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ABSTRACT:

Heat transfer in laminar pulsating flow is experimentally investigated. Water flow
through ant annulus of a tubular heat exchanger is considered. An experimental set-up
equipped with a computenzed data acquisition system is designed and constructed to
carry out this werk. The test section is a tubular heat exchanger formed by two
toncentric tubes. The pulsating flow of cold water in the annulus is heated by a steady
flow of hot water through inner tube of the tubular heat exchanger. The experimental
measurements of temperature, pressure and mass flow rate for both the hot and cold
fluids are eollecied by a data acquisition system, which is connected to a personal
computer for further data analysis. The operating parameters considered are Reynolds
numnber, mixing ratio belween pulsating and steady flows and the change in amplitude
for pulsating flow The frequency of the pulsating flow considered ts 1 Hz. The
influence of flow pulsation in the annulus on Nusselt number and its impact on the
overall heat transfer coefficient and effectiveness of a tubular heat exchanger are
considered.

The results show that, flow pulsalion increases Nusselt number of laminar annular
flow compared with the steady flow. Such increase in Nusselt number is slightly
dependent on Reynolds number. For the considered range of Reynolds number,
Re=100-1100, flow pulsation causes an increase in Nusselt sumber by 20% in average
compared to steady laminar flow.
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1. INTRODUCTION

Pulsating flow has received a considerable attention for many years due 10 its
iinportance for many industrial, practical and biological applications. Examples of
such applications are blood flow, respiratory systems, Stirling engine heat
exchangers, reciprocating pumps and compressors, and many others. Many
investigations are carried out, but little attention was given 1o heat transfer in laminar
pulsating flow. Even for the very little wark available, its results are contradicting.

Kim et. al. (1993) made a theoretical analysis to study heal transfer characteristics
for fully developed pulsating flow in a channel. The effects of pulsation on the
Nusselt number are pronounced for large amplitudes and in the upstream entrance
region. Changes in Nusselt number due to pulsation are appreciable thought much of
the channel length when frequency is low and moderate. At high pulsation
frequencies, changes in Nusselt number are generally minor. In comparison to the
case of a non-pulsating flow, reduction in local Nusselt number is expected at low
pulsation frequencies and in the extreme up stream region, and enhancement in local
Nusselt number is anticipated at moderate downstream locations, Al locations further
downstream, Nusselt number remains virtually unchanged.

Ligrani et. al. (1996) presents experimemal results to describe the effect of bulk
flow pulsation on film cooling from a single row of heles. The pulsations are in the
form of sinusoidal variations of static pressure and streamwise velocity. The results
provide clear evidence of the dramatic impact of bulk flow pulsations on film cooling
heat transfer.

The effect of pulsation in a ube with constant heat flux at the wall is considered by
Moschandreou et al. {1957) to delermine how pulsation affects on the heat transfer
rate and how the phenomena depend on the Prandil number and on pulsauon
frequency. The results show that in a range of moderate values of the frequency there
is a positive peak in the effect of pulsating flow whereby the bulk temperature of the
fluid and the Nusselt number are increased But the effect is reversed when the
frequency is ousside this range (very low or very high) The peaks (the mechanism for
change in the rate of heat transfer} are higher at lower Prandt! numbers due to lower
momentum and higher heat diffusivity.

Many versions of the Nusselt number definitions have been tesied by Guo e1. al.
(1997) to clarify the conflicting results in the heat transfer characteristics for pulsaling
flow in a pipe. For small amplitude both heat transfer enhancement and reduction
were detected depending on the pulsation frequency. But for large amplitudes, the
heat transfer due to pulsation is always enhanced.

Hafez et. al. (2000) made a thearetical model, 10 show the effect of pulsations on
the heat transfer coefficient, for the flow inside a circular tube with constant heat flux.
This model show that, pulsation improvement was obtained with increasing
frequency up to certain fimit also, with decreasing tube length.

Hemeada et. al. (2000} analyzed heat transfer in laminar incompressible pulsating
flow in a duct. An analytical solution of the thermally fully deeloped case and a
numerical solution were obtained. This study shows that, the overall heat transfer
coefficient increases with increasing the amplitude and decreases with increasing
frequency and Prandil number.

Tubular heat exchanger is the simplest form of heat exchangers and consists of
two concentric tubes carrying the hot and cold fluids. Flow pulsation in heat
exchangers is frequently encountered in many applications. Knowledge of the
influence of flow pulsation on heat transfer is essential. Data available are limited and
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contradicting. Therefore the objective of the present work is 1o study, experimentally,
the effect of low pulsation on the heat transfer in laminar annular flow

2. EXPERIMENTAL SET-UP

The experimental set-up consists mainly of a tubular heat exchanger, hot water
circuit, cold water ctreuit and plunger pump A schematic diagram for the
experimental set-up is shown in Fig. {1}, The experimenta! set-up is provided with a
data acquisition system, which is connected to a personal computer to collect
experimental data for storage and further analysis. The system is provided with
sensers 1o measure the temperatures, pressures and mass flow rate for both hot and
cold fluids.

Tubular heat exchanger consists of two concentric tubes Hot water passes through
the inner tube and cold water passes through the annulus. The inner tube is made of
stainless steel with 9.5 mm outer diameter, 06 mm wall thickness and 660 mm
length. The outer tube is made of clear acrylic tube with 12 mm inner diameter and
3mm thickness. The outer surface of the outer tube is insulated by a 3 cm thickness
glass wool layer covered with an aluminum foil to minitmize heat loss. Heat transfer
areais 184.5 cm® The temperatures at inlet and outlet for both the cold and hot water
are measured using K type thermocouples and connected 10 a data acquisition system.

Hot water circuit conststs of a circulaung pump, 2 kW eleciric water heater and
pipe connections. A thermostat controller is used for controlling the tcmperature of
hot water entering the heat exchanger.

Cold water flows through the annulus may be pulsating or steady. The pulsation
equipment comprises of a plunger pump, which is driven by an electric motor. The
frequency of the pulsating pump is 1 Hz Referring to figure (1), water inlet to the
plunger pump passes through a constanl volume tank (680 cm’) to measure the
volume flow rate. The tank is provided with two optical level sensors fixed at the top
and bottom of the tank. The time takcn for the water levcl in the tank to fall from the
upper switch to the lower cne is measured and the volume flow rate of cold water is
calculated by the data acquisition systern. Pressure of cold water at outlet from
plunger pump and at the imlet to the test section are measured by two pressure
sensors, which are connected ta the data acquisition system. The flow rate of both hot
and cold water flows are measured by two eleetronic turbine flow meters connected
to the daia acquisition system. To control the pressure fluctuation at the discharge of
the plunger pnmp, a pressure accumulator (or pulsation damper) was fitted, as shown
in Fig. (1). Also, mixing between pulsation and steady flows is perfarmed during the
expenimental work. Control valves are used to obtain the required mixing ratio

between pulsating and steady flow rates Pressure and mass flow rate for the mixture
are measured before and afier mixing

3. EXPERIMENTAL MEASUREMENTS TECHNIQUE

Prior to the start of the experiments, the expenmental set-up was allowed to
equilibrate for approximately one hour until steady state condition had been reached
(the fluctuating in temperatures was about £ 0.1 °C). Once the system reached the
desired steady state condition, the required measurements were taken. These
measurements are temperature, mass flow rate and pressure at different posilions, as
shown in Fig (1).

The uncertainties are calculated for the measured and calculated quantities. The
quantities measured directly included test section dimensions, pressure, femperature



M. 57 Lotfy H. Rabie and Hesham M. Mosiafa

and flow rate for both hot and eold water flows. The accuracy of the thermocouples
used is + 0.1 °C, thus, the uncertainty of temperature difference was estimated Lo be
about 0.142 °C. The accuracy of the electranie wrbine flow meters is +0.01 Litmin,
which i5 equivalent to 0.3 % of the full seale. Also, the accuracy of the geometric
dimensions is estimated 1o be 0.55 %. The largest calculated uneertainties in the
current investigation, were less than 2.5 % for the overall heat transfer coefficient and
2.65 % for the effecliveness of the tubular heat exchanger. Also, the largest calculated

uncertainties in the Reynolds number was found o be about 3.5% and that for Nusselt
number was 2.5 % .

4, DATA REDUCTION

The hot and cold fluid streams flow in opposite directions (counter-current flow).
The measured temperatures and mass flow rates for the hot and cold fluids are
analyzed 1o calculate the overall heat transfer coefficient, outer tube side (cold side)
heat transfer coefficient and heat exchanger effectiveness using a computer data
reduction prograim. Cold fluid properties are calculated at the mean cold fluid
temperature along the test section (tubular heat exchanger) Also, hot fluid properties
are calculated at the mean hot fluid temperature.

Hot water flowing inside the inner tube of a tubular heat exchanger was kepl at
the same condition throughout this work. Where, hot water fow was turbulent at
Reynolds number approximately fixed at Re, = 14000 Therefore, the inner side
convection heart transfer coefficient was calculated from the following correlation:

hi = 0023 Ren’® Pr>* (k / &)

Assuming no fouling resistance, the outer side convection heat transfer coefficient,
for the cold fluid in the annulus, is determined as follow.

1
A, A,n(d,/d)

]

1
U Ah 2kl

h =

-]

Therefore, Reynolds number and Nusselt number for cold fluid, which flows in the
annulus, can be obtained as:

Rec=pu.D/p & WNu=h,D/k

5, RESULTS AND DISCUSSIONS

The pressure of the pulsating flow is measured at the inlet of the test section using
a pressure transducer. The sampling rate of pressure data is 1000 samples/sec. A
typical plot of the pressure for the pulsating flow as function of time is presented in
figure (2). Tt shows that the frequency of the flow pulsation is | Hz. The difference
between the maximum and minimum pressures divided by the average value for the
pressure represents the dimensionless amplitude for pulsating flow.

The hot fluid flowing inside the inner tube of a tubvlar heat exchanger was kept a1
constant conditions throughout this work. The variation of the inner hear transfer
coefficient was small. Therefore, the behavior of the overall heat transfer coefficient
{U) is the same as that of the outer heat transfer coefficient for the cold fluid (ho). In
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order to detect the changes in heat transfer due to flow pulsation, the Nusselt number
for the cold fluid (Nu} is plotted for both steady and pulsating flows in figure (3) The
range of Reynolds number considered for the annulus flow is 100-1100. It has been
clearly demonstrated that Nusselt number (Nu} for laminar annulus flow depends on
Reynolds number (Re.) for both steady and pulsating flows. Curve fitting of the
expenimental results in the considered range of Reynolds number shows that Nusselt
number is related to Reynolds number as:

Nu =0.21] S.Res'ss for steady laminar annulus flow

Nu=0 145.R.~=.2'(’S for pulsating laminar annulus flow (at A=0.66)

Figure (3) shows that laminar flow pulsation increases Nusselt number compared
with that of steady Jaminar flow in the annular cross sectton. This increase may be
attributed to the local turbulent eddies generated by the flow pulsation Therefore,
heat is transfcrred by this eddying motion as well as by the molecutar diffusion in
laminar flow.

The percentage change in Nusselt number ((Nu)p-(Nu).)/(Nu).) 15 plotted as
function of Reynolds number in figure (4). 1t shows that, for the considered range of
Reynolds number, Re~100-1100, flow pulsation causes an tncrease in Nusselt
number by 20% in average

Mixing between pulsating and steady flows was earried out to give higher values
for Reynolds number. The results of mixing between steady and pulsating flows are
considered in figure (5}. The variation of Nusselt number with Reynolds number for
two mixing ratios X=I, and 0.5 compared with steady flow (X=0.0} is shown in
figure (5). A noticeable increase in Nu for pure pulsating flow (with mixing ratio,
X=1} over steady flow (X=0.0} is found. However, it is hardly to detect any change in
Nu for the mixing ratio of X=0.5 compared with steady flow. This may be due 10 the
damping of flow pulsation with mixing,

Figure (6) presents a piot of the dimensionless parameter Nu/Re”’ versus
Reynolds number. It clearly demonstrates Nusselt number enhancement obtained in
case of pulsating flow compared with steady flow in laminar annular flow.

The effect of Pu]sating dimensiontess amplitude (A) on the dimensionless
parameter Nu/Re,*“ for pulsating laminar flow is shown in figure (7). It is observed
that, such variation in Nu/Re*® is slightlvs.v dependent on the dimensionless
amplitude The highest value for Nu/Re”® was pesformed at dimensionless
amplitude equal to about 0.4.

Experimenial measurements are taken to obtain the performance behavior for a
tubular heat exchanger with different operating parameters. Hear exchanger
performance can be determined by calculating the overall heat transfer coefficient and
effectiveness. Overall heat transfer coefficient for different values of Reynolds
numbers is shown in Fig. (8) for pulsating and steady flows in laminar flow region It
is observed that U for pulsating flow increases by about 20% than steady flow. This
increase can be explained as, due to increasing in the tcmperature difference for the
hot fluid {decrease in the outlet hot temperature for the same inlet temperature and
mass flow rate for the hot fluid) in pulsating {low than steady flow Then the amount
of heat transferred increascd This leads 1o an cxpected improve in the U was
obtatned.
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Figure (9) shows Lhat, the effectiveness for the tubular heat exchanger {g) versus
Reynolds number in laminar flow region for pulsating and steady Hows. [t is found
that, pulsating flow increases the amount of heat transferred, consequently ¢
increases, according to the definition of heat exchanger effectiveness.

6. CONCLUSIONS

An experimental investigation was carried out to determine the overall heat
transfer coefficient and effectiveness for a wbular heat exchanger, in case of pulsating
laminar flow compared with steady flow. Water was used as working fluid for both
hot and cold fluids. The studied operating parameters are cold fluid inass flow rate,
mixing ratio between puisating and steady flows and amplitude

The obtained results from the experimemtal investigation verified that, Nussell
number for pulsating laminar flow increases by an average value 20% compared with
steady flow. Also, higher values for Nusselt number was obtained at dimensioniess
amplitude equal to about 0 4.

Additional investigations are still necessary to discover different flow regimes,

pulsating frequencies, and other flow configurations.
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NOMENCLATURE

a : Amplitude

A : Dimensionless amplitude (A=a/P,,)
A; : Inner heat transfer surface area {A =rd; L)
A, - Outer heat transfer surface area (Ao =nd, L)
d : Tube diameter

D : Hydraulie diameter for the annulus
h : Heat transfer coefficient

k : Thermal conductivity

L ‘Length

m :Mass flow rate

Nu  : Nusselt number

P - Pressure

Pr : Prandtl number

Q:  : Hear transfer rate to cold fluid

Qmex : Maximum possible heat transfer rate
Re  : Reynolds number

T : Temperature

u " Velocity

U - Overall heat transfer cocfficient

X - Mixing ratio [X= m, /(m, +m, ) ]
Greek symbols

£ : Effectiveness [e = Qo' Qruns]

W : Dynamic viscosity of the fluid

v : Kinematic viscosity of the fluid

p : Density

Subsripts

av  average

¢ cold

h hot

i inner

o  Ouler

p  Ppuisate

s steady

{bar}

(m?)
(m*)
(m)
(m)
(Wim? K)
(W/mK)
(m)
(keg/s)

(;’a)
(W)
(W)
(°C)
(nv/s)
(W/m”.K)

(%)
(kg/m.s)
{m%s)
(kg/m®)

M. 60
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