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Computational analysis for good thermal
exchange and low pressure drop in
regenerative air preheaters

ABSTRACT

A computational analysis in a rotary regenerative air preheateris performed. The total heat
transfer, the pressure drop and the outlet temperatures of streams in the equipment are
calculated from different matrix porosity values and thepre-established mass flow rates.
Three typical regenerative air preheaters sizes are simulated.The heat transfer coefficient in
the exchanger and the friction factor are obtained from correlations. The total heat transfer is
obtained using the Effectiveness-NTU method specific to regenerative air preheaters. The
results allow to identify, for each simulated case, the porosity values that providegood
thermal exchange and low pressure drop in the equipment. Besides that, the behavior of the
outlet temperatures of each gas stream as function of the porosityis also investigated.

Keywords: regenerative air preheater, heat transfer, pressure drop, simulation.
1. INTRODUCTION

Regenerative air preheateris used in many heat recovery systems. Its range of applications
encompasses refrigeration systems, ventilation plants, thermal comfort, power plant boilers,
recovery of waste thermal energy and a number of situations where the availability of the
energy does not chronologically coincide with demand [1].

Over the years, researchers have focused efforts on improving this heat exchanger due to
some of its advantages such as compactness, efficiency, economy and high flexibility. The
studies found in the literature incorporate various aspects of the equipment. The pioneer
works about the regenerative air preheater were essentially experimental with investigations
that mainly included the effectiveness, the thermal exchange and the pressure drop [2-5].
Later studies to the most recent ones include aspects of the equipment such as
mathematical modeling and numerical analysis [6-9], mass transfer [10-13], leakage control
[14-16], thermodynamic analysis [17-19], rotational speed of the matrix [20-22] and geometry
of matrix ducts [23-26].

Analysis from the matrix porosity of the regenerative air preheaterare found in a small
number of works [27-31]. The present study analyzes three typical regenerative air
preheaters. The aim is select the porosity values that provide good thermal exchange and
low pressure drop in the equipment. Additionally, the behavior of the outlet temperatures of
each gas stream as function of the porosity is also investigated.
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2. PROBLEM DESCRIPTION AND METHODOLOGY
2.1 Characterization of the Regenerative Air Preheater

The schematic ofthe regenerative air preheater is show in Fig. 1. Two gas streams are
introducedcounterflow-wise through the parallel ducts of the air preheater. Cold gas is
injected inside one duct and hot gas inside the other. The porous matrix, that stores energy,
continuously rotates through these parallel ducts. The matrix receives heat from the hot gas
on one side and transfers this energy to the cold gas on the other side. The matrix channels
were assumed smooth. The fluid velocity was considered constant inside each channel.

________ Hot Gas

NS
AR )
Sttt Th,;
L
Porous Cold Gas
Matrix |:>
TC,O

Fig. 1. Schematic of the regenerative air preheater.

Some geometric parameters can be expressed based on Fig. 1. The total frontal cross-
sectional area 4; is determined by the sum of the free flow cross-sectional area 4 and the
matrix cross-sectional area A4,, of the air preheater

Ay = A+ 4, (1)

The matrix porosity o is defined by the ratio between 4 and A4,
A
=—(2
o=—-0

The hydraulic radius 7, is defined by the ratio between A4 and the perimeter P of the plates

that compose the matrix. The matrix perimeter can be written as function of the matrix cross-
sectional area 4,,

D, 4

rh_ 4 P(3)
A

P=""_(4
2 ®

where D, and e are the matrix duct hydraulic diameter and the matrix duct wall thickness,
respectively.

The porosity and the hydraulic radius are dependent on each other and influence the thermal
exchange in the regenerative air preheater. The hydraulic radius can be written as function
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of the porosity and the matrix duct wall thickness from the definitions above and algebraic
manipulations

=T (;) (5)

The hydraulic radius is an important parameter and its use is justified in the correlations for
friction factor and Nusselt number.Since the geometric characteristics of the regenerator are
known, the heat transfer in the equipment can be calculated using the Effectiveness-NTU
method for rotary regenerators.

2.2 Effectiveness-NTU Method for Regenerative Air Preheaters

The Effectiveness-NTU method for regenerative air preheaters [21] consists of calculating
the effectiveness ¢, of a conventional counterflow heat exchanger and correcting this

effectiveness by a correction factor ¢, that takes into account the rotational speed and the
matrix heat capacity rate of the exchanger. Thus, the effectiveness of the regeneratore, is
given by

& =&y ¢, (6)

The effectiveness ¢, of a conventional counterflow heat exchanger is defined by

I—exp|-nTU (1-C7)]

oo 1-Cexp [—NTU (J—C*)] )

where C” is the ratio between the fluids heat capacity rates and NTU is the number of heat
transfer units defined as follows

« C
C — mim 8
- ®

max

1 1

Cmin l:(]/hAtr )c + (]/hAtr )h :I (9)

NTU =

where & is the convective heat transfer coefficient and 4,. is the matrix thermal exchange
area on the side of the hot or cold stream. The parameters C,,,, and C,, . correspond to the
minimum and maximum values of the fluids heat capacity rates.

max

The correction factor @, in Eq. (6) is given by

1
Pr =19 (10)
9

r
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(11)

min

n
Cr = %mm Cm (12)
where C, is the matrix heat capacity rate, » is the matrix rotational speed, m,, is the matrix
mass and c¢,, is the specific heat of matrix.

Finally, the total heat transfer Q in the air preheateris obtained in the same way as the
Effectiveness-NTU method for conventional heat exchangers

Q =& Qmm (13)
Qmax = Cmin (Th,i - Tc,i ) (14)

where Q,,.. is the maximum possible heat transfer and the term between parenthesis

corresponds to thedifference between the inlet temperature of the hot stream and the inlet
temperature of the cold stream.

2.3Hydrodynamic and Thermal Analysis

The hydrodynamic and thermal analysis are performed for each gas stream. The pressure
drop in the matrix ducts and the convective heat transfer coefficient are obtained from
correlations for Darcy friction factor f and Nusselthumber Nu . Correlations for smooth
ducts with circular cross-sectional area were used based on the hydraulic diameter of matrix
ducts for laminar flow regime. The correlations take into account hydrodynamically fully
developed flow with thermal entrance length and constant wall temperature boundary
condition.

64

f= (15)

Nu=3.66+ —(16)

D, 3
1+0.04|| — |Rep, Pr
L h
where L is the length of matrix, Re;, is the Reynolds number and Pr is the Prandtl number.

The distributed pressure drop A4Pis given by equation of Darcy-Weisbach and the
convective heat transfer coefficient % is expressed in terms of Nusselt number
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h

_ Nuk

h

h

(18)

where V', p and k are the fluid velocity, the fluid density and the fluid thermal conductivity,
respectively.

2.4Fluid and Matrix Properties

The fluid properties were obtained at the average temperature of each gas stream.The fluid

density for gases with moderate values of pressure and temperature is well represented by
the equation of state of an ideal gas

P
__P 19
P=%r (19)

where p is the pressure of fluid, 7 is the average temperature of gas stream and R is the

ideal gas constant. The values of air atmospheric pressure p =10’ Pa and ideal gas
constant for air R = 287 Nm/kgK were assumed.

The dynamic viscosity x and the thermal conductivity £ of fluids can be approximated by
the Sutherland equations [32] as follows

w (7Y 1,458
—= ©—(20)

Mg F0 T+S§
3/2
T,+S
O (A
ky \T, T+S§

where § is the Sutherland constant temperature, which is characteristic of each gas.
Considering air, S =111 K for dynamic viscosity and S =794 K for thermal conductivity. The

parameters 7T,, u, and k, are reference constants, whose values are7, =273K,
g =1.716-107 Pa-sand k, = 0.0241 W/mK for air.

The specific heat of gas under constant pressure ¢, is obtained by a polynomial equation [33]
with application for several gases in the temperature range between 300 and 1,000 K

C

wherea, = 3.653, f, =—1.337-107 ,y, =3.294-10° 6, =-1.913-10~° and 1, =0.2763-107"*
are the constants for the air.
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The Prandtl number Pris obtained from the ratio between some fluid properties, as follow

pe,
23
L (23)

Pr=

The matrix properties of the regenerative air preheaterwere assumed constant. The AISI
1010 low alloy carbon steel and the 2024-T6 aluminum alloy materials were considered for
the matrix in this study. The Table 1 shows the matrix properties used for the simulated air
preheaters cases, where ¢, and p, are the specific heat and the density of matrix,

respectively.

Table 1. Matrix properties of the regenerative air preheater.

Material cn (J/kg K) pu \kg/m’)
2024-T6 aluminum 875 2,770
AISI 1010alloy carbonsteel 434 7,832

2.5Computer Program

A computer program written in C programming language was developed for the simulation of
regenerative air preheater. The Dev-C++ software was used for compilation and recording
results. Three typical sizes of equipmentwere simulated: small, medium-sized and large.The
material AISI 1010 low alloy carbon steelwas used for the medium-sized and the large heat
exchangers in the simulations.The 2024-T6 aluminum alloywas used for the small air
preheater. The total heat transfer in the air preheater, the pressure drop and the outlet
temperaturesof gas streamswere calculated for different porosity levels of the matrix from
the prescribed mass flow rate for each gas stream. The other geometrical parameters of the
equipment were fixed.

An iterative process was used to obtain the fluid flow and the heat transfer. An outlet
temperature values of each stream was assumed at the beginning of this process. Then, the
fluid properties were evaluated at the average temperature of each gas stream. Based on
these properties, the fluid flow and the heat transfer were obtained from correlations and the
Effectiveness-NTU method for regenerative air preheaters. The iterative process continued
until convergence of the outlet temperatures for both streams. The whole process was
repeated for each assumed matrix porosity value.The subrelaxation factor of 0.5 was used to
the convergence of the outlet temperature values. The tolerance for convergence iterative
procedurewas adjusted as 10 for the outlet temperatures.The calculations were performed
considering the steady-periodic condition of the regenerator, indicating that the temperatures
no longer changed in any angular or axial position of the matrix.

In order to check the reliability of the developed computer program, the outlet temperatures
of gas streams were calculated at a medium-sized rotary regenerator with corrugated ducts.
The results were compared with those obtained by Mioralli [34], who numerically simulated
the equipment using the finite volume method and compared the numerical results with field
data. Table 2 shows the comparison between the results of the present study and those of
Mioralli [34]. It is observed that the results are in good agreement.
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Table 2. Comparison of the present data with those of Mioralli [34].

Outlet Temperature (°C) Present work Mioralli [34] Difference
T, 441.26 428.92 0.028
T}, 160.51 142.43 0.113

3. RESULTS AND DISCUSSION

The input data of the computer program developed for the simulations are listed in Table 3.
The operational conditions of the regenerators are based on information found in the
literature and industry.The simulations were carried out from a variation of porosity values in
the range of 0.2 to the last value that would guarantee both gas streams of the equipment in
laminar regime.

Table 3. Input data for computer program of typical regenerative air preheaters.

) n Inlet Temp. (°C) Flow Rate (kg/s)
Air Preheater L (m) e (m) D (m) (rpm) T, T i i
N3 Gl h c
Small 0.2 0.00085 0.7 8 50 20 0.68 0.76
M;dz'é‘(;“' 15 0.00050 6.0 3 450 80 39.00 62.00
Large 3.5 0.00060 15.0 2 600 150 29250 411.30

3.1Thermal Exchange and Pressure Drop Analysis

Graphics with the heat transfer and the pressure drop as function of porosity values are
presented for each regenerative air preheater.It is observed that the heat transfer increases
and the pressure drop decreases as the porosity values increase for all analyzed cases. In
this study isassumed as good thermal exchange aheat transfer value whose reduction is
less than 40% when compared with the higher heat transfer value (obtained for ¢=0.2) in
the simulated cases. In addition, it is considered low pressure drop the typical values for the
regenerative air preheaters.

Fig. 2 shows the total heat transfer in the small regenerative air preheater and the pressure
drop of both gas streams as a function of the matrix porosity. It is observed that from the
porosity value around 0.5, the heat transfer in the equipment begins to decrease more
significantly. The pressure drop for both gas streams behaves similarly.The typical pressure
drop values for the small regenerative air preheater are lower than 200 Pa [35],
corresponding to porosity values greater than ¢ = 0.7 . For the porosities ¢ =0.7 ando =0.76
, the percentages of the decrease in the heat transfer are, respectively, 22% and 33% when
compared to the highest value Q= 20.5kW foroc=0.2. The decrease of heat transfer is
around 40% for ¢ =0.77 when compared to the heat transfer obtained foro =0.2. So, the
range 0.70<0<0.76 can be assumed as porosity values that provide a good thermal
exchange and low pressure drop for the typical small regenerative air preheater.
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Fig. 2. Heat transfer and pressure drop versus porosity for small regenerative air

preheater.

Fig. 3 shows the total heat transfer in the medium-sized regenerative air preheater and the
pressure drop of both gas streams as a function of the matrix porosity. For this exchanger,
the pressure drop values are in the range of up to about 350 Pa for typical operating
conditions [35]. Based on this information, the range0.83<¢ <0.90can be assumedas
porosity values that provide a good thermal exchange and low pressure drop for the typical
medium-sized regenerative air preheater. This range taking into account the decrease of
heat transfer in the equipment less than 40% when compared to the heat transfer
(Q515MW) obtained foro =0.2. The range also includes the pressure drop values lower

than 350 Pa. In this simulation, porosity values greater than 0.9 imply a turbulent flow regime
for at least one of the gas streams, which is not the object of the present study.
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Fig. 3. Heat transfer and pressure drop versus porosity for medium-sized regenerative

air preheater.
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Analogously to that observed in Figs. 2 and 3, Fig. 4 shows the total heat transfer in the
large regenerative air preheater and the pressure drop of both gas streams as function of the
matrix porosity. The pressure drop values observed in the large air preheater for typical
operating conditions are in the range of up to about 600 Pa [35]. Considering this aspect and
the decrease of heat transfer less than 40% when compared to the heat transfer
(Q;O.M GW) obtained foro =0.2, the range0.86 <o <0.90 can be assumed as porosity

values that provide a good thermal exchange and low pressure drop for the typical large
regenerative air preheater. In this case, porosity values greater than 0.9 imply a turbulent
flow regime for at least one of the gas streams, as happened to the simulation of medium-
sized regenerative air preheater.
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Fig. 4. Heat transfer and pressure drop versus porosity for large regenerative air
preheater.

A simultaneous analysis of Figs. 2, 3 and 4 shows that the assumed ranges of porosity
values that provide a good thermal exchange and low pressure drop moves to the right on
the abscissa axis as the dimensions and typical operational conditions of the regenerative air
preheaters increase. It is also observed that the assumed porosity ranges for the three
simulated cases are relatively narrow.

A larger porosity range could be established if higher values for pressured drop in the heat
exchanger were considered. However, this would imply higher pumping power and energy
costs. On the other hand, for the considered pressure drop values, the assumed porosity
range could be even smaller if the desired reductionfor a good thermal exchange was less
than 35% or 30% when compared to the heat transfer obtained fore =0.2.

3.20utlet Temperatures Analysis

The behavior of the outlet temperatures of cold (Tao) and hot (T,w) streams as function of

the porosity is show in Fig. 5 for the three typical regenerative air preheaters. It is observed,
for all cases, that the outlet temperature values does not change significantly for low porosity
values. The outlet temperatures remain practically constant with ¢ <0.64 for small heat
exchanger ando <0.75 for medium-sizedand large regenerative air preheaters.This is
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because small porosity values imply a greater area of thermal exchange and high heat
transfer. The hot stream experience the greatest temperature variation and the outlet
temperature of hot stream is very close to the inlet temperature of cold stream.The mass
flow rate values strongly contributes to this, since the mass flow rate of the hot stream is
smaller than that of the cold stream for all cases. On the other hand, the outlet temperature
of cold stream is less than the inlet temperature of hot stream for the three simulated
preheaters: 7., =0.9T,; for the small exchanger, 7,,=0.7T,; for the medium-sized air

preheater and T,,=0.8T,; for the large equipment.Although these outlet temperature

values are significant, the pressure drop is high under these operating conditions.As a
comparison, for porosity values within the range that provides a good thermal exchange and
low pressure drop, T.,=0.7T,; (with ¢=0.74), T,,=045T,; (with ¢=0.86) and

C,

T.,=05T,, (with o=0.388)for the small, medium-sized and large regenerative air

C,

preheaters, respectively.

Finally, the results shown in Fig. 5 are consistent with those of Figs. 2, 3 and 4. For the
porosity values in which the total heat transfer starts to decrease in Figs. 2, 3 and 4, the
difference between the values of cold and hot outlet temperature also begins to decrease in
Fig. 5.
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Fig. 5. Outlet temperatures versus porosity for small, medium-sized and large
regenerative air preheaters.

4. CONCLUSION

Three typical regenerative air preheaterswere computationally investigated from the pre-
established mass flow rate for each gas stream of the equipment and different matrix
porosity values. Porosity values that provide a good thermal exchange and low pressure
drop were selected for each simulated typical regenerative air preheater.The results showed
that the selected porosity ranges are narrow and moves to the right on the abscissa axis as
the dimensions and typical operational conditions of the heat exchangers increase.
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Nonetheless, the extent of porosity range may vary according to the desired limits for the
heat transfer and the pressure drop of gas streams.

The outlet temperatures of gas streams were also analyzed as function of porosity. The
behavior of the outlet temperatures was consistent with the behavior of the total heat transfer
for the three simulated regenerative air preheaters. The obtained results can contribute to
the definition of operational conditions of regenerative air preheaters in search of better
performance.
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