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ABSTRACT 11 
 12 
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. 
 13 
Keywords: regenerative air preheater, heat transfer, pressure drop, simulation. 14 
 15 
1. INTRODUCTION 16 
 17 
Regenerative air preheateris used in many heat recovery systems. Its range of applications 18 
encompasses refrigeration systems, ventilation plants, thermal comfort, power plant boilers, 19 
recovery of waste thermal energy and a number of situations where the availability of the 20 
energy does not chronologically coincide with demand [1]. 21 
 22 
Over the years, researchers have focused efforts on improving this heat exchanger due to 23 
some of its advantages such as compactness, efficiency, economy and high flexibility. The 24 
studies found in the literature incorporate various aspects of the equipment. The pioneer 25 
works about the regenerative air preheater were essentially experimental with investigations 26 
that mainly included the effectiveness, the thermal exchange and the pressure drop [2–5]. 27 
Later studies to the most recent ones include aspects of the equipment such as 28 
mathematical modeling and numerical analysis [6-9], mass transfer [10-13], leakage control 29 
[14-16], thermodynamic analysis [17-19], rotational speed of the matrix [20-22] and geometry 30 
of matrix ducts [23-26]. 31 
 32 
Analysis from the matrix porosity of the regenerative air preheaterare found in a small 33 
number of works [27-31]. The present study analyzes three typical regenerative air 34 
preheaters. The aim is select the porosity values that provide good thermal exchange and 35 
low pressure drop in the equipment. Additionally, the behavior of the outlet temperatures of 36 
each gas stream as function of the porosity is also investigated. 37 
 38 



 

 

2. PROBLEM DESCRIPTION AND METHODOLOGY 39 
 40 
2.1 Characterization of the Regenerative Air Preheater 41 
 42 
The schematic ofthe regenerative air preheater is show in Fig. 1. Two gas streams are 43 
introducedcounterflow-wise through the parallel ducts of the air preheater. Cold gas is 44 
injected inside one duct and hot gas inside the other. The porous matrix, that stores energy, 45 
continuously rotates through these parallel ducts. The matrix receives heat from the hot gas 46 
on one side and transfers this energy to the cold gas on the other side. The matrix channels 47 
were assumed smooth. The fluid velocity was considered constant inside each channel. 48 
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 56 
 57 
 58 
 59 

Fig. 1. Schematic of the regenerative air preheater. 60 
 61 
Some geometric parameters can be expressed based on Fig. 1. The total frontal cross-62 
sectional area TA is determined by the sum of the free flow cross-sectional area A  and the 63 

matrix cross-sectional area mA  of the air preheater 64 

 65 

mT AAA  (1) 66 

 67 
The matrix porosity   is defined by the ratio between A  and TA  68 
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 71 
The hydraulic radius hr is defined by the ratio between A  and the perimeter P  of the plates 72 

that compose the matrix. The matrix perimeter can be written as function of the matrix cross-73 
sectional area mA  74 
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 79 
where hD  and e  are the matrix duct hydraulic diameter and the matrix duct wall thickness, 80 

respectively. 81 
 82 
The porosity and the hydraulic radius are dependent on each other and influence the thermal 83 
exchange in the regenerative air preheater. The hydraulic radius can be written as function 84 
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of the porosity and the matrix duct wall thickness from the definitions above and algebraic 85 
manipulations 86 
 87 
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 89 
The hydraulic radius is an important parameter and its use is justified in the correlations for 90 
friction factor and Nusselt number.Since the geometric characteristics of the regenerator are 91 
known, the heat transfer in the equipment can be calculated using the Effectiveness-NTU 92 
method for rotary regenerators. 93 
 94 
2.2 Effectiveness-NTU Method for Regenerative Air Preheaters 95 
 96 
The Effectiveness-NTU method for regenerative air preheaters [21] consists of calculating 97 
the effectiveness  0ε  of a conventional counterflow heat exchanger and correcting this 98 

effectiveness by a correction factor r  that takes into account the rotational speed and the 99 

matrix heat capacity rate of the exchanger. Thus, the effectiveness of the regenerator rε is 100 

given by 101 
 102 

r 0r εε  (6) 103 

 104 
The effectiveness  0ε of a conventional counterflow heat exchanger is defined by 105 
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 108 

where *C  is the ratio between the fluids heat capacity rates and NTU  is the number of heat 109 
transfer units defined as follows 110 
 111 
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 115 
where h  is the convective heat transfer coefficient and trA  is the matrix thermal exchange 116 

area on the side of the hot or cold stream. The parameters mimC  and maxC  correspond to the 117 

minimum and maximum values of the fluids heat capacity rates. 118 
 119 
The correction factor φr in Eq. (6) is given by 120 
 121 
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 127 
where rC  is the matrix heat capacity rate, n  is the matrix rotational speed,  mm  is the matrix 128 

mass and mc  is the specific heat of matrix. 129 

 130 
Finally, the total heat transfer Q  in the air preheateris obtained in the same way as the 131 

Effectiveness-NTU method for conventional heat exchangers 132 
 133 

max r QεQ  (13) 134 

 135 
 ic,ih, minmax TTCQ  (14) 136 

 137 
where maxQ  is the maximum possible heat transfer and the term between parenthesis 138 

corresponds to thedifference between the inlet temperature of the hot stream and the inlet 139 
temperature of the cold stream. 140 
 141 
2.3Hydrodynamic and Thermal Analysis 142 
 143 
The hydrodynamic and thermal analysis are performed for each gas stream. The pressure 144 
drop in the matrix ducts and the convective heat transfer coefficient are obtained from 145 
correlations for Darcy friction factor f and Nusseltnumber Nu . Correlations for smooth 146 

ducts with circular cross-sectional area were used based on the hydraulic diameter of matrix 147 
ducts for laminar flow regime. The correlations take into account hydrodynamically fully 148 
developed flow with thermal entrance length and constant wall temperature boundary 149 
condition. 150 
 151 
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 155 
where L  is the length of matrix, 

hDRe  is the Reynolds number and Pr  is the Prandtl number. 156 

 157 
The distributed pressure drop ΔP is given by equation of Darcy-Weisbach and the 158 
convective heat transfer coefficient h  is expressed in terms of Nusselt number 159 
 160 
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 164 
where V , ρ  and k  are the fluid velocity, the fluid density and the fluid thermal conductivity, 165 

respectively. 166 
 167 
2.4Fluid and Matrix Properties 168 
 169 
The fluid properties were obtained at the average temperature of each gas stream.The fluid 170 
density for gases with moderate values of pressure and temperature is well represented by 171 
the equation of state of an ideal gas 172 
 173 

RT

p
ρ   (19) 174 

 175 
where p  is the pressure of fluid, T  is the average temperature of gas stream and R  is the 176 

ideal gas constant. The values of air atmospheric pressure Pa10p 5  and ideal gas 177 

constant for air kgKNm 287R  were assumed. 178 

 179 
The dynamic viscosity μ  and the thermal conductivity k  of fluids can be approximated by 180 

the Sutherland equations [32] as follows 181 
 182 
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 186 
where S  is the Sutherland constant temperature, which is characteristic of each gas. 187 
Considering air, K 111S   for dynamic viscosity and K 194S   for thermal conductivity. The 188 
parameters 0T , 0μ  and 0k  are reference constants, whose values are K 273T0  , 189 

sPa101.716μ 5
0   and mKW 0.0241k0   for air. 190 

 191 
The specific heat of gas under constant pressure pc is obtained by a polynomial equation [33] 192 

with application for several gases in the temperature range between 300 and 1,000 K 193 
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are the constants for the air. 198 
 199 



 

 

The Prandtl number Pr is obtained from the ratio between some fluid properties, as follow 200 
 201 
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 203 
The matrix properties of the regenerative air preheaterwere assumed constant. The AISI 204 
1010 low alloy carbon steel and the 2024-T6 aluminum alloy materials were considered for 205 
the matrix in this study. The Table 1 shows the matrix properties used for the simulated air 206 
preheaters cases, where mc  and mρ  are the specific heat and the density of matrix, 207 

respectively. 208 
 209 

Table 1. Matrix properties of the regenerative air preheater. 210 
 211 

Material  Kkg Jcm   3
m mkgρ  

2024-T6 aluminum 875 2,770 
AISI 1010alloy carbonsteel 434 7,832 

 212 
2.5Computer Program 213 
 214 
A computer program written in C programming language was developed for the simulation of 215 
regenerative air preheater. The Dev-C++ software was used for compilation and recording 216 
results. Three typical sizes of equipmentwere simulated: small, medium-sized and large.The 217 
material AISI 1010 low alloy carbon steelwas used for the medium-sized and the large heat 218 
exchangers in the simulations.The 2024-T6 aluminum alloywas used for the small air 219 
preheater. The total heat transfer in the air preheater, the pressure drop and the outlet 220 
temperaturesof gas streamswere calculated for different porosity levels of the matrix from 221 
the prescribed mass flow rate for each gas stream. The other geometrical parameters of the 222 
equipment were fixed. 223 
 224 
An iterative process was used to obtain the fluid flow and the heat transfer. An outlet 225 
temperature values of each stream was assumed at the beginning of this process. Then, the 226 
fluid properties were evaluated at the average temperature of each gas stream. Based on 227 
these properties, the fluid flow and the heat transfer were obtained from correlations and the 228 
Effectiveness-NTU method for regenerative air preheaters. The iterative process continued 229 
until convergence of the outlet temperatures for both streams. The whole process was 230 
repeated for each assumed matrix porosity value.The subrelaxation factor of 0.5 was used to 231 
the convergence of the outlet temperature values. The tolerance for convergence iterative 232 
procedurewas adjusted as 10-3 for the outlet temperatures.The calculations were performed 233 
considering the steady-periodic condition of the regenerator, indicating that the temperatures 234 
no longer changed in any angular or axial position of the matrix. 235 
 236 
In order to check the reliability of the developed computer program, the outlet temperatures 237 
of gas streams were calculated at a medium-sized rotary regenerator with corrugated ducts. 238 
The results were compared with those obtained by Mioralli [34], who numerically simulated 239 
the equipment using the finite volume method and compared the numerical results with field 240 
data. Table 2 shows the comparison between the results of the present study and those of 241 
Mioralli [34]. It is observed that the results are in good agreement. 242 
 243 
 244 
 245 
 246 



 

 

Table 2. Comparison of the present data with those of Mioralli [34]. 247 
 248 
Outlet Temperature (°C) Present work Mioralli [34] Difference 

oc,T  441.26 428.92 0.028 

oh,T  160.51 142.43 0.113 

 249 
3. RESULTS AND DISCUSSION 250 
 251 
The input data of the computer program developed for the simulations are listed in Table 3. 252 
The operational conditions of the regenerators are based on information found in the 253 
literature and industry.The simulations were carried out from a variation of porosity values in 254 
the range of 0.2 to the last value that would guarantee both gas streams of the equipment in 255 
laminar regime. 256 
 257 

Table 3. Input data for computer program of typical regenerative air preheaters. 258 
 259 

Air Preheater L (m) e (m) D (m) 
n 

(rpm) 

Inlet Temp. (°C) Flow Rate (kg/s)

ih,T  c,iT  hm  cm  

Small 0.2 0.00035 0.7 8 50 20 0.68 0.76 
Medium-

sized 
1.5 0.00050 6.0 3 450 80 39.00 62.00 

Large 3.5 0.00060 15.0 2 600 150 292.50 411.30 
 260 
3.1Thermal Exchange and Pressure Drop Analysis 261 
 262 
Graphics with the heat transfer and the pressure drop as function of porosity values are 263 
presented for each regenerative air preheater.It is observed that the heat transfer increases 264 
and the pressure drop decreases as the porosity values increase for all analyzed cases. In 265 
this study isassumed as good thermal exchange aheat transfer value whose reduction is 266 
less than 40% when compared with the higher heat transfer value (obtained for 0.2σ  ) in 267 
the simulated cases. In addition, it is considered low pressure drop the typical values for the 268 
regenerative air preheaters. 269 
 270 
Fig. 2 shows the total heat transfer in the small regenerative air preheater and the pressure 271 
drop of both gas streams as a function of the matrix porosity. It is observed that from the 272 
porosity value around 0.5, the heat transfer in the equipment begins to decrease more 273 
significantly. The pressure drop for both gas streams behaves similarly.The typical pressure 274 
drop values for the small regenerative air preheater are lower than 200 Pa [35], 275 
corresponding to porosity values greater than 0.7σ  . For the porosities 0.7σ  and 0.76σ 276 
, the percentages of the decrease in the heat transfer are, respectively, 22% and 33% when 277 
compared to the highest value kW 20.5Q   for 0.2σ  . The decrease of heat transfer is 278 

around 40% for 0.77σ  when compared to the heat transfer obtained for 0.2σ  . So, the 279 
range 0.76σ0.70  can be assumed as porosity values that provide a good thermal 280 
exchange and low pressure drop for the typical small regenerative air preheater. 281 
 282 



 

 

 283 
 284 

Fig. 2. Heat transfer and pressure drop versus porosity for small regenerative air 285 
preheater. 286 

 287 
Fig. 3 shows the total heat transfer in the medium-sized regenerative air preheater and the 288 
pressure drop of both gas streams as a function of the matrix porosity. For this exchanger, 289 
the pressure drop values are in the range of up to about 350 Pa for typical operating 290 
conditions [35]. Based on this information, the range 0.90σ0.83  can be assumedas 291 
porosity values that provide a good thermal exchange and low pressure drop for the typical 292 
medium-sized regenerative air preheater. This range taking into account the decrease of 293 
heat transfer in the equipment less than 40% when compared to the heat transfer294 
  MW15Q   obtained for 0.2σ  . The range also includes the pressure drop values lower 295 

than 350 Pa. In this simulation, porosity values greater than 0.9 imply a turbulent flow regime 296 
for at least one of the gas streams, which is not the object of the present study. 297 
 298 

 299 
 300 

Fig. 3. Heat transfer and pressure drop versus porosity for medium-sized regenerative 301 
air preheater. 302 
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 303 
Analogously to that observed in Figs. 2 and 3, Fig. 4 shows the total heat transfer in the 304 
large regenerative air preheater and the pressure drop of both gas streams as function of the 305 
matrix porosity. The pressure drop values observed in the large air preheater for typical 306 
operating conditions are in the range of up to about 600 Pa [35]. Considering this aspect and 307 
the decrease of heat transfer less than 40% when compared to the heat transfer308 
 GW 0.14Q   obtained for 0.2σ  , the range 0.90σ0.86  can be assumed as porosity 309 

values that provide a good thermal exchange and low pressure drop for the typical large 310 
regenerative air preheater. In this case, porosity values greater than 0.9 imply a turbulent 311 
flow regime for at least one of the gas streams, as happened to the simulation of medium-312 
sized regenerative air preheater. 313 
 314 

 315 
 316 

Fig. 4. Heat transfer and pressure drop versus porosity for large regenerative air 317 
preheater. 318 

 319 
A simultaneous analysis of Figs. 2, 3 and 4 shows that the assumed ranges of porosity 320 
values that provide a good thermal exchange and low pressure drop moves to the right on 321 
the abscissa axis as the dimensions and typical operational conditions of the regenerative air 322 
preheaters increase. It is also observed that the assumed porosity ranges for the three 323 
simulated cases are relatively narrow. 324 
 325 
A larger porosity range could be established if higher values for pressured drop in the heat 326 
exchanger were considered. However, this would imply higher pumping power and energy 327 
costs. On the other hand, for the considered pressure drop values, the assumed porosity 328 
range could be even smaller if the desired reductionfor a good thermal exchange was less 329 
than 35% or 30% when compared to the heat transfer obtained for 0.2σ  . 330 
 331 
3.2Outlet Temperatures Analysis 332 
 333 
The behavior of the outlet temperatures of cold  oc,T  and hot  oh,T  streams as function of 334 

the porosity is show in Fig. 5 for the three typical regenerative air preheaters. It is observed, 335 
for all cases, that the outlet temperature values does not change significantly for low porosity 336 
values. The outlet temperatures remain practically constant with 0.64σ   for small heat 337 
exchanger and 0.75σ   for medium-sizedand large regenerative air preheaters.This is 338 
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because small porosity values imply a greater area of thermal exchange and high heat 339 
transfer. The hot stream experience the greatest temperature variation and the outlet 340 
temperature of hot stream is very close to the inlet temperature of cold stream.The mass 341 
flow rate values strongly contributes to this, since the mass flow rate of the hot stream is 342 
smaller than that of the cold stream for all cases. On the other hand, the outlet temperature 343 
of cold stream is less than the inlet temperature of hot stream for the three simulated 344 
preheaters: ih,oc, T 0.9T   for the small exchanger, ih,oc, T 0.7T   for the medium-sized air 345 

preheater and ih,oc, T 0.8T   for the large equipment.Although these outlet temperature 346 

values are significant, the pressure drop is high under these operating conditions.As a 347 
comparison, for porosity values within the range that provides a good thermal exchange and 348 
low pressure drop, ih,oc, T 0.7T   (with 0.74σ  ), ih,oc, T 0.45T   (with 0.86σ  ) and 349 

ih,oc, T 0.5T   (with 0.88σ  )for the small, medium-sized and large regenerative air 350 

preheaters, respectively. 351 
 352 
Finally, the results shown in Fig. 5 are consistent with those of Figs. 2, 3 and 4. For the 353 
porosity values in which the total heat transfer starts to decrease in Figs. 2, 3 and 4, the 354 
difference between the values of cold and hot outlet temperature also begins to decrease in 355 
Fig. 5. 356 
 357 

 358 
 359 

Fig. 5. Outlet temperatures versus porosity for small, medium-sized and large 360 
regenerative air preheaters. 361 

 362 
4. CONCLUSION 363 
 364 
Three typical regenerative air preheaterswere computationally investigated from the pre-365 
established mass flow rate for each gas stream of the equipment and different matrix 366 
porosity values. Porosity values that provide a good thermal exchange and low pressure 367 
drop were selected for each simulated typical regenerative air preheater.The results showed 368 
that the selected porosity ranges are narrow and moves to the right on the abscissa axis as 369 
the dimensions and typical operational conditions of the heat exchangers increase. 370 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

50

100

150

200

250

300

350

400

450

500

 T
c,o

 large

 T
h,o

 large

 T
c,o

 medium-sized

 T
h,o

 medium-sized



O
u

tle
t 

T
e

m
p

er
at

ur
es

 (
°C

)

 T
c,o

 small

 T
h,o

 small



 

 

Nonetheless, the extent of porosity range may vary according to the desired limits for the 371 
heat transfer and the pressure drop of gas streams. 372 
 373 
The outlet temperatures of gas streams were also analyzed as function of porosity. The 374 
behavior of the outlet temperatures was consistent with the behavior of the total heat transfer 375 
for the three simulated regenerative air preheaters. The obtained results can contribute to 376 
the definition of operational conditions of regenerative air preheaters in search of better 377 
performance. 378 
 379 
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