boeing 737–200 series and 
incorporates three rows of passengers. Two time-periodic ventila-
tion (TPV) strategies are considered, both employing time-periodic 
(sinusoidal) supply flow rates (with fixed period and amplitude), but 
with a phase angle difference between the supply jets depending 
on the strategy. This results in either an asymmetric forcing of the 
flow with horizontal oscillating flow patterns (strategy “TPV_AS”), or 
a symmetric forcing in which high-momentum pulses of the merged 
jet are generated (strategy “TPV_SS”). The total supply flow rate is 
constant over time and equal to this of SV. The air exhaled by every 
passenger (expiratory plumes) is modeled as a statistically steady 
emission of a passive gas of contaminants. The following conclusions 
can be drawn:

•	 TPV supplies fresh air more directly to the passenger zone than 
SV, either through penetration of the merged jet from above the 
aisle seat (TPV_AS) or through entrainment of the merged jet flow 
during pulsations (TPV_SS). Also, the vortices that develop below 
the lateral inlets under TPV contribute in this respect.

•	 TPV induces overall higher mean velocities compared to SV. The 
increase of the volume-averaged velocity amounts up to 55% 
(TPV_AS) or 43% (TPV_SS) in the passenger zone. Under both SV 
and TPV, volume-averaged mean velocity levels decrease from 
the aisle seat zone toward the window seat zone.

•	 TPV reduces the volume-averaged mean contaminant concen-
trations in the passenger zone with up to 23% (both TPV cases). 
This is at the expense of increased concentrations in the sur-
rounding zones (+2% to 8%). The lowest and highest concentra-
tions are observed for the window and middle seat zones (SV), 
the aisle and middle seat zones (TPV_AS), and the window and 
aisle  seat zones (TPV_SS), respectively. Furthermore, an im-
proved extraction of contaminants from the cabin is realized 
under TPV.

•	 The mean penetration of exhaled air concentrations to the pas-
sengers in front strongly reduces as a result of an increased per-
turbation of the expiratory plumes by the TPV flow patterns.

•	 The mean convective mass transport dominates over turbulent 
mass transport in most of the cabin (the latter encompassing the 
random/turbulent fluctuations in case SV, and the turbulent and 
time-periodic fluctuations in the TPV cases). Using TPV increases 
both the convective and turbulent mass fluxes in the vertical 
midplane, for example, in the vicinity of the expiratory plumes, 
while the longitudinal flux component within the plumes strongly 
reduces.

•	 TPV increases the CRE by 20% (TPV_AS) and 9% (TPV_SS) with 
respect to SV, considering the full cabin volume. In the passen-
ger zone, the increase amounts 28% (TPV_AS) and 23% (TPV_SS). 
In addition, the ACE increases by 7% in TPV_AS, but slightly de-
creases (−4%) in TPV_SS. However, in the latter case, the local air 
change index indicates that a more efficient delivery of fresh air 
to the passenger zone is realized as well compared with SV.
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APPENDIX A
Figure A1 visualizes the zones in which the longitudinal mean convective mass flux Qc,z is at least an order of magnitude smaller than the two other 
mean convective mass flux components Qc,x and Qc,y (black color; “zone XY”), or has equal or larger magnitude compared to Qc,x and Qc,y (white color; 
“zone Z"), with values in between indicated by the gray color (zone “XYZ”), based on the ratios |Qc,z/Qc,x| and |Qc,z/Qc,y| obtained at every grid cell 
and subjected to the following conditions:

• Zone XY (black color): |Qc,z/Qc,x| ≤ 0.1 or |Qc,z/Qc,y| ≤ 0.1
• Zone XYZ (gray color): |Qc,z/Qc,x| > 0.1 and |Qc,z/Qc,y| > 0.1 and with at least one of the two ratios in between 0.1 and 1
• Zone Z (white color): |Qc,z/Qc,x| ≥ 1 and |Qc,z/Qc,y| ≥ 1
In the vertical midplane (Figure A1a), in all ventilation cases, the majority of data points (50–52%) is in zone XY (black color) and only a mi-

nority (6%–8%) is in zone Z (white color). In the horizontal plane (Figure A1b), most of the data points (52%–58%) are in zone XYZ (gray color), 
and about 28% (SV) or 22%–23% (TPV) of the data points have significant longitudinal flow (zone Z; white color). Overall, considering the data 
points in both planes, with most of the points being in zones XYZ (47%–50%) and XY (35%–38%), the convective flux in the longitudinal direc-
tion is secondary compared to the two other convective flux components. Further analyses indicate that about 72%–75% of the points in zone 
XYZ (both planes) are characterized by |Qc,z/Qc,x| or |Qc,z/Qc,y| lower than 0.5.

F I G U R E  A 1 Relative magnitude of longitudinal mean convective mass flux (Qc,z) compared with other mean convective mass flux 
components (Qc,x and Qc,y) for SV (left), TPV_AS (middle) and TPV_SS (right), in (A) vertical midplane (z/H ≈ 0.55) and (B) horizontal plane 
(y/H ≈ 0.53), visualized as zones Z, XYZ, and XY according to conditions specified in text. The red plus symbols in (A) indicate source locations 
(mouth) at x/H ≈ −0.23, −0.45, and −0.67.
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APPENDIX B
The two turbulent flux components Qt,i/Qref presented in Figure 11A,B for case SV are reproduced in Figure B1, but the (dotted) isoline of 
zero mean concentration gradient along the corresponding direction xi (i.e. ∂C/∂xi = 0) is added. The sign of ∂C/∂xi is also shown in the circles. 
The isoline intersects the source locations, with at both sides Qt,i and the gradient having an opposite sign, confirming that the turbulent mass 
transport occurs from high to low concentrations (diffusion mechanism). On the contrary, counter-gradient areas (∂C/∂xi and Qt,i have same 
sign) are also predicted, for example, below the lateral supply jet in Figure B1A at x/H ≈ −0.3. In such areas, the standard gradient-diffusion 
assumption (Qt,i = −Dt∂C/∂xi, with Dt the turbulent mass diffusivity), often used in RANS simulations, is invalid. This may contribute to an er-
roneous RANS prediction of the concentration distribution in case the turbulent mass transport is significant compared to convection, which 
— in the current study — is not, as illustrated in Figure 12. Similar results are found for the TPV cases (not shown).

F I G U R E  B 1 Contours of mean turbulent mass flux components 
(Qt,i/Qref) in vertical midplane (z/H ≈ 0.55) obtained with LES for 
SV (see also Figure 11A,B), with (dotted) isoline of zero mean 
concentration gradient in corresponding direction (∂C/∂xi = 0) and 
indication of sign of ∂C/∂xi in circles: (a) Qt,x/Qref and ∂C/∂x; (b) 
Qt,y/Qref and ∂C/∂y.
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