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Large airway

Small airway
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Mucus gel
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Type 1 pneumocyte Type 2 pneumocyte
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Cilia
Length 5-8 um Diameter 0.15-0.3 pm
Frequency of 10-20/sec Wavelength A 20-40 pm
beat metachronal wave
Cilia spacing 0.3-0.4 pm Average area 30-40 /( um)?
Density of cilia ~ 6-10/( um)® Number/cell 200-400
Depth of fluid 5-500 um Average velocity of 5-10 mm/min

mucus

Mucus

water 95-97%, Mucin 2.5-3.0%, Salt 1-2% Contents:
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f.(rad !/ s)
20 25.47 | 45.44 | 76.99 | 138.4 | 303.3 | 463.2
40 37.78 |59.23 | 91.55 | 154.0 | 318.5 | 480.0
60 49.08 | 71.91 | 105 167.4 | 332.7 | 496
80 61.13 | 85.3 |119.0 | 181.7 | 346.8 | 509.9
100 72.82 |98.25 | 132.5 | 195.3 | 359.7 | 521.9
120 84.74 | 111.6 | 146.6 | 209.8 | 374.2 | 536.0
140 97.6 |125.9 |161.7 | 2254 | 389.9 | 552.1
50 ote uilS 3 calises polie I3l 4 wgSge 40 9% g o p Uy (UM/S) Sliss  (YE-F) Jooo
B=07
7y (Fa.s) 0,002 [0.005 | 0.01 [0.02 [0.0482 |0.08
f.(rad !/ s)
20 17.51 | 26.54 | 40.94 | 68.29 | 143.2 | 222.2
40 28.46 | 39.01 | 54.57 | 82.74 | 158.2 | 238.7
60 38.49 | 50.38 | 66.98 | 95.97 | 172.0 | 253.1
80 49.31 | 62.52 | 80.16 | 109.9 | 186.3 | 267.5
100 59.89 | 74.34 | 92.96 | 123.3 | 200 274.3
120 70.49 | 86.36 | 106.1 | 137.2 | 2144 | 292
140 82.22 199.3 |120.1 | 152.1 | 229.8 | 307.5
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ol % e polie 1) 4 (sS 50 (15 5l e Glej e Uy (UMTS) s

B=0.1 &I}l & laose

f(rad 75) A(s) 0.002 | 0.005 | 0.01 | 0.02 | 0.034
20 367.7 | 373.8 | 375.9 | 376.9 | 378.2
40 388.5 [ 391.6 | 392.1 | 393.1 | 393.4
60 358.3 | 405.9 | 406.6 | 407 407.4
80 366.3 | 4204 | 421 421.2 | 421.6
100 412.9 | 433.2 | 4325 | 433.8 | 434.1
120 426.8 | 447.7 | 448.0 | 448.2 | 448.4
140 442 463.4 | 463.7 | 463.9 | 464.0

ol % e polie sl e (55 50 551 o) Glej e Uy (UMY S) s

L=0.3 sl & locse

f(rad 75) A(s) 0.002 | 0.005 | 0.01 | 0.02 | 0.034
20 201.0 | 295.5 | 299.1 | 301 303.3
40 220.2 | 300.6 | 316.4 | 317.4 | 3185
60 240.9 [ 306.0 | 331.2 | 331.8 | 332.6
80 271.2 | 331.1 | 345.6 | 346.1 | 346.7
100 284.5 | 343.8 | 350.5 | 359.1 | 359.7
120 299.2 | 357.9 | 366.8 | 373.6 | 374.2
140 315.3 [ 373.3 | 382.9 | 389.6 | 389.9

ol 8 alises polie il 4 usSge (25 3l aley Gloy cans Uy, (UMS) &l s

L =07 &)l 4 laose

£ (rad /3 A(s) 0.002 | 0.005 | 0.01 | 0.02 | 0.034
20 125.2 | 140.0 | 1415 | 142.8 | 143.2
40 131.8 | 147.9 | 157.3 | 157.7 | 158.2
60 137.4 | 159.3 | 1655 | 171.7 | 172.0
80 144.3 | 172.4 | 183 186.0 | 186.3
100 164.3 | 184.0 | 196.6 | 198.4 | 199.9
120 171.6 | 201 211.0 | 2129 | 2144
140 190 220 228.2 | 229.2 | 229.1
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Abstract

Air which passes from the airway into the lungs is often polluted with a variety of parti-
cles, fungi and bacteria that may become deposited in the airways. The airway surface
liquid (ASL), is a thin layer of fluid covering the luminal surface that plays an important
defensive role against foreign particles and chemicals entering the lung. Indeed, the
ASL exhibits a two-layer structure. The upper layer consists of highly viscous and non-
Newtonian mucus, which is a nonhomogeneous, viscoelastic fluid containing water, salt
and glycosylated mucin proteins and the lower layer is a watery lubricating fluid, or
‘periciliary liquid’ (PCL). The cilia, which are hair-like structures, are embedded in
PCL with only the tips of the cilia contacting mucus layer. In this study, two dimension-
al numerical model based on hybrid Finite difference-lattice Boltzmann method is used
to study the muco-ciliary transport process. Immerse boundary method is used to study
the propulsive effect of the cilia and also the effects of mucus—periciliary layer inter-
face. The main contribution of this study is on elucidating the role of the viscoelastic
behavior of mucus on the muco-ciliary transport and for this purpose an Oldroyd-B
model is used as the constitutive equation of mucus for the first time. Numerical simula-
tions have been performed to investigate the effects of mucus viscosity, viscosity ratio,
relaxation time, depth of cilia, cilia beat frequency, depth of PCL and mucus and sur-
face tension of the PCL-mucus interface on muco-ciliary transport process. For the
standard parameters set, at the specific value of mucus viscosity, mucus viscosity ratio
has a great effect on the mean mucus velocity. Enhancing cilia beat frequency is the se-
cond parameter that can increase mucus flow. Other parameters do not have a great ef-
fect on the mucus flow in this condition. The results also show that at the lower values
of viscosity ratio, viscosity of mucus has a great effect on the muco-ciliary transport
process and also mucus velocity is affected by mucus relaxation time when its value is
less than 0.002 s. Results also indicate that the variation of these properties on the mu-

cus velocity at lower values of viscosity ratio is more significant.

Key words: Muco-ciliary Transport, Hybrid Lattice Boltzmann-Finite Difference

Method, Immersed Boundary Method, Mucus rheology Properties
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