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Nicotine is harmful to the health of smokers and the inhalation of second-hand 
smoke is more harmful. A high efficiency of nicotine filtration for a cigarette fil-
ter is much needed. This paper suggests a formulation to predict filtration effi-
ciency of a filter with X- or Y-shaped fibers. Main effects affecting the efficiency 
are elucidated using a fractal modification of the Darcy's law.  

Key words: fractal theory, fractal dimensions, shaped fiber, fractal calculus, 
cellulose acetate, trilobal-shaped fiber, Y-cross-sectional shape, 
X-cross-sectional shape, Darcy's law, hierarchical structure  

Introduction 

According to the Science magazine (science.sciencemag.org), US teens’ use of nico-

tine soars [1], other part of the world has a similar trend. Though nicotine in moderation is 

helpful for health, because it can prevent the formation of protein clumps which leads to Alz-

heimer's disease, and smokers appear to have a lower incidence of Alzheimer's disease [2]. 

Small amount of nicotine from smoking can greatly improve learning ability and prominently 

enhance memory, and it can also result in a rapid information processing with great arousal 

and attention [3]. However, nicotine has a high concentration in a tobacco, constituting up to 

3.0%, too much nicotine from tobacco is harmful to the health of smokers and the inhalation 

of second-hand smoke is more harmful [4]. Tobacco factories have been trying to reduce the 

harm to an acceptable level by controlling fiber morphology, fiber number and tobacco’s 

weight in a cigarette filter. The most used fibers in a cigarette filter is Y-shaped, which is of-

ten called as a trilobal-shaped fiber. Nantong Zhuhai Kunming Cellulose Fibers Co., Ltd. pro-

duces a new shaped fiber with X-cross-section, which has obvious advantages over its 

Y-shaped fibers in a low pressure drop and high filtration efficiency of nicotine. This paper 

will establish a theoretical model to predict nicotine’s filtration efficiency.  

Filter geometry 

A cigarette filter [4] is used to prevent smokers from harm, it is generally made 

from cellulose acetate fibers [5-8]. The pressure drop and filtration efficiency are two main 

factors affecting consumer’s feeling and attitude to the quality of cigarette. The most used 

fibers are either X-shaped or Y-shaped, see figs. 1 and 2. A filter consists of many fibers as 

illustrated in fig. 3.  

–––––––––––––– 
* Author, e-mail: wallaceyang@ncfcinfo.com

javascript:;
javascript:;
mailto:wallaceyang@ncfcinfo.com


 

 

Figure 1. Cross-section of a cigarette filter with 
different shaped fibers 

 

Figure 3. Fiber bundle in a cigarette filter 

 

Figure 2. Different cross-sections of shaped fibers 
at 400× magnification 

Fibers’ cross-section, fiber number, and the filter’s weight are three main factors af-

fecting the filter’s pressure drop and filtration efficiency.  

Pressure drop through the filter  

The pressure drop, Δp, through a porous medium can be predicted approximately by 

Darcy’s law [9]:  
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where A is the section area, ε – the constant, Q – the flow rate, μ – the permeability, and L – 

the tube length.  

According to the fractal theory, a fractal modification of Darcy’s law was proposed 

in [9], which reads: 
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where R is the porous pipe’s radius, Q – the volumetric flow rate, α and γ – the values of frac-

tal dimensions for the filter section and the compacted fiber in the filter, respectively. When  

α = 2 and γ = 1, eq. (2) turns out to be the Darcy’s law. 

https://en.wikipedia.org/wiki/Volumetric_flow_rate


 

Fractal approach is widely used to study the air permeability [10, 11], heat transfer 

[12-16] of discontinuous media including the natural fibers and nanofiber membranes [17-22]. 

Fractal theory is also a theoretical foundation for explanation of the Hall-Petch effect [23], lo-

tus effect [24], and geometric potential [25, 26]. The fractional dimensions are relative to the 

order of the fractal order in the fractal calculus [27-29]. 

The fractal dimensions can be obtained by: 
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where two scales are used, the larger one is L, and the smaller is l, M = L/l, on the larger 

scale, we have a unit, while on the smaller scale, the units are N.  

To calculate the value of the fiber’s fractal dimensions, we use the two scales, one is 

the filter’s radius, R, and the other is the lobal half width, h/2, of a shaped fiber with radius of 

r, see fig. 2. For the scale of R, we have a unit area, and when we use the scale of h/2, we have 

the real area πr2 – 3rh for a trilobal-shaped fiber, i. e., the number of new units is:  
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where n is the total number of fibers in a filter.  

The scale ratio is: 
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The fractal dimensions for the filter’s section are: 
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For a multi-lobal shaped fiber, the fractal dimensions are: 
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where λ is the lobal number, for the X-shaped fiber as illustrated in fig. 2, λ = 4. 

The value for γ can be calculated: 
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where L0 is the length of a fiber in a filter at a free condition, and it is compacted into a filter 

with length of L.  



 

Filtration efficiency 

Filtration efficiency of nicotine depends upon two factors, one is the fiber’s surface 

area, and the other is the intake rate:  

 nCLQ   (9) 

where η is the filtration efficiency, n – the fiber number in a filter, L – the filter’s length,  
C – the perimeter of a shaped fiber, which can be written: 

 ( 2 )C h r= +  (10) 

where λ is the lobal number, for the X-shaped fiber as illustrated in fig. 2, λ = 4 and λ  = 3 for 

Y-shaped fiber.  

The intake rate, Q, can be calculated from eq. (2), finally the filtration efficiency can 

be expressed:  

 
1

( 2 )
pR

Kn h r
L




 

−


= +  (11) 

Filtration efficiency comparison between  

the X- and Y-shaped fibers 

We assume all geometrical parameters for X- and Y-shaped filters are same, i. e., the 

equivalent fiber’s radius, r, and initial length, L0, the filter’s radius, R, and length, L, and the 

pressure drop is also same. The filtration efficiency comparison between the X- and Y-shaped 

fibers reads: 
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It is obvious that the efficiency depends on filter’s radius, fibers’ radius and the lob-

al’s length.  

It is obvious that: 
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Equation (13) implies that: 

 0X Y −   (15) 

So there is a threshold of the filter’s radius, Rcritical, when R < Rcritical we have 

.X Y   



 

Experiment 

Equation (11) reveals that .p  . We compare the nicotine’s filtration efficiency 

between Y-shaped and X-shaped fibers. All cigarette parameters are kept same except the 

pressure drop. In our example we choose two samples 6.0Y17000 and 6.0X17000 for compar-

ison. The experiment results are shown in tab. 1. For the samples of 6.0Y17000 and 

6.0X17000, we have, respectively:  

  53.384 10 P −=    for 6.0Y17000 (16) 

and  

 53.439 10 P −=    for 6.0X17000 (17) 

It is shown that at the same pressure drop, the X-shaped filter has a higher nicotine’s 

filtration efficiency.  

Table 1. Nicotine’s Filtration efficiency vs pressure drop 

Samples Nicotine’s filtration efficiency, [%] Pressure drop, [Pa] 

6.0Y17000 
(Y-shaped fiber) 

14.04 4100 

14.83 4300 

15.24 4500 

15.72 4800 

6.0X17000 
(X-shaped fiber) 

13.54 3800 

14.27 4100 

14.77 4300 

15.34 4500 

15.87 4800 

Conclusion  

This paper gives a theoretical model for prediction of the filtration efficiency of a 

cigarette filter with X or Y-shaped fibers based on a fractal modification of the Darcy law. 

The filtration efficiency of filters with X-shaped fiber is higher when filter’s diameter is less 

than a threshold value.   

Acknowledgment 

This research was funded by China National Tobacco Company (CNTC) China To-

bacco Office under Grant No. 259 (2016). 

References  

[1] Brainard, J., US Teens' Use of Nicotine Soars, Science, 363 (2019), 6428, pp. 674-674  
[2] Cohen, P. Nicotine May Block Formation Of Alzheimer's Plaques, New Scientist, 152 (1996), Nov., p. 8 
[3] Gray, R., et al., Hippocampal Synaptic Transmission Enhanced By Low Concentrations Of Nicotine, 

Nature  383 (1996), 6602, pp. 713-716 
[4] Benowitz, N. L., Henningfield, J. E., Nicotine Reduction Strategy: State of the Science and Challenges 

to Tobacco Control Policy and FDA Tobacco Product Regulation, Preventive Medicine, 117 (2018), 
Dec., pp. 5-7 

http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=3&SID=8CHvoAjlVbeAsOGOr65&page=2&doc=52
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=7&SID=8CHvoAjlVbeAsOGOr65&page=1&doc=3
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=7&SID=8CHvoAjlVbeAsOGOr65&page=1&doc=7
https://www.sciencedirect.com/science/article/pii/S0091743518302019
https://www.sciencedirect.com/science/article/pii/S0091743518302019
https://www.sciencedirect.com/science/journal/00917435


 

[5] Zhang, L., et al., Vibration of an Axially Moving Jet in a Dry Spinning Process, Journal of Low Fre-
quency Noise, Vibration & Active Control, On-line first, https://doi.org/10.1177/1461348418818349, 
2019 

[6] Yang, Z. P., et al., Optimal Spinneret Size for Improvement of Fiber’s Mechanical Property, Thermal 
Science, 17 (2013), 5, pp. 1501-1503 

[7] Yang, Z. P., et al., Nozzle Design in a Fiber Spinning Process for a Maximal Pressure Gradient, Thermal 
Science, 17 (2013), 5, pp. 1529-1532 

[8] Zhang, L., et al., Pressure Distribution on Spinning Spinnerets, Thermal Science, 17 (2013), 5, pp.1533-
1537 

[9] Zhao, L., et al., Fractal Approach to Flow through Porous Material, Int. J. Nonlin. Sci. Num., 10 (2009), 
7, pp. 897-901 

[10] Liu, Y. Q., et al., Air Permeability of Nanofiber Membrane with Hierarchical Structure, Thermal Sci-
ence, 22 (2018), 4, pp. 1637-1643  

[11] Wang, F. Y., et al., Improvement of Air Permeability of Bubbfil Nanofiber Membrane, Thermal Science, 
22 (2018), 1A , pp. 17-21 

[12] Li, X. W., et al., Study on Highly Filtration Efficiency of Electrospun Polyvinyl Alcohol Micro-Porous 
Webs, Indian Journal of Physics, 89 (2015), 2, pp. 175-179 

[13] Li, X.-X., et al., A Fractal Modification Of The Surface Coverage Model For An Electrochemical Arse-
nic Sensor, Electrochimica Acta, 296 (2019), Feb., pp. 491-493 

[14] He, J.-H., et al., A New Fractional Derivative and Its Application to Explanation of Polar Bear Hairs, 
Journal of King Saud University Science, 28 (2016), 2, pp. 190-192  

[15] Wang, Q. L., et al., Fractal Analysis of Polar Bear Hairs, Thermal Science, 19 (2015), Suppl. 1, 
pp. S143-S144 

[16] Wang, Q. L., et al., Fractal Calculus and Its Application to Explanation of Biomechanism of Polar Bear 
Hairs, Fractals, 26 (2018), 6, ID 1850086 

[17] Liu, F. J., et al., A Delayed Fractional Model for Cocoon Heat-Proof Property, Thermal Science, 21 
(2017), 4, pp. 1867-1871 

[18] Li, X. X., He J.-H. Nanoscale Adhesion and Attachment Oscillation under the Geometric Potential Part 
1: the Formation Mechanism of Nanofiber Membrane in the Electrospinning, Results in Physics, 12 
(2019), Mar., pp. 1405-1410 

[19] Tian, D., et al., Self-Assembly of Macromolecules in a Long and Narrow Tube, Thermal Science, 22 
(2018), 4, pp. 1659-1664 

[20] Tian, D., et al., Macromolecule Orientation in Nanofibers, Nanomaterials, 8 (2018), 11, ID 918 
[21] Tian, D., He, J.-H., Macromolecular Electrospinning: Basic Concept & Preliminary Experiment, Results 

in Physics, 11 (2018), Dec., pp. 740-742 
[22] Liu, Q., et al., Silk Fibroin/Polyethylene Glycol Nanofibrous Membranes Loaded with Curcumin, Ther-

mal Science, 21 (2017), 4, pp. 1587-1594  
[23] Tian, D., et al., Hall-Petch Effect and Inverse Hall-Petch Effect: A Fractal Unification, Fractals, 26 

(2018), 6, ID 1850083 
[24] Zhou, C. J., et al., What Factors Affect Lotus Effect? Thermal Science, 22 (2018), 4, pp. 1737-1743 
[25] Liu, P., He J.-H., Geometric Potential: an Explanation of Nanofibers Wettability, Thermal Sciience, 22 

(2018), 1A, pp. 33-38 
[26] Tian, D., et al., Geometrical Potential and Nanofiber Membrane’s Highly Selective Adsorption Property, 

Adsorption Science & Technology, On-line first, https://doi.org/10.1177/0263617418813826, 2018 
[27] He, J.-H., Fractal Calculus and Its Geometrical Explanation, Results in Physics, 10 (2018), Sept., pp. 

272-276 
[28] Wang, Y, Deng, Q., Fractal Derivative Model for Tsunami Travelling, Fractals, 27 (2019), 1, ID 

1950017 
[29] Wang, Y., An, J. Y. Amplitude-Frequency Relationship to a Fractional Duffing Oscillator Arising in Mi-

crophysics and Tsunami Motion, Journal of Low Frequency Noise, Vibration & Active Control, On-line 
first, https://doi.org/10.1177/1461348418795813, 2018 

 

Paper submitted: March 14, 2019 © 2019 Society of Thermal Engineers of Serbia.  
Paper revised: March 29, 2019 Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia. 
Paper accepted: March 29, 2019 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.  

http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=6FrTGnYJQd4WzH8q8eA&page=5&doc=234
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=6FrTGnYJQd4WzH8q8eA&page=5&doc=234
https://www.sciencedirect.com/science/article/pii/S0013468618325143
https://www.sciencedirect.com/science/article/pii/S0013468618325143
https://www.sciencedirect.com/science/journal/00134686
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=6EnakUzq7hUKpTp191D&page=1&doc=39
http://thermalscience.vinca.rs/authors/3157
https://www.sciencedirect.com/science/article/pii/S2211379718311951
https://www.sciencedirect.com/science/journal/22113797
https://www.worldscientific.com/doi/10.1142/S0218348X19500178
https://www.worldscientific.com/worldscinet/fractals
https://doi.org/10.1177/1461348418795813
http://www.vin.bg.ac.rs/index.php/en/

