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Scientific breakdown 
for physiological blood flow 
inside a tube with multi‑thrombosis
Salman Akhtar1, L. B. McCash2, Sohail Nadeem1 & Anber Saleem3* 

The blood flow inside a tube with multi-thromboses is mathematically investigated. The existence 
of these multiple thromboses restricts the blood flow in this tube and the flow is revamped by using 
a catheter. This non-Newtonian blood flow problem is modeled for Jeffrey fluid. The energy equation 
includes a notable effect of viscous dissipation. We have calculated an exact solution for the developed 
mathematical governing equations. These mathematical equations are solved directly by using 
Mathematica software. The graphical outcomes are added to discuss the results in detail. The multiple 
thromboses with increasing heights are evident in streamline graphs. The sinusoidally advancing 
wave revealed in the wall shear stress graphs consists of crest and trough with varying amplitude. 
The existence of multi-thrombosis in this tube is the reason for this distinct amplitude of crest and 
trough. Further, the viscous dissipation effects come out as a core reason for heat production instead 
of molecular conduction.

List of symbols
(

R,Z
)

	� Cylindrical-coordinate system
(

U ,W
)

	� Velocities along the radial and axial coordinate
aR0	� Radius of catheter
R0	� Exterior tube’s radius
b	� The amplitude of the sinusoidal wave
�l	� Wavelength (l = 1, 2, 3)

γ̇	� Rate of shear
�2	� Time retardation parameter
Br	� Brinkman number
c	� Wave characteristic Speed
σl	� Maximum thrombus heights (l = 1, 2, 3)

zdl	� Thrombus axial translation (l = 1, 2, 3)

ϕ	� Amplitude to mean radius ratio
dl	� Position of clot’s (l = 1, 2, 3)

�1	� Relaxation to retardation times ratio
a	� Inner tube to outer tube Radius ratio (0 < a < 1)

The phenomenon that explains the transport of biological fluid inside a tube with sinusoidally moving walls is 
known as Peristalsis. Barton1 had studied the peristaltic flow with the assumption of long peristaltic wavelength. 
The different peristaltic flow properties and assumptions like creeping movement were discussed in the study of 
Pozrikidis2. The peristalsis mechanism can also happen within a vessel having a short length, as the diameter of 
such vessels alters systematically due to vasomotion3. The peristalsis mechanism is a vast study area of interest, 
as it has major applications and uses in engineering and biomedical problems. This phenomenon is mainly used 
in many devices that work as blood pumps, transport of sludge as well as food and different biological liquids4. 
The non-Newtonian fluid models are used by many of the researchers to study peristaltic blood flow problems. 
Mekheimer5 had utilized the non-Newtonian study model to examine the unsteady, two-dimensional, peristaltic 
flow of blood. Further, the theoretical work that provides the flow across channels with sinusoidal advancing 
walls, using a non-Newtonian study model is given6,7.
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In blood vessels, some blood particles that get attached to the wall of a vessel, when these particles detach 
from the wall to again join the stream of blood then such particles may form a blood clot. The flow is refined 
in such conditions with catheter application in such tubes. Mekheimer et al.8 had investigated the blood flow 
inside a catheterized cylindrical geometry with thrombus and peristaltic effects. The mathematical investigation 
of peristaltic flow with clot applications through an annular section was conveyed by Nadeem et al.9. Bhatti10 
had utilized a non-Newtonian study model to interpret the flow across an annular region with thrombus and 
peristaltic applications. The investigation of the heat transfer phenomenon for annular blood flow problems 
together with combined applications of peristalsis and thrombus at the center of the tube also has remarkable 
importance due to its applications. Akbar11 had conveyed a mathematical investigation for the heat transport 
mechanism of peristaltic flow through an annular section using a non-Newtonian study model. The flow through 
an annular region having sinusoidally advancing exterior walls with heat transport effects was mathematically 
examined by Vajravelu12. The heat transport mechanism for concentric cylinders with the outer cylinder having 
a sinusoidal wave, using Jeffrey model of non-Newtonian fluid flow was investigated by Vasudev et al.13. Some 
more recent studies that provide the analysis of heat transfer and blood flow are cited as14–21.

We have thoroughly investigated the already available research articles and this observation clearly shows 
that the peristaltic flow of blood within a channel having multi-thrombosis is not mathematically investigated 
by anyone. To cover this gap in the literature, the peristaltic blood flow inside a tube with multi-thrombosis is 
mathematically investigated for the first time. The existence of these multiple thromboses restricts the blood 
flow across the tube and the flow is revamped by using a catheter. This non-Newtonian blood flow problem is 
modeled for Jeffrey fluid. We have gained an exact solution for the developed mathematical governing equations. 
The graphical results are added to discuss these exact results in detail.

Mathematical model
The peristaltic blood flow inside a geometry with multi-thrombosis is mathematically investigated. The presence 
of these multiple clots reduces the blood flow through the tube and the flow of blood is revamped by using a 
catheter (See Fig. 1).

The tube’s outer surface η (z) with a traveling sinusoidal wave and the inner surface ǫ(z) having multiple clots 
is provided with their dimensional mathematical expressions

here f1(z) defines the geometry of multi-thrombosis.
The dimensional form of formulated equations is
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Figure 1.   Geometry of the problem.
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The Jeffrey fluid tensor for extra stresses is taken as22

The fixed and moving frame is correlated by the following equations

The used non-dimensional variables are provided as

Equations (4–6) provides the following dimensionless equation after the application of Eqs. (8) and (9)

The appropriate non-dimensional boundary conditions are

In boundary condition (13), we have w = −1 at r = ǫ(z) and w = −1 at r = η(z). The velocity “w” takes 
the value (minus one) in the dimensionless form. Therefore, in the graphical results of velocity we see negative 
values that exactly approach to minus one. Further, In the dimensional form we have set W = 0 and then by 
using the transformation w = W − c given in Eq. (8), we get w = −c and then by using w = w

c  given in Eq. (9), 
we finally get w = −1.

The exterior surface η(z) and the interior surface ǫ(z) with their dimensionless mathematical expressions are 
provided. The expression for f1(z) is chosen as23

Exact solution
The velocity profile w(r, z) is exactly solved to get

where log represents the logarithmic function.
The rate for volume flow between these two walls is

Finally, by using volume flow rate calculations, we get pressure gradient as
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The result for τw is calculated as follows

The temperature solution is also solved exactly and the expression is given by

Results and discussion
The interpreted results are discussed in detail with graphical outcomes. The velocity profile graphs are plotted 
and provided in Figs. 2, 3 and 4. Figure 2 represents that the velocity profile gains a higher value almost near the 
central region of two walls, but it shows declining behavior near the peristaltic surface with increasing φ . The 
peristaltic transport is increased automatically with increasing the amplitude of the peristaltic wave, as this flow 
mainly depends on the amplitude of the peristaltic wave. Thus the velocity near the central region increases. There 
is an increment in the value of velocity for increasing the value of Q , given in Fig. 3. The velocity should gain 
magnitude with incrementing Q as it assists the flow. Figure 4 reveals that velocity declines with a multi-thrombus 
wall but remains constant at the peristaltic wall for increasing values of σl . Figures 5 and 6 are provided to discuss 
the shear stress τw that is plotted against the axial coordinate. Figure 5 reveals that τw gains magnitude with an 
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Figure 2.   Velocity for φ.
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increasing value of Q . It is observed that the sinusoidal wave presented in this graph consists of different ampli-
tudes crest and trough. The existence of multi-thrombosis in this tube is the reason for this distinct amplitude 
of crest and trough. The crest with greater amplitude depicts the position of multi-thromboses while the once 
with low amplitude reveal the location having no thrombus. The locations 50 ≤ z ≤ 150 , 200 ≤ z ≤ 300 , and 
350 ≤ z ≤ 450 show the position of multi-thromboses. In Fig. 6, τw is plotted for an increasing value of σl . As the 
values of σl increases, the value of τw gains magnitude exactly at positions of multi-thromboses. Thus, it is also 
evident from this graph that the positions of multi-thrombosis are the segments 50 ≤ z ≤ 150 , 200 ≤ z ≤ 300 , 
and 350 ≤ z ≤ 450 . The graphical outcomes of temperature profile for distinct parameters are displayed in 

Figure 3.   Velocity for Q.

Figure 4.   Velocity for σl.
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Figs. 7, 8, 9, 10 and 11. Figure 7 displays that the temperature shows increasing behavior with increasing value 
of Br . Thus, viscous dissipation is the core reason for heat production instead of molecular conduction. Figure 8 
shows that there is a decline in temperature with incrementing the value of �1 . The temperature attains higher 
values with the multi-thrombus end but declines with the wavy end for enhancing the value of φ , represented 
in Fig. 9. Figure 10 displays that temperature attains increasing values with enhancing Q . There is an increment 
in the temperature for increasing the value of σl , displayed in Fig. 11. Streamline graphical outcomes are plotted 
for increasing the value of Q , as given in Figs. 12, 13, 14 and 15. These graphs convey that the trapping decreases 
in size but increases in the count with increasing Q . A clear picture of the sinusoidal wave is seen at one end 
and multi-thrombosis at another end. These streamline graphical results (Figs. 12, 13, 14 and 15) are plotted 
for fixed height of multiple thrombosis and the fixed height is evident in the graphs. The next given graphical 

Figure 5.   τw for Q.

Figure 6.   τw for σl.
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results (Figs. 16, 17, 18 and 19) are plotted for varying heights of multiple thrombosis and the variation in the 
height of these multiple thrombosis is noted in these graphs. In this way, we have also covered the present topic 
for different heights of multiple thrombosis. Figures 16, 17, 18 and 19 displays a streamlined graph for increas-
ing values of σl . It is interesting to note the increase in height of multi-thrombosis in these streamlines graphs.

Figure 7.   Temperature profile for Br.

Figure 8.   Temperature profile for �1.
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Conclusions
The peristaltic blood flow inside a cylindrical geometry with multi-thrombus is mathematically investigated. 
The presence of these multiple clots reduces the blood flow across the tube and the flow is revamped by catheter 
utilization. The important outcome results are

•	 the velocity profile gain magnitude almost near the central region of both walls but it shows declining behav-
ior near the peristaltic surface with increasing φ.

Figure 9.   Temperature profile for φ.

Figure 10.   Temperature profile for Q.
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•	 The velocity profile declines with the multi-thrombus wall but remains constant at the peristaltic wall for 
increasing values of σl.

•	 The sinusoidally advancing wave observed in the graphs of wall shear stress consists of different amplitude 
crest and trough. The existence of multi-thrombosis in this tube is the reason for this distinct amplitude of 
crest and trough.

•	 The crest with greater amplitudes depict the position of multi-thrombosis while the once with low amplitude 
reveal the location having no thrombus.

•	 A clear picture of a sinusoidal wave is seen at one end and multi-thrombosis at another end in the streamlines 
graph.

Figure 11.   Temperature profile for σl.

Figure 12.   Streamlines for Q = 0.5 with �1 = 0.4, φ = 0.037, a = 0.01, zd1 = 0.5, zd2 = 2, zd3 = 3.5,

h1 = 0.5, h2 = 2, h3 = 3.5.
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Figure 13.   Streamlines for Q = 0.6 with �1 = 0.4, φ = 0.037, a = 0.01, zd1 = 0.5, zd2 = 2, zd3 = 3.5,

h1 = 0.5, h2 = 2, h3 = 3.5.

Figure 14.   Streamlines for Q = 0.7 with �1 = 0.4, φ = 0.037, a = 0.01, zd1 = 0.5, zd2 = 2, zd3 = 3.5,

h1 = 0.5, h2 = 2, h3 = 3.5.



11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:6718  | https://doi.org/10.1038/s41598-021-86051-2

www.nature.com/scientificreports/

Figure 15.   Streamlines for Q = 0.75 with �1 = 0.4, φ = 0.037, a = 0.01, zd1 = 0.5, zd2 = 2, zd3 = 3.5,

h1 = 0.5, h2 = 2, h3 = 3.5.

Figure 16.   Streamlines for σl = 0.01 with �1 = 0.4, φ = 0.037, a = 0.01, zd1 = 0.5, zd2 = 2, zd3 = 3.5,

h1 = 0.5, h2 = 2, h3 = 3.5, Q = 0.01.
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Figure 17.   Streamlines for σl = 0.03 with �1 = 0.4, φ = 0.037, a = 0.01, zd1 = 0.5, zd2 = 2, zd3 = 3.5,

h1 = 0.5, h2 = 2, h3 = 3.5, Q = 0.01.

Figure 18.   Streamlines for σl = 0.05 with �1 = 0.4, φ = 0.037, a = 0.01, zd1 = 0.5, zd2 = 2, zd3 = 3.5,

h1 = 0.5, h2 = 2, h3 = 3.5, Q = 0.01.



13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:6718  | https://doi.org/10.1038/s41598-021-86051-2

www.nature.com/scientificreports/

Received: 5 October 2020; Accepted: 11 January 2021

References
	 1.	 Barton, C. & Raynor, S. Peristaltic flow in tubes. Bull. Math. Biophys. 30(4), 663–680 (1968).
	 2.	 Pozrikidis, C. A study of peristaltic flow. J. Fluid Mech. 180, 515–527 (1987).
	 3.	 Fung, Y. C. & Yih, C. S. Peristaltic transport. J. Appl. Mech. 35(4), 669–675 (1968) (7 pages).
	 4.	 Jaffrin, M. Y. & Shapiro, A. H. Peristaltic pumping. Annu. Rev. Fluid Mech. 3(1), 13–37 (1971).
	 5.	 Mekheimer, K. S. Peristaltic flow of blood under effect of a magnetic field in a non-uniform channels. Appl. Math. Comput. 153(3), 

763–777 (2004).
	 6.	 Nadeem, S. & Akbar, N. S. Peristaltic flow of Sisko fluid in a uniform inclined tube. Acta Mech. Sinica-PRC. 26(5), 675–683 (2010).
	 7.	 Nadeem, S. & Akram, S. Slip effects on the peristaltic flow of a Jeffrey fluid in an asymmetric channel under the effect of induced 

magnetic field. Int. J. Numer. Methods Fluids 63(3), 374–394 (2010).
	 8.	 Mekheimer, K. S. & Elmaboud, Y. A. The influence of a micropolar fluid on peristaltic transport in an annulus: Application of the 

clot model. Appl. Bionics Biomech. 5(1), 13–23 (2008).
	 9.	 Shahzadi, I. & Nadeem, S. Role of inclined magnetic field and copper nanoparticles on peristaltic flow of nanofluid through inclined 

annulus: Application of the clot model. Commun. Theor. Phys. 67(6), 704 (2017).
	10.	 Bhatti, M. M., Zeeshan, A. & Ellahi, R. Heat transfer analysis on peristaltically induced motion of particle-fluid suspension with 

variable viscosity: Clot blood model. Comput. Meth. Prog. Bio. 137, 115–124 (2016).
	11.	 Nadeem, S. & Akbar, N. S. Influence of heat and mass transfer on a peristaltic motion of a Jeffrey-six constant fluid in an annulus. 

Heat Mass Trans. 46(5), 485–493 (2010).
	12.	 Vajravelu, K., Radhakrishnamacharya, G. & Radhakrishnamurty, V. Peristaltic flow and heat transfer in a vertical porous annulus, 

with long wave approximation. Int. J. Nonlin. Mech. 42(5), 754–759 (2007).
	13.	 Vasudev, C., Rao, U. R., Reddy, M. S. & Rao, G. P. Effects of heat transfer on the peristaltic flow of Jeffrey fluid through a porous 

medium in a vertical annulus. J. Basic. Appl. Sci. Res 1, 751–758 (2011).
	14.	 Ali, A., et al. Investigation on TiO2–Cu/H2O hybrid nanofluid with slip conditions in MHD peristaltic flow of Jeffrey material. J. 

Therm. Anal. Calorim. 143, 1985–1996 (2021) https://​doi.​org/​10.​1007/​s10973-​020-​09648-1.
	15.	 Riaz, A., Abbas, T., & Ul Ain, A. Q. Nanoparticles phenomenon for the thermal management of wavy flow of a Carreau fluid through 

a three-dimensional channel. J. Therm. Anal. Calorim. 143, 2395–2410 (2021) https://​doi.​org/​10.​1007/​s10973-​020-​09844-z.
	16.	 Khan, L. A., Raza, M., Mir, N. A. & Ellahi, R. Effects of different shapes of nanoparticles on peristaltic flow of MHD nanofluids 

filled in an asymmetric channel. J. Therm. Anal. Calorim 140(3), 879–890 (2020).
	17.	 Shadloo, M. S., Xu, H., Mahian, O. & Maheri, A. Fundamental and engineering thermal aspects of energy and environment. J. 

Therm. Anal. Calorim 139(4), 2395–2398 (2020).
	18.	 Misra, J. C., Shit, G. C. & Pramanik, R. Non-Newtonian flow of blood in a catheterized bifurcated stenosed artery. J. Bionic Eng. 

15(1), 173–184 (2018).
	19.	 Shit, G. C. & Majee, S. Computational modeling of MHD flow of blood and heat transfer enhancement in a slowly varying arterial 

segment. Int. J. Heat Fluid Flow 70, 237–246 (2018).
	20.	 Shit, G. C., Maiti, S., Roy, M. & Misra, J. C. Pulsatile flow and heat transfer of blood in an overlapping vibrating atherosclerotic 

artery: A numerical study. Math. Comput. Simul. 166, 432–450 (2019).
	21.	 Saleem, A., Akhtar, S., Nadeem, S., Issakhov, A. & Ghalambaz, M. Blood flow through a catheterized artery having a mild stenosis 

at the wall with a blood clot at the centre. CMES-Comp. Model. Eng. 125(2), 565–577 (2020).
	22.	 Akbar, N. S. & Butt, A. W. Heat transfer analysis of viscoelastic fluid flow due to metachronal wave of cilia. Int. J. Biomath. 7(06), 

1450066 (2014).
	23.	 Jayaraman, G. & Sarkar, A. Nonlinear analysis of arterial blood flow—Steady streaming effect. Nonlinear Anal. Theory Methods 

Appl. 63(5–7), 880–890 (2005).

Author contributions
Conceptualization, The idea of the present paper was given by S.N. and A.S. both are working in this key area 
and published many papers. Data curation, the data of this paper has been computed theoretically by S.A. who 

Figure 19.   Streamlines for σl = 0.07 with �1 = 0.4, φ = 0.037, a = 0.01, zd1 = 0.5, zd2 = 2, zd3 = 3.5,

h1 = 0.5, h2 = 2, h3 = 3.5, Q = 0.01.

https://doi.org/10.1007/s10973-020-09648-1
https://doi.org/10.1007/s10973-020-09844-z


14

Vol:.(1234567890)

Scientific Reports |         (2021) 11:6718  | https://doi.org/10.1038/s41598-021-86051-2

www.nature.com/scientificreports/

is also a Ph.D. Student woring under the supervision of S.N. Formal analysis, analysis part of this paper has 
been done by S.A. under the guidance of A.S. Funding acquisition, Being a Head of the Section S.N. along with 
L.B.M. will bear all the fundings. Investigation, Major investigations part has been done by S.A. and S.N. Meth-
odology, The solutions are proposed by S.N. and formal calculations have been done. Project administration, 
The Administrative part has been done by S.N. and L.B.M. Resources, This section has been provided by S.N. 
Software, This portion has been done by S.A. Supervision, The supervisor is S.N. Validation, This portion has 
been done by S.A. with the guidance of S.N. Visualization, A.S. Writing—original draft, S.A. Writing—review 
editing: all the authors of the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Scientific breakdown for physiological blood flow inside a tube with multi-thrombosis
	Mathematical model
	Exact solution
	Results and discussion
	Conclusions
	References


