o ISSN: 2319-8753

I-.x' @ International Journal of Innovative Research in Science, Engineering and Technology
I[JIRSET Vol. 2, Issue 7, July 2013

HEAT TRANSFER ANALYSIS OF
RECUPERATIVE AIR PREHEATER

Mr. Vishwanath .H. H*, Dr. Thammaiah Gowda 2, Mr. Ravi S.D?,
P.G Student, Adichunchanagiri Institute of Technology, Chikmagalur, Karnataka, India®
Professor and Head, Adichunchanagiri Institute of Technology, Chikmagalur Karnataka, India’

Mr. Ravi S.D Senior Engineer, Ingersoll Rand, Bangalore, Karnataka, India®

Abstract: Steam generators are very complex class of pressure vessels. It contains many accessories for the generation
of required steam quality. The prime motto of industrial steam generator is to generate steam at medium pressure (MP),
low pressure (LP) steam at required pressure temperature and quantity for the process industry like sugar, paper, jute
and chemical industries. LP and MP steam after expansion in the turbine from super saturation is utilized by process
industry. In the present work Air Preheater, one of the accessories of the steam generator is analysed. Air preheaters
make a considerable contribution to the improved overall efficiency of fossil-fuel-fired power plants. In this study, a
theoretical design of Recuperative Primary Air preheater with In-line tube arrangement and a combination of fluid
dynamics analysis with theoretical value. The model enables heat transfer of the flue-gas flow through the air preheater
as well as the tubular heat transfer and the resulting temperature distribution in the matrix of the preheater. The present
work is carried in Mysore Paper Mills (MPM) Bhadravathi, CFD (Computational Fluid Dynamics) analysis of
recuperative air preheater is carried out using ANSYS CFX-12.1.The analysis of flue gas flow phenomenon and air
flow phenomenon are discussed using Laminar model, k-¢ model, k-o model and SST model. The parameters like
temperature distribution, heat flux, pressure drop, velocity, are also discussed. An increase of 2.7% in boiler efficiency
was found out with incorporation of this design, their by an increase in the air inlet temperature of about 60°C is been
observed.

Keywords: Recuperative Air preheater, k-¢ model, k- model, SST model, heat flux, In-line tube arrangement.

Nomenclature

Vg velocity of flue gas
Cpg Specific heat of gas
Cpa Specific heat of air

St Transverse pitch

Sy, Longitudinal pitch

d, Outer diameter of the tube

t tube thickness

d; Tube inside diameter

U Overall heat transfer co-efficient
Fe Temperature correction factor
LMTD log mean temperature difference
G, Gas film resistance

A, Air film resistance

tm Metal temperature

l. INTRODUCTION

The Mysore Paper Mills Limited, (MPM) founded by Sri.Krishnaraja Wodeyar bhadur in 1937 the Maharaja of
erstwhile Mysore State was incorporated on 20th May 1936 under the then Mysore Companies Regulation, VIII of
1917. Later it became a Government Company in 1977 under Section 617 of the Companies Act, 1956. The Company
Has Its Registered Office At Bangalore And Its Plant Located At Bhadravathi. In India 65 percent of energy
consumption due to coal fired power generation is dependent on non-coking coal as high ash coal in pulverized form.
The total coal consumed for power generation accounts 50% of the coal produced in India including middling’s and
sinks available from more than 17 Washeries. The quality of Indian coals available for power generation is
progressively detoriating with growing emphasis on open cast mining. The high ash content along with highly abrasive
nature of the ash causes forced outage of thermal power plants. The average national availability of thermal power plant
is between 52 — 53 percent. The existing coal based power plants have reached 36% efficiency. In future program
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degradation in quality of coal will cause further reduction of the efficiency of power generation as well as inherent
creation of pollution problems. Besides pollution caused by the thermal power station is expected to increase its
planned addition of power generation capacity.

A primary air heater is a tubular, In-line tube arranged air heater. This is arranged in the form of cross-flow heat
exchanger. Many primary air heaters are used in coal-fired power plants. In MPM the plant is operating without Air
preheater, here the atmospheric air is being fed into the plant. The objective of this work is to investigate the
performance of primary air heaters at Mysore Paper Mills Ltd, design & analysis of Recuperative air preheater using
CFD.

Computational fluid dynamics (CFD) is a computer based tool for simulating the behavior of systems involving fluid
flow, heat transfer and other related physical processes. It works by solving the equations of the fluid flow (in a special
form) over a region of interest, with specified (know) conditions on the boundary of that region. Fluid (gas and liquid)
flows are governed by partial differential equations which represent Conservation laws for the Mass, Momentum, and
Energy. Computational Fluid Dynamics (CFD) is the art of replacing such PDE systems by a set of algebraic equations
which can be solved using digital computers.

The work in this paper is divided in two stages. 1).Theoretical design of Primary air preheater. 2) CFD analysis using
theoretical value. Paper is organized as follows. Section Il describes Different author’s point of view and their research
work. After discussion of literature view problems justifications have been done. Detailed theoretical design of Tubular
primary air preheater, Geometry modelling and meshing is discussed in Section Ill, V. Section V presents the post
processing i.e. results and discussion. Finally, Section VI presents conclusion,

1. LITERATURE REVIEW

P.N.Sapkal, et.al. Presents an approach for the optimisation of air preheater design with inline & staggered tube
arrangement. Air preheaters are designed to meet performance requirements with consideration of highly influencing
parameters viz. heat transfer, leakage and pressure drop. The performance of tubular air preheater is evaluated with the
help of CFD analysis for In-line & staggered tube arrangement with the latter being more thermally efficient. Thawan
Sucharitakul et.al,. studies the performance of cross-flow heat exchanger, known as the primary air heater in a 300
MW lignite-fired power plant under particulate, no leakage, and leakage conditions. The leakage values of selected
primary air heater were 6.31, 7.37, and 7.65 % when the power plant was run at the manufacturer guaranteed turbine
generator capacity of 100, 80, and 60 % respectively. Under these conditions, the gas side efficiency of the selected
primary air heater was found to be at the low level of 66.83, 65.44, and 62.12 % and X-ratios were 0.92, 0.88, and 0.79
respectively. Rakesh Kumar, here the performance of regenerative air pre heater has been evaluated at off design
conditions. To assess the performance at different operating conditions and leakage rate, a regenerator leakage model is
proposed. The performance improvements of existing non-performing air preheaters are discussed in brief. The
performance improvement by improving element profile at cold end of an existing air preheater has been presented.
With the change in element profile at cold end air side temperature can be increased up to 10°Cand gas side temperature
can b e reduced up to 8.5°C. Bostjan Drobnic, et.al. They used a combination of fluid dynamics and a newly developed
three-dimensional numerical model for heat transfer as the basis for a theoretical analysis of a rotary air preheater. The
model enables studies of the flue-gas flow through the preheater and the adjoining channels as well as the regenerative
heat transfer and the resulting temperature distribution in the matrix of the preheater.

In MPM they are operating the boiler with out air preheater, from literature review it is found out that for every 20°C
rise in combustion air the efficiency of the boiler will increase by 1%. Reduction of flue exit temperature will also helps
in reduction of harmful gases up to certain extent, also results in lesser coal consumption.

1. METHODOLOGY
Theoretical Tubular Primary air preheater Design

In this design, hot gas flows outside the tube bank, transfers heat to the inside tube. The heat transfer rate can be
calculated as

Q = Wg X Cpg (Tl - T2) = Wa X Cpa (tz - tl) The
density of Flue gas is calculated as

_ (30 492
Pg = (359) X (460+tg) By

using density, velocity, of flue gas and inside tube diameter, number of tubes can be calculated as below equation
W,

N, = 0.05 [z—g

dif X pg X v,

According to the space requirement the width and depth of the air preheater is calculated as follows.

N, X St
w=<W—)
12
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Ny, X S
= ( h12 L)
Heat transfer coefficient of both flue gas side and air side can be calculated using below equations respectively.

W,1%8[ ¢
h, = 2.44 —g] —
' [Nt [dil'g]

h, = 0.9G¢

dd4
Where, C and F are temperature factors evaluated at average flue gas temperature and film temperature respectively
from table of D Q Kern.

6. = (re3)
a7 \FGA L
FGA = (S; — d,)N,, —

12
The overall heat transfer coefficient U is calculated by using flue gas and air side heat transfer coefficient from below

equation.

1 d, 1

=G )

U \hd; h,

Heat transfer is also given by from below equation

Q = UAAT

After finding out the area of heat transfer, one can calculate the actual length of the tube as mentioned below
_ (n X d, X Ny XL
B 12 _ _ _ _

To check the metal temperature at the exit portion using below equation

(T,—t.) = [Gr(TZ - t1)]

(G +a,)
Where,
d,
G = (dihi)
1
a, =1—

h,
The Gas side and Air side pressure drop is given by following equation respectively.

B W,\* (L + 54
AP, = 93 x 107° x 0.02 (—) -
N; pgdi

AP, = 0.038 X Ny
All parameters are evaluated in British units.

Theoretical design in Sl units
Table: | Theoretical calculation of Primary air preheater

Parameter Symbol | Unit Quantity
Gas quantity W, Kg/hr 85000
Air quantity W, Ka/hr 104000
Air inlet temperature ty °C 35

Air outlet temperature t, °C 120
Flue gas inlet temperature °Ty °C 200
Heat transfer Q kw 2016.84
Flue gas outlet temperature T, °C 134
Density of flue gas Py Kg/m’ 0.833
Number of tubes N¢ 1332
Width of Air preheater w m 2.82
Depth of Air preheater D m 2.286
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Length of Air preheater L m 5.08

Gas side heat transfer coefficient h; Wim’k | 48.612

Air side heat transfer coefficient h, W/m’k 51.872

Overall heat transfer coefficient Uy W/mk 23.96

Flue gas side pressure drop AP, mmwc 967.83

Air side pressure drop AP, mmwc 961.5

5

I

000
000!

Fluid 5
flow

Fig. 1. In line tube arrangement of primary air preheate

000
000

V. GEOMETRY MODELING AND MESHING

The geometric modeling of heat exchanger was built in ICEM CFD on same grounds as in experimental study. Since
flow around heat exchanger and inside the tubes have scaled down from 1332 tubes matrix to the 9 tubes matrix with 3
rows and 3 columns. The HX domain is in rectangular in shape, to reduce the computational domain this scaled down
approach is been selected. The simulation done on a scaled down model of the heat exchanger would imply to the
whole domain. So scaled down model of heat exchanger was built in ICEM CFD. Heat exchanger model can be seen in
Fig.2a. Time tubes and flow rates are scaled down the full model including ducts.

The heat exchanger tubes are considered structured mesh and around the tubes have considered unstructured meshes for
geometry. It was not possible to create hexahedral volumes in heat exchanger model around the tubes volumes. So an
unstructured mesh was generated using robust volume meshing. The Robust Volume Meshing method produces a
triangular or quadrilateral volume meshes. The volume mesh is produced interactively and can contain many different
element types, including hexahedral and wedge elements. The mesh has been clustered more at wall of the heat
exchanger to capture boundary layer growth near the wall. Grid refinement study was carried out in order to see if flow
captured is sensitive to grid distribution, it can be seen from fig 2b&c. Refining grids beyond 12.5 lakhs elements does
not alter the results by more than 2 % and hence results at this grid resolution are optimum to predict flow in heat
exchanger accurately.

Boundary conditions

Any numerical simulation can consider only a part of the real physical domain or system. Furthermore, walls that are
exposed to flow represent natural boundaries of physical domain. The numerical treatment of boundary conditions
requires a particular care. Stability and convergence speed of solution scheme can be negatively influenced. Steady
state approach with stationary domain, non-buoyant condition, low intensity turbulence and static temperature of 300 K
are used as criterion for solution. Air at 25° C and Flue gas are used as domain fluid and reference pressure is taken as
1 ambient. ‘No slip’ conditions are used at the wall. The upwind advection scheme is used and a very small physical
timescale is specified. The flow models used is SST. Fig2d shows the boundary representations, white color arrows are
inlets and yellow color arrows represents.

V. RESULTS AND DISCUSSION

Numerical analysis is carried out for heat exchanger using counter flow approach. Ansys CFX 12.0 is been used for
simulate the HX process in the selected HX domain. Geometrical configurations are shown in the geometry and
meshing part. The cold air is entering into the domain with ambient condition at 35 C, and hot flue gas will enter into
the tubes bundle domain with hot condition at 200 C. Flue gas is the mixture of CO, and N.,.
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Baffles

e gas .
trance duct Air entrance duct

c) d)

Fig. 2 Geometry modeling and meshing, a) 3 by 3 matrix HX tubes with flues gas and air flow ducts’ b) Structured
meshed computational model view for HX tubes alone with 3 by 3 matrixes’ c) Tetrahedral meshes for flue gas path
with baffles are in positions’d) Boundary condition graphical representations.

Table 11 boundary condition details

Name Location Type Models
Air flow Air inlet Air_ Inlet Air Mass Fraction = 1 Flow
domain Direction= Normal to Boundary Condition

Flow Regime = Subsonic

Mass Flow Rate = 0.195 [kg s"-1]
Statictemp=35C

Mass And Momentum = Mass Flow

Rate Turbulence = Medium Intensity and Eddy
Viscosity Ratio

Air flow | Airoutlet | Air_Outlet Static pressure

domain Relative pressure 0 Pa

Flue gas flow | Flue gas | Flue gas_ Inlet Flue gas Mass Fraction = 1 Flow

domain inlet Direction= Normal to Boundary Condition

Flow Regime = Subsonic

Mass Flow Rate = 0.165 [kg s"-1]

Mass And Momentum = Mass Flow

Static temp =200 C

Rate Turbulence = Medium Intensity and Eddy
Viscosity Ratio

Flue gas flow | Flue gas | Flue gas_ Outlet Static pressure

domain outlet Relative pressure 0 Pa

Baffles Baffles Wall Wall, Wall Influence On Flow = No Slip
Wall Roughness = Smooth Wall
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CFD modeling is done as like test setup condition and heat transfer is also enabled in the simulation. Heat transfer
option is Thermal energy used with omega based SST turbulence model is used to resolve the near wall heat transfer
coefficient effectively. In the actual setup there are 1332 HX tubes with big compartment, for simulation simplification
9 HX tubes are selected by 3 x 3 matrix. It is been scaled down by geometrically, dynamically and kinematical. The
scaled down ratio is 148 times as compared to the test model. This modeling scaled down model itself called for 12.5
lakhs computational mesh elements. Inner core of the tubes are considered structured meshes and tubes thickness is
also structured mesh. The baffles and air manifolds are in the modeling and it is little complex to generate the
structured mesh apart from the tubes. So unstructured meshes called tetrahedron elements are generated with fine
meshes, in which it can able to capture the boundary layers using by prism layers of the unstructured meshed model
around the HX tubes.

Flue Gas flow phenomenon

Flow gas enters the domain in tubes location, the temperature of the flue gas is at 200 °C when it enters. One can see the
velocity vector in below Fig 3a the gas is entering into the tubes domain and passes over the HX tubes. Baffles are
hindering the flue gas path and change the flow path for effective heat transfer can be done in this process. Baffles are
designed such way that entire length of the tubes has to exchange the heat information by conduction and convection
process.
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Fig. 3 Flue gas flow phenomenon a) Velocity vector for flue gas flow b) Temperature contours plot
c) Static pressure contours plot d) Velocity streamlines for flue gas flow path

Figure2bshows the temperature variation for flue gas across the fluid domain, when the flue gas enters into the domain
the temperature is 200 °C. When the hot gas reached at exit location of the domain temperature brings down to 120° C.
Baffles are the good options for increase the heat transfer rate across the domain. Temperature profile can see that the
temperature bring down effectively in half of the length of domain. The temperature reduction is 80°C effectively, the
calculations are also shows similar range of the temperature data and it is very much closer to the test data.
Temperature comparisons can be seen in summary part of the report. The flue gas is a combination of CO, and N.,.
Figure.5c shows the static pressure variation across the flue gas domain. The system static for the entire domain is
offering 800 Pa its almost 0.2 PSI. The estimated pressure drop is not exceeding beyond the limit and these numbers
are expected for this type of fluid domains. Also the pressure variation is uniform across two planes. So this indicates
the flow behavior inside the fluid domain remain same even though we select the full geometry. Velocity streamline is
shown in figure 2d, from which it can be seen that the velocity of flue gas is increasing at the baffles.

Air flow phenomenon in the fluid domain

Air enters the domain in tubes location, the temperature of the air is at 35°C when it enters. One can see the velocity
vector in below Fig 4a; the air is entering into the tubes from the entrance duct and leaving domain through exit
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domain. The velocity distribution across tubes is not varied much. Velocity of air is same at inlet and outlet of the
domain. Fig 4b shows the temperature variation for airflow across the fluid domain, when the air enters into the domain
the temperature is 35°C. When the hot air reaches the exit location of the domain, temperature shoots up to 95°C.
Temperature profile can see that the temperature shoots up in half of the length of domain. The temperature rise is
60°C effectively, the calculations are also shows similar range of the temperature data and it is very much closer to the
test data.
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Fig. 4. Air flow phenomenon in the fluid domain, a) Velocity surface streamlines for air flow path,
b) Temperature contours plot, ¢) HX tubes wall temperature contours plot, d) Heat flux contours over HX tubes

Result table

Table 111 Comparison of flue gas air and HX tube for two in let temperature.

Air Performance
Desian Mass flow Air inlet Air Exit Air inlet Air Exit Pressure dro
9 rate Temp Temp Pressure Pressure P
Kgls K k Pa Pa Pa
Airat35C 0.195 308 361.84 306.26 0 306.26
Airat25C 0.195 298 355.13 306.25 0 306.25
HX Tubes
Flue gas Performance
Performance
Flue gas | Flue gas Flue gas Flue gas
Design Mass inleq[ outlgt inle% outlgt Pressure Heat Wall
flow rate drop Flux Temp
Temp Temp Pressure Pressure
Kals K K Pa Pa Pa w/m? K
Air at 376
35C 0.16 473 401 1051.13 0 1051.13 14195
Air at
25C 0.16 473.1 396.7 1045.37 0 1045.37 | 1510.43 | 370.42

Temperature on HX tubes are shown in below fig 4a) air entrance side of the tubes has low temperature region, it is
about 60 C. The flue gas looses the enthalpy when its reach the exit of the domain, due to this reason the low
temperature is captured. The high temperature over HX tubes captured where the flue gas enters the domain. And we
can see that the baffles are changing the flue gas flow directions, due to the change in direction the temperature profile
over HX tubes are changing. Heat flux on HX tubes are shown in below fig 4b) flue gas entrance side of the tubes has
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low heat flux region is captured. Once enter the flue gas inside, the tendency of hot fluid take a turn towards baffles
side and right side has little recirculation flow. Due to the flow turn the heat transfer rate is less in that location. Other
places of tubes have better heat transfer.

VI. CONCLUSION

The heat transfer, temperature variation, velocity of both flue gas and air and heat flux is reported in this study. From
fig 3(a, b) the baffles are providing the hindrance to the flow path of flue gas, so that the maximum heat flux is
observed at this point of HX tubes it can be seen from fig 4d So it can be concluded that by providing baffles the rate of
heat transfer will be increased. An optimum air side pressure drop is observed, which depicts the installation of medium
quantity of air blower, by which energy consumed will be less, from that the overall efficiency of the plant will
increase. From incorporating the proposed design in the existing plant, the temperature of the primary air would
increase by about 60°C. Then the efficiency of the boiler would increase by 2.7%, their by reducing the coal
consumption.
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