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ABSTRACT 
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J.L. Topmiller 

An initial study to develop a numerical tool using compu­
tational fluid dynamics (CFD) methods for investigating the 
potential of disease transmission in commercial aircraft is 
completed. To gain insight of the general airflow pattern, a 
detailed CFD model of a small section in the passenger cabin 
of a B 7 67-300 passenger cabin was built and a Reynolds-aver­
aged Navier-Stokes (RANS) simulation was p e1formed. By 
comparing with the available test data, the RANS simulation 
substantially underpredicted the turbulence intensity, espe­
cially in and around the breathing zone. A separate large eddy 
simulation (LES) was conducted to obtain a more realistic 
turbulent energy transport in a generic cabin model. The LES­
predicted turbulence level is in fairly good agreement with the 
test data. Based on the LES results, the k ands equations used 
in the RANS simulation were modified by using a special user 
subroutine. A RANS simulation with adjusted turbulence was 
then employed to simulate the dispersion of airborne pathogen 
in the detailed passenger cabin model. These adjustments 
allow for the simulation of disease transmission using less than 
Ill 00 of the computing hardware resources required for an 
equivalent LES of airflow and particle transport. 

INTRODUCTION 

Applications of computational fluid dynamics (CFD) in 
studying airflow and heat transfer in ventilated rooms were 
incepted nearly three decades ago (Nielsen 1974). Scalar 
species transport was later added to address indoor air quality 
issues by researchers (Murakami et al. 1988; Horstman 1988; 
Chen et al. 1990). Haghighat et al. (1989, 1990, 1992) have 
expanded the domain of interest to a building of multiple 
compartments. CFD has since been used to evaluate the indoor 
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environment of various types of buildings, as reported by Chen 
and Srebric (2001 ). Numerical studies dedicated to the 
contaminant transport in hospital operating rooms have been 
conducted by Lo (1997). To improve occupant thermal 
comfort, CFD has been used to modify and/or optimize the air 
ventilation system in automotives (Lin et al. 1992) and 
commercial airplanes (Aboosaidi et al. 1991 ; Baker et al. 
2000). 

CFD techniques used in this study varied. Baker et al. 
(2000) analyzed complex aircraft interiors using a laminar 
flow simulation. Like most reported work, Mizuno and Warf­
ield ( 1992) and Aboosaidi et al. ( 1991) both applied the 
Reynolds-averaged Navier-Stokes (RANS) approach to look 
at velocity fields but did not address the species transport 
issues. To accurately predict the turbulence levels in room 
airflow, Emmerich and McGrattan (1998) and Zhang and 
Chen (2000) have used a large eddy simulation (LES) tech­
nique. Due to the relatively large physical dimensions 
involved in air ventilation flows, direct numerical simulation 
(DNS) is still prohibitively expensive to pursue with the 
currently available computing resources. 

Airplane cabin airflow has the characteristics of very high 
turbulence levels with transitional Reynolds numbers. It is not 
always the case; however, a majority of known turbulence 
models used in RANS simulations underpredict the turbulence 
levels to various degrees (Jin and Braza 1994; Robinson and 
Hassan 1997). Therefore, the greatest hurdle in accurately 
predicting the airborne pathogen diffusion lies in realizing the 
very large turbulence levels that occur in aircraft cabins. Since 
diffusion is dominated by turbulence, an accurate prediction of 
turbulence is required. 
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The objective of this part of our study is to provide a 
realistic simulation of the flow field in an aircraft cabin using 
CFD. The B767-300 was chosen as the representative airplane 
cabin. The method used focused on the implementation of a 
commercially available code, with adjustments made to the 
predicted diffusion to more accurately match test and LES 
data. LES was used as a predictive tool for turbulence levels 
by comparison to a relatively scarce set of test data of cabin 
airflow. However, LES modeling of a passenger cabin is not 
practical due to intensive computing requirements. For 
example, an LES model for one seat row of a passenger cabin 
of a B767-300 airplane would require 1000 gigabytes of 
RAM. In fact, even grids built for RANS models are barely 
within the available resource limits for just two seat rows of a 
B767-300 passenger cabin. For the turbulence study, we were 
unable to build an LES model of a real airplane cabin because 
of the aforementioned resource constraints. Instead, a 
simplified geometry was conceived that retains the transitional 
nature ofthe ·flow but with orthogonal geometry that is more 
amenable to the development of a highly detailed grid. The 
rationale is that if the turbulence levels from the simplified 
geometry LES model match those measured in the airplane 
cabin, then model adjustments could be made on a more 
complete set of data available from the LES results. 

GENERAL AIRFLOW PATTERN 
IN A 6767-300 PASSENGER CABIN 

To obtain the general airflow pattern in a B767-300 
passenger cabin, a three-dimensional CFD model of a B767-
300 cabin section (38.7 in. long) was built for this transient 
RANS simulation, as shown in Figure 1. 

In order to preserve the geometric fidelity of the model 
and to keep the modeling time reasonable, hexahedral 
elements (424,704 cells) are used in the nozzle section and 
tetrahedral elements (2,229,013 cells) in the cabin section. 

The ground conditions cPstatic = 14.7 psia, T;nlet = 51 °F) 
are specified for the simulation. The total air inflow is 94.9 
cfin. Velocity inlet boundary conditions are imposed at the 
four nozzle inlets and static boundary conditions at the six 
return air grills. An assumption was made that axial flow is 
negligible and a symmetrical boundary condition was set at 
the FWD and AFT faces of the model. 

Seven numerical probes are placed at the locations indi­
cated, as detailed by Lin et al. (2001 ), to monitor air movement 
across the center plane in the cabin section. 

To study the unsteadiness of airflow movement in the 
cabin, a steady-state flow field was needed as the initial condi­
tion for the subsequent transient simulation. The RANS equa­
tions are solved using a commercial flow solver. 
Simultaneously, the turbulence-caused closure problem is 
addressed by solving the equations of the renormalization 
group k-c: (RNG k-c:) model. Note that second-order schemes 
in space are necessary to obtain better accuracy for the steady­
state solution in this study. 
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Figure 2 illustrates the flow field of the steady-state 

solution and shows that there are two large counter-rotating 

recirculation zones in the cabin, located around the passen­

ger head height level at each aisle way. As shown in Figure 

2, the regions where the air velocity exceeds 100 ft/min are 

outside the scale for the plot and, therefore, are white in 

color. Note that the overall flow pattern is not symmetrical 

with respect to the cabin cross section even though the geom­

etry and the boundary conditions are symmetrical. This 

asymmetrical flow pattern is the result of inherent unsteadi­

ness that characterizes this type of flow regime and geome­

try. As shown in Figure 3, the airflow at the nozzle section 

also supports the observation mentioned above. Before pass-

Figure 1 The B767-300 cabin and nozzle model. 
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Figure 2 Steady-state flow field (velocity magnitude in ft/ 
min). 
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Figure 3 Nozzle section airflow (velocity magnitude in ft/ 
min). 

ing through the 0.05-in. gap, the airflow in the nozzle section 

is symmetrical, as shown in Figure 3. However, the airflow 

is separated from different walls after the gap in each of the 

nozzle sections. Assuming the turbulence is isotropic in this 

study, the fluctuating velocity component can be calculated 

as v' = J¥ , where k is the turbulent kinetic energy. The 

turbulence intensity is obtained by dividing the velocity fluc­

tuation by its mean velocity magnitude. In addition, the 
' 3 . 

turbulence length scale, / = ( v ) I i; , where E 1s the turbu-

lence dissipation rate, is calculated. Substantial turbulence 

intensity (50% to 150%) is observed around the region of the 

two large recirculation zones, which is consistent with the 

measurements reported by Jones (2000). The length scale of 

the large eddies is about 0.5 - 1.0 ft. 

The transient simulation is performed with a constant 
time step, M = 0.001 seconds. As previously mentioned, the 
lateral air movement across the symmetric plane occurs when 
the y-component of the air velocity at the numerical probes 
changes its sign (i.e., from negative to positive or vice versa). 
Due to the small time step and the size of the grid, we were 
only able to complete a time period of about l 5 seconds. The 
swing motion across the symmetric plane is observed at one of 
the numerical probes at t = 13.88 seconds, which is consistent 
with the estimation of the turbulence time scale previously 
mentioned. At t = 14.33 seconds, as shown in Figure 4, the 
airflow pattern is developing into a more symmetrical pattern 
in the cabin, especially at the interfaces where the nozzle 
sections meet the cabin. 

THE LES RESULTS OF THE 
SIMPLIFIED CABIN MODEL 

With RANS, the movement oflarge eddies in the domain 
of concern (which is essential for the transport of airborne 
pathogens) would not be resolved, as reported by Bjorn and 
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Figure 4 Transient flow field att = 14.33 seconds (velocity 
magnitude in ft/min). 

Nielsen (1998). To capture the unsteadiness of the airflow in 
aircraft cabins, other CFD techniques such as DNS or LES are 
required. 

As mentioned earlier, LES is not practical, given the avail­
able computing resources, for generating flow predictions of 
a model as large and complex as a B767-300 passenger cabin. 
For the B767-300 model, with an inlet Reynolds number (ReJ 
of 31417, an inhibitory mesh size on the order of(Re/14, i.e., 
-1.3 x 1010 cells, is needed to do a DNS (Mathieu and Scott, 
2000). The mesh requirements for an LES are approximately 
one order of magnitude less ( about l 09 cells) than for the DNS 
(Fluent 1998). Because the smaller mesh size requirement for 
the LES is still far beyond the capability of available comput­
ing resources, a simplified cabin model was built to study the 
airflow in the cabin using this method. 

As shown in Figure 5, the simplified cabin has a single slot 
inlet representing the interface between a nozzle and a cabin. 
The incoming air is set at a velocity magnitude of2 ft/s with a 
slot width of 2.1 in. for a 2x slot Reynolds number of about 
2500. This is typical for most airplanes supply nozzles. By 
preserving this transitional Reynolds number, the expectation 
was that the flow instability present in real cabins would also 
be present in the simplified model. Another important feature 
is the cabin scale. The seven foot dimension is representative of 
half of an airplane cabin cross section. 

The overhead storage bins, which are normally non-rect­
angular in an airplane cabin, are modeled as rectangles for two 
reasons. First, they provide a consistent location for inlet jet 
separation and, second, a rectangular geometry is compatible 
with the most accurate meshing scheme. Non-rectangular bins 
can add uncontrolled instability as the jet separation point 
moves about. Non~orthogonal surfaces also require unneces­
sary numerical approximations and wall function changes that 
may affect stability. Note that an orthogonal geometry is also 
compatible with more flow solvers, especially the ones using 
Cartesian meshes. 
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Figure 5 The simplified cabin model with jive numerical 
probes on the center plane. 

Two three-dimensional simplified cabin models were 
built to capture the large eddy motion, which is essential to 
predicting disease transmission via airborne routes. The 
velocity fluctuations observed from the original three-dimen­
sional simplified cabin model (735,000 hexahedral cells) 
range between 20% and 30% of the mean air velocity after 
adding the contribution from the minor sub-grid motion. It was 
decided that the original model needed to be refined. Based on 
the Reynolds number at the inlet, Re= 2225, the Kolmogorov 
length scale, TJ, is 0.003 ft. Simulating the airflow in this case 
using a DNS requires Re914 = 34 million cells. To do LES for 
this case, the refined mesh has the grid spacing of 5 - 20TJ in 
all directions and consists of2.55 million hexahedral cells. 

A time step, M = 0.05 seconds, was selected based on the 
Kolmogorov time scale of the inlet ,: = 0.059 seconds. As 
shown in Figure 5, the simplified model has all of the key 
dimensions of a 7-ft long aircraft cabin ( corresponding to the 
length of two seat rows with half of the cross section). Five 
numerical probes, denoted as "lower-left," "upper-left," 
"middle," "upper-right," and "lower-right" in clockwise order, 
are placed on the center plane to monitor the flow motion, as 
shown in Figure 5. At those points, the instantaneous velocity 
magnitude of the large eddy motion, I vi = I vi + I v'lus, is 
recorded at every time step. Note that the third component of 
the instantaneous velocity magnitude due to the sub-grid scale 
motion (SGS), lv'lscs, is not included due to its negligible 
contribution found in this study. 

The time history of the instantaneous velocity magnitude 
at these locations was recorded and is shown in Figure 6. These 
signals were verified by a parallel LES simulation using the 
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Figure 6 Temporal variation of monitored lvl using a 
commercial code: three-dimensional LES, t = 0 to 
113 seconds (velocity magnitude in ft/min). 
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Figure 7 Typical measured air velocity magnitudes in an 
airplane cabin seated area using hot-wire 
anemometer (velocity magnitude in ft/min). 

NIST-developed fire dynamics simulator (FDS), as detailed by 
Lin et al. (2001 ). Furthermore, at the five-point temporal, the 
predicted velocity fluctuations, from both the three-dimen­
sional LES and the FDS LES, have shown the same turbulence 
level compared with the one-point hot-wire data, as shown in 
Figure 7. The three-dimensional LES results at t = 113 seconds 
are shown in Figure 8, and more temporal instances of the 
predicted flow field are available in Lin et al. (2001). 

Figure 9 provides the temporal and spatial distribution of 
the velocity fluctuations in order to compare the instantaneous 
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Figure 8 Three-dimensional flow field on center plane 
using LES at t = 113.47 seconds (velocity 
magnitude in ft/min) . 

velocity magnitude (at 15,599 nodes over the entire three­
dimensional LES center plane) with its steady-state three­
dimensional RANS counterpart at various temporal instances. 
The velocity fluctuation, v', predicted by three-dimensional 
LES ranges from 30% to 200% of its corresponding Vave 
predicted by the three-dimensional steady-state RANS simu­
lation over the entire center plane, as illustrated in Figure 9. 
Using an isotropic assumption, the corresponding velocity 
fluctuations were calculated from the three-dimensional 
RANS steady-state simulation. As shown in Figure 10, Vave±v' 
is plotted against Vave over the entire center plane. Note that the 
steady-state RANS simulation underpredicted the velocity 
fluctuation, especially for the lower speeds (say,< 50 ft/min), 
as shown in Figure 10. The conclusion is that the RANS simu­
lated velocity fluctuations are due to turbulent motion and 
should be adjusted by those obtained using the LES-predicted 
values. 

DIFFUSION ADJUSTMENTS 

An example of a turbulence model is the two equation k-c 
model: 

The standard model: 

(1) 
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Figure 9 V instantaneous (three-dimensional LES) vs. Vave 

(three-dimensional RANS) over entire center 
plane. 
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Figure 10 Vave±v' (three-dimensional RANS) vs. Vave 

(three-dimensional RANS) over entire center 
plane. 
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For low Reynolds numbers: 
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where 

In each case, the pair of equations is used to produce an 
eddy viscosity field for the solution of the Navier-Stokes equa­
tions. Although the time-averaged velocity fields are reason­
ably accurate, the turbulence levels are underpredicted by 
approximately 1/2.82 or about 35.5%, as reported in Lin et al. 
(200 I). In other words, the predicted levels are about 35 .5% of 
the actual turbulence levels, as measured by v'. 

The turbulence models in commercial software packages 
allow for some adjustment of the constants shown in the two 
equations. Unfortunately, none of the constants available 
could be adjusted to produce ample turbulent kinetic energy 
above the levels predicted by the standard model. A propri­
etary code, KEYO, does allow for the adjustment of all 
constants within the two equations, plus the addition of others 
is possible. The philosophy behind the adjustment is to 
increase the kinetic energy of turbulence k, in the first equation 
and increase the dissipation e, in the. second equation while 
maintaining the overall effective viscosity. 

The first equation of the standard model was modified to 
include a new constant C1c2. This constant reduces the 
(negative) source strength of dissipation in the turbulent 
kinetic energy equation: 

+ [2(811')2 + 2(av)2 +(au+ 8y')2]-c 
µ, a~ ay ay a~ k2 pe 

(5) 

The second equation was modified using the existing 
constant crE. This constant was chosen for adjustment in an 
effort to reduce the dissipation of dissipation. By increasing 
crE, the dissipation levels will increase to compensate for the 
reduction ink caused by C1c2. 

The adjustment process was monitored using the kinetic 
energy of turbulence of a node located at the center of the grid 
of the two-dimensional KEYO model. The kinetic energy of 
turbulence of this node was 0.001285 m2/s2 using the standard 
k-E model without adjustments. In order to bring the velocity 
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fluctuations v' up to real levels, the turbulence must be 
increased by (1/0.355)2 or about eight times. The center grid 
node should be 0.0102 m2/s2 after adjustment. 

Figure 11 gives the range of adjustments to the constants 
C1c2 and crE that provided various levels of turbulent kinetic 
energy without drastically changing the velocity distribution. 

As seen in Figure 11 the values of 0.77 for the new 
constant C1c2 and 1.67 for crE were the best for matching turbu­
lent kinetic energy in the center of the model grid. The scat­
tering of the fluctuating velocity v' is plotted for all nodes in 
the simplified model using KEYO. The distribution in 
Figure 12 is much closer to that shown earlier in Figure 9. 

The adjusted constants were applied over a Reynolds 
number range of half the cabin (Re/2) to twice the cabin 
(2 x Re) and found to be acceptable. A grid refinement of 
doubling the grid size resulted in about an 11 % change in 
center node k, which is assumed to be sufficient. 

Many CFD codes are not able to incorporate the new 
constant C1c2. For these codes, adjusting the turbulent kinetic 
energy in a post processing operation can make a good 
approximation for the constant Ck2• During the particulate 
phase of the solution, when all variables are held constant 
except for the particulate concentration, the turbulent kinetic 
energy can be multiplied uniformly by about eight times. This 
is probably the best approach until better models available or 
special user defined subroutines that can modify the 
turbulence are developed. Another possibility is to 
incorporate a very large molecular diffusion during the 
particulate modeling phase to compensate for the low 
predicted levels. 

CONCLUSIONS AND RECOMMENDATIONS 

In this study, we have explored means to obtain the 
airflow characteristics using different CFD techniques.Due to 
the constraints of the available computing resources, simpli­
fied cabin models were built to capture the subtlety of the 
turbulence physics involved in aircraft cabins using LES. We 
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Figure 11 Adjustments to turbulence model. 
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Figure 12 A comparison of velocity after model adjustments. 

have confirmed the applicability of the LES results to the two­
row section of a B767-300 cabin. The LES data obtained in 
this study also provide the essential airflow information to 
adjust our RANS simulations and the subsequent pathogen 
dispersion simulation for disease transmission (reported sepa­
rately). We have demonstrated: 

The actual kinetic energy of turbulence as shown in LES 
and by measurement is approximately eight times larger 
than that predicted using the standard k-E model. Since 
turbulent fluctuations are a prime factor in particle dis­
persion, standard k-E models, such as RANS are unable 
to correctly predict disease dispersion. 
Simplified LES models with equivalent Reynolds num­
bers are accurate in predicting turbulence levels in 
dimensionally accurate aircraft cabin models. 
Large CFD models of aircraft cabins are only possible at 
this time using RANS techniques. The standard k-E tur­
bulence model can be adjusted in the diffusion phase to 
account for the underprediction of kinetic energy. 
Another constant is required for the k-E model if accu­
rate turbulence levels are to be predicted in the flow 
solution phase. A new constant C1c2 in the kinetic energy 
equation along with modified cr6 in the dissipation equa­
tion successfully predicted turbulence levels for a range 
of Reynolds numbers. 
A comparison can be made between turbulence models 
and LES by a scatter of Vave±v'. Average velocity Vave, is 
obtained from an identical grid solution for both cases. 
The scatter in instantaneous velocity is obtained by sub­
tracting v' and adding v' to the mean velocity for the tur­
bulence models. The scatter in instantaneous velocity is 
obtained from the spatial distribution of velocity at any 
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time step after flow has been established for the LES. A 
time varying assessment of turbulence levels (numerical 
anemometer) for all nodes is virtually impossible at this 
time. 

During the course of this study, several items worthy of 
further investigation have been identified: 

For the simplified cabin model, a test that produces high 
quality airflow data is needed to validate the CFD find­
ings in this study. The experimental work is currently 
underway. 
The effect of aisle flow on the pathogen dispersion in 
aircraft cabins deserves further study. 
A study to simulate the dispersion of disease-laden aero­
sols in aircraft cabins using the multiphase approach is 
recommended to account for the multiphase effect of 
aerosols. · 
Non-standard turbulence model adjustments should be 
benchmarked in full size laboratory tests. 
Direct coupling of network models to CFD models 
should be a future goal to allow for the real-time modifi­
cation of the CFD boundary conditions to be evaluated. 
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NOMENCLATURE 

AFT = aft of the cabin model 

CFD = computational fluid dynamics 

FDS = fire dynamics simulator 

FWD = forward of the cabin model 

c&l = constant= 1.45 

Ca. = constant= 1.92 

C,c2 = constant= 1.0 for standard k-E model and 1.67 for 

DNS 

E1 
KEYO 

k 

l 

modified k-E model 

= direct numerical simulation 

= see definition in Equation 4 

= a proprietary K-Epsilon stream function vorticity 
code 

= turbulent kinetic energy 

= turbulence length scale 

LES = large eddy simulation 

NIOSH = National Institute for Occupational Safety and 
Health 

NIST = National Institute of Standards and Technology 

RANS = Reynolds-averaged Navier-Stokes simulation 

RNG 

SGS 

1';,,/et 

u 

i,;,ve 
V 

J 
lvl 
I~ 
lv'I 
lv'lsGs 

X 

y 

= static pressure 

= Reynolds number 

= Reynolds number based on the characteristic length 
at inlet 

= renormalization group 

= sub-grid scale 

= time 

= supply air temperature at the air distribution nozzle 

= fluid velocity in the x-direction 

= average velocity magnitude 

= fluid velocity in the y-direction 

= fluctuating velocity 

= mean flow velocity magnitude 

= instantaneous flow velocity magnitude 

= flow fluctuation magnitude due to large eddy motion 

= the instantaneous velocity magnitude due to the sub-
grid scale motion 

= horizontal distance 

= vertical distance 

Greek Symbols 

6.t = time step 

E = dissipation rate of turbulent kinetic energy 

TJ = Kolmogorov length scale 
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p = density 

CT& = constant= 1.3 

crk = constant= 1.0 

• = Kolmogorov time scale 

µ = dynamic viscosity 

µ/ = eddy viscosity 

V = kinematic viscosity 

Y1 = kinematic eddy viscosity 
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