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Abstract

A thorough grasp of the complex dynamics of pulsing flow is essential for improving heat transfer processes and creating
effective systems, especially in situations where pulsations play a crucial role. Because pulsing flow has so many engineering
applications, it has attracted a lot of attention when it comes to improving heat transmission. In this work, we examine several
important factors influencing the properties of heat transmission, such as the Reynolds number (Re), length (L), diameter
(D), frequency (f), and pulsation amplitude (A) of the pipe. All the results reported are for 3 — D configuration. Regarding
turbulent kinetic energy (TKE), the mechanism is clarified for the various characteristics that are taken into consideration.
The present work reports the results for a varied range of turbulent Re with different A, f, L and D. The impact of alterations of
these parameters on its heat transmission properties is scrutinized. Also the TKE analysis is reported which provides insight
into flow development and its effects on the heat transfer enhancement. It has been found that, in contrast to low frequencies,
higher frequency pulsing velocity inputs boost the local Nusselt number (Nu) by penetrating the domain at a greater distance.
Computational simulations using ANSY S Fluent are used to study a range of sinusoidal pulsating velocity inputs with different
As and f's. The present study highlights how crucial it is to comprehend pulsating flow dynamics in order to optimize heat
transfer procedures and create effective systems for use in engineering applications. It is advised to investigate a larger range
of parameters in order to find the best mixes of f's and As for increased heat transfer efficiency.
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1 Introduction

A. T. Pise and Amanpreet Singh have authors contributed equally to ~ The crux of interactive design and manufacturing (IDM)
this work. lies in the utilization of digital technology, design and
manufacturing processes to facilitate iterative improvements
throughout the product development lifecycle. On the other
side, computational analysis of the pulsating heat transfer
through CFD approach provides insights into the details of
the flow field and physics. Such detailed analysis can be of
great help using IDM in the design and optimization of heat
transfer systems. Heat exchangers and cooling systems are a
couple of examples of heat transfer components that can be
optimized using these simulations to increase performance
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and efficiency. It is noted that the effect of the pulsation sus-
tains in a part of the flow domain, and a major part near the
outlet does not get affected by this pulsations adequately.
Turbulent kinetic energy (TKE) analysis has been performed
to explain this mechanism. It is noted from literature that
during many heat transfer system employ uniform fluid flow
configuration. These are also used in micro-channel applica-
tions also. Investigations of such systems provide input about
single and two-phase system behaviour during heat transfer
process [15, 34, 41, 44, 85].

Besides the uniform flow system, many applications are
found, where pulsating and oscillating flows have been incor-
porated for heat transfer enhancement. It is well-accepted that
during pulsating flow, the time-averaged velocity component
is non-zero. This characteristic of pulsating flow makes it a
distinguished case for investigation of heat transfer enhance-
ment possibilities. Such flows are defined by f and A of the
pulsating flows. Despite of several studies in this area, there
has not been a common consensus on whether pulsating actu-
ally helps heat transfer enhancement or not and still remains
a topic for further research. Havemann and Narayan Rao [32]
conducted investigations on the heat transfer via heated pul-
sating air, flowing in a horizontal circular pipe in the range
of 5000 < Re < 35,000. They reported 30% change in Nu
with varying frequency (f), amplitude (A), wave-forms and
Re. It was noted that the critical frequency mainly depends
on the wave-form and Re does not make a significant effect.
The exact nature of this function was not established. Since
then, various investigations were undertaken to understand
the pulsating heat transfer (PHT). During such flows, there
is a periodic behaviour of mass flow rate and the pressure
gradients. For a case of flow through a pipe, it may be consid-
ered as superposition of pulsating or oscillating component
over a steady Poisueille flow. Since many of the practical
fluid flow applications in a pipe are in the domain of tur-
bulent flow regime, much attention has been given in this
area. However, the research reported in literature expands in
a narrow region of operating variables and hence conflict-
ing results appear in literature. Some authors Cumpsty and
Greitzer [18], Esfe et al. [23], Metwally [53], Mladin and
Zumbrunnen [55], Nabavi [58, 59], Sheriff and Zumbrunnen
[69], Tesa and Travnicek [76], Wagshul et al. [77], Yuan et al.
[86] claim to see the enhancement in heat transfer, while some
researchers Akdag and Ozdemir [1, 2], Akdag and Ozguc [3],
Chen et al. [16], Ghafarian, Mohebbi-Kalhori, and Sadegi
[27], Leong and Jin [46], Wu et al. [82], Xiao et al. [83],
Zhao and Cheng [87] reported adverse results. In the present
study, various parameters affecting PHT flow in circular pipe
are investigated. It has been observed by many researchers Ye
et al. [84] and references therein that heat transfer increases
with increased Re, f and A. However, for unidirectional the
heat transfer enhancement was limited to 20% for specific
range of these parameters. For example, Kikuchi et al. [44]
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conducted experiments at Re = 400 and pulsating Strouhal
number ranging from 0 to 1.37.

Khosravi-Bizhaem et al. [43] reported 19% rise in overall
heat transfer coefficient at f = 4 Hz. The experiments were
conducted in the Re range of 2000 < Re < 9600 and frequency
range of 2 <f < 10 Hz. The authors reported that heat transfer
tends to a steady flow at higher frequency. The available liter-
ature indicates that there is a need for rigorous analysis of heat
transfer enhancement in turbulent region, hence the Re range
is selected between 10,000 < Re < 20,000 for the present
research. Other parameters like A, f are chosen referring to
the literature Kikuchi et al. [44], Mohammed et al. [6], Ye
etal. [84]. For the chosen Re, the entrance length comes out to
be 0.5 m. Itis very necessary to capture the effects of entrance
length for the developing flow. Many researchers have not
explicitly considered this factor, which is now considered in
our research. Also, a limited literature available where the
heat transfer enhancement is investigated with reference to
evolution and distribution of turbulent kinetic energy, which
we have reported in the present work. In turbomachinery
blade cooling applications, the typical Re ranges between
10,000 < Re < 80,000 Han and Chen [30].

Owing to versatile applications and importance of pulsat-
ing flows in several engineering domains, it has been a topic
of great interest for researchers. Pulsating flows, specifically
for heat transfer enhancement has been widely investigated,
e.g. aerospace engineering Nobrega et al. [61], biomedi-
cal engineering Babu et al. [8], micro-channel heat sinks
for electronics application Persoons et al. [62], Singh et al.
[72], IC engines Plotnikov [63], modular electronics cool-
ing Hota et al. [37], Constantinou et al. [17], biomimetic
microchannels Daba et al. [19] are recent studies carried
for the investigating pulsating heat flows. At the same time,
many researchers have focused on the role of turbulence and
TKE in heat transfer enhancement Fan et al. [24], Bergman
et al. [12, 13], Tanda [74], Wilcox et al. [79] for possible
applications in industry also from theoretical point of view.
Kholi et al. [42] employed Artificial Neural Network (ANN)
for improved performance predictions. Khandekar et al. [40]
have reported IDM aspect of pulsating heat pipes with ref-
erence to thermal management of engines and machinery.
Wau et al. [81] reported effects of the gravitational direction,
inner diameter, and filling ratio on the startup characteris-
tics of PHPs and noted that smaller rise in temperature was
recorded for shorter pulsation. Mu et al. [57] have reported
possible use of IDM in pulsating heat transfer applications.
They observed that many components will malfunction or
perhaps be destroyed due to heat generated during operation
if there is insufficient heat dissipation capacity. Pulsating heat
pipes that offers numerous benefits have drawn the interest of
numerous academics and demonstrated significant promise
in the field of thermal management. These are the greatest
option for cooling electronic equipment due to their high
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heat flux conditions, stable operation, and capacity for heat
exchange.

With pulsing heat transfer methods, there are many oppor-
tunities for innovation in industrial processes and sectors.
Manufacturers can leverage the unique properties of pulsed
heat transfer, such as higher heat transfer rates and com-
pact device designs, to improve the efficiency, reliability,
and sustainability of their operations. By looking into a
range of applications, such as Advanced Cooling Solu-
tions in Additive Manufacturing Magerramova et al. [51],
Compact Thermal Management Systems in Electronics Pro-
duction Lohrasbi et al. [49], and spacecraft thermal control
Hengeveld et al. [35], industries can significantly increase
productivity, efficiency, and product quality. Additionally,
these applications have the potential to significantly increase
efficiency by incorporating pulsing heat transfer mechanisms
into manufacturing processes. Schematic of the numerical
setup used during present study is shown in Fig. 1. Effects
of these parameters on the heat transfer characteristics are
discussed in Sect. 4.

2 Literature review

Yu et al. [85] analytically investigated convective heat trans-
fer in a circular tube with constant heat flux for a pulsating
laminar flow and found out that the solution (temperature and
the mean Nusselt number, Nu) deviate about steady state lam-
inar convection solution periodically. The authors reported
that the Nu depends on pulsation frequency (f), amplitude,
(A), and the Prandtl number, (Pr). Experimental studies by
Zohir et al. [88] examined the heat transfer for laminar and
turbulent pulsating pipe flows under various Re, f, pulsator
location, and tube diameters (D) configurations, under uni-
form heat flux. Their results showed the effects for 750 <
Re < 12,320 and the pulsation frequency, 1 < f < 10 Hz.
The authors also reported that for a greater Res (8000 < Re
< 12,000), the heat transfer rate was enhanced for larger
pipe diameters. An oscillating SHM was employed during
experiments by Gerrard [26] on a pipe flow at Re = 3770.
Their focus was on the turbulent transition regime and Re
was chosen accordingly to understand laminarization under
the applied conditions. The authors noted that the laminar-
ization significantly contributes to the oscillation component
and recommended extending the findings to greater Res and
other frequencies. Computation of solitons with high order
numerical schemes was reported by Ashwin et al. [7].

Jun et al. [38] reported the effects of pulsation on the rate
of heat transfer. Heat transport was investigated in relation
to hydrodynamic parameters and pulsation features. Their
findings showed that the hydrodynamic characteristics and
resonator configuration both affect the rate of heat transmis-
sion and there is a perfect length at which the heat transfer
improvement works best. Also, the hydrodynamic parame-
ters and the pulsing properties improved heat transfer during
their investigation. He and Jackson [33] explored pulsing
turbulent flow in a conduit at frequencies between 0.004 and
0.04 in another experimental research. The size of this zone
shrinks when the pulse frequency is decreased, eventually
ceasing to “freeze”. The researchers found that the frozen
region shrinks as the frequency is increased. The flow in the
core region displayed a ‘frozen’ behavior, with insignificant
changes in velocity in the core. It was discovered that the wall
region is where the influence of turbulence to an enforced
pulse of flow rate first manifests itself before spreading into
and across the core. As a result, the turbulent fluctuation in
the core region responded with a time delay that increases
with distance from the wall. During the pulsating cycle, the
inflection point instability is noted by [54]. The flow and heat
transfer in a circular tube under sinusoidally pulsing flow
conditions in the laminar regime were numerically exam-
ined by [14]. The authors reported no effect on time-averaged
heat transfer, although at the near-entry zone, Nu distribution
varies with time.

Guo and Sung [29] conducted a series of experiments to
determine the heat transfer characteristics for pulsating flow
in a circular pipe and reported favourable effects of f and A
on heat transfer enhancement. In this investigation, the large
amplitude of the pulse flow rate (A¢ > 1) received the most
attention. Depending on the pulsation frequency, both heat
transfer augmentation and reduction for a small amplitude (0
<Ay < 1) were recorded. According to the authors, the heat
transfer caused by pulsation is usually increased for large
amplitudes (Ay > 1). Gbadebo et al. [25] reported an empir-
ical correlation between Nulocal and Nuavg for steady and
pulsating flows in a pipe. They used experimental data heated
pipe with uniform heat flux. During experiments by Mack-
ley et al. [50] on lubricating oil flow through heat exchanger,
a considerable increase in Nu was recorded with both the
flow oscillation and baffles present. The scientists empha-
sized that in the studied range, fluid oscillation alone had
no impact on heat transfer. But when baffles were used, the
impact was tremendous. According to Nishandar et al. [60],
Numean values increase with pulsation, but Nulocal values
either rise or fall as the pulsation frequency increases. The
authors proposed that placing the pulsing mechanism down-
stream is the most efficient strategy to raise the average heat
transfer coefficient.

Elshafei et al. [21] conducted heat transfer investigation
in a pipe, throughout the range of 10* < Re < 4 x 10* and 0
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<f <70. In comparison to steady flow, their results showed
a small decline in the interim average, and for fully estab-
lished, established regions, the local values either grew or
fell relative to steady flow values. The frequency parameter
was discovered to be a factor in Nulocal variation. Similar
experimental investigations are reported by Giil [28], with
oscillating frequencies between 5 < f < 100 Hz and spanning
a range of 10 x 103 < Re <5 x 10*. The oscillating fre-
quency, f, and Re showed a significant impact on Nu, while
this effect was dominant in entrance region. Additionally,
Moschandreou and Zamir [56] reported favourable effects
of Pr and f. Their analysis describes a positive peak during
the pulsation, which increases the bulk temperature of the
fluid and Nu for a moderate frequency values. However, the
effect is reversed when the frequency is outside of this range.
Higher peaks were noted for lower Pr.

Another experimental study by Elshafei et al. [22] estab-
lished the influence of Nu by f and resonance energy. They
discovered that, the Numean may rise or fall depending on
the frequency range. The classification of heat transmission
according to the turbulent bursting model was also reported
by the authors. Effect of large fluctuating amplitudes on heat
transfer was numerically examined by Wang and Zang [78].
Their findings suggest that Womersley number (Wo) defines
the pulsating heat transfer to a great extent. At a specific Wo,
higher amplitude of oscillation and flow reversal is noted
improving the heat transfer. In a computational investiga-
tion of the pulsing flow and heat transfer characteristics in
a tube whose diameter fluctuates often, Shu et al. [70] dis-
covered that convergent-divergent tubes exhibit better heat
transfer features than straight tubes. According to Targui and
Kahalerras [75], A, f and permeability of the porous baffles all
have an impact on the flow structure and heat exchanger per-
formance. According to their findings, adding an oscillating
component to a mean flow has an impact on the flow struc-
ture and improves heat transmission compared to a steady,
non-pulsating flow.

Das et al. [65] investigated the characteristics of pres-
sure drop and heat transfer in a pulsing channel flow caused
by flexible flow modulators mounted on walls. Vorticity
contours and isotherms were used to assess the system prop-
erties, while pressure drop across the channel and variations
in Nu have been used to assess heat transfer performance.
In another study by Hosseinalipour et al. [36], the authors
reported that Nu and Se have a close relationship, as evi-
denced by the secondary flow intensity increasing with
rotation and Res. Their analysis was made on a two-passage
internal cooling channel model with a 180° U-turn at the hub
portion at Re = 10,000. Heat transfer and pressure loss mea-
surements were investigated representative internal cooling
passage of a stationary engine over a range of 18,000 < Re
< 105, 000 for three aspect ratios of a rectangular section
by Ryley et al. [64]. One of a novel solution to overcome
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issues related to high energy density devices using puls-
ing flow in single-phase cooling systems was reported by
Alimohammadi et al. [5]. The authors investigated pulsing
flows in a rectangular minichannel subjected to asymmetric
sinusoidal flow pulsations both experimentally and numer-
ically. Their study reports a notable improvement in heat
transfer at larger amplitudes of pulsation flow rates, with an
approximate 11% increase over constant flow circumstances.
Sobhnamayan et al. [73] investigated the forced convection
heat transfer and pulsing flow in a porous medium-filled pipe.
Sierra-Vargas et al. [71], while studying the effects of Re on
film cooling of gas turbine vanes found that the he jet trajec-
tory and recirculation zones have a major influence on the
film’s effectiveness under adiabatic temperature conditions.
They conducted their analysis in Re range of 3500 < Re <
11,000. Alami et al. [4] in his study reported paradoxically
inconsistency and a seemingly incomplete understanding of
the convective heat transfer mechanism. Many researchers
have contributed to the study of the mechanism behind the
difficult problem of turbine blade cooling in turbomachin-
ery applications. The normal Re in such cooling applications
is between 10,000 and 80,000 Han and Chen [30]. A mini-
mal degree of turbulence is anticipated in the nozzle staging
of the turbine’s first stage, but turbomachinery operates in
a wide range of Re in various stages, as reported by Balje
[10]. The available literature reveals that there are several
important applications of pulsating fluid flow, where heat
transfer enhancement needs attention. As noted in the litera-
ture survey above, the mechanism of convective heat transfer
particularly in pulsating condition has not been addressed
in a large Re range. Effects of entrance length, TKE are
missing. Hence, the present research aims at providing some
insights to these parameters through numerical investigation.
The remaining part of current work is reported as follows.
First, the governing equation required for 3 — D simula-
tion with boundary conditions are discussed. Following this,
the important parameters pertaining to convective heat trans-
fer have been discussed. The details of the CFD analysis are
reported in the next section. An emphasis is given to the TKE
analysis, which is separately discussed in Sect. 3.4. The result
for various cases are analysed in detail in Sect. 4, followed
by the conclusions in Sect. 5. The future scope of present
work is also mentioned in Sect. 6.

3 Methodology

The methodology followed during the present research is as
follows:

It includes the derivation of governing equations, the
determination of critical parameters, mesh production,
boundary condition definition, and examination of the turbu-
lent kinetic energy distribution. First the governing equations
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are reported, which explain the basic ideas guiding fluid
dynamics in the simulated environment. This is followed
by explaining the crucial parameters in the present research.
Identification and definition of key parameters influencing
the system under investigation are important for a thorough
analysis. In order to accurately represent the complexities
of fluid flow phenomena, great care is taken to discretize
the computational domain by creating a mesh and precisely
defining boundary conditions. The analysis of TKE distribu-
tion is a key component of the investigation as it provides
insight into the intensity of the turbulent flow and how it
affects the overall behavior of the flow in the simulated envi-
ronment, which is reported in the last subsection.

3.1 Governing equations

In this section, the governing equations, important param-

eters related to heat transfer for pulsating flow used in the

present investigation are presented. The governing equations

for the problem in the present research are the full 3 — D.
Navier—Stokes equation as given below:

op  @pu) (@pv) (Bpw) _

0 1
at ax ay 0z )
du  du  du 1 dp ?u  %u  9u
U—+v—+w—=——+pul —S+—+—
9 Ay 9z p dx ax2  dy?  3z2
(2)
av ov v 1dp v %v %
U—+v—+w—=———+u|l —+-—+—
ax  dy 9z 0 dy ax2  9y? 972
(3)
dow  dw  dw 1 9p 2w Pw  w
U—FVv—FW—=———+ | — + —5 + —
0x dy 9z p 0z ax2  3y? 972
“

Equation 1 represents the continuity equation, while Eqns.
2, 3 and 4 represent momentum equations in x-, y- and z-
directions respectively. The TKE, (k) is given by Eq. 5, while
for dissipation €, Eq. 6 is used.

Ip(pk J(pku; d ok
plp )+ (pkui) _ [ﬂ—] +2u EijEij — pe

ot axi 0xj | of 0x;
(52)
Ip(pke)  dpeui) _ B [ de W EiiEri — Cagpe
or T ow o [as ax]'] + G 2ukij By = Coapgp
(6)
ad aT ad aT ad aT oT
—\k— |+ —|k— )+ —|k— ) +q=pCp—
ax \ ax dy \ dy dz\ 9z ot
(N

where, u; = velocity component in corresponding direction,
E;; = component of rate of deformation and u, represents
eddy viscosity. The energy equation is given by 7.

3.2 Important parameters

Various important parameters used in the present study are
defined as follows:

Heat Transfer rate is given by Newton’s law of cooling
Han and Wright [31],

Q =hA(Ty —Tp) (8)

where, h is heat transfer coefficient, A is projected area, Tw is
the local wall temperature and 75 is bulk temperature. Local
heat transfer coefficient is given by Kern [39],

hy = Qnet /(A(Ty — Tp)) C))

where, hx is the local heat transfer coefficient, (Qnet/A) is
the local heat transfer rate per unit from the wall to air inside
of tube. Local Nusselt number Theodore et al. [12],

Nu, =h.D/k (10)

In oscillatory flows, Reosc can be characterised as given
by Eq. 11 [28].

2nfx,D
Ry = 1208 (11
1%
The friction factor was determined from the measured val-
ues of pressure drop, AP across the test length, L and mass
flow rate, m using the Eq. 12

AP m

! ((L/D)pV?/2) (12

(pr D?/4)

Using the values obtained from the experimental data in
the oscillating pipe, the changes various correlations between
Nu and Re were established [28]. The following are important
from the subject point of view. We have used Dittus-Boelter
equation for the calculation of theoretical Nu, as given by
Eq. 13, which describing the smooth tube flow without
oscillation. There is broad acceptance of the Dittus-Boelter
empirical correlation Dittus and Boelter [20], McAdams
[52], Winterton [80] for predicting the Nusselt number with
turbulent flow in smooth-surface tubes.

0.4
Nu = 0.023Re"8 Pr (13)

3.3 Meshing and boundary conditions

Mesh generation is one of the most important step in the
whole simulation process. It has been well demonstrated
that the grid (mesh) quality significantly affect the accuracy
of the solution. An in-depth discussion on the efficacy of a
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Fig.3 Meshing as seen on the cross section of the pipe

high quality grid and its effects on the solution are reported
in Bagade et al. [9]. Authors noted that orthogonal grids
provides the most accurate solution. Hence, in the present
research work, we have tried to generate the mesh which
will be very close to orthogonality. To capture the wall and
heat transfer effects a very refined grid spacing is employed
(yt =0.5,y =1.3628 x 1079). It is well established fact that
one has to work with a very fine grid size, specifically near
wall to capture viscous and heat transfer effects. Hence, it is
imperative to first calculate the appropriate grid size. In the
present work, all the grids are generated with a numerical
wall spacing y + ~ 1. The wall normal distance is calculated
asy = ﬁi—‘;, where W is coefficient of viscosity, p is density
and ur is shear velocity. Hence first shear velocity is calcu-

lated, which is given as u,; = %", where tw is wall shear

stress. Wall shear stress is calculated as 7, = %f pUZ.. cr is
coefficient of friction and is a function of Re. It is calculated
as %f = 0.039/Re!/4. This process is employed for calculat-
ing the wall resolution required for different Re keeping wall
resolution at approximately 1 x 107, The grid thus created
has 1,283,136 nodes (Figs. 2 and 3). At inlet of the pipe, two
different velocity inputs were given. For the validation of the
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Fig. 4 Sinusoidal pulsating velocity inputs with the different pulsation
amplitude, A and f = 0.3

baseline case, uniform velocity at the inlet of the pipe was
given, while for pulsating flow cases, the following equation
for imposing pulsation.

A very fine grid (1077) is employed near the wall to cap-
ture viscous and heat transfer effects correctly on the uniform
velocity was employed as follows to obtain input pulsating
velocity 14:

V = U,[1 + Asin(r f1)] (14)

where, Uy is the non-pulsating velocity; A is the amplitude
of pulsating flow; f is the frequency of pulsating flow and ¢
represents time. Water is considered as the flowing fluid with
Prandtl number, Pr = 6.22, dynamic viscosity of water,
= 0.001 Pa — s, specific heat capacity, Cp = 3.732 kJ/kg
— K and thermal conductivity, K = 0.6w/m — k. Various
sinusoidal pulsating velocity inputs with varied As and fs are
investigated. Figure 4 shows the velocity imposed at the inlet
of the pipe with the different pulsation amplitude, A and f =
0.3. All the simulations are performed using ANSYS Fluent.
Very high quality grids are generated with special care to grid
metrics for the simulation. The orthogonality is close to 1 for
the grid adopted for all the simulation. Due care is taken to
resolve the boundary layer effects, by keeping near wall grid
spacing of the order of 10~. Constant heat flux, Q is applied
on the pipe wall during the simulations, while pressure-outlet
condition is applied at the exit of the pipe.

3.4 Turbulent kinetic energy (TKE) analysis

One important factor affecting the improvement of heat
transfer in pulsating flow is turbulent kinetic energy (TKE).
Increased turbulence levels in pulsating flow regimes are
caused by variations in pressure and velocity, which improve
mixing and convective heat transfer. Elevated TKE con-
centrations enhance turbulent mixing, which facilitates heat
transmission from the fluid to the adjacent surfaces. Com-
pared to stable flow conditions, the periodic fluctuations in
flow velocity lead to increased turbulence and higher heat
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Fig. 5 TKE distribution near the
inlet of the pipe for Re = 12,000,
uniform velocity at inlet

Turbulence Kinetic Energy
Contour 1

transfer rates. Bergman et al. [12, 13], Tanda [74], Lind
[48], Jin et al. [45]. TKE is an important parameter in
fluid flow problems, which are turbulence dominated and
involve heat transfer, which measures turbulence intensity
and provides insight on the momentum, heat, and moisture
transport through the boundary layer. Hence, it is very rel-
evant to understand and thoroughly investigate the effects
with respect to TKE analysis, as it has been well established
that the turbulence aids heat transfer enhancement. By incor-
porating TKE analysis into investigations of pulsating heat
transfer, researchers can gain a deeper understanding of the
underlying fluid dynamics and heat transfer mechanisms,
leading to the development of more efficient and reliable
thermal management systems. Because of the inherent ran-
domness of the typical chaotic system in the distribution of
the number of vaporized cores, the speed of air plug rupture,
the number of collisions of fluid microclusters, and the boil-
ing time of fluid columns when the pipe is in its operating
state, traditional analytical methods are unable to fully reveal
the operating characteristics of the pulsating heat pipe Fan
et al. [24].

Subtracting the equation for the mean (or base) flow from
the equation for the instantaneous motion yields the equation
for the fluctuation. Therefore, 15 depicts varying velocity.

Ju: Ju: 9 atl U
ot 3)Cj ax; 3)Cj 3)Cj
814,' 31/[,'
.t Ui —
Tax;  P\"ax; (15)

where, Tij represents the stress tensor and the terms in <
> bracket indicates time averaged convective term. When
we look at the kind and nature of the components in this
equation, we can see that the derivative of the fluctuating
velocity, which represents the mean motion, is on the left-
hand side. The variable pressure gradient and the fluctuating
viscous stresses are represented by the first two terms on the
RHS. The third item on the right-hand side is the source term,
or so-called production term, which draws energy from the
mean flow. The final term has a quadratic relationship to the
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Fig.6 TKE distribution at different radii of the pipe for Re = 12,000,
uniform velocity at inlet

varying velocity. The bracketed term in the equation for the
fluctuation vanishes if the disturbance is tiny or infinitesimal,
leaving the equation to be linear in the disturbance. After
taking scalar product of Eq. 16 with the fluctuating velocity
itself and average, we get

0 0
|:— +U j —:I k
at ax j
0 1 1 a
= E {—; (pu;) dij — 3 <q2uj> + vgjk}
aU, i ou i 8ui
~lo) 512 = (5 g) 16)
These equations are crucial to the study of turbulence.
The majority of second-order closure attempts at turbulence
modeling are based on Eq. 15, while 16 offers the framework
for understanding the dynamics of turbulent motion.
The contours of TKE for Re = 12,000, Q = 15000W/m?
are as shown in Fig. 5. The variation of the TKE at different
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radii is as shown in Fig. 6 for this case. It is to be noted that
the term indicates the rate of production of turbulence kinetic
energy from the mean flow.

4 Results

As reported by many researchers that heat transfer increases
with increased Re, f and A Ye et al. [84] (and references
therein), we have considered several parameters during the
present investigation. In this section, comparative analysis
is provided with respect to inflow condition, Re, L, D etc.

@ Springer

The initial analysis has been done for a baseline case with
Re = 10,000, D = 0.025 m, L = 1 m without any pulsation.
The computational results are compared with the theoretical
solution. For this case, Nutheoretical =75 and Nucomp =76
have been obtained. Upon validatinlocations along the length
of stigated by altering the values.

Figure 7a shows velocity vectors at the inlet of the pipe
indicating uniform velocity at the inlet for the present case.
All the velocity vectors are of equal length indicating uniform
flow with constant magnitude at the inlet of the pipe, as it was
imposed in the boundary condition. Figure 7b shows velocity
vectors at different x-locations along the length of the pipe



International Journal on Interactive Design and Manufacturing (1JIDeM)

(a) Temperature distribution at various
sections along the length of the pipe.
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(b) Spatial distribution of velocity at various
sections along the length of the pipe.

Fig.9 Spatial distribution of temperature and velocity for Re = 16,000, uniform velocity, O = 15000 W/m?

150
140
130
120

110

Nu

100 —O—Nu(th)

90 —0—Nu(Comp)
80
70

60
10000

12000

14000 16000
Re

18000 20000

Fig. 10 Comparison of computed and theoretical Nu for different Re
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forA =0.1, f = 0.3. We note a paraboloid spread of velocity
vectors at different x-locations along the length of the pipe
(Fig. 7b).

Figure 6 shows turbulent kinetic energy distribution near
the inlet of the pipe for Re = 12,000, uniform velocity at inlet.
Wall is the main source for creating turbulence and hence the
maximum TKE is noted close to the wall as shown in figure
for y = 0.0122 m. It is very important to note that for the radii
in the vicinity of centreline the TKE follow a similar pattern,
while for near wall we note a spike in the near entry region
at x = 0.05. Effects of presence of the wall are predominant
here. With length of the pipe the TKE is diffused in the flow
domain and after x = 0.4 m TKE remains constant till the
exit of the flow. This is due to the fact that the disturbances
in the flow, which were created near the entrance of the pipe
attenuate.

Figure 8 shows the Temperature and TKE distribution
along the length of the pipe at different radii for Re = 14,000,
uniform velocity at inlet case. It is noted that the TKE for all
the radii initially surges from the inlet for some distance along

the length and then the magnitude increased till x = 0.4 m.
After x = 0.4 m, the magnitude remains constant till the exit
of the flow domain. This is different behaviour as compared
to Re = 12,000 case, where TKE at different radius displayed
different patterns. Observations on the effects of change in Re
on heat transfer are noted as follows. Nusselt number is cal-
culated based on the diameter of the pipe. D = 0.025 m at the
turbulent length of the pipe at the exit of the flow domain. A
comparison of theoretical and computed results is as shown
in Fig. 10. The results obtained are in very good agreement
with the theoretical results within a deviation of 6.9%. It is
noted that as the Re increases, Nu also increases. The reason
being higher Re flow possess higher kinetic energy, thereby
creating higher turbulence, which aids in better heat trans-
fer from the wall surface. However, it is to be noted that in
the cases for Re = 10,000-20,000, we have noted a velocity
profile developing in the nearby region of the inlet. For all
the cases investigated in this section, a uniform velocity was
considered at the inlet of the pipe. The Re range considered
is a completely turbulent regime.

Figure 9a shows temperature distribution at various sec-
tions along the length of the pipe (spatial variation) at t =
6 s. It is noted that, as one goes from inlet to outlet the tem-
perature in the core of the flow domain gradually increases
till the outlet of the pipe. Similar observations were made
for earlier cases also, the difference being the magnitude.
Here, in this case the temperature increases to 7 = 296 °C,
as compared to 7 = 307 °C in Re = 10,000 case (figure
now shown). Figure 9b shows spatial distribution of veloc-
ity at various sections along the length of the pipe. Re =
16,000, uniform velocity, Q = 15000 W/m?. A central core
with higher velocity magnitude is found from x = 0.2 m till
the exit of the flow domain. The velocity fluctuations are not
observed to significant during this region (Fig. 10).
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Figures 11 and 12 show velocity variation at different
times and TKE variation at different radii at r = 6 s respec-
tively. The effect of pulsating velocity is quite evident from
Fig. 11. A pulse is generated at every radius, effect of which
is though observed till x = 0.4 m. The velocity pulses cre-
ated at different radii at the same time creates a wave front,
which encourages turbulence in the flow field. For the low
amplitude A = 0.1 and frequency, f = 0.2, the pulse is seen
to create a disturbance till half of the domain. It is to be noted
that for every time instance, the velocity magnitude changes
drastically at a given radius. This change in the velocity mag-
nitude creates a puff-like structure which penetrates in the
flow domain with higher kinetic energy.
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Figure 13 shows TKE contours at different x — locations
along the length of the pipe for A = 0.1, f = 0.3 in the whole
domain. It is noted that the source for the TKE generation
is wall, which incepts turbulence from the inlet of the pipe.
In the inlet region TKE in the flow domain has less inten-
sity and has the maximum intensity in the later part of the
domain (about 0.6 < x < 0.8 m) and gradually decreased till
the exit of the domain. Figure 14shows variation in velocity
at various radii at different times for Re = 10,000, L = 1 m,
A =0.1,f = 0.3. With increases in frequency from f = 0.2 to
0.3, the velocity profile drastically changes and the velocity
wave front become strong with varied maxima. At different
locations and different times, the velocity magnitude change
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is significant, effects of which are also noted in TKE con-
tours. Similarly velocity centreline velocity profiles for this
case at different times are shown in Fig. 15. One can note
the velocity pulse and wave front created in the flow domain
with time. This pulse encouraged turbulence in the flow field.
However, it to be noted that the effect is not significant in later
part of.

In this later half of the length of the pipe the velocity at
different radii almost remains constant. Figure 16 shows vari-
ation in velocity at various radii at different times for Re =
10,000, L =1 m, A = 0.1, f = 0.4. Very interesting observa-
tions are made in this case. With increases in frequency from
f = 0.3 to 0.4, the velocity profile drastically changes and
the velocity wave front become strong with varied maxima.
At different locations and different times, the velocity mag-
nitude change is significant. The velocity profiles at various
radii and time instances indicates that several wave fronts are
created in the domain and the turbulence is augmented with a
combination of such impulses. Figure 17 shows velocity dis-
tribution near inlet of the pipe for Re = 10,000,A = 0.2, f =
0.4. It is quite evident from the figure that at this combination
of A and f, the flow near the inlet is significantly affected.
Different contours indicated that the pulsation has penetrated
inside the domain quite well. The maximum velocity noted
for this case at t = 6 s is 0.5188 m/s.

Turbulence Kinetic Energy

Fig. 13 TKE contours at different
Contour 1

x — locations along the length of
the pipe forA =0.1,f = 0.3

[kg™1)

Figure 18 shows the summary of effect of change in length
on Nu. For all the three cases of different lengths, time instan-
taneous Nu undulates, depending upon the f and A of the
pulsation. The corresponding dotted lines shows the linear
fit of the individual curve. It is noted that after 2 s, the time
instantaneous Nu for L = 1 is bit higher than other two
lengths, L = 1.5 and 2 m. For the longest pipe, the time
instantaneous Nu is the lowest. However, it is to be noted
that change in time- averaged Nu for these three case is not
significant. It can be concluded that the length of the pipe
does not make any significant effect on heat transfer char-
acteristics. Figure 19 shows effect of change in diameter on
Nu. It is clearly seen from the variation of the Nu that for the
smallest diameter D = 0.02 m, time instantaneous Nu is the
least, while for the largest diameter, D = 0.03 m, correspond-
ing magnitudes are the maximum. Dotted lines indicate the
linear fit for each curve. It is observed that during initial tran-
sits, the Nu is on higher side, however with lapse of time (¢ =
3's), the Nu oscillates about a mean value. The corresponding
Nu for these cases are shown in Fig. 20. The results obtained
are in very good agreement with the theoretical results. As
seen this figure, from graph we can see that according to
change in amplitude there is slight difference of as ampli-
tude changes, at some point that is at 2 s we can see that it
is overlapping; it is due to effect of pulsation. But we can
observe that if we take average of all, with respect to time at
each amplitude, is approximately same after comparing for
all amplitude means it is increasing in very minor range with
respect to amplitude.

Figure 21 shows the comparison of theoretical and com-
puted Nu for Re = 10,000, f = 0.3 Hz and A = 0.2. Initially
there is difference of 12% between theoretical value and
numerical computed value but as we compute for longer time
then the matches to the theoretical value as we can see at ¢
= 3 s. Is much closer that is 2%. Initially there is difference,
however for later times it matches to theoretical value with
minor difference.

4.1 Effects of change in Reynolds number

The results are obtained for Re = 10,000, 12,000, 14,000,
16,000 and 20,000 (see Fig. 10). With increase in Re, heat
transfer is enhanced, due to high kinetic energy of the fluid
at high Re. It is noted that despite of pulsating velocity input,
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there is no significant heat transfer enhancement for the con-
sidered range of As and f's. This fact has also been reported
by several other researchers. Hence, it is imperative to under-
stand the mechanism through with this objective can be
achieved. Through this study, we have made this attempt by
analysing the turbulent kinetic energy, which is a good mea-
sure of diffusion of the energy transport in the flow domain.
It is noted that the effect of the pulsation sustains in a part
of the flow domain, and a major part near the outlet does
not get affected by this pulsations adequately. Other cases
investigated for understanding the effects of change in Re
are reported in Table 1.

4.2 Effects of change in amplitude and frequency
of pulsation

It is noted that higher frequency pulsating velocity inputs
penetrates into the domain at a farther distance, thereby
providing enhancement in local Nu as compared to low fre-
quencies. However, one need to investigate a large range of
such frequency inputs to find out an optimum combination
with amplitude.

Though the time instantaneous Nu shows the nature simi-
lar to input velocity pulse, when we perform time-averaging,
the time-averaged Nu is found to be close to the case without
any pulsating velocity input.

Table 2 shows consolidated results of other cases investi-
gated for studying the effects of change in A and f. It is to
be noted that the NuTh. values are obtained using Eq. (13),
which does not take into account A and f.

4.3 Effect of change in length of the pipe

For the three cases of different lengths, time instantaneous
Nu is found to be undulating about a mean value, depending

upon the f and A of the pulsation. For the longest pipe, the
time instantaneous Nu is the lowest. However, it is to be noted
that change in time- averaged Nu for these three case is not
significant.

It is noted that higher frequency pulsating velocity inputs
penetrates into the domain at a farther distance, thereby pro-
viding enhancement in local Nuj,q4;, as compared to low
frequencies. However, one need to investigate a large range
of such frequency inputs to find out an optimum combination
with amplitude. Though the time instantaneous Nu shows the
nature similar to input velocity pulse, when we perform time-
averaging, the time-averaged Nu is found to be close to the
case without any pulsating velocity input. It can be concluded
that the length of the pipe does not make any significant effect
on heat transfer characteristics.

Table 3 shows the effect of L for Re = 10,000, V = 0.4 m/s,
A=02f=023.

4.4 Effect of change in diameter of the pipe

The smallest diameter D = 0.02 m, time instantaneous Nu
is the least, while for the largest diameter, D = 0.03 m,
corresponding magnitudes are found to be maximum. It is
observed that during initial transits, the Nu is on higher side,
however with lapse of time (+ = 3 s), the Nu oscillates about
a mean value.

Table 4 shows the effect of diameter of pipe for L = 1 m,
A=02,f=0.3.

5 Conclusions

In the present research, we have thoroughly investigated the
mechanism of heat transfer for turbulent flows. It has been
well accepted fact that turbulence aids heat transfer process.
Many researchers have attempted to enhance it by provid-
ing pulsating velocity input at the inlet of the flow domain.
We have investigated the mechanism for a circular pipe
with varying various parameters. Various cases have been
investigated with the aim to investigate effects of different
parameters like Re, amplitude (A) and frequency of pulsat-
ing inlet velocity (f), length of pipe (L), diameter of pipe,
(D) for a given constant heat flux, (Q) on the pipe wall. In the
present research work, we have limited Re range from 10,000
to 20,000 and f's and As considered were also of low magni-
tude. The present research on the increase of heat transfer via
pulsing flow in a straight circular pipe has provided insightful
information about the intricate interactions between several
elements. This study clarifies the effects of variables such
pulsation amplitude, frequency, diameter, pipe length, and
Re on heat transfer characteristics, with a particular empha-
sis on TKE, by methodically investigating these aspects. The
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TKE analysis is reported which provides insight into flow
development and its effects on the heat transfer enhancement.

It has been noted that, owing to larger kinetic energy
with a higher Re, heat transfer is improved as Re increases.
However, throughout the examined range of A’s and f’s, no
discernible improvement of heat transfer was seen, even in
the presence of pulsating velocity inputs. Higher frequency
pulsations travel farther within the domain and produce
higher local Nusselt numbers than lower frequencies. The
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Fig. 21 Comparison of theoretical and numerical Nu for Re = 10,000,
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Table 1 Effect of Re without pulsating velocity (D = 0.025m, L = 1 m)

SN Re Vel (m/s) NuTh NuComp
1 10,000 0.4 75 76

2 12,000 0.4808 87.61 89

3 14,000 0.561 99.12 103

4 16,000 0.64115 110.29 1133

5 20,000 0.8 131.84 141

time-averaged Nusselt number, on the other hand, stayed
quite near to the scenario without pulsating velocity input,
indicating that more research across a wider frequency range
is required to identify the best pairings with amplitude.
Similar experimental analysis was also carried out by Alimo-
hammadi et al. [5] As for the effects of pipe diameter and
length, our research shows that although these variables affect
time instantaneous Nusselt numbers, they have no discernible
effect on timeaveraged values. This shows that, within the
confines of our study, the pipe’s length and diameter do not
significantly change the properties of heat transfer. Future
studies will examine a broader range of Re, f and A, while
taking into account the overall wave’s steepness and size
in forced convective heat transfer mechanisms subjected to
pulsing flow circumstances.

In convective heat transfer, higher frequency pulsing
velocity inputs cause a rise in the local Nusselt number
relative to low frequencies. This effect results from the com-
plex interaction between the properties of the fluid flow and
the mechanisms of thermal transport in the boundary layer
near the solid surface. The fluid undergoes quick oscilla-
tions in flow velocity at higher frequencies of pulsing velocity
inputs, which causes dynamic changes in the boundary layer
structure Bauer et al. [11], Schlichting [66]. Increased turbu-
lence and improved mixing inside the boundary layer caused
by the intensified fluid motion close to the solid surface
improve convective heat transfer efficiency by improving
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Table 2 Effect of pulsation amplitude and frequency (Re = 10,000, D
—0.025m, L = 1 m)

S.N f A NuTh NuComp
1 0.2 0.1 75 77.258

2 0.3 0.1 75 76.6098
3 0.4 0.1 75 79.4538
4 0.2 0.2 75 76.8705
5 0.3 0.2 75 76.08754
6 0.4 0.2 75 77.5647
7 0.2 0.3 75 77.0474
8 0.3 0.3 75 75.6778
9 0.4 0.3 75 77.78678

Table 3 Effect of Length of pipe (Re = 10,000, V = 0.4 m/s, A = 0.2,
f=03)

S.N Length (m) NuTh NuComp
1 1.0 75 76.00978
1.5 75 74.41372
2.0 75 72.87584

Table 4 Effect of diameter of pipe for L =1m,A =0.2,f =0.3

S.N Re Vel. m/s Dia. (m) NuTh NuComp
1 7985.6 0.4 0.02 63 61.5831

2 10,000 0.4 0.025 75 76.08918
3 10,000 0.333 0.03 75 79.42482
4 10,000 0.5 0.02 75 73.49768

fluid—solid interaction and raising heat transfer rates. Many
spatial and temporal scales are displayed by the develop-
ing flow Sengupta [68]. Smaller temporal and spatial fluid
motion scales brought about by higher frequency pulsations
cause the boundary layer’s turbulent structures to form at
a finer scale. Heat transport is aided by the higher dissipa-
tion rates of these smaller-scale turbulent eddies. More of a
fluid—solid surface interaction is produced by the boundary
layer’s dynamic reaction to high-frequency velocity pulsa-
tions. The fluid entrainment from the outer flow areas into
the boundary layer is facilitated by this improved contact.

6 Future scope
It has been noted that creating turbulence in the flow field

helps in heat transfer enhancement. This has been inves-
tigated both experimentally and numerically by several

@ Springer

researchers. Both small scale and large scale perturbations
are responsible for such phenomenon. Lighthill [47] investi-
gated such small amplitude effects on the boundary layer. He
expressed the oncoming flow in the exponential form. Such
investigation at a varied range of Re can be conducted with
reference to heat transfer enhancement studies. Also studies
on effect of by-pass transition Sengupta [67] on heat trans-
fer enhancement can be undertaken. Investigation on heat
transfer enhancement with different forms of inserts, vor-
tex generators and effect of secondary flow is part of our
future work. Kholi et al. [42] reported pulsating heat transfer
applications in various thermal domains and developed semi-
empirical correlations for pulsating heat transfer using ANN
models for prediction. Also, the present investigation can be
further extended for turbomachinery applications and devel-
oping interactive design models for nano-fluids employed
in pulsating heat transfer. During the present investigation,
the focus has been made on the effects of various param-
eters on the heat transfer enhancement. The present study
utilized velocity, temperature distribution and TKE analy-
sis for reporting the effects. However, the present study is
limited to a lower range of Re 7000 < Re < 20,000 and the
limited range of lower values of frequencies and amplitudes
of pulsation. A rigorous investigation on the effects of such
parameters with an increased range of Re, A and f is sug-
gested to probe into the details of the physics. Despite of the
fact that some efforts have been made in this regard, there is
a need for a thorough investigation. This can be taken up as
future study to find the trend and limitations of such pulsating
flow behaviour.
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