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Abstract

Complaints like impaired respiration capabilities or aueeld sense of smell and taste are common for pathologically
shaped nasal cavities. Thattice-Boltzmann Method (LBMWhich is particularly suited to simulate flows in intricate
geometries, is used to analyze the influence of the geomgting masal cavity on the pressure loss in a non-invasive
pre-surgical step to support surgical decision processesther important function of the nasal cavity is the mois-
turization and heating of the inhaled air. To analyze compdacaused by a diminished heating function a passive
scalar convection-diffusion equation for the temperatsigolved by arhermal Lattice-Boltzmann Methodfter a
successful validation of the method for the flow over a hemeithermal flat plate, a comparison of the functionalities
of a modified nasal cavity after rhino-anaplasty and a cawitla swollen turbinates is performed to understand the
influence of the geometry on the breathing capability anchtliity to heat up the inhaled air.

Keywords: Lattice-Boltzmann, Thermal Lattice-Boltzmann, LBGK, TGK, Nasal cavity flows, Heated boundary-
layer flows

Introduction The growth of computational power in recent years has
Rhinologists are often confronted with pathological increasingly replaced studies investigating the flow in

shaped human nasal cavities. Impaired respiratory efficacySiicON models of the nasal cavity witRarticle Image
caused by allergies, mal- or deformations is only one as. velocimetry (PIV]2-5] by numerical simulations of flows

pect rhinologists need to consider in this case. A reduced® computer systems. Numerical investigations with a
sense of smell due to misled flows results not only in a Finite Volume (FV)approach based on an AUSM-based

diminished olfactory functionality, but also in a reductio  diScretization model of second-order accuracy on a multi-

of degustation. In addition, the nasal cavity plays an _block structured grid were performed bydkschler et al.

important role in the protection of the human lung. Itis [6-8]. In a recent pyblication, ibf;chler etal. state
responsible for filtering out particles and aerosols froe th that for pulsatile ﬂ(_)WS In nasall gaV|t|es unsteady e_ffects
inhaled air. Furthermore, the large surface of the human@PP€ar upon reaching the transition phase between in- and
nasal cavity allows the moisturization and heating of the €Xhalation [9]. However, during the in- and exhalation
air to attain optimal conditions for the lower airways. Phase, unsteady effects due to the changing mass flux are

These functions can be impaired by e.g., congenital negligible so that steady inflow conditions at the maximum
malformations or rhino-anaplasty. ’ flow rate are used for the simulations in this paper for the

To analyze the functions of the cavity and to prevent defor- detérmination of the pressure loss and the temperature
mations that affect these functions negatively, pre-satgi  1€!d during inhalation. , ,
intervention planning by surgeons is based@omputer 1 he solutions for the nasal cavity are based dratiice-
Tomography (CTymages and expert knowledge. The anal- Boltzmann Method (LBM)Due to the simplicity of the
ysis of CT-images only accounts for the shape of the cavity algorithm, the computatlpn IS performed ver_y efficiently
and not for the functions determined by the flow field in @nd has proven to be suited for bio-mechanical problems
the nasal cavity. The complexity of the geometry makes N the low MACH number and low RYNOLDS number
an understanding of these aspects difficult. The demand©9ime [10, 11]. Finck et al. already simulated the flow in

for a fundamental comprehension of the flow behavior @ Model of the nasal cavity with the LBM [12]. Eitel et
has led to the application of numerical flow simulations @l- @Pplies the same solution method but uses a geometry

to evaluate the impact of surgical interventions on these extracyf;d from CT data [1,3]' _An analysis of the_ heating
functions. This analysis supports the decision process and?@Papility is in both publications neglected. = Since the
finally leads toComputer Assisted Surgery (CAS). LBM is not able to consider thermal impacts, this paper
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uses aThermal Lattice-Boltzmann Method (TLBMQ®
additionally solve for the temperature distribution. In
general, there exist two approaches to include thermal
effects. Themulti-speed (MSapproach [14-16] extends
the LBM by introducing new discrete velocities and
equilibrium distribution functions with higher-order ies

to represent the energy equation. The method used in this
paper is thenulti-distribution (MD)approach, which does
not suffer from instabilities like the MS approach and is
applicable to a wide temperature range [17, 18].

(¥1,0,0);(0,¥1,0); (0,0, F1) a=0...5
This article is organized as follows. First, an introduc- & =% Ejlo ﬁ)l’o) $(F1,0,F1)3 (0, F1, F1) “Z fé"”

tion to the numerical methods is given. In this context,
the Lattice-Boltzmann and Thermal Lattice-Boltzmann
Method to obtain the macroscopic variables, the automatic Figure 1 D3Q19 model for phase space discretization. In
Cartesian grid generator to create the computational three dimensions 19 directions are specified to model
mesh, and the applied boundary conditions are described. molecular collision and propagation processes.

To validate the simulation method, results of a boundary- . ) ] ]

layer problem of a flow over an isothermal flat plate are depending on the viscosity. In these equations
presented. Then, the flow in a nasal cavity modified in a s = (1/v/3)(dx/6t) represents the speed of sound based
rhino-anaplasty is investigated and a comparison to a nasaP™ the grid distancez and the time stept, v, 4 the local
cavity with swollen turbinates is performed to understand Velocities,dq s the Kronecker deltawith o, 5 € {1,2,3}

the influence of the geometry on the breathing capability @1d ¢ the density. The molecular velocities are given by
and the ability to heat the inhaled air to protect the lower the variables;;. The space is discretized with the D3Q19

airways. Finally, some conclusions are drawn along with Model shown in Fig. 1, where the notation ohQm was
a brief outlook. introduced by Quian et al. in [20] for specifying a dimen-

sionality ofn and a number of discrete directions and ve-
. locities of m. The parameters andm also determine the
Numerical Methods weighting factorst,. Eg. 1 is then solved fof;, the so-
Lattice-Boltzmann Method with Thermal Extension calledparticle probability distribution functions (PPDFs)
The Lattice-Boltzmann Method is a gas-kinetic which describe the probability to find a certain particle in
stochastical approach for the simulation of continuum phase space. This is done in two steps
flows and is based on solving tB®ltzmann equationu- coll . eq /= .
merically. This equation describes the evolution of the /i~ < fi(@8) +Q-(f;" (@) — fi (7,1)) (4)
number of molecules in a small but finite volume over time Y —  fi (& + &6t t + 6t)7"°P (5)
and consists of a collision and a transport term. The col-
lision term specifies the win and loss of molecules due to . . .
collisions inside and outside the volume, while the trans- and a streaming process propagates the information to the

port term describes the temporal change, the convectionne'ghbor_Ing cells (Eq. _5)' The densipyand velocityy

and the influence of external forces. Bhatnagar, Gross2'® ob_tamed by eva_luatmg the_moments of the PPDFs as
and Krook expressed the collision term by a relaxation listed in Tab. 1. This method is calied thatice-BGK
towards a thermodynamical equilibrium and yield the so- (LBGK) method.

called BGK-equation19], from which theNavier-Stokes
equationscan be recovered [20]. The discretization of this
equation, under omittance of the forcing term, leads to

where a collision is performed locally in every cell (Eq. 4)

The BGK-approach is a quasi-incompressible method
and is therefore only valid for McH numbersMa < 1.
A low MACH number expansion shows that the energy
[i @+ &t t+6t) = fi(@,t) (1)  conservation equation decouples from the continuity and
+wdt - (f(Z,t) — fi (7,1)). momentum conservation equation [21]. In this case, the
pressure and the velocities become independent of the tem-
perature and the energy is split into mechanical and ther-
mal energy. To determine the temperature field, a transport

The relaxation towards the equilibrium, specified by the
discretizedViaxwellian distribution function

equation for the thermal ener
9 art) = pty |14 257 4 2 (S22 )] ) y
Cs 25 Cs Opcpy T puac,T 0 or 6
(2) ot + BCIZQ - R (pﬂal’a) y € {172a3} ( )
is given by the molecular collision frequency is considered. In this equatior, is the specific
2ot heat capacity, which is under the assumption of quasi-
Q= wit = v+ 1/2¢25t 3) incompressibility together witlp a constant. A division
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Table 1 Derivation of macroscopic variables from moments
of the PPDFs. EXfI o o o o o o
1 ‘ 1 1
0] : o +O<—<‘ [e] 0] : o
macr. variable discrete moment - <$ - o
o 1 o % o
density p= Eio fi= Zgio fea ‘ ‘
18 18 e
momentum Pva =D icoiafi =2 ico&iafi? dX¢ O O

temperature T=120=312,9
(a) Missing information at level interfaces, which
need to be reconstructed.

by these variables yields
[¢] (] (] [¢] [¢] (]
orT
EHWJT:W?T, (7) o ! o ; S
,,,,{D,,,,,,,,@,,,, . R
wherex is the heat conduction coefficient and can be ex- o o !
pressed by the viscosityand the RANDTL numberPr ‘ WY ‘
14
- . 8 O O O
K=o (8)
The discretization of Eq. 7 leads to an equation similar to (b) Reconstruction of information by interpola-
Eqg. 1 tion and transformation.

9i (T + &t t+0t) = i (Z,1) ©) Figure 2 Refinement algorithm at interfaces between coarse
+Qr - (97" (Z,1) — g: (£,1)) and fine levels in 2D. Missing information has to be

o ] o reconstructed by interpolation and transformation.
which is solved with an additional set of PPDE;s[22].

For an increasing, the collision frequency where the available PPDFs are shown in Fig. 2(a) and the

missing PPDFs, propagated from the other overlay level,
(10) are shown in Fig. 2(b). The macroscopic variables can
simply be recovered by tri-linear interpolation. For the re
construction of the missing PPDFs a transformation step
is required. To keep the viscosity constant across the

2ot

Qp= S0
Tk 1/2¢26t

decreases. The equilibrium distribution functigjé are

given by interface, the relaxation time has to be adapted. The re-
Vot vty [k laxation timer; on the fine levelf is obtained from the
_ aSa alp aSp
9% (z0,t) =Tt, [1 4+ 2 + 22 ( 2 - éaﬁ)} , coarse levet by
(12) _ Sy L 12
Tp=m| T 3 + 3 (12)

where the velocities; come from the previously calcu- ! ' .
lated LBGK-solution step. The temperature is then ob- Wherem = dz./dxs defines the refinement ratio. Accord-
tained from the zeroth moment of (see Tab. 1). This so- N9 to [25], incoming PPDFs are splitinto their equilibrium

lution method is called thhermal Lattice-BGK (TLBGK) ~ and non-equilibrium parts
method. flm _ fieq + fineq' (13)
The overall computational effort can be reduced by us- The non-equilibrium part of the PPDFs can be expressed

ing the concept of grid refinement presented by Filippova by
et al. [23] and which was later extended by Dupuis et al.

[24]. This method also allows to highly resolve wall- [ = —&TTtiQiaﬁaapUﬂ = §tTC(p, u), (14)
bounded shear layers, while regions of low macroscopic Cs

gradients have a lower resolution saving an unnecessanyvhereQ;.s = &alip — c20a5 is summed over equal in-

high number of cells. By using an overlay of fine and dices. In this equatiodtr defines the grid dependence,

coarse cells at the interface region, information betweenwhile C(p,«) is independent of the grid resolution. The
different cell levels can be exchanged. On both levels in relationf@eq’f/f”eq’c can be written as

the interface region not all information is available and th ‘ ‘

macroscopic variables and the incoming PPDFs partially f;’eq’f otyrCop, u) 17

need to be reconstructed. This is also depicted in Fig. 2, F0C St o7.Cp, ) “mT (15)
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bounce back PPDFs

Ty fluid layer

- - wall

ghost PPDFs
° ° ghost layer

Figure 3 A ghost layer at the wall of the plate is required to

provide incoming PPDFsg; for the temperature of the fluid

cells. A simple bounce back is performed for the PPDFs in
the LBGK method.

and assuming;? = f7° = ffq’f, Eqgs. 13 and 15 lead to

K2

in re rin,c re 17
find = fer (fime - ) -2 (16)
m Te
and
in,c e mn e Te
fime = g5 (A - e m (17)
Tf

for the transformation from the coarse to the fine grid and

vice versa. The functiong; in Eq. 16 are the PPDFs ob-

tained by the interpolation step on the coarse grid. The
same interpolation and transformation step is performed

for the temperaturé’ and the thermal PPDFg.

Boundary Conditions

As for the imposed boundary conditions for nasal cav-
ity flows aDirichlet conditionis used for the velocity and
the temperature at the inflow region. A parabolic velocity
profile, which is formulated as a function of the distance to
the wall, is used to prescribe a certain volume flux, while
for a constant inflow temperature 26°C the equilibrium
distribution functions are calculated at every boundally ce

Here, the density is extrapolated in surface normal direc-

tion using avon Neumann condition The no-slip wall-

boundary condition uses the interpolation method for in-
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Figure 4 Velocity and temperature profile over an isothermal
heated flat plate atRez, = 10* and Pr = 1.0. At the inflow
(left) a Blasius profile is prescribed.
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Figure 5 Boundary-layer displacement thickness; of the
velocity and temperature.

conditionfor the velocity components and for the tempera-

clined walls proposed by Bouzidi et al. [26]. The tempera- ture. A no-slip wall condition is used for the flat plate per-

ture is set to a constant value 3i#°C body temperature at

forming a bounce-back of the PPDFs at the cell surfaces

the wall. The outflow boundary condition is based on the [28]. To set a constant temperature on the surface of the
formulation by Finck et al. [12] and imposes a constant plate a ghost layer outside the fluid domain is introduced.

pressure distribution.

To define the temperatufg, on the wall, the temperature

For the simulation of the flow over a heated isothermal T, in the ghost layer cells is required to be

flat plate aDirichlet conditionis used at the inflow, pre-
scribing a Blasius profile [27]. In additiony@n Neumann
conditionis prescribed for the densify The temperature
T;, at the inlet is set to

Too f'(n)
3= (nf () = f(n)

wheren = z\/u./(vz) is the so-called similarity param-
eter at coordinatéz, z) and f(n) is the similarity stream
function. The outflow condition is based on the formulation
in [12] and imposes a constant density aneba Neumann

Tin(x,2) =Ty — , (18)

T, = 2T, — T, 19)

whereTY is the temperature in the according fluid cell (see
Fig. 3). Then, the PPDFs in the ghost cells are replaced
by their temperature dependent equilibrium distribution
functions, so that all required incoming PPDFs in the fluid
cells are available and a heat transfer from the plate to the
fluid is accomplished. In spanwise direction a periodic
boundary condition, connecting cells in the positive and
negativey—direction, is set.
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Table 2 Structural features of the nasal cavity geometry and cmputational setup for flow simulations with the LBM with a
volume flux of 125 ml/sec per averaged nostril. The locations 'left’ ad 'right’ correspond to the patient’s point of view.

Group category structural features Re Pr w;,/&% Blocks Cells

Npoor poor - small hydraulic diameter of pharynx 710 0.72 0.0058  5617.4 x 10°
- missing inferior turb. in right cavity
- missing center turbinate in left cavity
- broad orifice to left paranasal sinus
- hole in septum
- notch in pharynx area

superior turbinate

missing center
turbinate

right nostril

(inlet)
missing inferior missing center paranasal
sinus

turbinate . / turbinate

®
i N left nostril

(inlet)

right

- ; EIENERE]
paranasal N inferior ¢ sinus
sinus turbinate

(a) Frontal slice of the CT image used for the extraction of the (b) Surface of the nasal cavify,... (see Tab. 2) extracted from the CT vol-
nasal cavity surface (see Fig. 6(b)). ume image shown in Fig. 6(a) with an in-house extraction tool.

inferior turbinate

pharynx
(outlet)

Figure 6 CT image of the human nasal cavity and the according extreted surface. LBM-simulations are carried out for the
inspiration process, i.e., the inflow condition is set at the nostrils ashthe outflow condition at the pharynx.

Grid Generation to ¢min- A Smoothing step is required to guarantee that the
The computational grid is created by an automatic level distanceA¢ between a celt and its neighbotV;(c)

Cartesian gridgenerator. For this purpose, the surface in thei-direction is less or equal 1

of the nasal cavity is extracted with an in-house segmen-

tation tool fromComputer Tomography (CTinages. A As(Ni(e) = s(e) = s(Ni(e) < 1. (20)

Seeded Region Growiradgorithm [29] is used to identify  To avoid A¢(N;(c)) > 1, cells on the coarser level are

the volume of the nasal cavity by placing seed points in- refined to meet the requirements. For parallelization, the

side the fluid domain and recursively evaluating the neigh- grid is either split by aHilbert decompositioningnethod

borhood depending on a threshold range. The surface isusing space filling curves as described by Sagan in [32] or

then extracted using thelarching Cubesalgorithm [30] by the graph partitioning tool METIS based on the work

and smoothed using Windowed Sinc Functiof81] re- in [33].

moving high wavenumbers of the surface curvature. An

initial bounding box is fit around the geometry, which is Results

given in stereolythography (STlfprmat. Then, this box  Flat-plate Flow

is continuously split into eight smaller boxes until a user-  To evaluate the LBGK and TLBGK method, the sim-

defined refinement-levelis reached. Cells outside the ge- ulation of a three-dimensional flow over an isothermal

ometry are removed during this process. This yields a grid heated flat plate is performed at &RvoLDs number of

distance oz = lo/25ma=, wherel, is the edge length of ~ Rer = 10* based on the freestream velocity, and the

the initial boundary box on level = 0 ands,,., is the length of the platd. and a RANDTL number ofPr = 1.0.
maximal refinement level. A Blasius profile is prescribed @t5z/L. The computa-

To obtain a multi-level grid, a level bandwidthin addi- tional grid consists 06.7 x 10° cells and has a cell reso-
tion to the maximal and minimal refinement levgl;,, and ~ lution of Az /L = 4.88 x 102, whereAx is the grid dis-
Smas IS defined. The bandwidth defines the distance from tance. In the spanwise direction the fluid domain consists
the wall, which contains cells on the finest leygl, .. Ac- of 4 cells, where for the boundary cells a periodic condition

cording tob, cells outside this bandwidth are only refined is applied. Fig. 4(a) and Fig. 4(b) show the boundary layer
for the velocities and the temperature, respectively. fixce
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tissue contact

back wall
interaction zone

vortex tube —
(missing center turbinate)

[lu/uo]|
.288
6
right nostril left nostril
(inlet) 4 (inlet)
recirculation zone 2
r— (missing inferior turbinate) I eharyny
(outlet) 0 (outlet)

(a) velocity distribution in the right and left nasal cavity

1

(b) temperature distribution in the right and left nasal tavi

pip,
0039

1003
1.002

-1.001

1

(c) static pressure distribution in the right and left nasslity

Figure 7 Velocity, temperature and static pressure distribution in the right and left nasal cavity.

+——right nostril hole in septum

recirculation zone\

+—— |eft nostril

(a) the flow passes a hole in the septum from the left to the rigifb) reversed flow caused by a vortex system located close toettk
nasal cavity wall in the left nasal cavity

Figure 8 Streamlines in the region of the hole in the septum and the reégn of the back wall, where the flow interacts with the
wall and creates reversed flow zones and streamwise vortices.
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e [\ — collision

/[ : - vortex tube (left)
vortex tube (left) = = : £ vortex

[lu/uo]|
.288

streamwise
vortex structures
(to pharynx)

0

(a) side view on the vortex tube in the left nasal cavity; ie back (b) top view onto streamwise vortices forming a vortex paira# p
the collision vortex according to Fig. 8(b) can be seen of the vortex tube shown in Fig. 9(a) can be seen

Figure 9 Vorticity contours in the left nasal cavity. A major vortex tube interacts with the back wall of the cavity and creates a
reversed flow zone and streamwise vortices.

for the color inversion, the boundary-layer thicknesses ar volume flux of 125ml/sec per nostril. The inflow temper-
identical. The temperature of the plafg was setto twice  ature is set t®0°C and the surface temperature3t®C
the inflow temperaturd,,. As depicted in Fig. 5 the dis- body temperature. ARANDTL number of Pr = 0.72 is

placement thickness for the velocity used.
- Considering the sideways directed inlet planes at the
su :/ <1 _ “(z)> dz 21) nostrils as d_epicted in Fig. 6(b) the flqw is acceler_ated
0 Uco towards the inner wall of the nasal cavity on both sides.

On the left side the fluid is accelerated due to a contraction
of the passage near the nostril and forms a vortex tube

o _ /oo <1 T, - T(z)) n (see Fig. 9(a)). Due to the missing center turbinate the
T = v S
0

and for the temperature

T (22)  fluid is transported towards the back and interacts with the
> wall. As shown in Fig. 8(b) and Fig. 9(b) this causes the
collapse. This reflects, that the heat diffusion coefficient formation of a recirculation area. Fig. 8(a) illustratesp t
k is equal to the viscosity at a RANDTL number of  view on the region of the hole in the septum and evidences
Pr = 1.0, which also leads to the equality &fin Eqg. 1 that for inspiration the fluid is transported from the left to

andQr in Eq. 9. the right nasal cavity by passing this orifice. Only a slowly
rotating vortex appears in the left paranasal sinus althoug
Nasal-cavity Flow the opening is extremely widened due to the missing

Investigations of the flow and temperature field were center turbinate (see Fig. 9(a)). In the right nasal cavity,
carried out for a nasal cavityV,..- shown in Fig. 6(b).  the fluid is accelerated towards a tissue contact as depicted
This nasal cavity was previously categorized as poor in Fig. 9(a) on the left side. This contact inhibits the fluid
concerning its functionality, which is based on pressure to flow along the upper region to the olfactory organ. In
loss measurements with a rhinomanometry method bythe region of the missing lower turbinate a recirculation
rhinologists and the subjective evaluation by the patient. zone is formed. This is shown in Fig. 7(a) on the left side,
Tab. 2 lists the structural features of the geometry. Com-where an area of slowly moving fluid can be identified.
paring the hydraulic diameters of the nostrils and the Due to the small hydraulic diameter of the pharynx in
hydraulic diameter of the pharynx shows that the surface contrast to the hydraulic diameters of the nostrils the fluid
area of the pharynx is much smaller than those of the is accelerated on both sides in the bifurcation region of the
nostrils. This patient has a missing center turbinate on left and right cavity (see pharynx region in Fig. 7(a), both
the left side and a missing inferior turbinate on the right cases).
side, which were removed in a rhino-anaplasty. In the The breathing capability is evaluated by considering the
region of the missing turbinate on the left side a big orifice dimensionless pressure 108g/py = (Pin — Pout) /Po
exists to the left paranasal sinus. Additionally, thisgatti ~ from the nostrils to the pharynx, whepg is the reference
suffers from a hole in the septum and has a notch in thepressure. The influence of the dynamic pressure is rather
pharynx area. Based on the extracted surface in Fig. 6(b)low and therefore only the static pressure is considered.
a Cartesian mesh is automatically created, containingFig. 7(c) shows the pressure distribution in the left and
47.4 x 10° cells of the same level with a cell edge length right nasal cavity ofN,,... In the left cavity the major
of 0.11mm. For parallelization the grid is split into 56 pressure loss is caused by the narrowing of the channel
blocks with the graph partitioning tool METIS [33]. The close to the left nostril. Only small gradients can be
REYNOLDS numberRe = Dy, - (tn /&) /v = 710 is observed in the region of the missing turbinate. A stronger
based on the kinematic viscosity the mean hydraulic  gradient is shown close to the pharynx in the bifurcation
diameter of the nostrilsD;, and a dimensionless mean zone, where the diameter of the passage is reduced. A
inflow velocity @;,/¢o = 0.0058 obtained from a mean  similar observation can be made for the right nasal cavity.

SIMBIO 2011 7



Table 3 Comparison between the mean temperature increase

0.04 i -
AT = T, — T;n and the surface areaA of the nasal cavity
0.035 Npoor and a nasal cavity N, .
0.03
o 0.025
é; 0.02 Alem®)  Tin(°C)  Tow(°C) AT(°C)
0.015
Npoor 275.45 20 30.33 10.33
0.01
0.005 Nps 373.32 20 35.49 15.49
0
Npoor-l Npoor-r Nsw-l Nsw-r

Figure 10 Comparison of the static pressure l0s&\p/po of the simulation and analysis of flows in intricate geometries

the nasal cavity N,.. and a swollen nasal cavityNs,,. The
indices 'I' and 'r’ constitute the left and right cavity, The calculations were performed on a Nehalem-based
respectively. cluster at HLRS Stuttgart with a CPU clocking of 2.8GHz
on 56 cores. A solution convergence with a mean residual
A comparison with the results for a swollen nasal cavity of 10-8 was reached after approx. 48 hours of computation
geometryN,,, in Fig. 10 reveals that the pressure 10ss in time and2.0 x 10° iterations.
both cavities is only small foiV,,,,. Breathing problems _
reported by the patient are in this case probably only Conclusions
caused by the formation of recirculation areas and zones A method to analyze the breathing and heating capa-
of reversed flow. bility of human nasal cavities was presented in this paper.
To evaluate the heating capability of the nasal cavity, the An in-house segmentation tool allows the extraction of the
mean temperature increadd” = T,,,,; — T;,, from the nos- surface of the nasal cavity from CT-data. A fast and easy
trils to the pharynx is determined and compared to resultsgrid generation process automatically creates a computa-
obtained for a nasal cavity not suffering from surgically tional mesh from the surface to be used in simulating the
removed nasal structures (geomely,), i.e., the center  velocity, temperature and pressure distribution in the@has
turbinate in the right cavity and the inferior turbinate in cavity for inspiration. A Lattice-Boltzmann and a Thermal
the left cavity are still present (compare Tab. 2). As shown Lattice-Boltzmann Method is used to numerically solve the
in Tab. 3 the air is heated BT}, = 10.33°C in the governing equation of the flow problem.
nasal cavityN,.., While in N,,; the temperature increase The simulation of laminar thermal and velocity boundary
is AT,s = 15.49°C. This reflects a reduced heating layers over a heated isothermal flat plate shows that the
capability of the nasal caviti¥,..,. Although the heating  streamwise development of the displacement thickness for
efficency increases with an increase of the surface drea both cases collapse for &®RNDTL number of Pr = 1.0
(see Tab. 3), they do not necessarily correlate in generalindicating the correctness of the TLBM. Due to the sim-
The geometry of the nasal cavity not only contains the plicity and ease of parallelization of the algorithm, flow
turbinate passages, but also the paranasal and the foreheaimulations can be performed efficiently on large scale
sinuses, which account for a large increase of the surfacecompute clusters.
area. However, most of the fluid is transported through A preliminary dissection of the geometry of the nasal cav-
the turbinate passages, while the paranasal and foreheaity in cooperation with rhinologists and the subjectiveleva
sinuses are only connected to the main surface by smalluation of the patient reveal anatomical anomalies and po-
orifices. Consequently, they have only a minor effect on tential reasons for an impaired breathing and heating ca-
the flow and only account for a small amount of the tem- pability. The breathing capability is evaluated by consid-
perature increase during inhalation. This can exemplarily ering the pressure distribution, the pressure loss from the
be seen in Fig. 9(a), where the velocity magnitude in the nostrils to the pharynx, the formation of recirculation and
right nasal cavity is plotted with vectors on a plane cutting reversed flow zones, and their impact on the flow behavior.
the left paranasal sinus. Only a slowly turning vortex The heating capability is investigated by considering the
appears in this region, although the orifice to the sinus is mean temperature increase from the nostrils to the phar-
enhanced due to the missing center turbinate. ynx and comparing the results to a healthy nasal cavity.
The presented procedure of analysis, based on the evaluaFhe analysis was exemplarily performed for two nasal cav-
tion of evolving flow structures, the pressure loss and the ities, one with surgically removed turbinates and the other
heating capability, leads to a fundamental understandingwith swollen turbinates. As expected, the pressure loss of
of the flow in the human nasal cavity and of the influences the nasal cavity with swollen turbinates is higher than that
of the geometry on its functionalities. The efficient for the nasal cavity with removed turbinates. However, the
parallel LBM and TLBM algorithm to simulate the flow formation of recirculation and reversed flow zones reduce
and temperature field, combined with a fast and easythe breathing capability in the modified cavity by direct-
grid generation makes this procedure a valuable tool for ing the fluid in the upstream direction and increasing the
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arclength of particle paths. An analysis of the tempera-
ture distribution showed that the nasal cavity deformed by

rhino-anaplasty has a considerably reduced heating capa-
bility compared to a cavity not suffering from such modi-
fications. The mean temperature increase in the nasal cav-
ity after rhino-anaplasty i40.33°C while the nasal cav-

ity with intact anatomical structures increases the temyper
ture by15.49°C. The surface area of the nasal cavity does [7]
not necessarily correlate with the heating capabilitygsin

most of the fluid is transported through the turbinate pas-

(6]

sages and paranasal and forehead sinuses only have a mi-
nor effect on the temperature increase. The results reveal, [8]
that for an a-priori evaluation of the nasal cavity func-

tions, the analysis of the flow and temperature field can

reproduce the properties of the nasal cavity in agreement

with the patients observations, such that the here pra$ente

method seems to be applicable in the process of surgical [9]
intervention planning.

Further simulations of the flow in pre- and post-surgical
nasal cavities will give insight to standardized surgical i

terventions. To understand the effect of the area of the

nasal cavity surface on the heating capability, furtheesav

tigations are required to find a correlation between these

(10]

parameters. In addition, a coupling of the geometries of [11]

the nasal cavity, the pharynx, the larynx and the lung sys-
tem will lead to an understanding of the complete respira-
tory system. In this case, inflow temperature variations to

lower temperatures will give more insight into the protec- [12]
tive function of the nasal cavity in winter. Particle transp

algorithms based on these simulations will lead to an un-

derstanding of aerosol sedimentation in the lungs, e.g., th [13]
sedimentation of diesel aerosols in the bronchus causing
cancer.
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