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Heat Transfer Characteristics in a Heat Exchanger for Turbulent Pulsating Water Flow with
Different Amplitudes
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Abstract: The effect of pulsation on the heat transfer rates, for turbulent water stream with upstream pulsation of
different amplitudes, in a double-pipe heat exchanger for both parallel and counter flows, with cold water on the shell
side, was investigated. Pulsation frequencies, with using a reciprocating device, ranged up to 260 cycles per minute (up
to 4.3 Hz) and 5 different displacement amplitudes were used, (Stroke length of the reciprocating piston was varied
from 60 to 185 mm), at different Reynolds numbers 3855-11570. The experimental results indicate that the heat
exchanger with a reciprocating piston inserting upstream the flow provides a considerable improvement of the heat
transfer rate. The heat transfer coefficient was found to increase with pulsation, with the highest enhancement observed
in the transition flow regime. The convective heat transfer coefficient for the turbulent flow was found to increase with
pulsation for all pulsation frequencies and amplitudes with the highest enhancement of about 10 times. The maximum
enhancement in Nusselt number for the parallel flow was about 8 times while it was about 10 times for the counter one.
The improvement in Nusselt number was peaked with the amplitude for both parallel and counter flows.
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1. Introduction

The operation of modern power-producing
facilities and industrial equipments used in metallurgy,
aviation, chemical, food technology, and other
technologies are governed largely by pulsating flows.
Cavitations in hydraulic pipelines, pressure surges and
flow of blood are some of familiar instances of
pulsating flows. The applications include refrigerating
systems, reciprocating ~ compressors, internal
combustion engines, and pulsing combustion systems.
Therefore, recently there has been a growing interest in
the effects of pulsating flow on convective heat
transfer. In addition, improving the heat exchangers
performance is an important application to pulsating
flows. In the present work, pulsating flow at different
Reynolds numbers was produced by a reciprocating
piston, which was located upstream the inlet of the heat
exchanger. From literature survey, it may normally be
expected that the heat transfer to or from the flow
would be changed, the heat transfer will increase or
decrease, because the pulsation would alter the
thickness of the boundary layer especially near the wall
and hence thermal resistance [1-5].

The influence of pulsating flows in a heat
exchanger has been studied previously by many
investigators [6-27], with conflicting conclusions
according to the results. Baird et al. [6] used steam-
water heat exchanger to test the heat transfer
performance of a pulsating water flow for Reynolds
number ranged from 4300 to 16,200. The cold water
was passed upward through a steam jacketed copper
tube. Sinusoidal pulsation was produced by an air
pulsar, located upstream of the test section. Frequency
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of pulsation ranged from 0.8 to 1.7 Hz while pulsation
amplitude varied from 0.0274 to 0.335 m. The results
showed a maximum enhancement of about 41 % based
on the overall heat transfer coefficient for Reynolds
number of 8000. Karamercan and Gainer [7] studied
experimentally the effect of pulsation on heat transfer
for water stream in a double-pipe heat exchanger, with
steam on the shell side. Two heat exchangers, differed
in length, were used. Pulsation frequencies ranged up
to 5 Hz. Five different displacement amplitudes were
used at each flow rate investigated. Reynolds number
varied from 1000 to 50000. The pulsator (a
reciprocating pump) was located upstream of the heat
exchanger and then located downstream. The heat
transfer coefficient was found to increase with
pulsation, with the highest enhancement observed in
the transition flow regime. This was in agreement with
the experimental results obtained by Baird ef al. [6] &
Lemlich [8]. Lemlich [8] investigated the effect of
pulsation on heat transfer coefficient of water in a
double pipe, steam-water heat exchanger. An electrical-
hydraulic pulsator consisting of a solenoid valve
triggered by an adjustable pressure switch was
employed. The valve was installed at a short distance
upstream in the water line. Frequency of 1.5 Hz was
attained and Reynolds number varied from 500 to
5000. The pulsation increased the overall heat transfer
coefficient by 80 %, depending on the upstream
location of the solenoid valve, at Reynolds number
equal to 2000. The closer the valve to the test section
inlet, the better improvement in the overall heat
transfer coefficient was achieved. Lemlich and Hwu
[9] studied the effect of acoustic vibration on forced
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convective heat transfer of air following in the core of a
horizontal, double pipe stream-air heat exchanger.
Frequencies of 198, 256, and 322 Hz were imposed on
air flowing at Reynolds number of 560 to 5900. The
sound vibration frequency was introduced by an
electromagnetic driver, actuated through audio
amplifier by variable sinusoidal audio signal generator,
located upstream of the test section. The results showed
an increase of about 51 % in Nusselt number in the
nominally laminar regime and up to 27 % in the
nominally turbulent regime. The improvement is
peaked with both amplitude and frequency. Shuai et al.
[10] studied experimentally the effect of pulsed
perturbation on convective heat transfer for laminar
flow, in a co-axial cylindrical tube heat exchanger for a
viscous fluid. Reynolds number ranged from 150 to
1000 and frequency ranged from about zero to 2 Hz.
The amplitude of pulsation varied from 155 mm to 400
mm. The flow pulsation was introduced by a
reciprocating pump, located upstream of the heat
exchanger. The pulses significantly increased the heat
transfer coefficient by more than 300 %, obtained with
strong-pulsed perturbations. West and Taylor [11]
studied experimentally the effect of the pulsation on
heat transfer coefficient of water in a long horizontal
tube of a steam-water heat exchanger. The pulsating
stream of water was pulsated by a reciprocating pump,
located upstream, with a variable air chamber, through
a 50-mm ID and 6130-mm length galvanized iron pipe
of the test section. Reynolds number was varied from
30,000 to 85,000 and pulsation frequency was fixed at
1.6 Hz. The amplitude ratio varied from one to 1.56.
They recorded an increase between 60 to 70 % in the
heat transfer coefficient at amplitude ratio of 1.42.
Darling [12] reported an increase of 90% in the heat
transfer coefficient, at a Reynolds number of 6000 and
a pulsation rate of 160 cycles/min, when pulses were
introduced upstream of the heaters. No improvement in
the heat transfer coefficient was observed with the
interrupter value downstream of the heater.

In the turbulent flow regime, Baird et al [6]
concluded that pulsations would improve heat transfer,
particularly if the flow could be made to reverse in
direction for part of the cycle. The maximum
improvement they found was 225% (Re = 8000 and
pulsated amplitude of 0.335 m) for the waterside heat
transfer coefficient in a double pipe, steam-to-water
vertical heat exchanger. Experiments conducted by
West and Taylor [11], on pulsating turbulent flow
showed as much as a 70% increase in inner film heat
transfer coefficients inside tubes at Reynolds numbers
of 30000 to 55000. The pulsation frequency was 100
cycles/min. Havemann and Rao [13], using pulsations
at 5-33 cycles/s obtained an increase of 42% in the heat
flux over the steady flow value under turbulent flow
conditions. Keil and Baird [14] observed as much as a
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100% increase in the overall heat transfer coefficient
using pulsating frequencies of 24 to 66 cycles/min, in a
commercial shell and tube heat exchanger, with steam
in the shell. Ludlow [15], using a double pipe heat
exchanger with hot water in the annulus, obtained a
500% increase in the tube-side heat transfer coefficient
in the transition flow regime. His pulsation frequencies
were between 10 and 170 cycles/min.

The conflicting conclusions of the effect of
pulsated flow in a heat exchanger indicate a lack of
proper understanding of the pertinent variables
involved. There is an evidence in the literature (Baird
et al, [6]; West and Taylor, [11]; Darling [12];
Havemann and Rao [13]; Keil and Baird [14];
Ludlow [15]; and Martinelli ef al, [18]) that pulsating
the flow in a heat exchanger enhances the heat transfer.
Furthermore, most of the previous investigators
considered only a small number of operating variables
in their studies and usually confined their studies to
relatively narrow ranges of these variables. Various
researchers have investigated the effect of pulsed flow
on heat and mass transfer. In the area of heat transfer,
theoretical and experimental studies of Mueller [16]
showed that, for pulsating flows which encompassed a
frequency range of 2.3 to 14.9 cycles/min and a
Reynolds number range of 53000 to 76000 the average
Nusselt number was found to be less than the
corresponding  steady flow  Nusselt number.
McMichael and Hellums [17] have presented a
theoretical development, which concludes that for
laminar flow, pulsations cause a decrease in the rate of
heat transfer at low amplitudes, which do not allow
flow reversal to take place. Martinelli et al. [18], using
semi-sinusoidal velocity disturbances on the tube side
fluid in a concentric tube heat exchanger, conducted
experimental studies for laminar flow conditions. They
found that overall heat transfer coefficient was
increased over the steady flow coefficient by 10% at
most cases. Experiments performed by Lemlich and
Armour [19] on a double-pipe, steam-to- water heat
exchanger showed increases up to 80% in the overall
heat transfer coefficient when the pulsator was installed
upstream. However, when installed downstream, a
decrease in the overall heat transfer coefficient was
observed. The Reynolds numbers investigated were
between 500 and 5000 and the pulsation frequencies
ranged from 30:200 cycles/min.

From the previous work, it can be observed that,
due to variety of control parameters of heat transfer,
previous work showed conflicting results for the effect
of pulsation on heat transfer. Some investigators
reported increases in heat transfer from pulsated flow
[6-15]. As seen, there are considerable variations in the
quantitative results of pulsating flow experiments.
However, this is not surprising in view of the many
possible combinations of pulsation variables, pulse
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generation mechanisms, flow regimes, etc. As a result,
some investigators report increases in heat transfer
from pulsating flow, and others report little increase, no
increase, and even decrease in heat transfer, [16-22].
The aim of this study, therefore, was to investigate the
effects of a combination of independent variables on
the performance of pulsed-parallel and pulsed-counter
flow heat exchangers. These variables included
Reynolds number, the frequency of pulsation, and the
amplitude of pulsation through a concentric double
pipe heat exchanger with cold water inside the annular
space.

2. Test rig and Instrumentation

An experimental facility was designed and
constructed to investigate the heat transfer
characteristics of the turbulent pulsating water flow
through a concentric tube heat exchanger. The test rig,
as shown in figure 1, consists mainly of a pulsator
mechanism, temperatures measuring devices and a
horizontal ~water-to-water concentric tubes heat
exchanger with parallel or counter water flows. To
minimize the heat losses in the system, the hot water is
fed through the inner pipe, with cooling water in the
outer annulus. The heat losses to the atmosphere from
the outer tube are minimized by insulating the heat
exchanger. The heat exchanger of 1100 mm in length,
40 mm outer tube diameter with 1.5 mm wall thickness
while the inner tube has 1000 mm length and 12 mm
outer diameter with 1 mm wall thickness, (0.037 m’
heat transfer area), was used in the experiments. The
outer and inner tubes of heat exchanger were made of
brass (k = 109 W/m® K). Six type-K thermocouples are
installed through holes in both the inside and outside
tubes, to measure the fluid temperatures accurately at
the middle and end caps of the heat exchanger. Heat
transfer coefficient (%,) is determined from the overall
heat transfer coefficient and then Nusselt number can
be calculated, Pethkool et al. [23] and Meter [29]. The

cold water entering the system, through outer annulus,
was drawn by a 3/4 hp pump from cold water supply
tank, and passed to the drain out at downstream. The
pulsator device was located upstream the cold-water
annulus flow. Control valves are incorporated in each
of the two streams to regulate the flow. The flow rates
are measured using independent Rota-meters that
installed in each line. A hot storage tank (50 liter) is
equipped with an immersion type heater and adjustable
temperature  controller, which can maintain a
temperature to within + 0.5 °C. Circulation of the hot
water to the heat exchanger is provided by a 3/4 hp
pump and water returns to the storage tank via a baffle
arrangement to ensure adequate mixing. The
temperature of the hot water was kept at about 65 °C +
0.5°C. The pulsator mechanism was constructed of
three main parts: an electric motor (380 volt and 1.5
hp), a variable speed transmission (AC inverter, 4 KW
and 0-60 Hz), and a reciprocating piston (Scotch-Yoke
type). The output of the inverter was used as the input
to the AC motor. The output of the motor could be
adjusted to any value within the range of 0-1550 rpm,
which leads to different piston frequencies (140, 170,
200, 230, and 260 cycles/min). The pulsation was
imposed to the cold water by the reciprocating piston
mechanism, which consisted of a stainless steel
cylinder 37 mm inner diameter and 350 mm in length
containing an aluminum piston inside. In order to
convert the cyclic output of the transmission into a
back-and-forth movement for the piston, a coupling
mechanism was devised. Its mode of operation was
based upon the Scotch yoke principle. The heat losses
are the losses of heat through the insulation to the
atmosphere and the axial conduction heat losses due to
tube thickness. The major heat losses are assumed to be
through insulation only with neglecting other losses as
concluded by Baughn et al. [24] and Incropera and
Dewitt [26].

Nomenclature:
A heat transfer area (m”) Q heat transfer rate (W)
C specific heat capacity (kJ/kg K) Re Reynolds number
D diameter (m) T temperature (°C)
F friction factor U overall heat transfer coefficient (W/m°K)
f pulsation frequency (Hz) ATy logarithmic mean temperature difference (K)
h convective heat transfer (W/m” K) \Y average axial velocity (m/s)
k thermal conductivity (W/m K) Greek Symbols
m mass flow rate (kg/s) n dynamic viscosity (N s/m®)
Nu Nusselt number v kinematic viscosity (m?/s)
Pr Prandtl number (uCp/k) € heat exchanger effectiveness

Subscripts

C cold fluid 0 outlet/outer/un-pulsated
H hydraulic P pulsated
h hot fluid s steady
i inlet/inner t total

243




Journal of American Science, 2012;8(2)

http://www.americanscience.org

Cold water outlet
to drain

Hot water inlet/outlet

AC inverter, 4 KW and 0-60 Hz

70 °C

ki\é\

D,=40mm & d,=12mm

Hot water inlet/outlet © Thermocouple

70 °C

3. Experimental Procedure

An experimental program was designed to study
the effect of upstream pulsation with different
amplitudes on the heat transfer through a concentric
tube heat exchanger for the turbulent water flow. The
studied values of Reynolds numbers of cold water are
3855, 5780, 7710, 9640, and 11570. These values
correspond to mass flow rates of 0.0665, 0.0997,
0.1329, 0.1662 and 0.1994 kg/s, where the mass flow
rate of the hot water was kept at 0.1144 kg/s. The inlet
hot water temperature was kept at about 65 °C. The
outer surface of the test section was insulated to
minimize heat losses, and necessary precautions were
taken to prevent leakages in the system. The frequency
of the pulsations could be varied up to 260 cycles per
minute (140 cpm < f'< 260 cpm) where the amplitude
was varied by the reciprocating piston mechanism
located upstream the cold water inlet. Five different
displacement amplitudes were used, (Stroke length was
varied as: 6 cm < L < 18.5 cm). Reynolds number is
defined as (4m./nDy. L) based on inlet cold-water flow
conditions. Measurements were carried out with the
pulsator located upstream of the outer annulus of
concentric heat exchanger. The value of the heat
transfer coefficient of pulsated flow was normalized
with the corresponding un-pulsated one. Since the
temperatures of the hot and cold water vary over the
length of the tubes, the temperature difference, AT = T,
- T,, is not constant over the length. To account the
temperatures variations, a log mean temperature
difference (AT,,) is used.

3.1 Theoretical analysis
The heat given by the hot fluid (i.e. water) at
any Reynolds number is:

Q = thph(Th,- - Tho) = l]lAlATml (1)

Heat exchanger 1100mm Length

Cold water inlet
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Reciprocating piston
Di=37mm & Length = 350mm
Stroke length = 60-185mm

Scotch yoke

While the heat transferred to the cold fluid, (i.e. water)
is:

Q = mcCpc(Tci - Tco) = UvoATmo (2)

As usual, this heat may be expressed in terms of a heat

transfer coefficient and tube logarithmic mean
temperature difference AT,

In the experiments, the tube-wall temperature was not
measured, with negligible losses to surrounding air
from the cold water, by equalizing the energy loss of
hot fluid and the energy received by the cold fluid,
convective and overall heat transfer coefficients were
deduced and Nusselt numbers were acquired as
follows, [25-30]:
1 1 In(do/di) 1
2mkL

= “)
UA hoAo hiA;
Where, h; and h, are heat transfer coefficients for cold
and hot water respectively. The areas, A; and A, are the
inner and the outer surface areas of each tube. The
diameters, D; and D, are the inner and the outer tube
diameters. U is the overall heat transfer coefficient, k is
the thermal conductivity of the tube material and L is
the total tube length. For fully developed, turbulent
flow in tubes where the Reynolds number is between
2300 and 5x10° and the Prandtl number is between 0.5
and 2000, an empirical correlation to determine h;
proposed by Gnielinski, V. [30], is widely used and
hence you can get h, & Nup,.
Dy (F/8)(Rep, -1000) Pr
N = = T 127(5/8) % P23 ©)
(F/8)V(Pr/3)
The tube-side heat transfer coefficient could be
evaluated from Gnielinski correlation,
(E/8)( Rep; -1000)Pr  k
T2y ey ©
T(E/8)“( Pre/>-1) D;
Where, for smooth tubes, the friction factor is given by:

=
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F=/079In( Re p;)-1.64 ] (7)
For the hot and cold fluids, the Reynolds numbers are:

ReD = VDH/V (8)

Heat exchanger effectiveness, ¢, is defined as,

& = thh(Thi - Tho)/mcmin(Thi - Tci) = mcCc(Tca -
Tci)/(mcmin)(Thi - Tci) (9)

Where (mC),,;, = minimum of either m;,C, or m.C..

The enhancement in heat transfer was then
calculated as the ratio of the heat transfer coefficient
obtained in pulsed flow, h, to that obtained in
unpulsated steady flow, h,. All fluid properties were
determined at the overall bulk mean temperature. A
more precise method of estimating uncertainty in
experimental results has been presented by Kline and

McClintock, which is described in Holman [28]. The
method is based on careful specification of the
uncertainties in the various primary experimental
measurements, suppose that the result dependant
variable (R) is a given function of the independent
variables Xi, X, X3, cevvreennennn.. , Xp. Thus: R = R (x,
X2y X3y cnreinnenannnnn , Xp). Let ug is the uncertainty in the
result and u;, uy, U3, ........, U, are the uncertainties in
the independent variables. The uncertainty in the result

is given as:
[(aR ] (GR ] (GR H/
U =|| —uy | H —ty |+ + gun
ax ax, . (10)

The following table (3.1) summarizes the calculated
values of the uncertainty of the measured quantities.

Table 3.1, values of the uncertainty of the measured quantities

Parameter

Absolute Uncertainty

Relative Uncertainty

Mass flow rate

+1.2%

Reynolds number

+12%

Mean flow temperature

+05°Ctox1.0°C

Mean Nusselt number

4. Results and Discussions

The main target of the present work is to
investigate experimentally the influence of pulsation
frequency and amplitude in a water-to-water concentric
heat exchanger with counter and parallel flows, on heat
transfer. With the values obtained from the
experimental data (255 experiments), the changes in
Nusselt numbers against Reynolds numbers were
drawn for six different pulsation frequencies and
different amplitudes, as shown in the figures (2-11).
Figure (2) and figure (3) show the variation of average
Nusselt number versus Reynolds number at different
pulsation frequencies for 6 cm stroke length. All curves
of the average Nusselt number variation against
Reynolds number, for both parallel and counter flows,
gives a nearly the same fashion trend. In the case of the
parallel flow for the pulsating flow, Nusselt number
decreases or increases according the value of pulsation
frequency, pulsation amplitude and Reynolds number.
It is seen from the figures that the Nusselt number
increases as the pulsation frequency, created by the
reciprocating piston, increases especially at high
Reynolds number. In the parallel flow (Figure 2), for
the highest pulsation frequency (260 cycle/minute), the
increase in heat transfer rate was about 400% to 500 %
according to Reynolds number with maximum
enhancement at Reynolds number of 9640. More
enhancements in heat transfer rates were obtained for
higher amplitudes up to 8 times. In the counter flow
(Figure 3), for high pulsation frequency (230
cycle/min), the increase in heat transfer rate was about
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+4.5%

500% to 600% according to Reynolds number with
maximum enhancement at Reynolds number of 9640.
More enhancements in heat transfer rates were
obtained for higher amplitudes up to 10 times.

The influence of both pulsation frequency and
amplitude on the heat transfer rates, for both parallel
and counter flows, is shown in figures (4-9). Figures
(4-7) show the variation of the average relative Nusselt
number (Nu,,,/Nu,y,), versus Reynolds number for
various pulsation frequencies and various pulsation
amplitudes. Figures (8 and 9) show the variation of the
average relative Nusselt number (Nu,,,/Nu,,), versus
pulsation frequency for various Reynolds numbers at
stroke length of 12.5 cm. The results of heat transfer
show that, more enhancements in relative Nusselt
number are obtained for the counter flow than that
obtained for the parallel flow. More enhancements in
heat transfer rates are obtained at Reynolds number of
3855 and 9640. The heat transfer coefficient was found
to increase with pulsation, with the highest
enhancement observed in the transition flow regime.
This was in agreement with the experimental results
obtained by Baird et al. [6], Karamercan and Gainer
[7] & Lemlich [8]. The heat transfer improvement for
counter flow is about 200% higher than that for the
parallel flow. The maximum enhancement in
Nuyy/Nuy,, for the parallel flow was about 8 times.
While the maximum enhancement in Nu,,,/Nu,,, for the
counter flow was about 10 times. These enhancements
in heat transfer are related to the increased level of
turbulence, to the introduction of forced convection in
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the boundary layer and cavitations [7-26]. The
increases in heat transfer with pulsation are due to the
higher pulse intensity imparted to the flow through the
completely external pipe. The pulsation motion of the
fluid results in a pressure gradient being created in the
radial direction, thus affecting the boundary layer
development. The increased rate of heat transfer in
such flows is a consequence of the renewing and
reducing the boundary layer thickness and increased
resultant velocity. From the figures (4-9), it is also seen

that the effect of pulsation flow with different
amplitudes on the heat transfer is significant for all
Reynolds numbers. This effect is related to the high
turbulence that comes from the interacting between
pulsation frequency and the bursting frequency of
turbulent of water flow, which results from the
breakdown of the boundary layer in a shorter time [11-
17]. In the counter flow, the heat transfer rates are
somewhat greater than that in the parallel flow [27].
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Fig. 2 Nusselt number in the parallel flow as
a function of Reynolds number for different
pulsation frequencies (Lsyoke = 6 cm)
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Fig. 3 Nusselt number in the counter flow as
a function of Reynolds number for different
pulsation frequencies (Lsyoke = 6 cm)
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Fig. 4 Average Nusselt number ratio in the parallel flow as a
function of Reynolds number for different
pulsation frequencies (Lgyoke = 9.5 cm)
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Fig. 5 Average Nusselt number ratio in the parallel flow as a
function of Reynolds number for different
pulsation frequencies (Lgyoke = 18.5 cm)
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Fig. 6 Average Nusselt number ratio in the counter flow

as a function of Reynolds number for different
pulsation frequencies (Lsyoke = 9.5 cm)
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Fig. 8 Average Nusselt number ratio in the parallel flo
as a function of pulsation frequency for different
Reynolds numbers (Lgyoke = 12.5 cm)

Because the temperature effectiveness of parallel
flow is limited with respect to counter-flow, the
thermal capacity of the counter heat exchanger can be
higher than that of the parallel flow heat exchanger. In
addition, the difference between parallel and heat
transfer results of counter flow is due probably to later
development of a thermal boundary layer. As
concluded by many investigators [7-11], a great
increase in pressure losses occurs when pulsated or
swirl flow generators is mounted at inlet or at outlet of
the pipe, in comparison with inner pipe entrance
without pulsation or swirling. This results mainly from
the dissipation of the dynamical pressure of the fluid
(i.e. water) due to very high viscous losses near the
pipe wall, and to the extra forces exerted by rotation.
Pressure losses will be minimized with low Reynolds
number and well designed pulsation generator.
Moreover, the pressure drop increase is probably due
to the secondary flows occurring because of the
interaction of pressure forces with inertial forces in the
boundary layer. At relatively low Reynolds numbers
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Fig. 7 Average Nusselt number ratio in the counter flow
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Fig. 9 Average Nusselt number ratio in the counter flow
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as a function of pulsation frequency for different
Reynolds numbers (Lgyoke = 12.5 cm)

(4,000-12,000), as in the present study, and high
pulsation frequencies, namely there is an improvement
in heat transfer in mentioned range of Reynolds
numbers and pulsation frequency at all amplitudes.
Figures 10 and 11 show a variation of relative
effectiveness of the heat exchanger versus Reynolds
number at different pulsation frequencies, for both
parallel and counter flows respectively. Similar fashion
trends were obtained as the relative mean Nusselt
number. The figures show that more enhancements
(about 300%) in the effectiveness were obtained for the
counter flow. Figures 12 and 13 show a comparison of
the present results, of maximum enhancement values of
heat transfer rates, with that obtained by Karamercan
and Gainer [7]. With comparing the results of the
counter flow using upstream pulsation, the maximum
enhancement in hy/h, given by Karamercan and
Gainer [7] ranged from 500% to 800% (Re = 4000 —
12,000). While for the present results, the maximum
enhancement in hy/h, ranged between 700% to 10 times
at the range of Reynolds number (Re = 4000 — 12,000).
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In addition, the experimental results of Karamercan
and Gainer [7] showed that the highest enhancements
in the heat transfer coefficient obtained within a
Reynolds number range of 7500 to 9500. These
enhancements in heat transfer are related to the
increased level of turbulence, to the introduction of
forced convection in the boundary layer [7-9].
Pulsations of sufficient frequency and amplitude can
improve heat transfer in such a way as to increase the
longitudinal flow for part of the cycle, which, in turn,
decreases the film thickness in the tube. Hence,
pulsated flow is associated with a periodic pressure
gradient reversal, which causes an increase in radial
and longitudinal mixing.

In addition, it can be concluded that, more
improvements in heat transfer were obtained for higher
amplitudes for all pulsation frequencies at any
Reynolds number. The reciprocating piston causes the
fluid to reverse its direction by pulling on the fluid for
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Fig. 10 Effectiveness ratio in the parallel flow as
a function of Reynolds number for different
pulsation frequencies (Lsyoke = 15.5 cm)
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Fig. 12 Maximum enhancement values Counter flow
using reciprocating pump, [7]

The effect of cavitations is due to bubbles
formation, which may be formed in the fluid. These
bubbles are produced during the low-pressure portion

aplso

hy/h,

a portion of the pulse cycle. Thus, cavitations as well
as flow reversal probably occurred in those
experiments. The experimental studies conducted by
Baird et al. [6)], Lemlich [8], Darling [12], Keil and
Baird [14], and Ludlow [15] for the most part covered
different values of the variables involved, they all
showed that the greatest improvements in heat transfer
due to flow pulsations were obtained within a Reynolds
number range of 7500 to 9500. The improvements in
heat transfer to a flowing fluid in a heat exchanger, by
pulsing the flow with sufficient amplitudes has been
variously ascribed to cavitations (Lemlich, [8],
Darling, [12] and Ludlow, [15] and Lemlich and
Armour, [19]), and to the increased level of turbulence
(Lemlich, [8] and to the introduction of forced
convection in the boundary layer (Marchant, [22]).
The influence of each of these factors on the
enhancement in the heat transfer coefficient will be
discussed below in the following paragraphs.
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Fig. 11 Effectiveness ratio in the counter flow as
a function of Reynolds number for different
pulsation frequencies (Lsyoke = 15.5 cm)
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Fig. 13 Maximum enhancement values of relative heat
transfer coefficient for both parallel and counter flows
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of the pulse cycle when the flow is suddenly
interrupted or forced to change direction and the

pressure in the liquid drops below the local vapor
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pressure. Since the static pressure in the tube is the
same across the whole diameter, the bubbles must
originate where the vapor pressure is reached first as
the pressure drops. This occurs at the hottest point,
namely in the boundary layer next to the tube wall, [7].
The periodic formation and collapse of these bubbles
agitates the boundary layer and thus increases the rate
of heat transfer. According to Lemlich and Armour
[19], the bubbles also act as carriers of latent heat by
moving toward the bulk and giving up their latent heat
as sensible heat upon collapsing. They observed a
periodic growth and collapse of new bubbles with
pulsation, growing from “virtually nothing” to perhaps
0.2 in. in diameter before collapsing. Although they did
not degas their water stream before passing it through
the exchanger, they noted that the relative growth and
collapse of the bubbles far exceeded the comparatively
small relative expansion and contraction of stray air
bubbles. They felt that this indicated that the bubbles
were formed by cavitations rather than merely the
expansion of a gas. Like Lemlich and Armour [19],
we did not degas our entering water, and we observed
numerous bubbles leaving through the plastic tube
fitted to the down-stream end of the heat exchanger.

In convective heat transfer, axial flow through
the tube is a very important parameter. Pulsations of
sufficient frequency and amplitude can improve heat
transfer in such a way as to increase the longitudinal
flow for part of the cycle, which, in turn, decreases the
film thickness in the tube. The subsequent reversed
axial flow then results in radial diversion of much of
the kinetic energy. Hence, pulsated flow is associated
with a periodic pressure gradient reversal, which
causes an increase in radial and longitudinal mixing.
Furthermore, each cycle of motion can be viewed as
acting as a disturbance, which increases the level of
turbulence in the tube. Higher amplitudes and higher
frequencies mean correspondingly larger or more
frequent disturbances, hence improved turbulence, and
a higher coefficient for heat transfer subsequently; the
effect of pulsating on the enhancement in the heat
transfer coefficient becomes less at higher flow rates
because it must compete with a higher level of
turbulence already present in the fluid flow.

Another effect, which may well be related to the
ones already discussed, is the introduction of forced
convection in the boundary layer when impose
pulsation into the flow. It is generally conceded that the
heat transfer through the laminar film of the waterside
of the tube occurs by means of conduction. In steady
flow, convection plays no part in the transfer of heat
through this inner boundary layer, which is effectively
at rest with respect to the tube wall. However, when
pulsations are introduced into the flow, the periodic
pressure variations produce forced circulations in the
fluid and increase the effective heat transfer by
promoting the formation of eddies, thus introducing
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convection in the boundary layer. Among all the
effects discussed above, cavitations seem to be the
most dominant factor in the enhancement of heat
transfer by flow pulsations.

Conclusions

Observations of behavior of the heat transfer
coefficient under the influence of upstream pulsation,
for all studied amplitudes, revealed that the heat
transfer coefficient was strongly affected with
pulsation frequency, amplitude and Reynolds number.
In the counter flow, the enhancements in heat transfer
rates are somewhat greater than that in the parallel
flow. The heat transfer coefficient was found to
increase with pulsation, with the highest enhancement
observed in the transition flow regime. The results
showed that an enhancement in relative average
Nusselt number of counter flow up to 10 times was
obtained for higher amplitude and higher pulsation
frequencies. While, an enhancement in relative average
Nusselt number of parallel flow up to 8 times was
obtained for higher amplitude and higher pulsation
frequency. The maximum enhancements in the heat
transfer rates were obtained at Reynolds number of
3855 and 11570. The improvement in the heat
transferred to a flowing fluid in a heat exchanger by
pulsing the flow with sufficient amplitudes has been
variously ascribed to cavitations, the increased level of
turbulence and the introduction of forced convection in
the boundary layer as concluded by many
investigators.
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