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One of the methods of analyzing a heat exchanger consists in determining the
heat transfer rates and outlet temperatures of the fluids for known mass flows, inlet
temperatures, and exchanger type and size. This requires calculating the exchanger
performance for known transfer surface area but unknown outlet temperatures. The
concept of the heat transfer effectiveness (HTE) can be applied to determine the heat
transfer rate of the specified heat exchanger without knowing the outlet temperatures
of the fluids. This article presents the results of calculations of the HTE parameter for
a cross-flow heat exchanger with staggered tube banks. The analysis takes into account
six different models of convection heat transfer over the tube banks. In this scenario,
the impact of the applied convection model on the value of HTE for the considered
heat exchanger was examined. For the considered calculation cases, the value of the
HTE parameter is in the range from 0.3 to 0.48 and it decreases with the increase
of the flow rate of both air and the flue gases. It has been shown that the results of
all four models are very similar, while the other two models bring about either an
increase or a decrease of the values of the parameter investigated. It was found that
for the analyzed heat exchanger a simplified criterion for the convection heat transfer
over tube banks can be used to determine the effectiveness of the heat transfer with
the Reynolds number being the only parameter.
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1. Introduction

Heat exchangers play an essential role in different industrial and technical
processes related to thermal energy management [1-4]. Efficient heat exchang-
ers are needed to develop new energy-efficient technologies to decrease energy
consumption [5-8]. Therefore, the scientists focus their efforts on improving the
design of devices as well as improving the thermal properties of working fluids [9—
12]. Energy savings can be achieved by improving the performance of the heat
exchangers [13-16]. One way to achieve this goal is analytical modelling of their
construction [17-20].

For the analytical modeling of the heat exchangers one of the following
two methods, i.e., either the log mean temperature difference (LMTD) or the
effectiveness-NTU is most often used. The LMTD method is applied when the
inlet and outlet temperatures of the hot and cold fluids are known or can be deter-
mined from the energy balance, while the effectiveness-NTU method is used for
the determination of the heat transfer rate and the fluid outlet temperatures in the
case the fluid mass flow rates and inlet temperatures are known and the construc-
tion of heat exchanger is specified. The NTU method is based on a dimensionless
parameter called the heat transfer effectiveness, HTE, defined as [21-23]:

HTE = -2 , (1)

max

where Q is the actual heat transfer rate, and Q. iS the maximum possible heat
transfer rate in a heat exchanger.

The effectiveness of a heat exchanger is a function of a dimensionless quantity
called the number of transfer units NTU. This parameter is defined as [24]:

UA,  UA,

NTU = = R
Cmin (i c p)min

2)

where: U is the overall heat transfer coeflicient, A is the heat transfer surface area
of the analyzed heat exchanger and Cyyj, is the smaller heat capacity rate of the cold
and hot fluids. The effectiveness relations have been developed for several types of
heat exchangers. For the single-pass cross-flow heat exchanger, that parameter may
be expressed as [25]:

1
HTE = — (1 —exp (1 — ¢ (1 —exp (-NTU)))), (3)
c
where c is the capacity ratio defined as:
Cmin
c= . 4)
Cmax

The original aim of the presented analyses was to demonstrate the impact of
the adopted forced convection model for a staggered tube bunks on the heat transfer
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effectiveness (HTE) results for the NTU method. A total of six different models were
analyzed. The results obtained showed that four of the models were very similar.
However, two other models produced results that differed by a few percent. One of
these models underestimated the results, and the other one overestimated them.

2. Analysis and modelling

From equations (2) and (3), it may be concluded that the HTE parameter
depends on the value of the coefficient U. In the case when the heat flow in the
exchanger runs through a cylindrical baffle, the value of the coefficient U may be
calculated from equation [26]:

+—In—+—/, 5)

where: r,,, r; — outer and inner radius of the tube, k — thermal conductivity of the
tube, h,, h; — heat transfer coefficients on the outer and inner surfaces of the tube.
The coefficients &, and h; may be calculated as:

_ Nu,- ki

hi a (6a)
Nu, &,

he = , 6b

4, (6b)

where d,,, d; are the outer and inner diameters of the tube, while k; and k, are
thermal conductivities of the fluids. The Nusselt numbers in equations (6) are
determined from the corresponding criterial equations, while for the calculation of
the Nu; number the equation for a forced convection in a straight circular channel
should be used [27]:

Nu; = 0.023 Re® Pri4, (7)

In order to calculate the Nu,, number, the equations for the opposing flow convection
through the tube banks should be used [28]:

Nu, = CRe PrZ. (8)

The values of the C, A, and B coefficients from the equation (8) are selected
depending on the heat transfer case and are characterized by the Reynolds number
and the geometry of the heat exchange system.

In a heat exchanger that contains a tube bank, the tubes are usually arranged
either in-line or staggered ahead of the flow direction. In the current paper, the
heat exchanger with a staggered arrangement is investigated and its geometry is
characterized by three pitches between the tube centers, i.e., the transverse pitch
X;, the longitudinal pitch X; and the diagonal pitch X4 (Fig. 1).
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Fig. 1. Tube arrangement in a staggered tube bank design

Before presenting the details of relationships for the calculation of the Nusselt
number, Nu,, it is necessary to define the conditions under which the model
calculations are carried out.

It is assumed that the heat exchanger consists of one tube bundle located inside
a rectangular flue gas duct (Fig. 2). The heated medium is air that is flowing
inside the tubes (pipes). The heating medium is the flue gas from the combustion
of the natural gas. The heating medium flows outside the heat exchanger tubes.
The discussed system is characterized by the geometric parameters, which are
summarized in Table 1.

Table 1. The geometric parameters of the discussed heat exchanger

Parameter Pz;zglrllgf r Value
width of the flue gas duct Ix 0.75 m
height of the flue gas duct ly 0.55 m
tube outer diameter d, 31.8 mm
tube inner diameter d; 28.6 mm
tube rows number Ny 10
number of tubes in an odd row Ny, 12
number of tubes in an even row (ny - 1) 11
transverse pitch X, 0.0442 m
longitudinal pitch Xi 0.0442 m
diagonal pitch Xy 0.0494 m
tubes total number n; 115
total flow area inside the tubes A; 0.0738 m?
heat transfer area Ay 8.61 m?
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Fig. 2. The geometry of the analyzed heat exchanger

As it comes out from equations (6)—(8), the heat transfer coefficients /; and
h, depend on the Reynolds numbers and are affected by the flow structure in the
exchanger. The values of Reynolds numbers for air (Re;) and the flue gas (Re,) are
summarized in Table 2 for some selected flow velocities, w. For the range of Re,
values shown in Table 2, several detailed correlations for the Nusselt number or
for the coeflicient & for cross flow over staggered tube banks can be found in the
literature.

Table 2. Reynolds numbers for air and the flue gas for some chosen flow velocities, w

w, m/s Re, Re;
2 3358 1781
6 10075 5343
10 16792 8904
14 23509 12466
18 30226 16028
22 36943 19590
26 43659 23151
30 50376 26713

When performing the calculations, the velocity of the air and the flue gas was
varied independently between 2 m/s and 28 m/s. It was also assumed that the inlet
temperatures of the air and the flue gas were constant and set up at 20°C and 650°C,
respectively. The data necessary for the calculations of the thermal properties of the
fluids (i.e., its thermal conductivity, specific heat, dynamic viscosity and Prandtl
number) were taken from the literature [29, 30], while the average densities were
calculated according to the Clapeyron equation.

The calculation results presented and discussed in the current paper were
obtained with the use of the following six correlations (models):
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Model 1 (M1) [23]

Pl‘o 0.25

0.6 p.0.33
Nu, =0.41Re,” Pr, (Prw

where: Pr,, and Pr,, are the Prandtl numbers calculated for average temperatures of
the flue gas and the tube surface.
Model 2 (M2) [31]

pr. \0-25
Nu, = 0.4 Re%¢ Pr2-36 (—") . (10)
Pr,,
Model 3 (M3) [30]
0.2 0.25
X P
Nu, = F - 0.35 (Y;) Re%6 P36 (Pri) . (11)
w
where F is a correction factor, for n, = 10, FF = 0.98.
Model 4 (M4) [28]
Nu, = (0.437 +0.587 Reg'sz) o3 (12)
Model 5 (M5) [28]
W hax
ho=fa‘10pWa (13)
o

where: W, max 15 the flue gas velocity at the minimum cross-section at the standard
conditions and:

0.286 X,
fa=0.874+ =+ 0.84d—’ , (14)
t o
do
op = L7ANT, , (15)

where T, is the average absolute temperature of the flue gas.
Model 6 (M6) [27]
Nu, = 0.37Re®. (16)

3. Results and discussion

The data of the heat transfer coefficients for air /; and waste gas h,, are presented
in Figs. 3 and 4, respectively. For the considered range of the air velocities, the
value of the coeflicient /; increases almost linearly from roughly 10.3 W/(m? K)
to 85.1 W/(m’K).
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Fig. 3. Heat transfer coeflicient for air /; versus the flow velocity
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Fig. 4. Heat transfer coefficient for the flue gas A, vs. the flow velocity
and the model considered

The values obtained for the coefficient /4, depend on the individual models
applied. The most similar are the results of the models M1, M2 and M6, which differ
maximally by only 7.3%. The highest values are obtained for the model M5 and,
compared with the model M6, the results vary by more than 55-60% (depending
on the flow velocity). However, compared with M6, the results of the models M3
and M4 are underestimated by roughly 10.5% and 18.6-34.6%, respectively. Thus,
the choice of the criterion equation for the convection over a chosen tube bank is
crucial for the calculated values of the heat transfer coeflicient, 4,,.

The values of the HTE parameter that are obtained for the considered calcu-
lation cases are presented in Figs. 5-9. The individual figures refer to the results
obtained for various air velocities (4, 10, 16, 22, and 28 m/s, respectively). In each
figure, the results for all the models considered are shown for the assumed flue gas
velocities of from 2 m/s to 26 m/s.
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Fig. 5. Heat transfer coefficient values obtained for air velocity w; = 4 m/s
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Fig. 6. Heat transfer coefficient values obtained for air velocity w; = 10 m/s
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Fig. 7. Heat transfer coefficient values obtained for air velocity w; = 16 m/s
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Fig. 8. Heat transfer coefficient values obtained for air velocity w; = 22 m/s
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Fig. 9. Heat transfer coefficient values obtained for air velocity w; = 28 m/s

Generally, the value of the HTE parameter varies from 0.3 to 0.47. As it may be
seen, the increase in the air or flue gas velocity brings about the reduction of the HTE
value. This effect may seem quite surprising because generally, an increase in flow
velocity causes an increase in the intensity of heat transfer in the heat exchanger.
However, the changes of the flow velocity also affect the capacity ratio ¢, on
which the HTE parameter also depends (cf. equation (3)). The problem will not be
discussed further in this paper since the explanation of the phenomena goes beyond
the scope of the current analysis. It is important, however, to investigate and present
the influence of the adopted convection model on the obtained values of the HTE.
From the analysis of the results shown in Figs. 5-8, it may be concluded that the
extreme values of the HTE parameter were obtained for the M4 (HTMyi,) and
M35 (HTM,,.x) models. These models are quite different from the other ones, since
the model M4 assumes a non-linear (logarithmic) relationship. For the majority of
other models, that relationship can be written as [28]:

logNu, =log D + AlogRe, , (17)
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log Nu, =log H + BlogPr, . (18)

The difference between the M5 and other models is even greater since the criterion
numbers are not used in it and the coefficient A, is described directly. For a
more precise analysis, the maximum difference of the HTE values was calculated
according to the following relationship:

HTEMms — HTEms
AHTE = -1 . 1
HTEy 00% (19)

where HTEy4, HTEy5 are the values of the HTE parameter for the models M4
(HTMyin) and M5 (HTMp,x), respectively. The changes of the values of AHTE for
some selected values of the air velocities w; as a function of the flue gas velocity
are shown in Fig. 10. The AHTE increases with both velocities and the maximum
value is reached at roughly 10%.

12

+wi=4 ~wi=10 -o-wi=16 -e-wi=22 --wi=28
10

0 5 10 15 20 25 30
flow velocity, m/s

Fig. 10. AHTE values versus flue gas and air velocities

The results obtained for the other models are much more similar, particularly
for the models M1, M2 and M6 where the maximum difference between the results
is just 0.5%. That result allows us to conclude that those models are pretty similar.
On the other hand, the results of the models M3, M4 and M5 differ from the averaged
result of the models M1, M2 and M6 by a maximum of 1.2%, 3.4% and 6.2%,
respectively. It can thus be concluded that the discrepancies of obtained values of
the HTE parameter are pretty minor and acceptable for all the models considered,
and each of the presented models can be used to determine the effectiveness of
the heat transfer in the cross-flow heat exchanger. However, bearing in mind the
extension of the model, it may be concluded that the optimal solution is the model
M6, where the value of the Nusselt number is just dependent on the Reynolds
number. The application of that model does not require any information on the
Prandtl number.



www.czasopisma.pan.pl P N www.journals.pan.pl
N
POLS KADEMIA NAUK

Analysis of the influence of the heat transfer model on the effectiveness of the heat. . . 483

4. Conclusions

Based on the performed calculations, it was shown that the effectiveness of the

heat transfer for a cross-flow heat exchanger with staggered tube banks varies from
0.3 to 0.47, depending on the flow velocity. The maximum discrepancy between
the results obtained for the analyzed models was 10%, however, the application
of three models resulted in discrepancies smaller than 0.5%. The obtained results
indicate that, for the analyzed heat exchanger case, one can apply the simplest
model, where only the Reynolds number is the parameter used for the calculation
of the HTE values. The obtained results show that the choice of the convection
model for the tube bundle can, in some cases, influence the analysis of the heat
exchanger’s performance using the NTU method.
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