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Annotation

The entropy production, the
corresponding distribution of heat exchange surfaces and contact
temperatures for heat exchange systems with fixed total heat load
and constant heat transfer coefficients for all system. Mathematical
conditions to reach this minimal entropy production are found.
For a typical heat exchange system entropy production can be
expressed through flow’s temperatures. Comparison of the actual
entropy production with its minimal value leads to estimates of
thermodynamic feasibility and efficiency of the system.

study estimates minimal

List of Symbols

C: Specific Heat (J/K kg); g: Flow rate (mole/s); j,i: Index; S:
Entropy (J/K); T,u: Temperature (K); q: Heat load (J/s); W: Water
equivalent (J/K s)

Greek symbols: a: Heat transfer coefficient (J/K s); o: Entropy
production (J/K s); A: Lagrange coefficient

Introduction

Classical estimates for limiting performance of technological
systems (heat and refrigerating machines, separation systems,
chemical reactors, etc.) are based on efficiency limits of reversible
processes (Carnot efficiency, reversible work of separation, standard
chemical affinity, etc.). These estimates are very important but cannot
be reached by real systems as the reversible models do not take into
account effects of flow intensity, contact surfaces and some other
factors related to a fixed productivity and finite dimensions of the
equipment. In some cases reversible estimations lose any sense,
as in the case of stationary non-equilibrium systems with several
reservoirs or systems with substance and energy in flows. The heat
exchanger is an example of such a system. Therefore, thermodynamic
estimations of heat exchanger efficiency must take into account
the effect of a restricted contact surface (integral coefficient of heat
exchange) and of the finite heat load (that is, the finite amount of
heat transmitted from hot to cold streams per unit of time). For
the efficiency estimation of such systems we use the exergy method
(see [1,2] etc.), that is the method of rating the system’s exergy
loss. This exergy loss is proportional to the entropy production and
to the ambient temperature T,. The minimum exergy loss at given
temperatures of hot streams and for a given heat load corresponds to

the maximum average temperatures of cold streams at the outlet of
the heat exchanger.

In this study we have solved the problem of the minimal entropy
production (minimal exergy losses) in some typical multi- flow heat
exchange systems. Such estimation permits to:

. Define the significance of such factors as temperatures and
heat capacities streams, heat loads, an integral coefficients of the heat
exchange, etc., in a selected heat exchange system;

. Exploit the optimal heat exchange conditions to make a
designed system’s configuration closer to the ideal when designing
new systems;

. Evaluate thermodynamic efficiencies of the designed
system by means of comparison of its actual entropy production with
the least possible entropy production under the same conditions.

The entropy production in a heat exchange system can be
calculated for known fluxes of heat capacity rate (water equivalent),
input and output temperatures of these streams. Stream’s water
equivalent is product of flow rate g [kg/s] and specific heat C [J/kg K]
(W = gC). Alternatively, one can also calculate the sum of products
of heat loads q and corresponding driving forces, say X , for each
heat exchanger (see below). By assumption each driving force is a
monotonously increasing function of q (usually it is proportional to
0). In the latter case the entropy production is proportional to J°?
and inversely proportional to the product of heat coefficient a4 and
contact area, S. For a constant system’s exchange area, S, this entropy
production could be arbitrarily small if the heat load q is arbitrarily
small and the heat coefficient & is fixed or if the coefficient & is
arbitrarily large and the load q is fixed. The above statements are true
for every heat exchanger and for the heat exchange system as a whole.

However, since in the process reality neither of these limiting
conditions [for _5 and ] could be implemented, we are allowed
to assume that  and 4 are fixed and bounded quantities. In fact,
this assumption is equivalent to the acceptance of some constraints
which bound the entropy production within an admissible region of
the process space. The present study estimates the minimal entropy

production for such constrained systems.

Many results stemming from the present theory have previously
been known for the special case of two-stream heat exchangers
[3,4,5]. Therefore, in what follows, we shall focus on multi-stream
heat exchange systems.

The minimal entropy production condition bounds the feasibility
of heat exchange systems in the plane with coordinates ¢ and &.

Relation between entropy production and input/output
parameters of flowing streams: The total differential of molar
entropy expressed in terms of heat capacity and differentials of
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Figure 1: Double- Flow heat exchanger.

temperature and pressure has the form [2].
ds:&dT—(a—u) dp (1)
T ar J,

where T - absolute temperature, ¢ - molar heat capacity at a constant
pressure p and v- molar volume. Integrating this equation with
respect to temperature and pressure between initial and final values
of T and p we shall get the entropy production per one mole. For a
known expenditure of a molar flow, a partial entropy production can
be attributed to this flow value. By summing these partial values with
respect to flows we can get the entropy production in whole system.

For fluids of a constant heat capacity and under constant
pressure

T#
s-s,=¢,In el 2)

the entropy production due to the change of a state of the i flow
is equal to the product of its water equivalent and the logarithm of
temperature ratjo inyolving input and output temperatures

o, =W, In| =2 |, i=1,2, ..., (3)

oi
Where W, = gC, - product of flow rate g and specific heat C,

(water equivalent). Total entropy production is the sum of entropy
productions attributed to individual flows.

Double-Flow Heat Exchange

Let us consider a double-flow heat exchanger, Figurel,
characterized by heat load q and water equivalents W, and W,. We
shall write down present an equation linking the entropy production

with system’s input temperatures, (T ; T ), and output temperatures

(T#l’ T#z)
o=0,+0, zwlln(-rm_qlwlj+
o1
T
W.In| ——#2
’ [Tﬁz_qlwzj' @

Now we assume that the values of hot flows and heat load are
fixed, so that 1 is also fixed. From Eq. (4) a relation follows which links
the output temperature of cold flow with the entropy production 0

T, = g

] o

The output temperature of the cold flow increases monotonously
with. If is fixed, or q increase, to increase the output temperature of
cold flow. The same results hold for multi- flow heat exchangers.

Figure 2: Attainability boundary for the double-flow heat exchanger.

For a double- flow heat exchange with the given heat load these
holds the following Proposition is valid

Proposition 1: The entropy production of the system with the hot

flow

Input temperature T, and heat capacity rate W, cannot be less
than

o —u (1-m) ’
m (6)

(Figure 2), where

m=1-Ypp_ T
a  Ty-qlW, (7)

In the case when the cold flow’s input temperature T, and the
heat capacity rate W, are fixed, the minimal entropy production is

. (n-1y

fo Y 2 — (8)
n
where
n :l+%In7T°2 +a/W,
" : ©
02

Figure 2 shows the minimum entropy production as a function
of heat ex-changer heat load ( [W] and integral heat transfer
coefficient & [W/K]. Values of the temperature of hot flow and its
water equivalent are fixed. These estimations are valid for the linear
heat transport law

q=a(T,-T,)

and for every section of the heat exchanger. The minimal entropy
production, Eqs (6) and (8), can be achieved in a countercurrent
tube heat exchanger with a constant lengthwise exchange coefficient,
provided that the flow temperature ratio changes inversely to the heat
capacity ratio. In this case, the temperature ratio for every section of
the exchanger is

() nol
O om

The proof of Proposition 1 as a consequence of minimal
dissipation conditions was given in [6]. The result was specialized for
the linear heat transport law [4]. This result will now be used for the

multi- flow heat exchanger.

(10)
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Let us remark that the condition of constant intensity of sources
and constant temperatures of working medium in the heat engine
constitutes an optimal condition for the heat engine with finite
capacity sources [7].

The ratio of the minimal entropy production and the real entropy
production defines the thermodynamic efficiency of a heat exchanger.

As shown in [3], for an arbitrary heat transport law q(T , T,), the
entropy production is minimal if at each point of hot and cold flows’
contact the following conditions hold for ¢*(T , T,)

0,
T,)=A—=T7, (11)
Q*(T,,T,) = T,
Where ) is a constant, which depends on a contact surface and

the heat load.
Multi Flow Heat Exchange

A calculation of the complex heat exchange system with several
hot and cold flows implies the need to determine flow contact
temperatures, the distribution of heat exchange surfaces and heat
loads. To solve this problem heuristic algorithms are usually used or
the problem is solved only for the given system’s structure, [8,13].

In the paper [13] the heat exchange system with three flows and a
given structure is considered. It is shown that the entropy production
within a countercurrent flow is lower than in a concurrent flow.

Below it is proved that for the system with an arbitrary structure
the entropy production is bounded from below and gets attains
conditions to reach this bound (Figure 3). The entropy production in
the multi- flow heat exchange system with a linear heat transport law
is equal to a sum of entrogy components:

7-To-To A

Here the summatlon is over heat exchanges, each characterized
by the index i for hot flows, and the index j for cold flows.

(12)

Let us obtain the lower estimate of the entropy production in
the multi- flow heat exchange system and corresponding to this low
estimate the temperature distributions, as well as distributions of
heat exchange coefficients and heat loads in heat exchangers. This
estimation permits to find a thermodynamic efficiency

p= O'j <1

o
for a real working system. When designing this system, one can use
our calculation to obtain the system’s efficiency sufficiently close to
that following from our calculations which utilize distributions of
temperatures and heat-exchange contact area.

The case when temperatures of hot flows are fixed: Let us
consider the input temperature of heating flow T and the heat
capacity rate W (T ) = W as fixed quantities. We will denote the
heat load for a flow with temperature T as q, and the corresponding
heat exchange coefficient as ..

The distribution of heat exchange surfaces is equal to the
distribution of the heat exchange coefficients, therefore the following
coeflicient

E:Zai,

(13)

will be assumed as a constant quantity. We shall also use the sum of
heat loads

a=zqi

I —
When T, , W and Q are fixed, then the average enthalpy of hot
streams in the outlet stream of the system is fixed as well.

(14)

Outlet temperatures of hot flows depend on inlet temperatures
and the heat load as follows

T

#is = 0|+

—q, /W, (15)

The problem of entropy production minimization has the form

c=>0—> min

Zi: ' u(Tis Toir ) @i G (16)
where u (T ; T, ) the contact temperature of the cold flow which
exchanges the energy with the hot flow of the input temperature T

and the current temperature T, .

Derivation of computational relations: We shall solve the
problem (13)-(16) in two stages. At the first stage, we assume that
q, and a, are fixed for all i. Keeping these conditions in mind, we
de ne the correlations of current temperatures for the heated flows
u, and the heating flows T, corresponding to the minimal entropy
production 0, [denoted in Eq. (8) by ] for the heating flow with
initial temperature T .

At the second stage, we de ne the contact surface distribution i
and the heat load distribution qi, both capable to minimize subject to
the constraints (13) and (14).

The first problem is solved in section 2, Eqs (8) and (9). For every
inlet temperature of a hot stream

(W)
' T.
i
A Tamg i=12,..n 17)
o,
ai*:aiﬂ, i=12,....n (18)

i
The second stage results in a and q distribution problem subject
to the constraints (13), (14) and the condition

o= ZO' [ 0|+a,Wi+,qi:|_) min

@>0,q>0

(19)
Here the Lagrange function takes the following form
L= ZO' (Toi W, ;) _ﬂizai _ﬂ’ZZqi .
where A, and A, are some constantsI independlent of i

The stationary conditions for L lead to equations
Z,l —L=A4,Vi
0!. GQ.
In order to calculate derivatives in (20), let us extract the following
derivatives

(20)

om W, Ty, _1-m,
—5 In2t=—,
6a a T

i #i+ i
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om 1

g, aTy, ’
do;  mZ-1
om ' om?

Hence Eq. (20) takes the following form

. 2
oo; _ (l-m} _
0 ( ) &

o Lm 21

do; __mi2 1_,12,i=1,2, ..... n ey

oq; . min::;H (22)
= i (23)

From (21) it follows that for the optimal heat exchange
organization, m is independent of T and the output temperatures

for all flows should be equal to each other:
T it = T.#+:

#

T",, is unambiguously determined by Eq. (14) since

a = ZW| (T0|+ _T#i)'

(24)
After defining
W, = ZVVH, (25)
ToW =2 T W, (26)
We obtain
T - T:I/VT g o

In order to express m by initial data rewrite Eq. (17) as
follows
_ W, +(InT,, —InT,,
a; = _m . (28)
As a, is non-negative then T, >T", .

Therefore in a heat exchange system only hot flows with a
temperature higher than T",, should be used. If T, < T", then all
contact surface areas for this flow should be zero.

This result corresponds to the fact that, in optimal cycles of the
heat engine with several sources, it is not advantageous to contact
with hot sources having temperatures lower then T . and cold
sources with temperature greater then T max (see [14]).

After summing the left and the right hand sides of (28), where
the integral heat exchange coefficient is fixed, we find m in the form

m=1-23W,_(nT,. ~InT,.). (29)
a i

Thus the optimal distribution of heat exchange coefficient is
 WVie nTui+ - nT)‘H

o =q=t—o0 — #L
b Y (InT,, -InT) (30)

The heat load distribution is

q =W, (Ty;, —T#i), (31)

and the least possible entropy production is
. —(1-m)?
o =a—"—.(32)
m

After comparing Eq. (32) with the entropy production 6 ofareal

l v.I:'j 'v“{'l l
-« ol
- -
I’fi. = = 4T““
| q.a 4
- | il
- -
v ‘T-.-.-", l l
Figure 3: Structure of the multi-flow heat exchanger.

heat exchange system characterized by total heat exchange coefficient
a, hot flow inlet temperatures T, , heat capacity rates W, and the
outlet enthalpies of heating flows W, T
system’s efficiency as p = z.

c

., We can estimate the

In order to make the system characteristics closer to ideal, we
should distribute the heating flows and the heat exchange surfaces
according to Eq’s (31) and (30) and choose contact temperatures
according to Eq. (29) i.e. the condition of temperature constancy in
terms of m. This can be done by reducing the heat exchange surface in
heat exchangers with characterized by temperature ratio for hot and
cold flows higher than the system’s average value. For heat exchangers
with the temperature ratio lower than the average value, the heat
exchange surface should be enlarged. Similarly, the heat intake should
be increased for heating flows with output temperatures higher than
the average outlet temperature of heating flows.

The final formulas describing the optimal choice for output
temperatures of heated flow, the heat load, the heat exchange
coefficient, the temperature ratio for contact flows and the least
possible disksipation take the following form:

ZTimWH _a
_i=
Sw,
i=1

ql: :Wi+ (-I-i0+ _T#:»)'
« oW, (InT,, —InT,)

(] k
>W, (InT,, ~InT;,)
i=1

*

T

#+

a,

m zl_izWH(InToH - InT#:),
a i

— —(1-m)’
o =0—,
m
. . 33
ao = qo :Wi = O’Tio+ ST#H ( )

+

where k is the number of hot flows, which it is advisable to use (T,
>T,).

Therefore the proposition 2a has been proved.

Proposition 2a: For heat exchange systems with given number
of hot flows, inlet temperatures, heat capacity rates, total heat load
and heat exchange surface in a linear heat transport law, the entropy
production satisfies inequality ¢ > o .

If conditions (33) hold, then inequality turns into equality.

*
Temperatures of cold flows are fixed: To estimate & we assume
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that characteristics of hot flows are given and the task is to select
cold flows parameters in such a way that the entropy production is
minimal. But it may also happen that characteristics of cold flows are
given.

We shall denote variables of cold flows (temperatures, heat
capacity, rates, etc.) With the index “-”. Using previous arguments,
we can find the value of minimal entropy production for a system
with fixed temperatures of cold flows, T > T, > T, and heat capacity
rates, W, . Below we present the computation relations derived for
this case.

iTFWiﬁa
T° = i=1 ,

k
LW,
i=1
qi*— =W,._ (T#*— -T.),
o = (izWif(InT#f -InT.) '
> W,_(InT, -InT,)
i=1

i—1+£Zk:W (InT,_-InT.)
m ; = i- #- i-/7

;*:;(Lm_zj,
m

. . . (34)
a (T)=q (T_)=W_=0,T_>T,,.

The last requirement states that in the system with the minimal
entropy production all input temperatures of cold flows should
neither exceed nor be equal to T*, .

Proposition 2b: For heat exchange systems with given number
of cold flows, inlet temperatures, heat capacity rates, total heat load
and heat exchange surface, the entropy production satisfies inequality
0 =0 which means that

o0 . (35)

This inequality is a thermodynamic feasibility condition satisfied
in multi flow heat exchange systems. Heat exchangers for which this
condition is violated cannot be implemented.

In a real system parameters of cold and hot flows are usually
given. To evaluate the thermodynamic efficiency of such system we
should take use the maximal value of o or &, to get more detailed
estimate of efficiency.

Example

Figure 4 shows the heat exchange system with three hot and
cold flows. Hot flows index is +, whereas cold flows index is - .
Temperatures, in Kelvins, are shown on the figure next to the arrows.
Heat exchange coefficients [k]/sK] are given in circles, and flows of
water equivalents for each inlet flow are W,_and W, .

Assume that the effective temperature is equal to the mean
temperature of the input and the output temperature in each
heat exchanger. For these conditions we get heat loads g, for each
heat exchanger (Tablel). In accordance with Eq. (4), the entropy
production in this system, calculated as the sum of entropy production

T;,.= 550, T, =500, E1+:450‘
W= 40 W= 50 W.,=100
, N N 1= 400,
j T

378.4I 4 '366,6\ /3591 5//' W,:=50
513,1 484,2 442.8
N L 7 =00,

Figure 4: The heat exchange system.

Table 1: Heat loads q;.

i 1 2 3
1 885 416 2715
2 591.9 375.3 452

3 1233.5 983.7 549.2

increases for each flow, is described by the equation

The entropy production in this system (4) calculated as sum of
entropy p3roducti0n incrgases for each flow.
o= W, InT‘iJrZWF I
= =l Tio
The numerical value of the entropy production is equal to = 5; 574
[k]J/sK]. We use the set of formulas in Eq. (33) to perform calculations
of the optimal thermodynamic system with total heat load q=5851
[k]/s] and heat exchange coefficients [in conductance units] 4 =48
[k]/sK]. We will get the optimal out-put temperature for hot flows
T",,= 453.4 K. Comparing this temperature with inlet temperatures
for hot flows, we conclude that the third flow with the

(36)

io+

Temperature 450 K should be excluded from the system.

Recalculation of T", for two hot flows for the same values of a
and & gives T°,, =457.2. Optimal values of heat loads for first and
second flows are respectively equal to q (T, )= 3712[k]/s] and Q
(T,,,) =2140 [K]/s]; the optimal contact surface distribution for these
two flows, Eq. (33), corresponds with & (T,,)=29,9 [kJ/sK], & (T,,)
=18,1 [kJ/sK]. The ratios of effective temperatures should be equal for
cold and hot flows, and are equal to m=0.752. The minimal entropy
production in this system is equal to ¢~ =3.93 [kJ/sK]. For this system
the thermodynamic efficiency is equal to

p=2-=20,705.

o

Combining results for real and optimal systems we can formulate

the following recommendations:

1. The flow with the input temperature 450K should be removed
from the system. Heat exchange surfaces for other flows grow for the
first flow from 19 to 30, for the second one from 14 to 18 [k]J/sK].

2. Heat exchange surfaces for each flow should be distributed in
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such a way that the ratio of effective temperatures is close to 0.75.
Note that in the real system this value changed from 0.63 to 0.88.

3. The output temperatures of hot flows should be close to 457,2.
Conclusion

In this paper we de ne the thermodynamically optimal
organization of the heat exchange in order to achieve the least
possible entropy production for a system with the fixed heat load and
the fixed total heat transfer coefficient. We also define the appropriate
heat load distribution and the heat exchange coefficient distribution
for the input flows. Our study permits to estimate the thermodynamic
efficiency for a random heat exchange system and to refine it, as well as
to analyze the system’s dependence on such factors as the temperature
variations of flows or changes in the heat exchange surfaces.

Optimal conditions for a heat exchanger cannot be implemented
for some systems for any distribution of heat exchange surfaces. It
means that the structure parameters of these systems should be
changed.

Analogous results can be obtained for other heat transport laws.
In this case the condition of the least possible dissipation should be
used for a given but different kinetics.

References

1. Brodjanskiy VM, Fratsher V, Mikhalek K. Exergy methods and its applications.
Moscow: Energoatomizdat. 1988.

2. Bosnjakovic F. Technical Thermodynamics; Holt R&W: New York. 1965.

3. Tsirlin AM. Optimal control of heat- and mass-exchange process. lzv. AN
SSSR. “Technicheskaya kibernetika”. 1991; 2: 81-86.

10.

11.

12.

13.

14.

Andresen B, Gordon JM. Optimal heating and cooling strategies for heat
exchangers design. J.Appl Phys. 1992; 1: 71-78.

Berry RS, Kasakov VA, Sieniutycz S, Szwast Z and Tsirlin AM. The-
modynamic Optimization of Finite Time Processes. Wiley Chichester. 1999.

Tsirlin A.M. Optimal control of the irreversible processes of heat and mass
transfer, SOVIET JOURNAL OF COMPUTER AND SYSTEMS SCIENCES.
1991; 2: 171-179.

Salamon P, Nitzan A, Andresen B, Berry RS. Minimum entropy production
and the optimization of heat engines. Phys. Rev. 1980; 21: 2115.

Kafarov VV, Meshalkin VP, Perov VL. Mathematical foundations of computer-
aided design of chemical plants. Ximiya. 1979.

Sieniutycz S, Jezowski J. Energy Optimization in Process Systems. Elsevier
LTD, UK. 2009.

Hartmann K, Hacker | and Rockstroh L. Modelierung und optimierung ver-
fahrenstechnischer systeme. Berlin. Akademie Verlag. 1978.

Tedder A, Rudd DF. Parametric studies in industrial distillation: Part II.
Heuristic optimization AIChE Journal. 1978; 24: 316-323.

Tsirlin AM, Akhremenkov AA and Grigorevskii IN. Minimal Irre-versibility and
Optimal Distributions of Heat Transfer Surface Area and Heat Load in Heat
Transfer Systems, Theoretical Foundations of Chemical Engineering. 2008;
42: 203-210.

Ruan Deng-Fang, Yuan Xiao-Feng, You-Rong Li, Shuang-Ying Wu.
Entropy generation analysis of parallel and counter flow three fluid heat
exchangers with three thermal communications, Journal of Non-Equilibrium
Thermodynamics. 2011; 36: 141-154.

Amelkin SA, Andresen B, Salamon P, Tsirlin AM., Umaguzhina VN. Limits
of mechanical systems with multiple sources. Izvestiya Akademii Nauk.
Energetika. 1999; 1: 152-158.

Austin Chem Eng - Volume 5 Issue 1 - 2018
ISSN : 2381-8905 | www.austinpublishinggroup.com
Tsirlin et al. © All rights are reserved

Citation: Akhremenkov AA and Tsirlin AM. The Organization of Multi-Flow Heat Exchange Systems with Minimal
Irreversibility. Austin Chem Eng. 2018; 5(1): 1058.

Submit your Manuseript | www.austinpublishinggroup.com

Austin Chem Eng 5(1): id1058 (2018) - Page - 06


http://www.snalsrieti.com/technical-thermodynamics.pdf
http://www.fys.ku.dk/~andresen/BAhome/ownpapers/heatexchange/JAPvers.pdf
http://www.fys.ku.dk/~andresen/BAhome/ownpapers/heatexchange/JAPvers.pdf
https://www.wiley.com/en-us/Thermodynamic+Optimization+of+Finite+Time+Processes-p-9780471967521
https://www.wiley.com/en-us/Thermodynamic+Optimization+of+Finite+Time+Processes-p-9780471967521
https://www.researchgate.net/publication/293678836_Optimal_control_of_irreversible_heat_and_mass_transfer_processes
https://www.researchgate.net/publication/293678836_Optimal_control_of_irreversible_heat_and_mass_transfer_processes
https://www.researchgate.net/publication/293678836_Optimal_control_of_irreversible_heat_and_mass_transfer_processes
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.21.2115
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.21.2115
http://cds.cern.ch/record/1512000/files/9780080451411_TOC.pdf
http://cds.cern.ch/record/1512000/files/9780080451411_TOC.pdf
http://onlinelibrary.wiley.com/doi/10.1002/aic.690240221/abstract
http://onlinelibrary.wiley.com/doi/10.1002/aic.690240221/abstract
https://www.degruyter.com/view/j/jnet.2011.36.issue-2/jnetdy.2011.010/jnetdy.2011.010.xml
https://www.degruyter.com/view/j/jnet.2011.36.issue-2/jnetdy.2011.010/jnetdy.2011.010.xml
https://www.degruyter.com/view/j/jnet.2011.36.issue-2/jnetdy.2011.010/jnetdy.2011.010.xml
https://www.degruyter.com/view/j/jnet.2011.36.issue-2/jnetdy.2011.010/jnetdy.2011.010.xml

	Title
	Annotation
	List of Symbols
	Introduction
	Double-Flow Heat Exchange
	Multi Flow Heat Exchange
	Example
	Conclusion
	References
	Table 1
	Figure 1
	Figure 2
	Figure 3
	Figure 4

