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Abstract: This paper reports an experimental comparative thermal analysis of a flat plate heat
exchanger and corrugated plate heat exchanger (CPHE) of different corrugation angles using
ethylene glycol as test fluid. The experiments were carried out in counter current mode using water
as hot fluid at 75°C. Design of each plate provided with eleven thermocouple sensors to determine
the temperatures, in which seven were used to measure the surface temperature of plate and four
were used to measure the inlet and outlet bulk temperature of cold and hot fluids. The mass flow
rate of test fluid, varied between 0.5 to 4 liters per minute and corresponding steady state
temperatures is measured. Using experimental readings, temperature difference between the inlet
and outlet streams (A7), logarithmic mean temperature difference (LMTD) and overall heat transfer
coefficient (U) are determined. The obtained AT and U values of corrugation angles (30°, 50°) of
CPHE were compared with those of flat plate heat exchangers. For corrugation angle of 30° and
50°, the AT and U values increases with increase of mass flow rate of the fluid. The turbulence in
the flow increases due to increase in the corrugation angle, which results in the enhancement of
heat transfer. Moreover, thermal effectiveness (&) is estimated using NTU method and compared
for all the plates. As the Nge values gradually increases, £ decreases for flat plate and CPHE
(6=30° and 8=50°). Atlow Nge value of 114, observed a maximum & ([0.998) value for corrugated
angle of 50°. There is adequate contact time between the cold and hot fluids at low Reynolds
number, so maximum rate of heat transfer is possible, as a result £ values are high.

Keywords: corrugated plate heat exchanger, overall heat transfer coefficient, effectiveness,

Reynolds number

1. INTRODUCTION

Heat exchangers are thermal devices employed in
diverse industrial applications to heat or cool of process
fluids. The hot and cold fluids are separated by
a thermal conductive surface, so that both fluids cannot
mix in the heat exchanger. A wide variety of such
exchangers are employed in thermal power stations, air
condition devices, automotive, chemical, bio and
pharma industries, Oil and petroleum industries,
sewage treatment, waste heat recovery systems. Their
design and type of heat exchanger depends on the
parameters such as type of process fluid, thermal
efficiency, space availability and cost. Such industries
explore for heat exchanger with small occupied area,

high thermal performance and low investment.
Corrugated plate heat exchanger belongs to such
category because it can retrieve effective heat at small
temperature due to high turbulence created at low
velocities [1, 2].

Many experimental [3-14] and simulation study
[15-21] shows that the rate of heat transfer enhance with
using of corrugated plate heat exchanger (CPHE). The
experimental investigation on CPHE for single phase
flow of Reynolds number ranging from 500 to 2500 had
shown an enhancement in heat transfer coefficient and
they derived correlations between Nusselts number and
Reynolds number [3]. In CPHE with parallel flow using
water as fluid at small temperature difference by
varying the space between the plates and observed that
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the optimal heat transfer possible at a minimum spacing
of 6 mm [4]. The corrugated plate of corrugation angle
increases (30°,40° and 50°), heat transfer rate also
increases because it a offers higher surface area of
contact as well as turbulence in the flow [5-7].
Furthermore, as the angle of corrugations is reaches to
50°, creates more turbulence in the flow regimes which
ultimately improves heat transfer rate also severely
pressure drop [2, 8-10]. Moreover, the plate design of
CPHE, additionally improves the mechanical strength
to heat exchanger [11]. Experiments are conducted for
various corrugation angles of 30°, 40° and 50° with
wavy type corrugated plate heat exchanger to
understand the difference factors that affecting the
flow, such as, energy losses, frictional factors and
pressure drop using glycerol as test fluid [5,12].
Optimization studies are conducted on the corrugated
type of gasketed-plate heat exchanger using dairy milk
[13]. The researchers also performed numerical studies
to analyze the heat transfer mechanism and fluid flow
regimes using CFD tools with flat plate heat exchanger
and corrugated plate heat exchanger [15-20]. The
advantage using CFD study is that, the temperature can
be measured at any particular point in the model is
possible. Many of them developed the correlations on
the heat transfer coefficient as well as Nusselts number
as a function of Reynolds number using PHE [16,17]
and CPHE [18-20]. Recently, CFD simulation
performed with modification design of CPHE shown
improved thermal performance and effectiveness with
water-water as test fluid [20]. They also proved that
there is up to 75% increment in the Nusselts number as
compared with normal CPHE.

While most studies focus on CPHE are limited to
either air or water as the test fluid [4,15,18-20]. This
paper focuses to maximization of heat transfer of
ethylene glycol using CPHE. To investigate the heat
transfer enhancement in the corrugated plate heat
exchanger, estimated the overall heat transfer
coefficient and thermal effectiveness of corrugated
plate heat exchanger for different corrugated angles.
Moreover, these values are compared with flat plate
heat exchanger. In this work EG is used as test fluid
because it has low thermal conductivity alcohol. EG
had wide spread applications such as industrial anti-
freeze, coolant for gas compressors, heating, chilled-
water air-conditioning systems.

2. METHOD

The experimental setup used for the investigation of
heat transfer consist of flat plate heat exchanger and
corrugated plate heat exchangers (CPHE) as the display
in Figure 1. The corrugated plate is designed with plate
length of 0.3 m, width of 0.1 m and channel spacing of
0.005 m. The CPHE of corrugation angles (6= 30° and
50°) measured with reference to the horizontal plane as
shown in Figure 2. The experimental setup additionally

consists of hot and cold fluid storage tanks that are
separately connected with pump and rotameter. Eleven
thermocouple sensors provided in the overall set-up to
measure the temperatures at different locations. To
measure the surface temperatures of the plates, seven
thermocouples are placed along the length of each plate.
In addition, four thermocouple sensors were inserted to
record the temperature of inlet and outlet of test fluid
and hot fluid. In this study measuring devices such as
thermocouples and rotameters used in the experimental
setup with their range and error associated with it are
shown in Table 1. The experiments are performed in
counter flow arrangement in which test fluid is passed
through the bottom channel and hot fluid is passed
through the top channel of corrugated plate. Water at
75°C is taken as hot fluid and Ethylene glycol is used
as a test fluid. The fluid mass flow rate of test fluid
changed between 0.5 Ipm to 4 Ipm in the step change of
0.5 1Ipm and the temperatures at eleven positions were
noted after reaching the steady state. Using measured
temperatures, calculated temperature difference (AT) of
inlet and outlet of the fluid. Using energy balance of hot
and cold fluids, calculated the logarithmic mean
temperature difference (LMTD). Using LMTD,
estimated the overall heat transfer coefficient (U) for all
type of plate heat exchangers. A set of three
experiments are performed for each flow rate to
calculate the values and the same averaged and plotted.
The detailed procedures of the calculations of several
heat transfer components are given below.

Tab. 1. Accuracy of measuring devices used in the
experiment with the range of parameter and error

. . Measuring
Measuring Device Parameter Range Error (%)
Thermocouple
-75° +
(RTD) Temperature  20-75°C +1%
Rotameter Flow rate 0.5to 5 lpm +5%

Fig. 1.

Schematic design of corrugated plate

Fig. 2. Schematic of Corrugated angle (&) taken for
corrugated plate
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Using energy balancing equation for heat
exchanger: Heat transfer rate for hot fluid:
Qh = mhCph (thl-th2). (1)
Heat transfer rate for cold fluid:
Qc = mcCpc (tcl-tc2). 2)

In this experiment the fluids flow in counter current
mode, then Logarithmic mean temperature difference is
calculated by:

(Tavg_TC,ZLBV;E?:&_TC,out), (3)

ATmrp =

Tavg—Tcout

Where, Tcin and Tcow are the inlet and outlet
temperature (K) of test fluid respectively. And C, is
specific heat capacity (KJ/KgK). Total heat transfer:

_ QntQc
Q=% @

Overall heat transfer coefficient (U) can be

expressed as:

U=—2 (5)

A AT mrp

The heating effectiveness (€) of heat exchanger is a
measure of actual rate of heat transfer to maximum
possible rate and it is calculated by Number of transfer
unit (NTU) method [21]:

_ UA
NTU = Zo ©)
Capacity ratio:
m.Cc
C, = o )

Effectiveness:

1-e(1=Cr) NTU
T 1-Cr.e(—CONTU’

()

3. RESULTS AND DISCUSION

The experiments are performed using ethylene
glycol as test fluid in the laminar flow region
(1025<Ng.) with a flat plate heat exchanger, corrugated
plate heat exchanger (CPHE) with corrugation angle of
30° and 50°. An essential parameter and driving force
for heat transfer of any heat exchanger is difference in
temperature of process fluids. Moreover, heat transfer
is directly proportional to the magnitude of temperature
gradient. The Figure 3 depicts the temperature
difference (A7) in °C with variation of mass flow rate
for ethylene glycol. It can be observed that for flat plate
heat exchanger, as the mass flow rate changes, there is
no significant change in the temperature difference. For
CPHE, the effective increase in AT is noted for
a specific corrugation angle. And also it can be
observed that the maximum increment in the
temperature is possible with corrugation angle of 50°.

30
,*—r‘”"’ﬂ‘
o b . s
< 2 ==
— o
<
-’__.__‘_'__',J_—‘—l—‘.
10
0
0 0.02 0.04 0.06 0.08
Mass Flow Rate (Kg/S)
Fig. 3. Variation in Temperature gradient (47) with mass

flow rate (Kg/s) of test fluid for flat plate heat
exchanger (blue square) and corrugated plate heat
exchanger with corrugation angle of 30° (red circle),
50° (green triangle)

The performance of any heat exchanger can also
describe by the overall heat transfer coefficient because
it plays a vital role in the design. In the overall heat
transfer coefficient (U) includes all type of resistances
that are present in the part of thermal transfer.
Moreover, the rate of heat transfer is directly
proportional to the U, so the larger U value indicates,
higher rate of heat transfer. The influence of fluid mass
flow rate on overall heat transfer coefficient of a flat
plate heat exchanger, different corrugation angles of
CPHE is shown in figure 4. It is clear that, for flat plate
there is no significant effect on U at a low mass flow
rate, and as the mass flow rate increases a small
enhancement in U is observed. But for corrugation
angle of 30° and 50°, the U increases with increase of
mass flow rate of the test fluid. Furthermore, for any
value of mass flow rate, the overall heat transfer
coefficient is maximum for corrugation angle of 50°.
A small change in the corrugation angle causes
turbulence in the flow, which ultimately leads to
intensified the U. And this turbulence is maximum for
high corrugation angles, which resulting in
enhancement of U. For corrugation angle of 50°, high
U value is indicated at mass flow rate of 0.08 kg/s.
These results are excellent agreement with past studies
on CPHE with different fluids [2, 8-10, 19].

Furthermore, to investigate the performance of
CPHE, thermal effectiveness (&) is estimated using
NTU method, which compares the actual rate of heat
transfer to maximum possible rate [21]. The variation
of thermal effectiveness as a function of Reynolds
number (Nge) for a flat plate and CPHE displayed in
Figure 5. According to the figure, as the Ngre values
gradually increases, € decreases for flat plate and CPHE
(6= 30° and &= 50°). Furthermore, at low Nre values,
the effectiveness is higher for all type of plates. At Nge
values of 114, the value of € reached the maximum
(£[.998) for a corrugated angle of 50°. Calculated
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values are fitted with following second order

polynomial equations with R-square is greater than 0.9.
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Fig. 4. Universal heat transfer coefficient (U) versus mass
flow rate of test fluid for flat plate heat exchanger
(blue square) and corrugated plate with corrugation
angle of 30° (red circle), 50° (green triangle)

For flat plate:
&= 7-10(Nge)? — 0.001(Nge) + 0.3849. ©)
For CPHE 8 = 30°:

£= 5107 (Nge)? — 0.009(Nke) + 0.8853.  (10)
For CPHE 6 = 50°:
£= 1-107 (Nge)? — 0.007(Nke) + 1.1049.  (11)

The equations indicate decrease in slopes i.e., act as
resistance to the heating effectiveness with increase of
Reynolds number. Obviously, at low Reynolds number,
there is adequate time of contact between the test fluid
and hot fluids, which improves the rate of heat transfer,
as a result & values are high. In contrast, at high
Reynolds number due to contact time laps between the
hot and cold fluids the effectiveness gradually
decreases.

A y=1E-07x%- 0.0007x + 1.1049 R? = 0.9802

08 |

06

0.4 |}  y=5E-07x%-0.0009x + 0.8853 R’=0.9975

02r y=TE-07:%- 0.0001x + 0.3849 R =0.9087 |
-
|}
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Nge

Fig. 5. Comparision of heating effectiveness (£) as a
function of Reynolds number (Ng.) for flat plate
(blue square), corrugated plate with corrugation
angle 8= 30° (red circle) and 8=50° (green triangle)

4. CONCLUSIONS

A performance analysis of a flat plate heat
exchanger and corrugated plate heat exchanger (CPHE)
with corrugation angle of 30° and 50° for different flow
configuration has been performed by using ethylene
glycol as test fluid. The effects of changing mass flow
rate from 0.5 Ipm to 4 lpm of all types of plate
exchangers on the rate of heat transfer, overall heat
transfer coefficient and effectiveness have been studied.
With increase in the flow rate the temperature
difference (A7) of the test fluid and overall heat transfer
coefficient (U) increases, and it is maximum in case of
CPHE with corrugation angle of 50°. Increase in
corrugation angle generates more turbulence in the flow
regime, as a result, significant enhancement in the AT,
U as well as rate of heat transfer observed. In contrast,
for flat plate as the flow rate increases, there is no
significant change in AT and U is observed. The heating
effectiveness of flat plate and CPHE decreases with
increase of Reynolds number. Correlations derived
between & and N, from the curve fitting with second
order polynomial equation, shows decrease in the
slopes, indicates a resistance to effectiveness as of
increases the Reynolds number because, laps in the
contact time between the hot and cold fluid. At Ng.
value of 114, a larger value of £[10.998 is observed for
a corrugated angle of 50°.
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Nomenclature
Symbols
Cp —  Specific heat capacity (KJ/KgK)

C, —  Capacity ratio
C Specific heat capacity (J/K)

0 —  Corrugation angle (Degree)

€ —  Thermal Effectiveness

h —  Heat transfer coefficient (W/ (m*K))
K —  Thermal conductivity (KW/m’K)
m, —  Mass flow rate of fluid (kg/s)

my —  Mass flow rate of hot fluid (kg/s)
Nke — Reynolds number

U —  Overall heat transfer coefficient, (W/ (m*K)
Qn —  Heat transfer for hot fluid (W)

Q. —  Heat transfer for cold fluid (W)

Thi —  Temperature of hot fluid (K)

Tha —  Temperature of hot fluid (K)

Ta —  Temperature of cold fluid (K)

T —  Temperature of cold fluid (K)

Tc,in - Temperature of cold fluid inlet (K)
Tc,out — Temperature of cold fluid outlet (K)
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Acronyms

CPHE - Corrugated plate heat exchanger

LPM
LMTD
NTU

— Liters per minute-flow rate
— log mean temperature cold difference
— Number of transfer unit
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