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Abstract: In this study, the effect of a transversely pulsating jet on heat transfer over a flat plate is investigated
experimentally. The experimental study consists of a heater and a pulsating jet. The heater is made of a copper plate,
has a constant heat flux, and is located in a wind tunnel. The pulsating jet is injected into the stream at the plate
entrance. The pulsating jet is created using an oscillating movement of a piston-cylinder mechanism, and the
secondary mass flux is supplied using a high-pressure blower. In the study, the Reynolds number in the main stream,
the pulsating jet frequency and amplitude are changed, while the geometry and the other parameters remain constant
for all cases. Furthermore, the effect of these parameters on heat transfer is analyzed. The experiments are performed
for four different amplitudes and six different frequencies at four different blowing ratios. To explain the heat transfer
mechanism, flow visualization is performed using the smoke—wire method, and instantaneous flow images are
obtained. It is observed that, the surface cooling performance increases with the increase of both the pulsating
frequency and amplitude at high blowing ratios. The calculated experimental results are given as a function of
dimensionless parameters.
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DUZ BIiR LEVHA UZERINDE ENINE PULSATIF BiR JET iLE ISI TRANSFERININ
DENEYSEL iINCELENMESI

Ozet: Bu calismada, diiz bir levha iizerinde 1s1 transferine enine pulsatif bir jetin etkisi deneysel olarak incelenmistir.
Deneysel ¢alisma bir 1sitict ve pulsatif bir jetten olugmaktadir. Isitici, sabit 1s1 akisina sahip bakir bir levhadan
yapilmis ve riizgar tiinelinin igine yerlestirilmistir. Pulsatif jet, levha girisinde akis igerisine enjekte edilmektedir.
Pulsatif jet, piston-silindir mekanizmasinin salimim hareketi ile olusturulmakta ve ikincil kiitle akis1 yiiksek basingh bir
fan kullanilarak saglanmaktadir. Calismada, ana akis Reynolds sayisi, pulsatif jet frekanst ve genligi degistirilirken
geometri ve diger parametreler tiim durumlar igin sabit kalmaktadir. Ayrica, 1s1 transferi izerinde bu parametrelerin
etkisi analiz edilmektedir. Deneyler, dort farkli genlik, alti farkli frekans ve dort farkli {ifleme orani igin
gerceklestirilmistir. Is1 transferi mekanizmasii agiklamak ig¢in duman-tel metodu ile akis goriintiileme yapilmis ve
anlik akig goriintiileri elde edilmistir. Yiiksek {ifleme oranlarinda, pulsatif frekans ve genligin her ikisinin de artmasi
ile ylizey sogutma performansinin arttigi gézlemlenmistir. Elde edilen deneysel sonuglar boyutsuz parametrelerin bir
fonksiyonu olarak verilmistir.

Anahtar kelimeler: Pulsatif jet, Diiz levha, Is1 transferi iyilestirme, Film sogutma

NOMENCLATURE Nup,  cycle average Nusselt number
q” heat flux [W/m?]

Ao dimensionless amplitude Pr Prandtl number [=uCp/K]
d blower nozzle of the actuator [m] Re Reynolds number [=U.L+/v]
h(x,t) local-instantaneous heat transfer coefficient St Strouhal number [=fL/U]

[W/m?K] Xm amplitude (piston stroke) [m]
k thermal conductivity [W/m.K] Xo unheated starting length [m]
L heater plate length [m] T,  cycle-average wall temperature [°C]
Lt total model_length [m] Te forced flow-average fluid temperature [°C]
M blowmg ratio U,  forced flow inlet velocity [m/s]
Nux: local-instantaneous Nusselt number Uj jet blowing velocity [m/s]



Wo  Womersley number

Greek symbols

fluid density
enhancement factor
angular frequency [rad/s]
cycle time [=ot]
kinematic viscosity [m?/s]
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INTRODUCTION

The performance of devices used in the industrial,
aerospace, power generation and electronic industries as
well as of various engineering applications increases
daily. In addition the power requirements of main
components that are used in these systems also increases.
As a result, the increasing power requirement causes
overheating of working parts. The excessive rise in
temperature causes mechanical strength weakening of
metals parts, deterioration, over-expansion and poor
performance of the system, which causes a decrease in
the system lifetime. Therefore, recently, effective cooling
of the heated parts in many engineering applications has
attracted significant attention as a research topic. Heat
transfer with forced convection on a flat plate has been
commonly used as a cooling system for overheating
components. Unfortunately, forced convection alone is
insufficient to remove the overheating problem.
Therefore, to ensure the effective heat transfer of film
cooling, impingement jet, and periodic flow cooling are
current research topics as alternative cooling methods. In
the past decade, heat and mass transfer with pulsating jet
or periodic fluctuation on the target surface have
attracted a considerable scientific attention.

Film cooling is among the techniques commonly used to
protect overheating surfaces. In film cooling, cool air is
discharged from rows of holes to form a thin film on the
surface. A protective air layer is covered between the
surface and mainstream so, the heat can be removed from
the surface more quickly. Experimental and numerical
studies have shown that film cooling effectiveness is
influenced by several parameters (e.g., discharge
geometry, ejection angle, blowing ratio, surface
geometry, density and temperature ratio) (Koc et al,
2009; Sidik et al, 2013; Audier et al, 2016; Wu et al,
2016; Schreivogel et al, 2016), and reliable prediction
methods are needed to optimize the design. The
application of film cooling has been studied extensively,
both numerically (Kanani et al, 2008; Lee and Kim,
2014; Xie et al, 2015) and experimentally (Engels et al,
2001; Elnady et al, 2013; Liu et al, 2013; Ramesh et al,
2016). An experimental study was performed on film
cooling performance of laterally inclined diffuser-shaped
cooling holes by Heneka et al (2012). The results clearly
showed the influence of cooling holes geometry on a flat
plate using infrared thermography. Therefore, it was
reported that an increase in the area ratio and compound
angle, usually caused higher values of effectiveness.
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Singh et al (2016), presented an experimental study to
examine film-cooling on a flat surface from the short
cylindrical blowing holes the length-to-diameter (L/D) in
the range 1-2, for five injection angles, five mainstream
Reynolds numbers (Re=1.25 x 10°—6.25 x 10°) and two
blowing ratios (M = 0.5 and M=1.0). The results shown
that film-cooling performance was effected from the
length of the holes and better performance was obtained
at the lowest tested injection angle (o = 15°) in the near
hole region. Dai et al (2016), numerically analyzed film
cooling effectiveness from a cylindrical hole with
parallel auxiliary holes influences for four blowing
ratios, and they reported that the auxiliary holes
improved film-cooling effectiveness. Tu et al (2017),
numerically investigated the film cooling effectiveness
using single row of round holes on a flat plate for various
angles of inclination in two different directions as the
axial angle a and the spanwise angle § with anisotropic
thermal conductivity. The numerical results denoted that
the cooling effectiveness was affected from the inclined
angles of the holes and the blowing ratios.

Pulsations have an important effect on the film cooling
performance. A higher cooling effectiveness can be
achieved when pulsating flow with film cooling is used.
Periodic fluctuations caused by pulsating flow on the
surface are increased the heat and mass transfer. It has
many important applications, such as cooling of
electronic components and drying of paper and glass.
Recently, there has been an increase in the number of
numerical studies about pulsating flow (Marzouk et al,
2015; Erkoc et al, 2016). The effect of pulsation on film
cooling with a row of compound angle film cooling holes
experimentally was studied by Lee and Jung (2002), and
the adiabatic film cooling effectiveness distributions
were measured using the Thermo-chromic Liquid Crystal
(TLC) thermography. In their study, the orientation
angles of 0°, 30° 60° 90° were considered at a fixed
inclination angle of 35°. The results showed that the film
cooling effectiveness reduced at all orientation angles,
and was better at smaller blowing ratios. Coulthard et al
(2007) experimentally investigated the pulsed film
cooling effectiveness for a single row of cylindrical film-
cooling holes inclined at 35 degrees on a flat plate at
different blowing ratios. They reported that higher
pulsing  frequencies enhanced the film-cooling
effectiveness. However, at lower frequencies, pulsing did
not provide any overall benefit, and the highest
effectiveness was obtained with steady jets and a blowing
ratio of 0.5. Sultan et al (2016), experimentally studied
the effects of film cooling with using sinusoidal
pulsations to an oblique round jet for different the
blowing ratios and different Strouhal number. It was
reported that in blowing ratio of M= 1.25, film-cooling
effectiveness increased significantly at low-frequency
pulsation during a pulse cycle.

Because of the flow structures complexity and non-linear
dynamics in the boundary layer induced by pulsation, the
pulsed transverse jet flow and the associated heat transfer



have been challenging problems and showed some
intriguing aspects. The related pulsating flowphysics is
not yet well-understood (Li et al, 2013). Therefore, in
this study, the effect of a transversely pulsating jet on the
heat transfer over a flat plate was investigated
experimentally. A secondary mass flux was injected into
the main stream using a transversely pulsating jet at the
entrance of a flat plate. This is a type of film cooling
problem. The effect of physical parameters has been
analyzed to further the understanding of flow and thermal
characteristics in the pulsed blowing film cooling. In the
previous studies, single or multiple hole geometries were
used in different diameters and shapes on the plate and
the secondary mass flux was blown from the holes with
different arrays. For this reason, it is inevitable that there
will be some temperature difference in the region
between the holes. In this study, a transverse pulsating jet
was used differently than the other previous studies. The
secondary mass flux is blown from a longitudinal
channel located at the front of the plate, not the holes. As
the second fluid completely covers the surface of the
plate, no temperature difference will occur on the surface
of the plate.

EXPERIMENTAL STUDY
Experimental Setup

Fig.1. shows the schematic view of experimental setup
used in this study. An Eiffel type open wind tunnel (Gunt
HM-170) was used to perform the experiments. The
tunnel test section dimensions are 300x300%450 mm
with a maximum velocity of 28 m/s. The experimental
set-up was described in detail in previous papers (Akdag
et al, 2013; Akdag et al, 2016; Akdag et al, 2017). In
Ref (Akdag et al, 2013), the effect of a synthetic jet on
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the heat transfer of flow over a flat plate was investigated
experimentally. Where, the synthetic jet was defined as
“zero-net-mass-flux” jet. In present study, the pulsating
jet was used and included the secondary mass flux jet
different than synthetic jet. So, unlike pulsating jet
synthetic jet, it contains an additional mass flux. The
previous setup was arranged and using additional
devices, the design was converted into a pulsating jet
experimental setup. In the setup, air enters into the wind
tunnel through a bell mouth of the settling chamber, that
contains a honeycomb (to reduce swirling) and a set of
screens (to obtain a uniform velocity). It was driven by a
speed-controlled motor with a frequency converter. A
test model was placed in the middle of the test section
including the pulsating jet actuator.

The experimental test model was constructed from four
different parts, and the final dimensions are 260 x 212 x
32 mm. The heater platform consisted of four parts (i.e.,
a 2 mm copper plate, a 1 mm Kapton heater, a 15 mm
rock-wool insulation and a 6 mm Plexiglas jet channel
section). These four parts were combined together with a
specially constructed wooden frame, as shown in Fig. 2.
The heater model, which was located in the middle of the
test section, has a smooth surface finish. Additionally, x
is the stream-wise direction, y is normal to the flat plate,
and z is lateral to the flat plate. The leading edge of the
experimental model has an angle of #=30° to avoid
boundary layer separation. The heater module is made
using a copper plate and a thin Kapton heater. The
flexible Kapton heater (Omega, KHR flexible) is used to
provide a constant heat flux output (g"=762 W/m?) and
is affixed to the bottom surface of the copper plate. It is
assumed that there is a uniform heat flux the entire plate
surface.
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Fig. 1. Experimental Setup (1. Nozzle, 2. Honeycomb, 3. Hot-wire probe, 4. Experimental model, 5. Axial fan, 6.
Motor controller, 7. Digital tachometer, 8. Flywheel, 9. DC-Motor and control unit, 10. Piston—cylinder apparatus,
11. Power supply, 12. Flowmeter, 13. Pressure regulator, 14. Radial fan, 15. Data acquisition system, 16. CPU)
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Fig.2 Geometry of the experimental test model

The heater module is insulated with rock-wool to
minimize the heat loss through the bottom and to allow
heat transmission from the heater to the copper plate. It is
assumed that the power input to the heater equals the
total output of the heat transfer from the heater surface.
The heater plate dimensions are 200 x 200 mm. The
pulsating jet actuator is flush mounted on the test surface.
The jet actuator has a d=3 mm blower nozzle and is
transversely located at the heater entrance with 90 degree
angle. This angle is chosen to provide the maximum
interaction between the pulsating jet and the free stream.
The jet movement is created using a piston-cylinder
mechanism driven by a powerful DC motor (2.2 kW)
with an adjustable speed and used a high-pressure
blower. The blower (EN60335; 5.5kW, 9000Pa,
1200m3h) produces a secondary mass flux and is
controlled by a pressure regulator. The secondary mass
flux is fixed at a constant flowrate as 10 m3h for all
experiments, and it is measured using a swirl type
flowmeter (ABB FS4000, +0.05 m%h). A flywheel was
used to adjust the pulsating jet amplitude movement. The
number of motor revolutions is measured by an optical
digital tachometer. Air is used as a working fluid in the
present experiments.

Experimental Measurements

Experimental results are obtained based on the
temperature measurements. The temperature
measurements are performed on the plate surface
according to the operating parameters for the calculation
of heat transfer. Thermocouples were used for this
purpose, and they were specifically located in the
experimental system. Thermocouples are soldered to the
copper plate surface in the specially created grooves.
Roughness is removed from the soldered points to
maintain a smooth surface, to minimize disturbances in
the flow. The structure of heater and welded
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thermocouple locations are shown in Fig.2. For the
temperature measurements, a high measurement speed
data acquisition system (Keithley-2750, sample: 2500
readings/s) was employed that was coupled with K-type
(Omega, +0.1°C) thermocouples. In total, twenty-two
thermocouples were used in the setup. Two identical
thermocouples were used away from the heater surface to
measure the ambient air temperature (T.) in the wind
tunnel. The remaining twenty thermocouples were
located on the copper plate to measure the surface
temperature. The thermocouple cables were placed
between the Kapton heater and the copper plate and were
passed through the back of the model to be connected to
the data acquisition system. Ten thermocouples were
located at inline positions along the plate to give an
average representative value of the heater surface
temperature (Tw). The other ten thermocouples are used
to control the surface temperature measurement. The
positions used for the thermocouples are shown in Fig.3.
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Fig.3. Thermocouple positions on the copper plate
surface

In Fig. 4 is shown that there is no difference between the
temperature measured by the thermocouples in the center
and the edge of plate. Because of low surface
temperature, heat loss from the surface due to radiation
transfer is neglected, as it is calculated to be less than 1%
of the power input. The heater surface is made of a thin-
walled copper plate. The calculated Biot number is very
small (Bi=0.0002) and the plate is assumed lumped
(Incropera and DeWitt, 2002). Thus, the effect of the
heat conduction along the wall can be neglected.
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Fig. 4. Temperature distribution according to
thermocouple positions on the copper plate surface

In the wind tunnel, velocity measurements have been
conducted under ambient conditions using a single
hotwire anemometer (Testo-435, £0.2 m/s). The average
velocity is set at a fixed value to ensure the intended
Reynolds number. First, the Reynolds numbers are
changed, and the temperature measurements are recorded
at steady flow conditions. Then, the Nusselt numbers are
calculated and compared with the literature (Incropera
and DeWitt, 2002) to ensure the accuracy of temperature
measurements over the plate surface in the laminar
boundary layer. The comparison of the results is given in
Fig.5. This comparison showed that the experimental and
theoretical results (Eqn.1) were in good agreement for
the steady flow conditions.
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Fig. 5. The comparison of experimental results with
literature (Incropera and DeWitt, 2002)
Secondly, radial fan is activated, and the second mass
flux is continuously injected into the main flow from the
blowing channel. The pulsating jet flowrate is fixed for
the experiments. The temperature measurements are
recorded for the continuous jet flow conditions. Then,
the Nusselt numbers are calculated. The blowing ratio is
determined as M=p;U;/p..U... Different blowing ratios are
obtained by changing the main stream velocity. The jet
velocity was kept constant for all cases (The Reynolds
number and blowing ratio are dependent parameters).
Finally, the pulsations are activated. Then, temperature
measurements are recorded for the pulsating jet

conditions, and the Nusselt numbers are calculated.

These experiments are performed for six different
pulsating frequencies and for four different amplitudes.
The experiments are repeated to examine the effect of
blowing ratio at four different blowing ratios. Due to
focus on the heat transfer enhancement, detailed velocity
profiles and discussion of fluid dynamics of the
periodically actuated flows are not presented.
Experimental parameters are determined by taking into
account the experimental setup limitations (Akcay,
2015). In this study, 96 experiments were performed.

Experimental Uncertainties

The uncertainty in the experimental data can be
considered by identifying the main sources of errors in
the measurements. The main source of errors in the
reported results of the Nusselt numbers are the statistical
uncertainties caused by the measurements of forced flow
velocity (U, £0.5 m/s), jet velocity (U;, £0.2 m/s) heater
surface temperatures (Tw, 1 °C) and free stream fluid
temperature (T, £0.2°C). The uncertainty of the Nu
numbers for each experiment is calculated by Equation
(2). The total uncertainty of the Nu number is obtained
with the arithmetic mean of the uncertainties in all
experiments. More detailed information is available in
Reference (Kline and McClintock, 1953).
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The averaged uncertainty value of the Nusselt numbers
was computed to be approximately +6.93% for the
pulsating jet on the flat plate using the uncertainty
estimation method described by Kline and McClintock
(1953).

Dimensionless parameters

For present study, one-dimensional (only in x direction)
analysis is performed depending on the physical
parameters. Four dimensionless parameters are obtained
to describe present problem. These parameters are the
main stream Reynolds number (Re), blowing ratio (M),
dimensionless amplitude (A.,) and the dimensionless
frequency Womersley number (Wo). These parameters
are defined as;

Re = bt 3)
19
_ (PY;) 4)
" 100.)
Wo=L/2 \/5 (5)
14
A, = XTm (6)

where U., denotes the free stream (i.e., forced flow) mean
velocity, Ujis the jet blowing velocity, L is the total plate
length, L is the heated plate length (the characteristic
length), o is the angular frequency, Xm is the amplitude
(piston stroke), and v is the air kinematic viscosity.
Because the Womersley number doesn't depend on the
flow velocity and is more suitable for low frequencies,
the dimensionless frequency is presented with Wo
number in present study (Rohlf and Tenti, 2001; Loudon
and Tordesillas, 1998). The experimental results for the
heat transfer are presented in terms of the Nusselt
number in detail in the next section.

RESULTS and DISCUSSION

In this section, the heat transfer mechanism is discussed
using the pulsating jet on the heated flat plate by
examining the effects of various parameters. The jet
velocity, the Prandtl number (Pr=0.71) and geometric
parameters are kept constant for all cases. Four different
blowing ratios between the jet and free stream are used,
specifically, M=0.5, M=0.75, M=1, M=1.35. In this
study, the pulsations formed a time-dependent periodic
flow field on the plate, so heat transfer was obtained
periodically. Therefore, the heat transfer calculations are
performed according to the amount of heat transfer
obtained during one pulsating cycle. This means that the
flow changes depending on time-periodically. To explain
how the mechanisms behave over a cycle, phase angles
have been used and are denoted by (wt). The 7 =360
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degree indicates one cycle. First, the initial transient
conditions are discarded and the results are analyzed
after the variables reach a periodic behavior. The main
parameters are the blowing ratio (Reynolds number),
amplitude (Ao) and frequency (Wo), and the affected heat
transfer characteristics of the periodic flow field.

In this study, for the heat transfer calculation, detailed
temperature measurements are performed. The variation
of time-averaged surface temperatures along the plate
due to amplitude and frequency are shown in Fig.6.
Local surface temperatures are calculated by averaging
the instantaneous temperatures that are measured on the
heated plate surface. Twx is local temperatures were
calculated as follows;

1 N
Tox =—— 2 T (X, DAL (M
W, X NAt = w,|( )

where N is the total number of data, A¢ is the time
interval, and Ty, is the instantaneous measured
temperatures. Time-averaged surface temperatures are
calculated by averaging the local temperatures that are
measured on the heated plate surface (Eqn.8).

T AT T +T, + T+ T +T, + Ty + Ty + T
Bl 10

T ®)

To compare the surface cooling effect, the steady flow
(no jet) and continuous jet conditions are presented
together with the pulsating jet results in these figures.
Where, Wo = 0 and Wo=1 represent steady flow and
continuous jet flow, respectively. When comparing the
pulsating jet conditions with the steady flow and
continuous jet conditions, the pulsating jet provides
better performance for the cooling of hot surface. It is
evident that surface temperatures are lower for the
pulsating jet compared with all other cases (Fig. 6).
Surface temperatures change due to frequency and
amplitude. Surface temperature decreases with the
frequency increase. This means that, heat transfer
increases with the increase in frequency at higher
amplitudes. When the amplitude is low, surface
temperatures are very close to each other. When the
amplitude increases, the difference in surface
temperatures increases with increasing frequency. At
higher amplitude, the frequency effect significantly
increases, which enhances the heat transfer.

Amplitude significantly affects the enhancement in heat
transfer due to the increase in convective effect or
interaction of fluid mixing between the forced flow and
pulsating jet. The extent of interaction between the
pulsating jet and laminar boundary layer depends on the
strength of generated vortices and their transport capacity
over the surface. It is obvious that pulsating jet increases
the cooling performance of hot surfaces. This
information is revealed in the temperature data as well as
in the flow images.



Flow visualization

For the analysis of flow structure on the flow field, flow
visualization experiments were performed using the
smoke-wire method in the wind tunnel. Visualization
photographs are obtained with a higher resolution color
camera. The camera had a relatively long exposure to

capture the instantaneous flow structure for the flow of
Re=60000. Smoke-wire was made from three resistance
wires (0.2 mm in diameter each), that were uniformly
twisted together. The resulting smoke-wire was coated
with paraffin oil before each test and was heated using a
DC power supply. A light bulb was used as a light
source. The time mean flow field patterns were obtained.
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Fig. 6. Temperature variation along the plate versus the amplitude and frequency, (Wo=0: steady flow, Wo=1:
continuous jet)

The variations of flow structure on the plate produced by
injecting pulsating jet are illustrated in Fig.7a and 7b.
The flow visualization results for a constant frequency
(Wo0=110) and different amplitudes with a phase angle of
270° are shown in Fig.7a together with a steady flow. For
a steady flow, the fluid flow in the boundary layer is very
regular, and the streamlines are parallel to the plate. For
pulsating jet, the flow field is changed along the plate by
jet actuation with an increase in amplitude compared
with a steady flow. Due to the pulsating jet causes mass
and momentum transfer, the boundary layer is lifted-off
on the plate. The temperature and flow field are changed
along the plate. The pulsations cause fluctuation effect
on the plate surface, which provides good mixing in the
flow field along the plate. For the higher amplitude
(Ao=1.4), a strong lift-off region is observed in the time-
averaged flow field at a higher frequency. There was a
disruptive effect on the hydrodynamic boundary layer of
flow pulsations. The changes in flow hydrodynamics are
effects the thermal boundary layer, and hot fluid layer on
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plate propagates into the free stream region. It leads to
heat transfer enhanced. Consequently, pulsating jet
affects to the flow field and heat transfer regime, and
contributes to the improvement in heat transfer.

Fig.7b presents the flow pattern images over a cycle for
the specific amplitude (A,=1.4) and frequency (Wo=110).
To better understand the mechanisms that lead to the
improved cooling effect of surface with a pulsating jet, a
sequence of instantaneous images is presented over the
cycle. The pulsating jet changes flow structures using the
momentum and mass transfer. The flow structure in the
boundary layer is changed for every phase angle during
the pulsating cycle. It causes big fluctuation due to the
interaction of forced flow at the leading edge of the plate.

Because the flow is time periodic, the fluctuations are
achieved periodically in the flow field, thus, the
temperature field varies with time over a cycle. As shown
in the figure, the flow structures are changes significantly


http://www.sciencedirect.com/science/article/pii/S0735193313001784#f0025
http://www.sciencedirect.com/science/article/pii/S0735193313001784#f0025

by jet blowing. Because of the periodicity, the fluid in
the boundary layer is dispersed into the free stream
region over a cycle. It is concluded that the heat transfer
is significantly affected by the pulsating jet actuator, and
amplitude has the dominant effect. The role played by
the amplitude in enhancing heat transfer is clearly
is further

demonstrated by flow visualization and
confirmed by temperature measurements.

Ao=0.35, W0=110, wt=3n/2

Calculation of the Nusselt number

To calculate heat transfer for the steady flow, such as a
flat plate (Nus=hsL/k), the local instantaneous Nusselt
number along the flat plate can be expressed as follows:

Ao=1.4, Wo=110, ot=0

Ao=1.4, Wo=110, ot=n/2

Ao=1.4, Wo=110, ot=n

A,=1.4, W0=110, wt=3nr/2

Fig.7a. Flow visualization for different
amplitude at the fixed frequency and phase
angle

Ao=1.4, Wo=110, wt=31/2

Fig.7b. Flow visualization over a cycle for
the fixed amplitude and frequency
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where, k is thermal conductivity of fluid and h(x,t) is the
local instantaneous heat transfer coefficient. The overall
Nusselt number for the periodic flow can be defined by
considering the integration of time and spatial average of
the local Nusselt number. Thus, the cycle-averaged
Nusselt number is obtained as;

1 L
4]

o

j Nu( x,t )dtdx (10)

where X, is the heated plate beginning, = is the cycle
time, and L is the heated plate length. In this case, the
cycle-average Nusselt number is obtained as;

q”L

k(fw _Too )

(11)

p

where, q” is the heat flux from the heater surface, Twis
the cycle-averaged heater wall temperature (defined in
Eqgn(8)), and T is the average fluid temperature of the
forced flow.

The cooling effects of pulsating jet on the plate are
investigated by measuring the surface and ambient
temperatures for different operating parameters. In this
study, the heat transfer performance is defined by an
enhancement factor # and is given in Eq. (12).

p

(12)

nzNu

S

where Nup, is the cycle-averaged Nusselt number
(Egn.11), and Nus is the Nusselt number for the steady
flow. Thus, a value of 7 over 1.0 denotes the enhanced
heat transfer.

In this section, the periodic flow interaction is analyzed
between the pulsating jet and forced flow. Preliminary
observations showed that compatibility is required to
achieve the optimal heat transfer between the forced flow
and jet parameter. The optimum interaction of the
pulsating jet and forced flow occurs after the critical
(Reynolds number) forced flow velocity. When the
forced flow velocity is smaller than this critical velocity,
the contribution of forced flow on the overall convective
heat transfer is lower. Additionally, when the forced flow
velocity further increases to this critical velocity, the
forced flow in the channel is strong enough to deflect the
pulsating jet (Marzouk et al, 2015). Therefore, the forced
flow Reynolds number is optimized and starts with
Re=60000. In this study, the jet mean velocity is kept
constant and, the forced flow velocity is changed. Due to
the experimental setup limits, the minimum Re number
starts with the value of 60000 (M=1.35). Four different
Reynolds numbers (given through blowing ratios) are
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considered in the experiments. The effects of pulsating
frequency and amplitude are studied for each of the
chosen Re number (blowing ratios).

Fig.8 shows the effect of pulsating frequency and
amplitude on the averaged Nusselt number at each
blowing ratio of M=0.5, M=0.75, M=1 and M=1.35. For
comparison, the steady flow and continuous jet
conditions are shown together with pulsating jet
parameters. Fig.8a, shows the effects on heat transfer
performance of pulsating jet parameters for the low
blowing ratio of M=0.5. At a low blowing ratio, the
pulsating frequency and amplitude have no effect on the
Nusselt number compared with the steady flow and
continuous blowing. Furthermore, the heat transfer
performance is reduced. Lower blowing ratios cause re-
attachment of the jet on the plate surface near the jet exit.
For low blowing ratios, the jet does not have a strong
lateral momentum along the flow direction, and the jet
effect begins to decrease downstream due to reduced
coverage. Reducing the blowing ratio causes the jet to
adhere closer to the surface. This jet behaviour reduces
the time-averaged Nusselt number, and the penetration of
jet into the free stream is significantly reduced with a
decreasing blowing ratio.

The effect on the Nusselt number of blowing ratio of
M=0.75 is shown in Fig.8b as a function of pulsating jet
parameters. For M=0.75, the increase in pulsating
frequency and amplitude have little effect with small
variations of the Nusselt number. There is a possibility of
the jet lift-off that may be affected by pulsations. Thus, a
better cooling performance is produced by the pulsating
jets.

In Fig.8c and Fig.8d are presented heat transfer
enhancement for M=1 and M=1.35 blowing ratios,
respectively. Higher blowing ratios produce stronger jets
that tend to lift-off the boundary layer along the plate. As
the blowing ratio increases, the lateral momentum of the
jet becomes stronger, and a large circulation region
occurs around the jet exit. It moves in the flow direction
and drifts towards the plate exit. The increasing blowing
ratio (M) contributes to the enhancement of heat transfer.
The influence is more pronounced as the amplitude
increases. In addition, higher frequency contributes to the
enhancement of heat transfer. At a higher blowing ratio
(M=1.35) the maximum jet velocity is obtained, and it
causes a large-scale vorticity generation in the boundary
layer. Thus, the convective heat transfer capacity is
enhanced under the conjugate action of a pulsating jet
and forced flow.

The flow structure changes in the boundary layer over
each pulsation period. This is evident from the flow
visualization images in Fig.7. The heat transfer
mechanism is expressed in the flow visualization section.
The maximum heat transfer improvement was obtained
approximately 20% for the high amplitude (A,=1.4) and
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Fig 8. Effect of pulsating parameters on the heat transfer performance for different blowing ratios

The results reveal that heat transfer is significantly
enhanced by the pulsating jet parameters compared with
the steady flow and continuous jet conditions. It is
concluded that the pulsating jet actuator increases the
heat transfer rate at both the high amplitude and high
frequency as well as for the high blowing ratio, as seen in
the figures.

CONCLUSION

This study was performed to investigate the effect of a
transversely pulsating jet on surface cooling over a
heated flat plate. The following parameters were varied
during the study; the frequency and amplitude of the
pulsating jet, and jet blowing ratio. The experimental
results show that the surface cooling performance is
affected by the blowing ratio, jet frequency and jet
amplitude. The cooling performance was enhanced at
high blowing ratios. Additionally, the heat transfer
performance considerably increased with the increasing
amplitude and frequency compared with the steady flow
and continuous jet blowing. The results show good
pulsating jet penetration into the boundary layer that
contains a large circulation area on the plate. This causes
good mixing between the hot fluid near the plate and the
cold fluid in the free flow. The experimental results
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reveal that there is a disruptive effect of the pulsating jet
on the hydrodynamic boundary layer, which improves
the surface cooling performance. The present study
shows that, the pulsating jet has a strong potential for the
heat transfer enhancement of surface cooling of a flat
plate.
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