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HEAT EXCHANGERS IN WASTE HEAT RECOVERY

Summary

The use of waste heat recovery devices on mobile units (trucks and ships) is usually
limited by the available space and the application of compact heat exchangers is recom-
mended for such purposes. The performance of the heat exchanger is defined by the optimized
Rankine cycle (to achieve maximum power) and it depends on the mass flow and temperature
of the flue gases and selection of the working fluid in Rankine cycle. An example of selection
of the preheater performance (in case of water as the working fluid) is considered here,
wherein the several surface types of finned tube and plate-finned heat exchangers are used, for
which there are measured data of the heat transfer coefficient and friction factor. Heat
exchangers are sized according to the criteria of maximum allowed velocity of the flue gases
and shapes of the heat exchanger frontal area. The sized heat exchangers were compared with
respect to the heat transfer coefficient, the area of the heat exchanger surface on the finned
side, the volume of the heat exchanger and the pressure drop on both sides. From the
comparison of the best plate-finned and the best finned tube heat exchangers it is concluded
that in the recommended range of flue gases velocity (from 4 m/s to 6 m/s) the pressure drop
at the gas side are similar (in the plate-finned heat exchanger it is in the range from 53.5 to
112 Pa and in the finned tube exchanger from 53.8 to 142.8 Pa), while the plate-finned
exchanger has more than 50% smaller heat transfer area, compared to the finned tube one.

Key words: Heat exchangers, Heat transfer, Minimization of heat exchanger volume,
Pareto frontier

1. Introduction

Burning of fossil fuels releases flue gases which cause serious problems in the
environment, such as air pollution, global warming, ozone layer depletion and acid rains. In
the diesel engine exhaust gases there is a significant amount of energy that can be utilized and
so fuel consumption and environmental pollution can be reduced. Organic Rankine cycle is
considered as one of the best technologies for the recovery of waste heat from the exhaust
gases of heavy duty truck diesel engines.

Design process of ORC system is comprised of heat source selection, candidate fluid
selection and thermodynamic cycle optimization, [1]. Dolz et al. [2] presented a study on the
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bottoming Rankine cycle configuration with all the heat sources which includes waste energy
recovery in a binary cycle.

Many studies on waste heat recovery of the diesel engines published in recent years deal
with the working fluid selection, [3], [4], wherein the most often selected fluids are ethanol,
toluene and water. Invernizzi et al. [5] proposed titanium tetrachloride as a new potential
working fluid. Some authors used experimental organic Rankine cycle set [6], [7] and thermal
energy storage [8] to investigate the feasibility of waste-heat-recovery from a diesel engine.
Authors established different optimization models of ORC systems. Hajabdollahi et al. [9]
made an optimization of ORC for diesel waste recovery in which they maximized the thermal
efficiency and minimized the total annual cost. Shu et al. [10] performed parameters
optimization with six indicators, including thermal efficiency, exergy destruction factor,
turbine size parameter, total exergy destruction rate, turbine volume flow ratio and net power
output per unit mass flow rate of exhaust.

Most of the published studies are based on the thermodynamic approach, not
considering the technical and operating characteristics of the system components such as
expanders and heat exchangers. One of the few works that take into account the technical
characteristics of the components of the ORC system is [11] where the optimal working fluid
and operating conditions are selected considering technological constraints of the expander,
the heat exchangers and the feed pump. In several studies an exhaust gas heat exchanger
performances are taken into consideration. Katsanos et al. [12] applied the procedure for the
assessment of the optimum Rankine cycle parameters at different operating conditions in
which the heat transfer coefficient and the pressure drop at both sides of the heat exchanger
were calculated. Mavridou et al. [13] performed the sizing of a heat exchanger for truck
applications using five different configurations and compared the conventional and the latest
heat transfer enhancement technologies.

The use of ORC installation on mobile units (trucks) is usually limited by available space
and for a given heat duty the heat exchanger should be as small as possible in size and weight, at
a reasonable high pressure drop. For such purposes the application of compact heat exchangers is
recommended and their sizing is of crucial importance.

Performance of the heat exchanger is defined by the optimized Rankine cycle (to achieve
maximum power) and it depends on the mass flow rate and temperature of the flue gases and
selection of working fluid in Rankine cycle. An example of selection of the preheater
performance (in case of water as the working fluid) is considered here, wherein the several
surface types of the finned tube and plate-finned heat exchangers are used, for which measured
data of the heat transfer coefficient and friction factor are taken from literature [14]. The aim of
this study is to compare two types of surfaces in terms of: obtainable overall heat transfer
coefficient with restriction in gas velocity, i.e. the required finned area and required volume.
Also, the impact of the shape of the heat exchanger frontal area on the maximal linear dimension
of the heat exchanger and pressure drops in gas and liquid streams is examined.

2. Mathematical model

In this study we consider two types of compact heat exchangers (HE): finned tube (as
depicted in the left panels in Figure 1) and plate-finned (right panels in Figure 1). Here we use
surface types of the finned tube and plate-finned heat exchangers, from the catalogue in the EES
(Engineering Equation Solver) program, in which measured data of the Colburn and friction
factor in a range of Reynolds number exist. Once the surface type is chosen, we know all the
geometric parameters of one heat exchanger cell and the frontal area (the area for the gas flow) is

Ag = LiL3, where the height L, is defined by
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N_.-Ss, for finned tube HE
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’ Np-b2+(Np+l)-(b1+2-a) for plate finned HE M

and

C

N, -l for plate finned HE

L =

2

{N ,.-S, for finned tube HE} @

where N, and N_, is the number of tube columns and rows in the finned tube HE,
respectively, N is the number of passages of the liquid stream and N is the number of strip
fins in the plate-finned HE. In both HE, L, is the length for pressure drop in gas stream flow,
while length responsible for the pressure drop in liquid stream flow is , in the case of plate-
finned HE, and N

col

L, in the case of the finned tube HE. It is important to note that in the case of
plate-finned HE the height b, of a channel for the liquid flow can be freely chosen, while the
selection of inner tube diameter d, in the case of finned tube HE is limited by the outer tube

diameter d, and (if one wants to use standard tubes) by few variants of the tube wall thickness
(here, we assume d, =0.7654d ).
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Fig. 1 Left panels: Finned tube heat exchanger and corresponding geometric parameters. 3D view of the heat
exchanger with definition of lengths L,, L,, and L; (top) and a cross section view (bottom). Right panels: Plate-finned
heat exchanger and corresponding geometric parameters. 3D view of the heat exchanger core with definition of
lengths Ly, L, and L (top) and a cross section view (bottom).
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The problem is to size the heat exchanger when its heat duty ¢, the heat capacity rate of

hot and cold streams (C y and C'C ), the inlet temperatures (7;;;, and 7i.; ) and the outlet

and 7,

C,out

,in

temperatures (7} ) of both streams are known from the optimized Rankine cycle.

,out

The heat exchanger effectiveness is defined by

q
=— ;
‘ Cmin (TH,in - TC,in) ( )

where Cm is the smaller value from C. and C,,. In the Effectiveness-NTU method, the
number of transfer units (N7U) is defined by

NrU =4 (4)
C

min

where U is the overall heat transfer coefficient and A4 is the total gas side heat transfer area
(finned area). Depending on the type of heat exchanger, there is a unique relationship between
NTU and ¢ [15]. Here, we consider cross-flow gas-to-liquid heat exchangers with one stream
unmixed, for which this relationship reads:

. l—exp{CR [exp(—NTU)—l]}
CR

)

where C} is the heat capacity rate ratio C_/ Cmax . If we neglect the thermal resistance in fins

min

and tube/channel walls, the overall heat transfer coefficient is defined by
1 1 1
- =3
U Bh. nuhy

(6)

where /. and /; are the heat transfer coefficients on the cold (liquid) side and hot (gas) side,
respectively; [ is the ratio of the heat transfer surface area at the liquid side to the surface area at
the gas side, and 7, =1—(1-17;, ) 4;, / 4 is the extended surface efficiency on the gas side, 7;,,
is the fin efficiency defined as

tanh (@
= 2), ™)

and 4, is the fin surface area, and A is the total gas side heat transfer surface area.

Variable @ in Equation (7) is defined as:

o= | = fy L - "9 for finned tube HE, and (8)
k-0,
h 05
@ =(0,5-b-6,) |2 —>—- 1+l_m for plate - finned HE. 9)
" Cfin s
d.—d +0
In above formulas £ is material conductivity, L, =%ﬁ“ and r = é Special case for

0

finned tube HE is if @ >0.6+2.257-7"*° from Equation (8) then fin efficiency is defined as
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-b —0.246
N =a-(m-L)" and a=r

if #>2 then b=0.9706+0.17125-In(r), else if r <2 coefficient b is b =0.9107 +0.0893-r .
If @<0.6+2.257-r"*° Equation (7) is valid.

. Coefticient b depends on the diameter ratio » and is defined as

It is known that the major part of thermal resistance is on the gas side, so it is necessary to focus
on enlargement of 7, , which is defined by

. LuCon
hy = JuWy Pr2p/3 (10)

where j,; is the Colburn factor, g, is the average gas density, wy is the average gas velocity,

¢, 18 the gas average specific heat capacity at a constant pressure, and Pr is the Prandtl number.

In the same time, it is of great interest to reduce pressure drop in the gas stream, and this
pressure drop is proportional to the friction factor f;, and to the w; . Both j, and f;

decrease with increase of the Reynolds number (Re = gw,D, / t;,D, is the hydraulic
diameter and g, is the gas viscosity). Thus, to obtain high 4, (high U and consequently
small 4 ) the small Re and high w,, are needed, while for small pressure drop the high Re

and small wy, is required. Since these two sets of requirements are in contradiction, there is a

need for optimization. The similar expressions are valid at the liquid-side of the heat
exchanger, but it is important to note that the pressure drop in the liquid stream does not
significantly influence the efficiency of the Rankine cycle. Thus, it is possible to keep the

liquid stream velocity high, to obtain high /., regardless of the higher pressure drop in liquid
stream. In that sense, the plate-finned HE could be better than finned tube HE since the liquid
stream velocity can be adjusted arbitrarily by changing of b, value.

Described mathematical models have been implemented into EES software. The
mathematical model of plate-finned heat exchanger contains 64 equations (some of them are
specified in this paper and the rest of them are auxiliary equations from the EES routines for
calculation of Colburn and friction factors and geometrical parameters of a given type of heat
exchanger), while the model of tube-finned heat exchanger contains 63 equations. When the
number of equations is equal to the number of unknowns the EES software is capable to solve
the specified systems of equations regardless the order in which the equations are specified.

3. Results

We consider a preheater in the Rankine cycle with the following data: mass flow rate of
flue gases my; =0.49 kg/s in which the working fluid is water of mass flow rate
m. =0.05093 kg/s, the gas inlet and outlet temperatures are 7, =233.1°C and

H,in
T,

H,out

=159.5°C, the inlet and outlet temperatures of water are 7, =25.16°C and
T,

cout =192.5°C (hot water) at pressure 1325 kPa. The exchanger heat duty is ¢ =36.27 kW, at
£=0.8046 and NTU =5.

As it is explained above, the main interest here is to find HE with minimal surface area
or volume, and for this a large A, is required (i.e. small Re and high w;; ). In most of the
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existing HE the wj; is about 5 m/s and in some cases it is up to 10 m/s. Here, we will adopt
the maximal allowable gas velocity Wy, =10 m/s. Each surface type from the EES
catalogue has defined the minimal Reynolds number ( Re,. ) at which the measured values of

Colburn and friction factor are provided. The minimal value of the hydraulic diameter of the
surface type is defined by Re ; and w,,  in the form

Re .
D hmin — M (1 1)
g{WHmax
There are 3 of the finned tube surface types and 8 of the plate-finned surface types with the
hydraulic diameter greater than D, . , and in the following we will show results for all three
finned tube surface types and the best four plate-finned surface types listed in Table 1.
Table 1 Geometric characteristics of the considered finned tube and plate-finned surface types (« = heat transfer

area/total volume; £ = heat transfer area/volume between plates; g, = fin thickness; Ny = number of fins
per one meter; Ag, = fin surface area (including splitter); o = free-flow area/frontal area)

Finned-tube Rein a d, d, Dy, Oin N Agn/A o Sh Sy Mater.
surface type - m¥m’ | mm mm mm mm 1/m - - mm mm | offins
fc—t“;;;;ESCF T 1 400 | 446 | 1067 | 21.62 | 4.425 | 0.48 | 343 | 0.876 | 0.494 | 2032 | 2477 | Cu
fc—t“g‘;sz—SCF' 400 | 535 | 9.65 | 2477 | 3.929 | 0.46 | 343 | 091 | 0.524 | 2032 | 2337 | Al
fc—t“l;‘;i‘—SCF T 500 | 459 | 9.65 | 2477 | 475 | 0.46 | 289 | 0.892 | 0.538 | 2032 | 2337 | Al
Plate-finned Re i, p b, a Dy, Ofin N¢ Agn/A o I b, Mater.
surface type - m’/m’ | mm mm mm mm 1/m - - mm mm | offins
sf_plate-
o sTo1104p | 200 | 1512 | 6.02 1 | 2266|0152 | 470 | 0796 | 0.605 | 12.7 | 05 Al
sf plate-
fin sTe-121gD | 200 | 1385 | 897 1 263 | 0.102 | 480 | 0.847 | 0.711 | 4521 | 0.5 Al
sf_plate- 200 | 1548 | 6.35 1 238 | 0.102 | 651 | 0.923 | 0.660 | 3.175 | 0.5 Al
fin s18-1561
sf_plate-
ST l61aT | 200 | 2133 | 7.98 1 1.567 | 0.152 | 635 | 0.882 | 0.636 | 3.175 | 0.5 Al

In the defined mathematical model it is possible to freely define three parameters in the
case of plate-finned surface types and two parameters in the case of finned tube surface types

(note that in the first case parameter b, can be freely chosen and in the second case d; is
uniquely related to d,). For the first free parameter we selected the w,,, and at the first we

kept it to its maximal value Wy, . For the second free parameter we used the ratio L, /L,
which defines the shape of the frontal area (square and different rectangles). We have
analyzed five variants of this ratio: L,/ L,=1, 1.5, 1/1.5, 2 and 1/2. The third parameter in the

case of plate-finned surface types could be either b, or the pressure drop at the liquid-side or

the /.. In the considered cases we used b,= 0.5 mm (to obtain high value of 4. at a

reasonable high pressure drop at the liquid side). Figures 2 to 6 show obtained results (the
finned area, overall heat transfer coefficient, heat transfer coefficients at the gas and liquid
side, maximal and minimal dimensions among L;, L,, and L3, number of rows/passages and
number of columns/strip fins, and pressure drops at the gas and liquid side) for the seven heat
exchanger surface types and the five different shapes of the frontal area.
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Fig. 2 Calculated finned area (left panel) and the overall heat transfer coefficient (right panel) for the seven surfaces
and for five cases, for wy = 10 m/s and d;= 0.7654 d, or b, = 0.5 mm. The legend is the same for both panels.
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Fig. 3 Heat transfer coefficient at the gas side (left panel) and at the liquid side (right panel) for the seven surfaces

and for five cases, for wy = 10 m/s and d;= 0.7654 d, or b,=
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Fig. 4 Colburn and friction factor as a function of Reynolds number for the seven surfaces.
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Fig. 5 Calculated heat exchanger volume (left panel) and the maximal and minimal linear dimension of heat
exchanger (right panel) for the seven surfaces and for five cases, for wy = 10 m/s and d;= 0.7654 d,, or
b, = 0.5 mm. Dots in the right panel that define the maximal dimensions are connected by solid lines and dots
denoting minimal dimensions by dashed lines. The legend is the same as in Figures 2 and 4.
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Fig. 6 Number of rows in finned tube heat exchanger or number of passages at liquid side in plate-finned heat
exchanger (left panel) and number of columns in finned tube heat exchanger or number of strip fins in plate-
finned heat exchanger (right panel) for the seven surfaces and for five cases, for wy= 10 m/s and d;= 0.7654 d,
or b, = 0.5 mm. The legend is the same as in Figures 2 and 4.
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Fig. 7 Pressure drop in the heat exchanger at the gas side (left panel) and at the liquid side (right panel) for the
seven surfaces and for five cases, for wy =10 m/s and d;= 0.7654 d, or b,=0.5 mm. The legend is the same as in
Figures 2 and 4.
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Fig. 8 Left panel: pressure drop in the heat exchanger at the gas side as a function of finned area (all points are
calculated at gas velocity wy = 10 m/s) for the seven surfaces and for five cases. Right panel: the same
relationship as in the left panel for the best plate-finned surface and for the best finned tube surface, at different
values of the gas velocity.

4. Discussion

It 1s visible in Fig. 2 that the use of plate-finned surface types results in smaller heat
exchange area, due to higher overall heat transfer coefficients. All plate-finned surface types
are better than the best finned tube surface types, and the smallest heat exchange area is
obtained by using surface type sf plate-fin s18-1561. The overall heat transfer coefficient
depends on heat transfer coefficient on both sides; see Equation (6), while the gas side is the
critical one, since the heat transfer coefficient in gas is usually an order of magnitude smaller
than in liquid. It is visible in Fig. 3 that plate-finned surfaces show higher heat transfer

coefficient than finned tube surfaces at both gas and liquid sides. The higher 74, in plate-
finned surface types can be explained by smaller Remi, and D, (see Table 1) since for given
wy the smaller D, results in smaller Reynolds number and higher Colburn factor (see

Fig. 4), and consequently in higher /,, see Equation (10). The higher /. in plate-finned
surface types can be explained by the fact that the Reynolds number in the liquid stream (and
consequently /) in the case of plate-finned surface types can be kept sufficiently high, by
free selection of parameter b,. In plate-finned surface types the overall heat transfer

coefficient (and heat transfer area) does not depend on the shape of the frontal area (on the
ratio L;/L3) and this is not the case in finned tube surface types. In case of finned tube surface
types the Reynolds number in the liquid stream depends on the liquid mass flow through one

tube (total liquid mass flow over the number of tube rows) and the inner tube diameter d,
which cannot be freely chosen. In the case of small liquid mass flow rate, the Reynolds
number (and the value of /) can be increased by decreasing the number of rows. It is visible

in left panel of Fig. 6 that in the case L, = 2L, (greater width and smaller height of the frontal

area) the number of tube rows decreases, and consequently the Reynolds number, /. (see

right panel in Fig. 3), U (see right panel in Fig. 2), and pressure drop in liquid stream (see
right panel in Fig. 7) increase, while 4 (left panel in Fig. 2) and number of columns decrease

(see right panel in Fig. 6). The case L, = L, /2 (smaller width and greater height of the frontal
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area) has the opposite effect, and this option can be useful when the liquid mass flow rate and
pressure drop in liquid stream are too high and the increased number of tube rows is required.

Fig. 5 shows that the volume of the plate-finned heat exchangers is significantly smaller
than the volume of the finned tube heat exchangers. Also, in cases of plate-finned heat
exchangers, the volume does not depend on the shape of the frontal area. In these heat

exchangers, the minimal dimension is L, (in all cases it is smaller than L, and L), while the
maximal dimension rises with deviation of L, /L, from one (the maximal dimension is the

smallest for L, / L,=1). In cases of finned tube heat exchangers, the shape of frontal area has a
great impact on the volume and maximal dimension of heat exchanger. The volume is
decreased by decreasing L, and increasing L, (that is why the number of rows is decreased,

the Reynolds number in the liquid stream is increased and consequently /. and U are
increased, and 4 is decreased).
Fig. 7 shows pressure drops in gas and liquid streams, and it is visible that the pressure

drop in gas stream (which should be kept very small) is smaller in the case of plate-finned
surface types. This pressure drop is proportional to the friction factor, which is greater in

plate-finned surface types (see right panel in Fig. 4), and length L,. In plate-finned heat

exchangers L, corresponds to L,

in » and in finned tube heat exchangers to L, (compare L .
and L_, in the right panel of Fig. 5), and that is why the pressure drop is smaller in plate-
finned heat exchangers. Similarly, in the liquid stream, the friction factor and velocity are
greater in the case of plate-finned heat exchangers, but the length for the pressure drop is
smaller (it is L, for plate-finned surface types and N_,L, ) therefore the pressure drop in liquid
stream of plate-finned heat exchanger does not need to be greater than in finned tube heat
exchangers.

For making the decision which variant of heat exchanger is the best in cases of
restricted volume or maximal allowable dimension, it can be useful to see a diagram showing
pressure drop in the gas stream (the most influential parameter on the efficiency of the
Rankine process) as a function of the volume/maximal dimension or heat exchanger surface
area. In such a diagram left panel in Fig. 8 shows all considered variants of heat exchanger,
and in the right panel the Pareto frontier for the best one plate-finned and the best one finned
tube surface type is shown. This frontier is obtained by varying the gas velocity wy . At a

smaller velocity the pressure drop is smaller, but the surface area is larger. The Pareto frontier
contains solutions which show (when compared to other solutions) either a smaller pressure
drop or surface area. From such diagram a designer can choose the best variant according to
his preferences. The plate-finned heat exchanger is better choice since it requires smaller

finned area, for the similar pressure drop at gas side. For w,; =4 m/s, the pressure drops in
plate finned and finned tube heat exchangers are 53.5 and 53.8 Pa, respectively and
corresponding finned surfaces are 10.55 and 23.85 m”. At wy =6 m/s the pressure drops are
111.9 and 142.8 Pa and required finned surfaces are 9.09 and 20.99 m*.
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5. Conclusion

The mathematical model for sizing of the plate-finned and finned tube heat exchangers,
as well as the procedure for selecting the best variant of the heat exchanger is defined. The
procedure is applied to a preheater with known heat duty and required efficiency. Seven
surface types and five shapes of frontal area are analyzed and the best plate-finned and the
finned tube heat exchangers are compared in terms of pressure drop at gas side and required
finned area. In the recommended range of the flue gases velocity (from 4 m/s to 6 m/s) the
pressure drop at the gas side are similar (in the plate-finned heat exchanger it is in the range
from 53.5 to 112 Pa and in the finned tube exchanger from 53.8 to 142.8 Pa), while the plate-
finned exchanger has more than 50 % smaller heat transfer area, compared to the finned tube
one (at w,=4 m/s, the finned area in the plate-finned and finned tube exchangers are 10.55 and

23.85 m?, respectively, and at at w,=6 m/s these areas are 9.09 and 20.99 m?). This advantage

can be explained by the fact that the Colburn factor (and the heat transfer coefficient) at the
gas side is higher in the case of finned-plate heat exchanger than in finned tube surfaces. Also,
the heat transfer coefficient at the liquid side is higher in the case of plate-finned surfaces,
since the Reynolds number at liquid side can be freely adjusted by free selection of b, (which
is not the case in finned tube surfaces, where the inner tube diameter is strictly related to outer
diameter). In the case of plate-finned surface types the heat exchanger volume, its minimal
dimension and overall heat transfer coefficient are not sensitive to the change of the shape of
the heat exchanger frontal area, and this is additional advantage in the case of limited space
for placement of heat exchanger.
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