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Loss in Plate Heat Exchanger Using Fluent
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Abstract Exergy analysis and energy saving are very important parameters in the heat exchanger design. The effects of
surface geometry on heat transfer, friction factor and exergy loss were investigated analytically using fluent software for a
flat plate heat exchanger. The analysis was carried out for a 1-1 pass heat exchanger under parallel and counter flow
situations, for turbulent flow conditions. Both the heat exchanging fluids were water. It is found that the exergy loss
increases with increase in the mass flow rate. Heat transfer rate increases while friction factor and thereby pressure loss
decreases with increase in Reynolds number. The various correlations for a flat PHE obtained using fluent are Nu/Pr'*=
0.0108 Re™* and friction factor f = 55Re™*’. Pressure drop greatly increases the capital cost though heat transfer has
larger effect on the exergy loss. For improving the heat transfer between the plates and minimizing the exergy loss, the
analysis with the software may prove useful in the optimization method for selecting parameters of the plate heat

exchangers.

Keywords Plate Heat Exchanger (PHE), Exergy, Modeling, Analysis, Friction Factor, Pressure Drop, Fluent

1. Introduction

The most common variant of the plate and frame heat
exchanger consists of a number of pressed corrugated metal
plates compressed together into a frame. These plates are
provided with gaskets, partly to seal the spaces between
adjacent plates and partly to distribute the media between
the flow channels. The most common plate material is
stainless steel. Plate and frame heat exchangers were first
used in the food and dairy industries, where the ability to
access plate surfaces for cleaning is imperative. Plate and
frame exchangers can accept more than two streams, but
this is unusual. Two-pass arrangements are, however,

common. Figure. 1 illustrates the flow path in such a unit[1].

Numerical and experimental investigations of flow and heat
transfer in narrow channels with corrugated walls need
exploring the possible method of heat transfer augmentation
efficiently. Application of this corrugated wall type
equipment in industry is continuously increasing; the
necessary knowledge for modeling and optimization of their
performance is still limited. A commercial CFD code
(CFX® 5.7) was used in References[2,3] to simulate the
performance of a model heat exchanger comprising of
equivalent flat plates, for both single pass parallel and
counter flows. The CFD simulation is validated using
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experimental data on pressure drop and overall temperature
differences acquired for counter current flow of water at
both sides of the model heatexchanger for various hot fluid
flow rates (corresponding to a Reynolds number range from
1500 to 2300). The temperatures at various locations along
the hot and the cold sides of the heat exchanger are
measured by nine thermocouples. Since the type of flow
prevailing in these type of conduits is considered to be
turbulent, even for the Reynolds number range employed in
this study, the most appropriate turbulence model must be
chosen by taking into account both the complexity of the
geometry and the restrictions induced by each
computational model available in the CFD code. In this way,
the SST (Shear-Stress Transport) model is selected, which is
a combination of two well-known turbulence models, i.e.
k-¢ and k-w. The results of this study, presented in terms of
friction factor, wall heat flux and heat transfer coefficients,
are compared with the collected experimental data and
suggest that the CFD code is capable of predicting the flow
and heat transfer characteristics in this kind of complex
geometries. It must be also noted that the limited results of
relevant experimental and theoretical works reported in the
literature are found to be in fairly good agreement with the
results of this study, which is currently in progress[2,3].
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Figure 1. A two-pass plate and frame flow arrangement.

In optimization of plate type heat exchanger, the
objective function is to achieve a minimal total annual cost
of heat exchangers to determine the optimal dimensions of
the apparatus with the given conditions of equipments
operation. The pressure drops of both the heated gas and
cooled gas determine the power consumption for fans and
thus influence operating costs. Heat transfer rate and
pressure drop are directly related. Higher pressure drop
results in an increase in the power requirement and coupled
operating costs. The optimum dimensions of the heat
exchangers are calculated using the evaluation of surface
area A, where U is a function of values of h; and h, and
relations among geometrical parameters. The objective
function used for the optimization is a nonlinear function
with two independent variables h; and h, with continuous
derivatives A suitable computer program can improve the
optimization procedure. The problem, which can be
described by the equation, can also be solved by using an
advanced optimization approach like GAMS (General
Algebraic Modeling System) which is widely used with
different computer platforms. The benefits of the presented
optimization approach are illustrated through the practical
examples of different industrial units from a real operation.
Results show the potential saving if the optimization
approach is used. Applying this method in practice requires
following technological and economical conditions, taking
into consideration the characteristics of burners, flue gas
and air ducts; plate heat exchangers manufacturer
limitations and cost data changes in various specific cases.
The system GAMS is used for validating optimization
procedure based on Newton—Raphson method and for
further improving the optimization approach[4,5]. A model
is developed to study the influence of the configuration of a
plate heat exchanger on the equipment performance and to
further develop a method for optimizing the exchanger
configuration, through assembling algorithm, since it is not
possible to represent the model explicitly as a function of
the six parameters. The resulting system is composed of
ordinary differential equations of the boundary value type,
which is solved by the finite difference method, using the
software GPROMS (process systems enterprise, 2001). The
main simulation results are the following: temperature
profile in all channels, thermal effectiveness, distribution of
the overall heat transfer coefficient along the exchangers
and fluid pressure drop. Examples of heat exchangers with
approximately 150 plates yield algebraic models with
thousands of equations which are solved within minutes.
The configuration of PHE was characterized by a set of six

parameters and a methodology to detect equivalent
configuration was presented. Based on this parameterization,
a detailed model for the simulation of a PHE in study state
with a general configuration was developed in algorithmic
form. The developed assembling algorithm made the
simulation and comparison of different configuration more
flexible. An important feature of the proposed algorithms is
that it may be coupled to any procedure to solve the system
of differential and algebraic equations. The presented
algorithm is an important tool for the study of the influence
of the configuration over the exchanger performance and
can be further used to develop an optimization method for
selecting the PHE configuration. A research in this subject
is currently in development[6].

The research methodologies, for studying the effects of
operating conditions on calcium carbonate fouling in a Plate
Heat Exchanger included the computer simulation, using
Computational Fluid Dynamics (CFD) and the experimental
works with this objective. COMSOL MULTIPHYSICS™
Version 3.3 was used to simulate the velocity flow fields to
verify the low and high flow regions. The results from the
CFD technique were then compared with the images
obtained from the experiments in which the fouling test rig
was set up with a single channel plate heat exchanger to
monitor the fouling of calcium carbonate. The results
indicated that the velocity distribution for the case of 55/55
degree seems to be very well organized when compared
with the others. Also, an increase in the inlet velocity
resulted in the reduction of fouling rate on the surface of
plate heat exchangers. The research methodologies were the
computer simulation using Computational Fluid Dynamics
(CFD) and the experimental works for finding fluid
distribution and flow pattern in a plate heat exchanger at
different feed inlet velocity and crossing angles of plate heat
exchanger. The simulation results agreed very well with the
experimental results. Both approach show that the high feed
inlet velocity and the high crossing angle could reduce
fouling significantly. The fouling tended to occur around the
dead spot of low velocity and circulation. Thus for the
GX-12 plate, the recommended design was the using of the
crossing angle of 55/55, and the feed of 0.1698m/s[7].

A screening method for the optimal selection of plate
heat exchanger configurations was developed in the
reference[8]. It is an optimization method for determining
the best configuration(s) of gasketed plate heat exchangers.
The objective is to select the configuration(s) with the
minimum heat transfer area that still satisfies all the
constraints. The optimization method is able to successfully
determine a set of optimal configurations with a minimum
number of exchanger evaluations. Approximately 5% of the
pressure drop and channel velocity calculations and 1% of
the thermal simulations are required for the solution. It was
verified that the number of channels per pass has a strong
effect on the pressure drop, and consequently, about 98% of
the elements in IS are eliminated in the first part of the
screening (steps 1 through 8). Compared to an exhaustive
enumeration procedure, the screening method demands
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approximately 5% of the required evaluations. The problem
of optimizing the PHE configuration was formulated as the
minimization of the heat transfer area, subject to constraints
on the number of channels, the pressure drop and channel
flow velocities for hot and cold fluids and the exchanger
thermal effectiveness as well as the PHE simulation model
[9].

According to experimental results by Aydin Durmus et al.
[10], it would be misleading to consider only cost aspect of
the design of a heat exchanger. High maintenance costs
increase total cost during the services life of heat exchanger.
Therefore exergy analysis and energy saving are very
important parameters in the heat exchanger design. In this
study, the effects of surface geometries of three different
type heat exchangers called as PHE flat (Flat plate heat
exchanger), PHE corrugated (Corrugated plate heat
exchanger) and PHE asterisk (Asterisk plate heat exchanger)
on heat transfer, friction factor and exergy loss were
investigated experimentally. The experiments were carried
out for a heat exchanger with single pass under condition of
parallel and counter flow.

2. Exergy and Exergy Loss
Determination

Exergy transfer effectiveness is used to describe the
performance of heat exchangers operating above/below the
surrounding temperature with or without finite pressure
drop. It is a function of number of heat transfer unit. The
ratio of the heat capacity of cold fluids to that of hot fluids
and flow patterns on exergy transfer effectiveness of heat
exchangers. Furthermore, the results of exergy transfer
effectiveness with a finite pressure drop are compared with
those without pressure drop when different objective media,
such as ideal gas and incompressible liquid, etc. are applied.
The detailed comparisons of the exergy transfer
effectiveness with heat transfer effectiveness are also
performed for the parallel flow, counter flow and cross flow
heat exchangers operating above/below the surrounding
temperature.

The term exergy is also used, by analogy with its physical
definition, in information theory related to reversible
computing. Exergy, which is also synonymous with:
availability, available energy, exergic energy, exergy
(considered archaic), utilizable energy, available useful
work, maximum (or minimum) work, maximum (or
minimum) work content, reversible work, and ideal
work[11]

3. Theoretical Analysis for Exergy Loss

Exergy is called the amount of maximum work obtained
theoretically at the end of a reversible process in which
equilibrium with environment should be obtained.

According to this definition, exergy balance in a steady-
state open system can be written as follows:

E= Te Sirr = Te [mc(sco _Sci)+mh (Sho _Shi )](1)

o dQ dU+pdv . cdT
ds = fv:const T - fv:const T - fv:const T (2)
For liquids (v= const.);
Entropy production of adiabatic heat exchangers;
Sirr = Ch ln(Tho /Thi) + Cc 1n(Tco /Tci) (3)
Exergy loss
E=Te [Ch 1n(Tha /Thi) + Cc ln(Tco /Tci )] (4)

Tpi, Thos Tei» Teo are measured and E can directly be
determined. For liquids E contains also the exergy loss
caused by pressure drop[12]. This project is based on the
analytical analysis of plate heat exchanger using
Computational ~ Fluid Dynamics (CFD)  software
‘Fluent’[13].

4. Modelling of Plate Heat Exchanger

The Modelling of the plate heat exhangers through the
CFD consists of the following steps:

4.1. Model Generation

First plates of desired dimensions are made with the
GAMBIT software:

The respective dimensions were given manually and the
developed first plate in shown in the Figure. 2. The process
was repeated for the other two plates.
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Figure 2. Plates of desired dimensions.

4.2. Mesh/Grid Formation

After making the model, the meshes are generated:
Mesh generation process is shown in Figsure. 3 and 4.
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Figure 3. Meshes are generated.

Figure 4. Meshes are generated.

4.3. Define Continuum

In this step the solid plates and liquids (for heat
exchanging fluid) are defined:

White color is chosen to represent plate solid surface and
yellow for fluid. The sequence from top to bottom is top
most plate, hot fluid, intermediate plate 1, cold fluid,
intermediate plate 2, hot fluid and then the bottom most
plate. Providing the input accordingly, the information is
displaced as shown in the table in the inset of Figure. 5. The
entire plates and fluids are also shown in the same Figure.
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Figure 5. Plates and Fluid.
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4.4. Apply the Boundary Conditions

One of the flow properties is specified at the either end of
the heat exchanger. It may be the fluid pressure, velocity or
mass flow rate.

< GAMBIT  Solver: FLUENT 5/6. 1D: new finel parae! _=lo| x|

He  EM  Sover e Operation

5|8 i

Specity Boundary Types
FLUENT 515
Action:
4 h0d Moy
v Dele v Delee al
Tame
[t valocty et
coid velocty iiet
ot pressure outet
cotd prossurs ot

I
I Show labels I Show colors

Wame: [Tt vetocty et

Type:

VELOCTYMLET

Entty:

[z e[l Ll
T ——

Trorscrt = Tosorpton I

i

fopty | Reset | cose |

Figure 6.

SGAMBIT  Solves FLUENT 586 10 new final counter A1)

o) o

[2 &

FLUENT 55

memm o swar

F Stow aots 1 S ook
Hame: [Feveincey it
Type

VELOCTY MLET
Entity:

Figure 7. Counter flow condition.

For parallel flow situation, velocities of incoming hot and
cold fluids are used to define the variables at one end and
pressure of out- going hot and cold fluids at the other end.
These four variables are indicated by hot velocity inlet cold
velocity inlet, hot pressure outlet and cold pressure outlet in
the inset of Figure. 6. These variables are modified for
counter flow situation and are shown in the inset of Figure.
7.

5. Results and Discussion

The CFD analysis is made under the following

assumption:

5.1. Assumption

® The Physical properties are fixed based, for example,
on inlet conditions.

® The inlet temperatures are uniform at the inlet and
outlet sections.

® Behavior of each flow stream is treated the same i.e
their Reynolds number, velocity and film heat transfer
coefficient are equal.

® Mass flow m (for each stream) remains same from
inlet to outlet of the PHE.
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® Wall temperature, length of the exchanger and ambient
temperature are invariant along the PHE.

® Adequate insulation is provided so that heat given by
hot fluid is fully absorbed by the cold fluid.

In view of these assumptions the constants used are the
thermophysical properties K, p, p, ¢, and H.

Further the variables used may be classified in to the
following:

Dependent variables: f, Nu, Pr, S, E, D and Q.

Independent variables: V, A, P, m, Re, Ty Tho, T and
Tco4

5.2. Equation Used

The following equations have been used;
Heat loss/gain by fluids

Q = (m cp)h (];u' _T;'/o) = (m Cp)c(Tl'o _T;l’)
Reynolds Number
Re=p V D, /u
Fluids properties are evaluated at mean temperature
given by
Tm,c=(Tco+Tci)/2
Tm, h = (Thi +Tho) /2
For adiabatic heat exchanger
QO=H, AAT, = H _AAT,
The Nusselt numbers, in terms of the cold or hot water
side are
Nu=HD, 'k
Exergy loss
E = T;)Sirr = 7—;[’/n,c (Sca - Sc[) + m’h (S/w - Shi)]

do dU + pdv cdr
dS = J. v=const = J‘ v=const = j v=const
T T T
Entropy production of adiabatic heat exchangers

Sirr = Ch ln(Tha /Eli) + Cc h’l(T(v:o / 7—;1)
E=TeC,In(T,, / T,,)+C,In(T,, / T,,)]

Pressure drop

Ap = ﬂ—vz
d2g
Hydraulic diameter
D, =44./P
Prandtl Number
Pr=pC,/K
Mass flow rate
m=pAV

5.3 Exergy Loss and Mass Flow Rate

5.3.1. By Analytical Reults
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Figure 8. Variation of Exergy loss with hot water mass flow rate.
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Figure 9. Variation of Exergy loss with hot water mass flow rate.

Variation of the exergy loss with hot water mass flow for
a flat PHE as obtained by using the fluent for same cold
water flow rate as taken in the reference[10] is shown in the
Figure. 8. This is approximately similar to the experimental
result shown in Figure. 9 for PHEs of various
configurations for parallel and counter flows situations. The
loss can be optimized by varying the mass flow rate,
Reynolds number, cross sectional area, velocity and the
working fluid for the same given inlet conditions.

5.3.2. By Experimental Results

5.4. Friction Factor and Reynolds Number

Variation of friction factor with Reynolds number for a
flat PHE using the fluent is shown in the Figure. 10 which
is approximately similar to the experimental result shown in
Figure. 11 for flat, asteristk and corrugated PHE. The
system can be optimized by varying the friction factor,
which is a function of Reynolds number. The correlation for
a PHE taken up for analytical study for friction factor using
fluent, is found as f= 55/ Re"*’.
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5.5. The Nu/Pr'” and Reynolds Number

Variations of Nu/Pr'” with Reynolds number for the hot

and cold side fluids obtained by using the Fluent is shown
in the Figures. 12 and 14, which is approximately similar to
the experimental results of reference[10] shown in Figures.
13 and 15. It is worthwhile to find a correlation for the
analytical case under consideration. The correlation is
Nu/Pr'”=0.0108 Re"*”.
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Figure 12. Variation of Nu/Pr'® along Reynolds number.
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Figure 13. Variation of Nu/Pr"? along Reynolds number.
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Figure 15. Variation of Nu/Pr "~ along Reynolds number.

6. Contour of Temperature Variation

The contours of temperature distribution over the whole
plate length for counter and parallel flows are shown above
and from these contours, the temperature distribution can be
determined which is helpful in selecting the plate material.

In parallel flow, hot water and cold water flow from right
to left. So, upper and lower plate temperatures are high on
right end of the plates as shown in the Figure. 16. In counter
flow hot is made to enter the right end of cannel and hence
highest temperature is obtained on the right end of the plate,
which may be seen in Figure. 17.
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Figure 17. Counter flow.

7. Contours of Pressure Variation
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Figure 18. Counter flow.
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Figure 19. Parallel flow.

The contours of pressure distribution over the whole plate

length for counter and parallel flows are shown in the
Figures. 18 and 19, respectively.

8.

Conclusions

The results obtained from analysis by CFD are coming

nearer to the experimental results. The software gives the
useful information about the exergy-loss, friction factor,
pressure drop and other parameter. The analysis was carried
out for the heat exchanger with single pass under conditions
of parallel and counter flows, for turbulent flow conditions.
Both the heat exchanging fluids were water. It is found that
the exergy loss increases with increase in the mass flow rate.
Heat transfer rate increases and friction factor hence
pressure loss decrease with increase in Reynolds number.
The various correlations obtained for flat PHE using fluent
are Nu/Pr'’= 0.0108 Re™*” and friction factor f= 55Re™**".
Pressure drop greatly increases the capital cost though heat
transfer has larger effect on the exergy loss. For improving
the heat transfer between the plates and minimizing the
exergy loss, the analysis with the software may prove useful

in

the optimization method for selecting parameters of the

plate heat exchangers.

Nomenclature

A Cross sectional area, m’

Dy Hydraulic diameter, m

E Exergy, kW

f Friction factor

L length, m

Nu Nusselt number

Pr Prandtl number

Q Heat transfer rate, kW

Re Reynolds number

T Temperature, K

H heat transfer coefficient, kW m?2K!
18] Overall heat transfer coefficient, kW mZK!
p Density of air, kg m?

u Viscosity of air, N s m™

Specific heat at constant pressure, kJ kg™ K
Thermal Conductivity, kW m™ K™

Mass flow rate, kg s™

Specific entropy, kJ kg™ K!

Entropy, kJ K™!

Average velocity, m s

Ambient or environment
Inlet

Outlet

Wall

Cold

Hot

Mean
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