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Abstract

In this paper, the pulsating flow and forced coriegcheat transfer in a pipe filled with porous nd is
investigated. The pipe is under a constant heatTlhe governing equations of the problem incluctaginuity,
Brinkman momentum equation and energy equatiomdJsbmplex analysis technique, an analytical sotuti
for velocity profile and temperature distributiore abtained. Also, the effect of various desigrapasters on
velocity profile and temperature distribution isdied. Results show that the pulsating effect dooity and
temperature profile increases with the increas®afcy number and dimensionless amplitude of pressur
gradient but decreases with the increase of vigcaatio parameter, Prandtl number and dimensisnles
frequency. For high dimensionless frequeri@> 30), the maximum velocity and temperature tend to be
constant due to the decrease in wave amplitude.
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1. Introduction

Considering the wide variety of mechanical movemaiiserved in industry, it can be said that
oscillating flows account for a significant part thfese movements. Flow inside reciprocating
pumps, internal and external combustion enginest lxchangers, etc. are among such
movements. Hence in recent years the problem afaigty flows and its related heat transfer in
pipes, channels and ducts have received consigeattbhtion by researchers. In 1955 Womersley
gave an analytical solution of the problem of vissdluid motion in a circular tube under the
periodic pressure gradient. He calculated viscoag end flow rate. His results showed that there
iIs a phase-lag between pressure gradient and fklatity [1]. In 1955 Womersley in another
research gave an exact solution of the problemiszous fluid flow in an elastic tube with thin
wall, under time dependent periodic pressure gradlewas shown that pressure wave was the
cause of distortion in the tube wall and the loamgjibal oscillation of it was an important factor in
determining flow rate [2]. In 1961 Atabek and Chamgposed an analytical solution for unsteady
oscillating flow in the entrance region of a cimukube. In order to simplify the momentum
equation it was assumed that the fluid velocityniertia terms, in the entrance region is same as
the inlet velocity. They obtained the velocity pk®in the entrance length versus the inlet velocit
frequency [3]. In 1995 Zhao and Cheng carried ouiraerical solution on convective heat transfer
of reciprocating flow in a pipe with constant wadimperature. They pointed out that four
dimensionless parameters of Prandtl number, kirkégnold number, dimensionless oscillation
amplitude and length to diameter ratio govern cotive heat transfer characteristic in
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reciprocating flow in pipe. They proposed a cotielain terms of kinetic Reynold number, the
dimensionless oscillation amplitude and the lerigtiameter ratio for averaged Nusselt number
[4]. In 1996 Zhao and Cheng carried out an expartaieand numerical study on oscillatory
laminar forced convection in a long circular tubeder uniform heat flux. Their results showed
that the numerical result for cycle-averaged wathperature, centerline fluid temperature and the
cycle averaged Nusselt number were in fair agreémgh the obtained experimental data. They
proposed a correlation for the cycle-averaged Nussenber of a laminar oscillatory air flow in
terms of appropriate similarity parameters by tkpeeimental data [5]. In 1997 Guo and Sung
obtained an improved version of Nusselt numberlemanar pulsating flow in a circular pipe by
a numerical approach. Based on the obtained Nusaetber, the effect of the frequency and
pulsation amplitude on heat transfer rate was tiy&t®d and it was shown that in large pulsation
amplitude the most important factor that affectatlieansfer enhancement is pulsation amplitude
[6]. In 1997 Moschandreou and Zamir carried ouéxact solution for oscillating flow in the tube
with the wall of constant heat flux. They investeghthe effect of pulsation frequency and Prandtl
number on heat transfer. Their results showedfhat bulk temperature and the Nusselt number
were increased in the moderate range of frequéeficy{ 1997 Guo et al. carried out a numerical
study on the problem of heat transfer of pulsditile in a circular pipe filled partially with a pous
medium. In this research the effect of parametach @s thickness of porous layer, pulsating
frequency, Darcy number, ratio of effective thermahductivity of porous material to fluid and
amplitude on heat transfer rate was investigatedas shown that the increase of Darcy number
causes the decrease of the dependence of efféoirraal diffusivity ratio on thickness of porous
layer. It was also shown that Nusselt number irs@gawith increasing the thickness of porous
layer for high conducting porous media [8]. In 208abib et al. carried out an experimental
research on the problem of heat transfer in lamasa&illating flow in a pipe with the wall of
uniform heat flux. The effect of oscillating flowelquency and different Reynolds number on heat
transfer characteristics were investigated experially. Their experimental data showed that the
effect of oscillating flow frequency on heat tragrstharacteristics is more than the effect of
Reynolds number [9]. In 2002 Hemida et al. invedtg theoretically the effect of oscillation of
laminar incompressible flow on the heat transfea iduct with the wall of constant heat flux. In
this research an exact solution of thermally fdiyweloped region was given while for the thermal
entrance length a numerical solution was carrigdisimg finite element method. According to the
solution a new coefficient in time average heatdfar equation of oscillating flow was defined.
The effect of parameters such as Prandtl numbeijaigg frequency amplitude and Reynold
number on heat transfer rate was investigateda#t shown that oscillating flow with nonlinear
thermal boundary condition (natural convection,iaadn) and also turbulence caused by
oscillation of flow, may result in increase of tti@e average Nusselt number [10]. In 2003 Sert
and Beskok carried out a numerical study on comwedieat transfer of oscillating flow in a
channel with constant temperature at some pammstrface and uniform heat flux at the rest
while the bottom surface was insulated. The obthnesults were compared with the result of the
corresponding one dimensional problem. The respiit®lumerical solution included Nusselt
number, time-averaged and instantaneous bulk tetyeras a function of Prandtl, Womersley
and penetration length. Their results showed tiasteady one dimensional forced convection is
more effective than the oscillating flow forced gention [11]. In 2004 Yu et al. gave an exact
solution for oscillating laminar convective heatrisfer in a circular tube under constant heat flux.
Their results showed that Nusselt number and temtyoer profile fluctuate about the solution of
steady laminar convection periodically. The ampléguof fluctuation is dependent on
dimensionless parameters such as dimensionledtatisni frequency, dimensionless amplitude
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and the Prandtl number. Also, oscillation has gaificant effect on time-average Nusselt number
[12]. In 2006 Tsangaris et al. gave an exact smutor laminar Newtonian fluid flow in a fully
developed region, driven by circumferential pressgnadient, between two concentric cylinders
with porous wall. They investigated the effect @fim® dimensionless parameters such as
Womersley number, ratio of the radii of the cylirland transverse radial Reynolds number on
flow regime, pressure and velocity profile. The@sults showed that for the low values of
frequency, the flow regime is quasi-steady aatbcity amplitude equals nearly to the average
velocity of steady flow [13]. In 2013 Yin and Mardad out an exact solution for heat transfer in
laminar oscillating flow in capillary tube with dorm heat flux as boundary condition. They used
the Bessel transform technique to solve the gomgraguations. Based on exact solution, Nusselt
number and temperature distribution were obtaiddgo, they showed that Prandtle number,
dimensionless oscillating amplitude and frequeneyimportant factors affecting heat transfer of
oscillating flow in capillary tubes [14]. In 2014irvYand Ma investigated the effect of triangular
pressure wave on heat transfer of oscillating fiova circular tube. According to their results it
was shown that oscillating waveform and fluid pnbies affect heat transfer coefficient. It was
also shown that triangular waveform enhances naasgfer rate [15]. In 2016 Zallama et al. carried
out a numerical study on the problem of forced emtion by considering viscous dissipation in a
cylinder filled with porous medium. They obtaindt ttemperature profile and investigated the
effect of different parameters such as Reynolds bamxmDarcy number, Eckert number,
Forchheimer coefficient on temperature fields. Thesults showed that the temperature increases
with the increase of flow resistance in the poreegion [16]. In 2016 Feldmann and Wagner
carried out a direct numerical simulation on ostdly flow in pipe for different values of
dimensionless frequency and a specific shear Rdymohber. They validated the results of direct
numerical simulation with the related experimentita. They investigated the effect of
asymmetric pressure of negative and positive halfecof reciprocating flow on velocity and
temperature profiles. Their results showed thatethe an asymmetric behavior of velocity and
temperature at Womersley number of 6.5 [17]. In@0a and Yusuf carried out a numerical study
on transient free convection flow between two comiee vertical cylinders. The flow was viscous
and incompressible and its driving force was aarimdl heat generation source. The numerical data
was validated by the analytical form of the steathte solution. Their results showed that the
viscosity ratio is an important factor affects thmpact of heat-absorbing /generating fluid [18]. In
2018 Yadav and Singh used Brinkman momentum equtditind the transient velocity profile of
fully developed flow in a pipe filled with porousedium. The driving force of the flow was a
constant pressure gradient (not pulsating). Theyl tise separation of variables method to solve
the governing equations, analytically. They invgetied the effect of non-dimensional parameters
such as Reynold number, Darcy number, Euler nuaneriscosity ratio on velocity profile. Their
results showed that the increase of Reynold nuniemGy number and Euler number causes the
increase of velocity while the viscosity ratio desses the velocity [19]. In 2019 Brereton and Jalil
investigated the temperature field of laminar fullgveloped flow under oscillating pressure
gradient in pipes. They pointed out that theredsanalytical solution for unsteady temperature
field at low Womersley numbers because of non-liteaf axial temperature variation. They
carried out an approximated quasi-steady analysichition and showed thee axial conduction

iIs main factor of the axial temperature variati@®][ In 2019 Karmakar et al. carried out a
numerical analysis on forced convective heat temsf a channel of constant heat flux and
impermeable wall filled with anisotropic porous med. They obtained the Nusselt number,
temperature and velocity by considering BrinkmameRbimer extended Darcy model. They
investigated the effect of anisotropic angle andaropic permeability ratio on heat transfer and
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hydrodynamic characteristics. Their results shotkatNusselt number varies with the anisotropic
angle and ratio [21]. In 2020 Jalil studied numahcthe effect of viscous heat dissipation on
temperature field in oscillatory airflow in a citem tube. He proposed a correlation in terms of
axial tidal displacement and Womersly number t@eine dissipative bulk heating in oscillatory
airflow. According to the correlation, viscous hehsgsipation is important in high axial tidal
displacement and Womersly number [22]. In 2020 Samd) Rau investigated the hydrodynamic
behavior of fluid motion inside a rotating cylindal tank. The tank was rotating with an angular
velocity which was varied from the rest state tamonic oscillation. They obtained an analytical
solution for velocity profile in terms of dimensiess time and cylinder radius. Their results
showed that dimensionless cylinder radius is aromat factor to define the high velocity region
near cylinder wall. In 2021 Pier and Schmid studigdnsient energy amplification in
incompressible viscous oscillating flow in channatal pipes of constant diameter. They used a
numerical method to solve the continuity, momentana energy equation in order to obtain
velocity field, flow rate and flow energy transfa@iey found that at low oscillating amplitude,
flow dynamics is so similar to corresponding stefloy. Their results showed that the important
parameters affect transient energy amplificatios, &eynolds number, Womersley numbers,
perturbation wavenumbers and oscillation amplit[##g. In 2021 Feldmann et al. investigated
spatiotemporal intermittency of turbulence in ptilsapipe flows and carried out the direct
numerical simulation with two strategy. The firstep direct numerical simulation starting from a
statistically steady pipe flow and the second omectl numerical simulation starting from the
laminar SexlI-Womersley flow. They showed that optiperturbation cannot maintain turbulence
after the first pulsation period and, spatiotemfpprantermittent turbulence maintain just for
multiple periods if puffs are triggered [23h addition to analytical or numerical methods, the
approximated-analytical methods can be used afetiee tool to solve oscillating flows [26,27].

Literature review shows that the investigation olispting flow and heat transfer in a pipe fully
filled with porous material has not been carried analytically. Therefore, the present research
deals with this subject matter. In the present\stilde problem statement and the governing
equations is expressed. An analytical solutionviocity and temperature profiles is developed.
Validation and parametric studies are other stépiseopresent study.

2. Problem Statement
The geometry and coordinate system of the problengiaen in Fig. 1.
r

Uniform heat flux

U

Porous medium

T

Fig. 1 Geometry of the problem
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The pipe is filled with a porous medium with comgtpermeability. The radius of pipeas The
outer surface of pipe is imposed to a constantoamifheat flux. The main assumptions of the
problem are as follows

» Driving force of flow is an unsteady pulsating mee gradient.
* The fluid is incompressible and Newtonian.
* Porous medium is homogeneous and isotropic.

» Thermo-physical properties of the fluid and pormesdium are independent of the
temperature.

» Hydrodynamically and thermally fully developed cdiahs are considered.

3. Governing Equations

In this section, the governing equations of putgpfiow and its related heat transfer are presented
Due to hydrodynamically fully developed flow andiaxsymmetry condition, the angular and
radial components of fluid velocity is zero. Themef, the fluid flow is in the direction of the pipe
axis. The Brinkman momentum equation of the prepestilem is written as follows [19]

ou oP (62u 1 6u> u

Por= "oz the\arE trar) TR 1)

Hydrodynamic boundary conditions of the problemgiven as follows
u(0,t) = finite,

u(a,t) =0, (2)
u(r,0) = 0.
The unsteady pulsating pressure gradient drivefidhein the pipe is as follows [27]
apP
3, —Acos(wt), (3)

whereu, P, A, u., i, p, o, k,a, r, z andt are axial velocity, pressure, amplitude of pressur

gradient oscillations, Brinkman effective viscositiid viscosity, fluid density, pulsating flow

frequency, permeability, pipe radius, radial dir@tt axial direction and time, respectively.

The energy equation of the present problem is l&sifs [27]
oT T d°T 10T 0°T

oG (5 + 4 55) = <a_ m*w)

Thermal boundary conditions of the problem areotlews [27]
T(0,z, t) = finite,
I iaT(a,zt)
T or _ (5)
(r,0,t) =T,,
T(r,oo,t)~z,
T(r,z,0) =0.

whereT, Ty, q"", C, andk are fluid temperature, inlet fluid temperaturenstant heat flux on
boundary, specific heat capacity, and conductivagpectively.

The following non-dimensional quantities are inwodd to obtain the non-dimensional form of
the governing equations and the boundary condi{ib244,19,27].

r wa? u 2pun,a K
R=-0=—,71 U=—, u, =aw, Rew=pm,M=&,Da=—2, (6)
a v Um u u a

(4)

vt

a?’
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wherev, Pr, Pe, Re,,, M andDa are kinematic viscosity, Prandtl number, Peclebber, Reynolds
number, viscosity ratio parameter and Darcy numiespectively.

3.1. Ve ocity Profile
Dimensionless momentum equation and its boundanrglitons are as follows

aU _ Acos(27) + M 0%U +16U 1
ar  oeosit 9R2 "ROR) Da
U(0, 1) = finite, (7)
U(1,7) =0,
U(R,0) = 0.

In order to solve Eq. (7) by complex analysis teghe, a complementary equation is defined as
follows

*

LA 62U*+16U* .
7 = Asin(@) 9RZ "'ROR) Da '
U*(0,7) = finite, (8)
U*(1,7) =0,
U*(R,0) = 0.

The summation of Eqg. (7) and Eq. (8) gives an @amlproblem of velocity profile as follows
c’)U _ M 62U+ 10U 1 _
Er dR? ' ROR

U (O T) = mte 9)

.’J>

Here, the parameteféandeim are defined as follows
U(R,7) =U(R,7) +iU*(R,T) (10)
e’* = cos(027) + i sin(21) (11)

Due to pulsating nature of flow, the velocity pteftan be considered as following [10,27]
U(R,7) = F(R)e'® (12)

Substituting Eq. (12) into Eqg. (9), an ordinaryfeliéntial equation is obtained as follows
d’F L A
dR2 "Rar_ " T M (13)
F(0) = finite,

F(1) =o0.
Here, the parameteris defined as follows

1= [

Analytical solution of Eq. (13) gives

_ A Iy(nR)
FR) = 312 (1_ Io(n)>

Here,I,(nR) is the zero order modified Bessel function of finst kind. This function can be
approximated by the first three terms of its posenies as follows [28]

(15)
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w (1 n
@R ar? @R
S NI VI L 16
Io(nR)—nZO S Lt (16)
Finally, the velocity profile of the problem is @lnted as follows
_ A IymR)\ ).
U(R,7) = Real(U(R, 7)) = Real <M772 <1 - ?0(71) >e Q ) (17)

Here, the phrase of “Real” shows the real part @mplex number.
3.2. Temperature Profile

The dimensionless form of the energy equation tsdaundary conditions are as follows

p 00, 00 _0%0 100 16 0%0
"or T “" 9z " 9RZ T ROR ' Pe?0z?
6(0,Z, 1) = finite,
00(1,Z,7)
oR 7
6(R,0,7) = 0,
Q(R’ w’T)NZ’
8(R, Z,0) = 0.

The complementary equation of Eq. (18) is definetbdows
B a0 + 20" 20" _ 0%6* 4 100" + 16 920"
"ot 9Z _ 9RZ 'R OR ' Pe? dz%’
6*(0,Z, 1) = finite,
00" (1,Z,7)
oR
6*(R,0,7) = 0,
6*(R, o, 7)~Z,
6*(R,Z,0) = 0.

The auxiliary problem of the temperature profil®ktained as follows
B 89+2H69_629+169+ 16 0%0
ot 9Z _ 0RZ ' ROR ' Pe29z?
6(0,Z, 1) = finite,
00(1,2,7) _
R
6(R,0,7) =0,
O(R,00,T)~Z,
O(R,Z,0) = 0.

Where the dimensionless temperaturé @ defined as follows
O(R,Z,7) =60(R,Z,1)+i0*(R,Z,T) (21)

The Eq. (20) is a partial differential equationtwitonhomogeneous boundary conditions. It can be
divided in to a steady and transient part as fal¢0,12,14]

O(R,Z,7) = 6,(R,Z) + 6,(R,T) (22)

The equation of steady part can be obtained aswsl|
0%6, 106, N 16 0%6; 0
dRZ ' ROR ' Pe?9zz (23)
0,(0,Z) = finite,

(18)

(19)

(20)
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69_5(152)_
_orR
65(R,0) = 0,
0s(R,00)~Z.

The solution of steady temperature can be congidesdollows [12,14]
0s(R,Z) = g(R) + f(2). (24)

A set of ordinary differential equations (ODEsplstained by substituting Eq. (24) into Eq. (23)
d’g 1dg 16 d*f
dR2 TRAR T “pezazz~ “
g(0) = finite,
dg() _ (25)
dR
f(0) =0,
f(0)~Z.
The analytical solution of the above ODESs gives
2

) = R

(R == (26)
f@)=2.

Therefore, the steady part of temperature ancetivative are as follows
_ R?
65(R,Z) = —+Z. (27)
26
az "

The equation of the transient part can be obtaaseitllows
p a0, N ZUaes B 020, N 106,
ot 9Z ~ 9R? ' ROR’
Gt_(O, 7) = finite,
00,(1,7)
R
0:(R,0) = 0.

Due to pulsating nature of the problem, the prefié velocity and transient temperature can be
written as follows [10,27]

T _ int _ A _IO(T’R) int _ 1 _ _ int
VR = PR = (1 10(77)>en ‘MnZIO(n)<’°(") TTE e )en 0

0,(R,7) = G(R)el* (31)

Substituting Eq. (30) and Eq. (31) into Eq. (29),cadinary differential equation is obtained as
follows

d*G 146 e op

dR? ' RdR ¢°G =2F,

G (0) = finite, (32)
dG(1)

(28)

(29)

TIZRZ 7’]4R4

dR
Here, the parametéris defined as follows

¢ =Prin (33)
The analytical solution of Eq. (32) gives
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3 *n® +8({% +1°) n’R*  ($®+1*)R?  2(¢*+1?)
o® = e~ R o e g a4
2(1 = ()
T )

Finally, the temperature profile of the problenoidained as follows

2
O(R,Z,7) = Real (é(R, Z, r)) = Real (és(R,Z) +0,(R, r)) = Real <R— +7+ G(R)eim> (35)

2

4. Validation

In the previous literature [1-29], no research d@amd that exactly matches the present study.
However, by changing some parameters, the presebhtepn can be adapted to other simplified
cases. Yin and Ma [14] presented an analyticaltswlwf pulsating flow and heat transfer in a
pipe (without porous medium) based on Bessel taamstechnique. Their problem included a
pulsating flow superposed on a steady flow. Inghessent study there is only an oscillating flow.
If M = 1 andDa = o are chosen, the solution of the present problenadapted with the transient
part of the solution of Yin and Ma [14]. The osatihg part of velocity and temperature profiles of
Yin and Ma [14] are as follows

soncos(ﬂr) + 2sin(271)

U(R, N .
( T) ~ Son 1(50.”)(_(22 +s 0;1_1) O(Son ) ( )
0. (R, 1')
S1(E2nPTQ = 512 E17,)c05(027) + (512 Epp — E1n Pri2)sin(2)\ Jo(s1,R) (37)
- Z< Pr2a? + 51y ) ]1(51n) )

whereEln andE,,, are defined as follows [14]

E,, = Som 38
2 T )(som—sln) (38)

39
Z (@ 5ot )(som—sln) (39)

Here,s, ands; are the eigenvalues of the first kind Bessel fiamcof the zero order and the first
order, respectively.

Fig. 2 compares the velocity profile of the pressmdy with the velocity profile of Yin and Ma
[14] for the different values of dimensionless freqcy.

— Present work £2=0.01

25r ® Yinand Ma (2013)
—Present work [2=5
© Yinand Ma (2013)
pAs —Present work (=10
- 9 Yin and Ma (2013)
—Present work (=25
1.5¢ e m s ¢ Yin and Ma (2013)
. o~ e ——Present work {2=50
. @ Yin and Ma (2013)
=}
1k
05 B 88 = =— =
-0.5

| 08060402 0 02 04 06 08 1
R
Fig. 2 Comparison of the velocity profile of the presstudy with the velocity profile of Yin and Ma [14gr the
different values of dimensionless frequeridy= 10, M = 1, Da = oo, 7 = 300).
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Fig. 3 shows the transient temperature profilehef present study and Yin and Ma [14] in the
different values of dimensionless frequency.

061 —Present work  2=0.01
® Yinand Ma (2013)

—Present work  2=5 -
© Yinand Ma (2013)

—Present work =10
o Yinand Ma (2013)

051

04F —Present work  2=25
#* Yinand Ma (2013)
~==Present work (2=50
0.3 Yin and Ma (2013) ]
4
S+)
021
o
0.lkooso e T
0t
-0.1

-1 08-06-04-02 0 02 04 06 08 1
R
Fig. 3 Transient temperature profile of the present samty Yin and Ma [14] in the different values of
dimensionless frequendyl = 10, M = 1, Da = o, Pr =1, T = 300).

According to Fig. 2 and Fig. 3, it is observed ttha results of the present study for the velocity
and temperature profiles are consistent with tealte reported by Yin and Ma [14].

5. Parametric Studies

In this section the effect of various design paramseon the velocity and temperature profiles are
studied. The constant parameters during the pararsaidies are listed below of each figure. The
maximum value of velocity and temperature are defias follows [20]

1
Umax = |Uavg| = |§ ﬂ U(R,r)d5|, (40)

1
Omax = |Oavg| = |§ff 9(R,T)dS|. (41)
The maximum value of velocity and temperature equigh the amplitude of velocity and
temperature. HerdJ,,,, andf,,, are the cross-sectional area averaged velocityeangderature,
respectively.

5.1. Effect of Design Parameters on the Velocity Profile

Fig. 4 shows the variations of maximum velocitgerms of dimensionless frequency for different

values of the Darcy number.
2.5r

0 L 1 1 1 1 1 1 L 1 ]
0.001 5 10 15 20 25 30 35 40 45 50
2
Fig. 4 Variations of maximum velocity in terms of dimemsiess frequency for different values of the Darayber
(A=10, M =1).
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According to Fig. 4 it is observed that by incregsDarcy number, maximum velocity increases.
The value of velocity increase in high Darcy nunshisrnot very high (less than 5%). Increasing
Darcy number means eliminating the effect of theope medium inside the pipe. Therefore, the
frictional resistance against the flow decreasestha maximum velocity increases. On the other
hands, by increasing the dimensionless frequeheymaximum velocity decreases. The increase
of dimensionless frequency decreases the oscillatamnplitude of velocity profile. The amplitude

is the height of wave peak and the frequency isitlreber of oscillations in a second. Increase of
frequency increases the number of oscillationsse@nd and decreases the height of wave peak
(amplitude). Therefore, the maximum velocity desesa

In the Fig. 5 the effect of viscosity ratio paraarein the maximum velocity for the different values

of dimensionless frequency is drawn.
9 -

max

L R R ¥ R ¥ = -
T T — T T T T

0.001 5 10 15 20 25 30 35 40 45 50
Ly,
Fig. 5 Effect of viscosity ratio parameter on the maximuglocity for the different values of dimensionless

frequency(4 = 10, Da = 1).
Fig. 5 shows that the maximum velocity is increasgdiecreasing the viscosity ratio parameter.
The decrease of 70% of viscosity ratio parameteses the increase of 60% of velocity. For the
low value of the viscosity ratio parameter, thenBman effective viscosity is less than the fluid
viscosity and the effect of the porous medium deses.Therefore, the maximum velocity
increases. According to Fig. 4 and Fig. 5, it ieaaded that the increase of the Darcy number
(permeability) and the decrease of the viscositip naarameter (Brinkman effective viscosity)
enhance the velocity value.
In Fig. 6 the effect of dimensionless amplitudepoégssure gradient oscillation on the maximum

velocity for the different values of dimensionléssquency is shown.
127

10

N S iEErTEEE——

0.001 5 10 15 20 25 30 35 40 45
P

Fig. 6 Effect of dimensionless amplitude of pressure igmradoscillations on the maximum velocity for thiéetent

values of dimensionless frequen@¥ = 0.3, Da = 1).
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According to Fig. 6, the increase of the dimenseslamplitude of pressure gradient increases the
maximum velocity. The increase of velocity with tAmplitude is almost linear. The pulsating
pressure gradient is the driving force of the fldétws clear that the increase of the dimensionless

amplitude causes the increase of pulsating preggadient and consequently the increase of
maximum velocity.

In order to obtain a better conception of velogtgfile variations, the velocity profile for the
different values of dimensionless time is plottedrig. 7.

5.
1.5}
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R
Fig. 7 Velocity profile for the different values of dimgionless tim€d = 10, M = 0.3, Da =1, 2 = 7).

It is seen from Fig. 7 that due to the cosine matfrpulsating pressure gradient, the change of
dimensionless time causes the periodic reverseifidie pipe. Therefore, the velocity profile also
has periodical variations with respect to dimenlgiss timeThe absolute value of velocity varies
between 0 and 1.5.

5.2. Effect of Design Parameters on the Temperature Profile

The variations of maximum temperature versus theedsionless frequency for different values
of the Darcy number is shown in Fig. 8.
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Fig. 8. Variations of maximum temperature versus the dsitariess frequency for different values of the arc
number(Ad =10, M =1, Pr=1, Z = 1).
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According to Fig. 8, by increasing Darcy numberriaximum temperature increases. The increase
of Darcy number decreases the effect of porous umedin flow velocity inside the pipe. The
decrease gbermeability increases the flow velocity. Therefdiee maximum fluid temperature
increases by advection process. On the other hhedjncrease of dimensionless frequency
decreases the oscillations amplitude of tempergixgfe and the maximum temperature.

Fig. 9 shows the effect of viscosity ratio paramete the maximum temperature for the different
values of dimensionless frgequency.
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o M=0.5
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l 1 L 1 1 1 1 1 1 1 ]
0.001 5 10 15 20 25 30 35 40 45 50
{2
Fig. 9 Effect of viscosity ratio parameter on the maximiemperature for the different values of dimenssal

frequency(4d =10, Da=1, Pr=1, Z = 1).
As can be observed from Fig. 9, the increase abgisy ratio parameter decreases the maximum
temperature. Changes in viscos#yio from 0.1 to 1.5 lead to a change in tempeeattom 7 to
1.7. The increase of viscosity ratio parameter raeidue increase of the Brinkman effective
viscosity.Therefore, the fluid shear stress increases ansequently the velocity and temperature
decrease.
Fig. 10 presents the effect of dimensionless aomitof pressure gradient oscillations on the
maximum temperature for the different values ofe@lisionless frequency.
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Fig. 10 Effect of dimensionless amplitude of pressure igradscillations on the maximum temperature far th
different values of dimensionless frequerid4 = 0.3, Da=1, Pr=1, Z = 1).
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According to Fig. 10jncreasing the amplitude of pressure gradient lasicihs increases the
maximum temperature. This increase is almost linEae driving force of flow is the pulsating
pressure gradient. The increase of amplitude cfsome gradient increases the flow velocity and
the increase of flow velocity increases the maximemperature by advection process.

In Fig. 11, the effect of Prandtl number on the mmaxn temperature for the different values of

dimensionless frequency is depicted.
351
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Fig. 11 Effect of Prandtl number on the maximum tempemafar the different values of dimensionless frequen

(A=10, M =03, Da=1, Z=1).

It is observed from Fig. 11 that with the increasd’randtl number, the maximum temperature
decreases. The Prandtl number is defined as the edtmomentum diffusivity to thermal
diffusivity. For small values of Prandtl numbéPr < 1), thermal diffusivity dominates over
momentum diffusivity. Therefore, the maximum tengtere is higher in low Prandtl numbers.
Fig. 12 shows the variations of the maximum temipeeawith respect to the dimensionless pipe

length.
141

2 1 1 1 1 1 1 1 1 1 ]
o011 2 3 4 5 6 7 8 9 10
Z

Fig. 12 Variations of the maximum temperature with respgedhe dimensionless pipe lendth = 10, M = 0.3,
Da=1,02=7 Pr=1).
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Considering Fig. 12, it is observed that the maxmtamperature increases linearly by increasing
the dimensionless length of pipe. It is a commoavidedge in convection heat transfer that the
temperature slope is constant for flow inside tipe under uniform heat flux. The results of Fig.
12 also follow this fact. There is a reverse ag@iduction in a pipe under uniform heat flux. This
inverse axial conduction prevents the exponenti@wth of temperature. Therefore, the
temperature variation is linear.

In order to more comprehensive study, a sampleroperature profiles is given in Fig. 13.
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Fig. 13 Temperature profile for the different values ahédnsionless timéd = 10, M = 0.3, Da=1, 2 =7,
Pr=1, Z=1).

It is observed from Fig. 13 that the temperatur@ekeses from the pipe wall to the pipe center. Its
reason is cleai.he pipe wall is subject to a constant heat fluxe Tluid near the wall is definitely
hotter than the fluid in the center of the pipe. tBa other hands, due to the periodical nature of
the flow, the temperature also has periodical tiara with respect to dimensionless time.

6. Conclusion

In the present study using the complex analysisykeodynamic and thermal governing equations
of a pulsating flow in a pipe filled with porous diem is solved analytically. The concluding
remarks of the present study are as follows

* The analytical results of the present study obthlmethe complex analysis technique are
consistent with other analytical techniques sucthaBessel transform technique.

* The pulsating effect on maximum velocity and terapigne increases with the increase of
Da andA while decreases with the increasé/qfPr and.2.

* Due to the presence of reverse axial conductiente¢mperature variations with respect to
dimensionless axial length is linear.

* For high frequency values, the maximum velocity tardperature tend to be constant due
to the decrease in wave amplitude.

Nomenclature

radius of pipe (m)

amplitude of pressure gradient oscillations (Pa/m)
dimensionless amplitude of pressure gradientlatioihs
constant of separation

[ e e NG S|
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Cp specific heat capacity (J/RG)
Da Darcy number

E; constant defined by Eq. (38)
E, constant defined by Eq. (39)
f function defined by Eqg. (26)
F function defined by Eqg. (15)
g function defined by Eqg. (26)
G function defined by Eq. (34)
i unit imaginary number

I, zero order modified Bessel function of the firgtck
Jo zero order Bessel function of the first kind
J1 first order Bessel function of the first kind
k thermal conductivity (W/mC)

M viscosity ratio parameter

P pressure (Pa)

Pe Peclet number

Pr Prandtl number

q" constant heat flux (W/f)

r radial direction

R dimensionless radial direction

Re,, Reynolds number
Real real part of a complex number

So eigenvalues of the first kind Bessel functionlcé zero order
S1 eigenvalues of the first kind Bessel functiont first order
t time (s)

T temperature®C)

Ty inlet temperature®C)

u velocity (m/s)

Uy reference velocity (m/s)

U dimensionless velocity

Unax  dimensionless maximum velocity

U dimensionless velocity in auxiliary problem

U* dimensionless velocity in complementary problem

z axial direction

Z dimensionless axial direction

Greek symbols

{ constant defined by Eq. (33)

n constant defined by Eq. (14)

] dimensionless temperature

Omax  dimensionless maximum temperature

dimensionless temperature in auxiliary problem

*

transient part of dimensionless temperature
steady part of dimensionless temperature
permeability (n)

fluid viscosity (N.s/ M)

Brinkman effective viscosity (N.sfn

D DD D

:é:"%: = S

dimensionless temperature in complementary problem
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% kinematic viscosity (1fs)

p fluid density (kg/m)

T dimensionless time

w pulsating flow frequency (Hz)

n dimensionless pulsating flow frequency
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