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Abstract

This projecf is a part of a research programme by Eskom to develop
power station rotary regenerative air heaters that are more compatible with
South African coal properties. Large costs are invoived in the replacement of air
heater surfaces dﬁe to the erosion caused by the abrasive South African coal ash.
The performance of an air heater & governed by numerous parameters, some of
which (such as erosion} are unpredictable. A laborar v testing faciiity which
can producé a real-situation envi-onment for air heater research is not only
impractical but also expensive. Hence it has been decided to generate a
computer simulation model of a power station air heater, The wvarious
alternatives for the improvement of existing air heaters will be assessed using
this computer model. Extensive information regarding the influence of various
parameters such as thermal performance, erosion, flow resistance, corrosion,
etc. is necessary as input to the simulation model. Various test facilities have

been commissioned to obeain this information.

This project is an experimental study on the thermal performai ce of the
regenerative air heater heating elements using a thermal test facility situated at
the Eskom Technolopy Research and Tnvestigations centre in Johannesburg, The
facility uses the single-blow transient technique to establish the heat transfer
coefficients of various air heater heating elements, Ten ditferent types of hesting
elements were tested and the results were 'analysed.. These test results and
recommendations give useful indications for power station application even

before the final simulation model is available.

The primary cbjective of this project was to find the leat transfer
coefficient and also to make correlations between Colburn j factor, Fanning.
friction factor and Reynolds number, Packs were tested for various air flow
rates, ranging frem  Reynolds nwmber 1200 to 6000. The test results were

LI}




analysed and the cdrrelations were made. A detailed uncertziinty analysis was
done and found that the results are showing less than 7% error which is
" acceptable. The consistency of the test results was tested by a repeatability test
and the results were quite satisfactory. The single blow method used in this
project considered the longitudinal conduction within the material and it can
accommodate any arbitrary inlet fluid temperature history. '

A comparative siudy of the various packs was done and traced certain
trends. The high density packs gave better heat transfer and high pressure drop.
The packs with afternate corrugated and flat plates had lover hear wansfer
performance, due to the fact that the flat plates do not create  .ch turbulence to -
the flow to reduce the boundary layer thickness 1o enhance the heat transfer, In
.short the flat plates only add weight to the pack, making it heavier than other
packs, |

Based on the uorrelations.and trends cbtained Ffrom the analysis, soms
_ recommendations are also made, A further modification of the test facility was
recommended to include a wider range of flow from very low Reynolds number
to very high. This is necessary to find whether the packs with flat plates rezﬁly
perform better for highly turbulent flow. The non - adiabatic né,ture of the side
wall has to be considered for better reliability of the results. Some other

. recommendations are made to make the testing of packs more convenient.
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N Nomenclature

mOARE e AR . :
-Ul“‘P e >

B FRRTFOQ

core heat transfer area excludmg plate edges
= pumber of plates X 2LW, m’

core minimum fiee ﬂow area, o

core frontal area , m’

half plate thickness, m

heat capacity, kif(kg K)

wall specific heat, Jkg®C

Afr specific heat , ¥kg° C

Centerline

~ diameter . m

Average friction factor = (r,, /L ) {ap, 1{G*. ip)]
or r“;"L )[d.p, HG? 12p)~K, ~ Ke]

. fluid mass velocity, kg/(nr's)

core miass velocity = s/ A, kefsm’
heat transfer coefficient, W/m® K
enthalpy, Jkg

Colburn factor = (WG c,}*Pr°

core entrance pressure loss coefficient
gore exit pressure loss coefficient
thermal conductivity , Wm K

plate length, m

distance between core pressure taps. m
flow fength over heat transfer surface of core, m
core mass, kg

air mass flow rate, kg/s

number of transfer units = (hAY( m c;)
heat transfer rate, W _
convective heat flux (W/m®)
Reynolds sumber = 4r|.G:' 7o
hydraulic radius = AL'IA. m
temperature, ° C

temperature, K

initial uniform temperatuxe, ° C
measured inlet air temperatm‘e, *C
measured exit air temperatute, °C
time, s

plate span, m

 axizl flow direction coordinates, m

time to terminate the Differential Fluid Enthalpy Method, s




A * {ongitudinal condiiction parameter = (kaW) / (micL}
L+ time, S. :
b velocity - potential fimction.
M dynamic viscosity of air, Pas
p density of air, kg/m® _
T dimensionless time =(rc,N'TU t} / {mc) _
Ape  pressure drop between core static pressure taps, P2
Ape pressure drop between tunne] static pressure taps, Pa
AT, maximum temperature change, K -
£ thed voidage, dimensionless
Dhe packing bulk density, = p1-€) kg/m’
- Superscripis . '
n time step in finite - difference analysis
Subscripts
d hydraulic diameter
£ tiuid
I node in Fnite difference analysis
m pumber of finite difference in the wall.
s solid
w wall
0 initial conditions.
1 " at core enfrance.
2 at core exit.
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Chapter 1

INTRODUCTION | |

The worid'depends heavily on fossil fuet for the generation of steattt because of

its availability and é_conomy. The operational cost of a fossil fue! power station

is dependent upon the amount of energy extracted from the fuel and the cost of

extraction. The boiler air preheaters in the form of rotary tegenerative heat

exchangers play an impottant role in the economical operation of thermal power |
stations, .becausc they recover some of the residuat thermal energy from the flue

gas leaving the combustion chamber. This necessitates the need for proper

design, construction, operation and maintenance of air preheaters,

- Air heaters are used ia most steam generating plants to heat the combustion air
and enhance the combustion process by recovering some of the thermal energy
from the exhaust flue gas. Preheating of the combustion air is important to
improve the combustion process, The benefit from preheating combustion air
can be shown to be typically a [ % improvement in overall boiler efficiency, for
each 22 " C rise in combustion air temperature [1]. Also the lower temperature
flue gas is less harmful to the gas cleaning equipment. On a 660 MW boiler
unit up to 140 MW of heat is recovered in this way [2]. The flue gas is the
source of energy and the air heater serves as a heat irap to collect and recirculate.
some of the energy from the flue gas stream. The demand, therefore, is to
reduce the pas outlet temperature whilst at the same time minimising the
possible demage o the heat transfer surfaces. There is 2 need to maintain the
temperature of the exit flue: gas above the dew point to prevent condensation and
the formation of sulphuric acid which will speed up the cotrosion of meml
surfaces, There are various alternative methods for air preheating but rotary
regenerative air heaters, which are explained in the following chapter, are the

most widely used type of air heaters in the large power stations.
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Figure 1.1 Relation between the Combustion Air Temperature and Fuel Savings [3]

Air heaters are made up of Heating Elements of thin corrugated meiallic plaes
packed in steel structures known as Air Heater Buoskets rthrough which gas
and air can pass. These heating elements are subjectéd alternately o liot gas and
cold air streams to recover and release heat respectively. This is done either by
rotating the air he.ter matrix or the hood attached to the air heater. The heating

elements constitute the thermal storage medium in the air heater.

1.1 Operational Performance of Air Heaters in South Africa

The air heaters used in South African power stations were designed and
commissioned by various multinationals and hence they normally satisfy the

general requirement rather than addressing the unique problems of a particular




country, Most of these are successful in other patts of the world because of the
availability of high quality coal in those couniries. South African coal has a very
high ﬁc‘rcentége of ash and is-bf a highly abrasive nature due to the presence of
various minerals in the coal. This leads to the high erosion rate of the heating
elements because of the rubbing of the ash particles in the gas against the
elements, which shorters their life span. Other problems are corrosion and
fouling. Corrosion is mainty due to the chemical reaction of .the condensed
sulphur wioxide (sulphuric acid) in the flue gus with the metal surface. This is
not & major problem for power stations using coal with low sulphur content.
Fouling is due to agglomeration of ash particles in the narrow gaps between the
air heater plates, exacerbated by oil carryover. This will increase the pressure
drop across the air heater and hence there will be aﬁ increase in the power -
consumption of the boiler fans. To a large extent these problems :an be
minimised by changisig the profiles of the plates (heating elements), but this
' may reduce the heat transfer effectiveness of the air heaer. Hence a thorough
uriderstanding of the thermal performance characteristics of heating elements of
different profiles should be obtained before suggesting a particular typé of plate

for South African coal conditions.
1.2 Objective of the Project

= Statement of the problem _

Current designs of air heaters give rise to various problems including erosion of
heat transfer elements and seals, corrosion and fouling, cross and bypass
leakage, etc. It is envisaged that an optimised design of air heater elements for
South African coal ash conditions, in conjunction with improved operation
prdcedures. will result in increased life span and efficiency. If the average life
span of air heaters can be increased from say 8 to 10 years, the number of
element replacements during the station’s lite is expected to be reducea from 5
to 4 times, Considering the current cost of about R2 million for an air heater




element replacement and the number of air heaters in use, a very large amount
of money can be saved andp‘oWer generation can be made more economical in
South Africa, . o o

Any decrease in therma! efficiency of the air heater directly affects the operating .
cost of the plaat and the erosion of air heaters necessitates their replacement at
regular intervals which is expensive as explained. Ready made solutions of these
problems do not exist because of numerous parameters' which are interlinked.
For example, higher thermal efficiency would have to be balanced against
possible higher rate of erosion and also higher gas pressure drop. Hence the
target is to find an optimum range of all these effects in conjunction,

* Praject

‘As an initial step to find an optimum range 0:! the various parameters in order to
design an economically optimum pack for South Atfrican cbhditions. two test
facilities have atready been commissioned as part of other project work [4]. One
of the facilities was designed 10 test erosion characteristics and the other, ussd
in this project, is used 1o determine heat transfer and pressure drop
characteristics. A detailed description of this thermal facility is given in the
following chapters.

The primary purpose of this particular experimeﬁtal study was io find the effect
of the geometries of various heat transfer elements on the heat ransfer
coefficients. The thermal test facility was used 1o tesi the performance of all
commercially available elements. Anatysis of the test results should show trends
in the effect of georetry on heat transfer and pressure drop and thereby

contribute to optimised element development.




Chapter 2
AIR HEATERS

4.1 Fossil-fuel Power Stations

" Various designs-of steam generating units are being constructed and operated ali
over the world, but the basic principles and the accessories are more or less the

same.
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Figure 2.1 A typical 500 MW Builer [3]




Figure 2.1 shows 2 typical 500 MW boiler, (Power station boiler ratings are
g‘e_r_xerally expressed in terms of the installed capacity of the turbogenerator
ittached to them.) - .
Flue gas Coeriumstion o

4

(o)

" Fig. 2.2 Schematic diagram of two designs of rotury regencrative heat exchangers { 5 |
(all jungstrom design, fixed duects.rotating drum. '
(b)Rothemuhle desigm,stationary drum,rotating headers.

The etficiency of 8 thermal power station ig approximately 35% {et‘ﬁciencﬁr is
‘the ratio of the energy extracted and utilised from the fuel io the heat energy
available in the fossil fuel),and 45% of the energy is wasted in the condenser,
10% in the mrbogeneraor and 10% in the boiler. A small increase iﬁ the boiler
efficiency can amount @@ 2 considerable saving for large power siations having
. ctalled capacities of 3000 MW {11].

The main outlet of the waste eriecgy in the boiler is through the flue gas. By
extracting some residual thermal energy from the flue gas, the poiler efficiency

can be increased, The regenerative boiler air heaters are used tor this purpose.




| 2.2.-Arrangément of Air Heaters in a Boiler plant

The air héater arrangement for a coal fired boiler plant may either have [1]
(a) Main air heaters only

or

(b} Main and mili air heaters

{a) Main Air heaters only. _ _

In this configuration atl the ﬂﬁe gas flows through the main air heaters. The air
heaters are sized © raise the incoming air to a temperature which mairiains the
coal mill exit femperamre within close operating limits. If a drier fuel is used,
the -hof air is tempered by cold air taken from the forced draught (FD) fan
discharge and mixed at the primary air (PA) fan inlet. With wetter fuel, gas
which has been bypassed around the économiser can be used to improve the
temperature difference across the air heater and thus produce a higher air exit
temperature. But these changes to accommodate the off-design moisture level
result in an increase in stack loss. Alr bypass arrangements are made not only
for sfart—up purposes but also to maintain the gas exit temperature and air inlet
" temperature ahove the design fevels [11.

{b) Main and mill air beaters _
In this coufiguration, an additional air heater of smaller size is included which is
known as the mill air heater. The purpose of this mill air heater is to heat the

primary air flowing through the milfs. -

With main air.heaters only, the supply costs of the PA fans, the operating
power and erosion from duast carried over in the air heaters are all increased.
However thi.s scheme is normaily chosen hecausé of the lhigh leakage of the mill - -
air heater scheme.', causing unit output t0 decrease, since the mifl air heaters

have to deal with a differential pressure at least twice as large as the main air




heaters. Over recent ye'ar§ much work has been done to improve the leakage
~ performance and it is envisaged that the next generation of plant wili use the
maint and mill scheme and thereby take advantage of the supply cost savings and

lower operating powers. .

2.3. Classification of Air Heaters
Air heaters are classified according' to their principle of operation as

Recuperative or Repenerative.

* Recuperative Air beaters ¢ in which flue gas flows on one side of a plate or .
tube and the incoming combustion air on the other, heat transfer occurring
across the boundary. These are of statie construction with small leakage of air
to gas through expansion jomts, access doors and césings. These are large for
the thermal duty, difficult 0 clean and do not allow anjf replacement of

damaged heating surface.

» Regenerative : where the outlet flue gas flows through a closely packed
matrix with consequent incresse in matrix temperature and subsequently air is
passed ﬂiro_ugh the matrix ta pick up the heat. Either the matrix or the air
hoods are rotated o achieve this, There are consequent sealing problems at
the moving surfaces caused by the differential pressure betweeﬁ the air and
flue gas. The bulk of large air heaters are of the rotary regenerative type and
a_ll are arranged in general with air flowing up and gas flowing down.

The two most commonly used regenerative air heaters are the Ljungsirom and

Rothemuhle types.

2.3.1 Howden (Ljungstrom) Regenerative Air Heaters

The modern Howden rotary regenerative air heater is a development of an
original design patented by Frederick Ljungstrom in 1920 [1]. The entive mass
of heat exchanger elements is rotated in a continuous cycle through altermate




streams of cbmbustion air and flue gas. Fig 2.3 shows a typical air heater for a
500 MW coal fired unit. The mild steel rotor is the central part of the air heater
‘and contains the heat transfer matrix. Radial plates extending from the hub
divide the rotor into typically 24 sectors which in turn are subdivided at the hot
and intermediate end element containers. At the cold (lower) end, elements
generally have a shorter life than in the upper tiers due to the combined effects
of enrrosion, .fouling and soot blowing. However this trend can be reversed if
high ash load= >ause substantial erosion on the hot (upper) end. In operation, the
rotor assumes a distorted shape with the casing and non rotating surfaces
remaining square, which wounld cause rubbing at the cold end and axial seals and
an increase in gap at the cold end. in order to stop rubbing and minimise the air
to gas leakage czused by the differential pressure between she air and gas, an
adjustable sealiug system is prbvided. Typical leakage levels range from 4% to
i0% for main air héaters and from 10% to 20% for correcily adjusted mill air
heaters. To minimise the bypassing in Howden regenerators, circumferential
sealing between the perimeter of the votor and the casing is provided by strips
aitached to the casing which seal against the circumferential tyres on the top and

bottom of the rotor.

The current design of air heater incorporates a bottom parailel girder suppor

system which has allowed improvements to flow distribution to be made a¢ inlet - -

and outlet compared with the top suppnrted A-frame system typical of the 500
MW units. This combined with improved flow distribution in.the boiler - ear
pass. established From madel tests and lower retative lengths of circumferential
seals on larger air heaters, led to a marked improvement in performance in the
air heaters. ' | '

Thé hieat transfer surface area of the air heater iltusirated is in excess of 51000
square meters and is formed in three tiers. The cold eﬁd tier is shallow (0.3 m)
and is formed from 0.8 mm *Cor-ten’ sheets which may be of a plain form with
notches (corrugatations) formed in alternate plates to méintain spacing. The hot
end and intermediate elements are each 0.8 m deep in the example illustrated




and are formed from 0.5 mm mild steel sheet packed in pairs with one sheet
being undulated and the othe_r notched and undulated (see section 2.6).

Circumferential  Water Wash Heating Surface Basket  Upper Suppod

Seal . - Beam
Basket '
Comparimenis
Transition Circumnterential
Hausing Seal Land
- Bootblower ..
' Haating
: Surface
Axial Seal
Rotor
Drive
Radial Seat
Cold Basket
; Replacement
P Daor
Axial Seal Plate Hot Layer
Adjusters Intermediate Layer(s}
Lower Support Beam old Layer

Fig. 3.3, Ljungstrom Air Heater {3]

The undulations run at an angle of 30 ° o the notches and impart high
turbulence to the fluid, thereby improving the heat transr'er; It has been the
practice to provide additional depth in the rotor to accommodate further surface
area. This practice may be discontinued on new plant as sootblower nozzles are
too far away from the elements. All elements are packed in rigid containers to
facilitate removal and handling [1].
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232 D&mdson (Rothemuhle) Regenerahve Air Heaters
These rotating hood regenerative air heaters are manufactred by Davidson Lid
‘of Belfast under a licence agresment “with Rothemuhle of Germany. The

Rothemuhle air heater operates on the same principle as the Ljungstrom.

Gas

-. . f\ g
Heallng \

Surface

Drive
Moalor

Gk

Alr

igure. 2.4 Rathemuhle Alr Heater {31
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The heat transfer surface is contained within a stator, There are paits of rotating

hoods keyed to the same central shaft (Figure 2.4). In operation, hot flue gas |
from the economiser outlet enters the air hieater at the top and passes downwards
‘through the rotating he d and the stator elements, giving up heat. Cold air from
the FD fans passes through the stowly rotating lower hood and through the |
stator where it zbsorbs th heat previously imparied to the stator by the flue gas,
A system of stiding seals is incorporated in each air hood 0 minimice leakage of
air to the flue gas. Figure 2.4 shows a typical modern regenerator for a 660
MW oil-fired unit, It is 2 requirement of any air heater that the seals should not
require setting between thé overhau! periods. Much effort has gone into a
revised design of seals to reduce leakage and some sealing surfaces are cerefully
machied. The combined. effect is to reduce the leakage on large 2i¢ heaters
dealing with total combustion air or secondary iwur only to about 5%, in the
presence of an air to gas differential of 40 mbar, On milt air heaters which deal
- with primary air only, at typically {40 mbar differential pressure, leakage in a
correctly set air heater can be as fow as 10%. The heat transfer surface for the
air heater illustrated in Figure 2.4 consists of 0.8 mm thick ‘Cor-Ten’ steel
plates arranged in packs. Each pack comiains alternate vertical and diagonally
corrugated plates, The vertical corrugations are staggered. .

2.4. Air Heater Performance

The Performance of air heaters can be subdivided into the following areas.

2.4.1 Thermal Performance

Under ideal circumstances, the outlet air from the air heawer should attain the
exit flue gas temperature. This is not attained due to various types of heat
transfer resistances. The effectiveness of a regencrator can be meagured in
terms of temperature ratios [7}:

-Gags  inlet  femperature — Gas outlet temperature
Gas indet temperature — A inlet  lemperature

Effectiveness =




(This is if the mass flows are equal). Effectiveness will be 1 in an ideal
 situation, if the thermal capacity rates of the two streams are equal.

2.4.2 Leakage _
Air flow passing from the air side to the gas side is called leakage, It is
quantified in kgfs., but is frequently expressed as a percentage of the gas inlet
flow. Leakage is undesirable primarily because it represents fan power wasted in
conveying air which bypasses the boiler combustion zone, Leakage can also
reduce an air heater's thermal performance, Air heater leakage is inherent with
the rotary regenerative design. There are two types of leakage, gap and carry-
over, Gap leakage occurs because of higher air pressure than the lower pressure
on the gas side, through gaps between rotating and stationary parts, Carry-over
leakage is the air carried into the gas stream from each rotor (or stator) heating
surface compartment as the surface passes trom the air stream fo the gas stream,
This leakagé is directly proportional to the void volume of the rotor aid the
rotation speed. |
Regenerative air heater design leakages range from 4 1 15 % but increase over
time as the seals wear. During récent years effective automatic sealing systems,
which nearly eliminate leakage due to seal wear, have been applied. These
systems monitor and adjust rotating to stationary seals during operation.
- Air heater jeakage can be obtained directlj as a difference between air or gas
side outlet flows based on wvelocity measurements. However, velocity
| méasurements are difficult to obtain accurately in large duct cross sections. Air
heater leakage is tmore accurately caiculﬁted based on calculated gas 'weights
using ges analysis, boiler efficiency and fuel analysis data [3].

2.4.3 Pressure Drop
fn recuperative air heaters, gas or air side pressure drop arises from frictional
resistance to flow, inlet and exit shock losses and losses in return bends between

flow passes, In regenerative ait heaters, the main cause is heating surface
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frictional flow resistance. In both cases, pressure drop is approximately
proportional to the square of the mass flow rate. Typical vatues at full joad
flows are 0.5 to 1.7 kPa. Air and gas' side pressure drop values are the
differences between terminal inlet and outlet static gauge ptessures. Correction
of the measured pressure drops: for deviations from design flows and

temperatures is hecessary before comparison to design values.

2.4.4 Corrosion

Air heaters used on units firing sulphur bearing fuels are sﬁbjecrcd to cold end
corrosion of heating elements and supporting structures, In a boiler, a portion of
the suiphur dioxide (SO} produced is couverted to sulphur trioxide (SOy) which
combines with moisture to form sulphuric acid vapour. This vapour condenses
on surfaces ai temperatures below its dew point of 120 to 150 ° C. Because
normal air heater cold end metal temperatures are frequently as low as 93 “C,
acid dew point corrosion potential exists. The obvious solution would be 10
‘operate: at metal temperatures above the acid dew point temperatures but this
results in greater overall boiler losses. Most air heaters are designed 1o operate
at metal temperatuies somewhat below the acid dew point, where the efficiency
gained more thah balances the addiiional maintenance costs [3].

“When sulphur levels are high, or ambicnt temperatures or operating loads are
low, metal temperatures may be unacceptably low, These simations dictate the
use of active or passive cold end corrosion control methods.

_ Active systems used to raise metal temperatures include (1) stean or water coil
air heaters to preheat inlet air (2) cold air bypass, in which a portion of the inlet
air is ducted around the air heater and {3) hot 2ir recirculation in which a
portion of the hot air is ducted back to the fan inlet, |
Passive corrosion control methods incorporated in air heater design include (1)
thicker cold end materials, such as 18 gauge (lmm) regenefative surface
elements, (2} iow or high alloy cold end surface materials such as Cor-ten which

have at least twice the corrosion life of carbon steel, (3) non-metallic coatings.
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such as porcelain enamel, teflon, or epoxies on coid elements and (4) non-

metallic cold end sucface materials such as extruded ceramic plates.

2.4.5 Plugzing

Plugging is the fouling and eventual closing of heat transfer flow passages by
gas entrained ash and corrosion products. . It can occur at the air heater hot end”
but is most common at the cold end where ash particles adhere to acid or oil

fnoistened surfaces. Plugging increases air heater pressure drop and can limit

unit load to less than full load. Air heater deposits are controlied and removed

by soot biowing, cold end temperature control, surface design. off-line cleaning

and furnace additives. depending upon the particular application [3].

2.4.6 Erosion

Heat transfer surfaces and other air heater paris can suffer erosion damage
through impact of high velacity, gas entrained ash particies. Erosion usually
occurs near gas inlets where velocities are highest. However, areas near seals in
regenerative air heaters can also be damaged as ash is abcelerated tlirough the
seal gaps. The undesirable effects of efosion are structural weakening, loss of
heat transfer area and- pecforation of components which can cause air to gas or
infiltration leakage. Erosion leakage is a function of veldacity, gas stream ash
lvading, the physical nature of ash particles and angle of particle impact. It is
- controlled by reducing velocities, removing erosive elements from the gas
stream, or using sacrificial material. In the design stage, air heaters using fuel
containing highly erosive ash zan be sized to limit gas inlet velocities to 15 m/s.
Inlet fiues can alse be desigred to evenly distribute gas over the air heater inlet,
1o eliminate local high velocity areas. Dust collectors, or strategically focated
screens and hoppers, may be used ahead of air heaters to remove sonie of the
ash. In an existing installation, flow distributior baffles may be installed to

eliminate local high velocities. Sacrificial materials such as abrasion resistant
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steel or ceramics may be placed over critical areas, of parts can be replaced with

thicker materials for iong_er life.

2.5. Design of Air heaters
Air heaters are designed to meet performnce requirements in three areas:
thermal performance, leakage and pressure drop. Low performance in any area

increases boiler operating costs and may cause unit load curtailment.

Thermal Design _

The design of an air heater is .mainly'based on thermal performance data
derived from laboratory rig tesis on clean elements or standard design -
correlations for plates and whes. In addition, allowances are made for the
following, all which can contribute to a shortfall from the ideal.

s Flow maldistribution.

« Flow _bypassing the heating surface,

" » Fouling and cokrosion.

» Heat loss from the structure.

e Changes in fluid properties.

o Distribution of cross-leakage.

e Manufacturing and erection tolerances.

e Pressure losses through transit:on ducts and flues,

The thermal performance is normally expressed in terms of the convective heat
transfer coefficients on the air and gas sides, suitably combined to give an
overail Beat transfer coetficient. Once .the heal transfer surface characteristics
and expertence factors are known, not only can accurate assessm.ents of the
requlred size of an air heatet be predicted and checked, but assessments can also
be made of the effect of possible changes to the heat transfer surface, In both
cases the use of computer techniques considerably speeds up the proeess of

selection and prediction.

16




2.6. Heating Elements

in_ mbst types of gas heat exchanger, pumping power considerations tend to give

fluid flow conditions in or near the lamivar flow regime. Thus it is often
worthwhile to introduée some form of turbulation in the heat transfer matrix
rather than to use a simple configuration. Tests have shown that smploying
" undulated plates rather than flat plates to give different configurations, makes
possible improvemeants in the thermal performance. The pressure losses.
associated with such geo:ﬁetries may be significantly greater and less severg
turbulating devices are sometimes preferred. Hence various types of heating
elements are available on the market to meet the requirements .af different
operating conditions and ohjeﬁtives.

Regenerative air heater surface elements are usually a compact arrangement of
two specially formed metal plates (Figure 2.6). Each element pair consists of a
combination of flat, corrugated or undulated plate profiles. The roli-formed
corrugations and undulations serve io separale the plates to maintain fiow paths,
increase heating surface area and maximise hear transter by creatiﬁg flow
turbulence,

The steel plates are typically spaced 5 to 10 mm apart. Closely spaced, highly
protiled element pairs exhibit a higher heat transfer rate, higher pressure drop
and higher fouling potential, while widely spaced element combinations, where
one plate is flat, exhibit a jower heat transfer rate. low pressure drop and
reduced fouling potential. The combination of plate profile, material and
thickness is selected for maximum heat transfer, minimum pressure drop, good
cleanability and high corrosion resistance. Surface elements are stacked and
bundled into self contained basgkets and are installed into air heater rotors and
stators in two or more [ayers. Cold layers, which are subjected to corrosion and
fouling, are typicalty 300mm deep for economical replacement. Heavy thick,
open profile elements are used for corrosion resistance and cleanabiity.

Hot-end and intermediate surface layers are more compact than cold layers. and
use thinner plates made up of mild steel. Practically all cold layer elements are
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low alloy corrosion resistant steel or when high corrosion potential exists

porcelain enamel coated steel is used in some couniries.

Figure 2.5 Cross sectional pmﬁie of the heating elements [7}
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Figure 2.6 Heating Elements [ 7]

19




Types of Heating Elements

In a regenerative air heater the shape and form of the heating elements in the
thermal storage space can be changed without altering the air heater structure.
Hence the heat transfer performance of the air heater can be modified by

_ changing the elements

A wide range of air heater element prof' fles and numerous combinations of
hot end and cold end elements are available on the market; The type instalied in
any particular air heater is the necessary solution to operanonal problems or
efforts at improving the boiler efficiency. The choice of element type should be
based, not only on the predicted performance; but also on carefully conirotled

 site trials or previous satisfactory operation with fuels of similar characteristics.

The dimensional details of some common heating elements are given in Figure
2.7. '
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5.7 Operating parameters of a power station Ajr heater.

As mentioned earlier roﬁ:y regenerators rely on thie heat storage capacit; of a
matrix of closely packed heating elements, alternately exposed to the hot flue
gas and to the cool combustion air. . The heat mairix storage is built in the form
- of a squat cylinder typically heving = vertica! axis, with 2 diametor of
appraximately 10 . and a depin of T W Two such units serve a 600 MW
boiler. Each of them hanclles flue gas and air flow rates of about 200 m’ /s, The
surface to yolume tatio may be as lugh as 600 ol [ Typica wlet and

- outiet temperatures are given below 61 -

I nlet"C Outlet " C

“The typical value of Reynolds numbers 15 between 1500 - 6000, The average
velocity is 310 8 mfs 9.
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Chapter 3 .
LYTERATURE SURVEY ON CONVECTION HEAT

TRANSFER
3.1 Coefficient of Heat transfer

[n many cases of feat transfer, involving either a gas or 2 liquid, convection is Em
important factor. {n the majority of heat transfer practice, heat is being tfanét‘erred
from one fluid through a solid wall to another fluid. Assume a hot fluid at 2
temperature flowing past one gide ot metal wall, and a cold fluid at Iy flowing past
the other side, 0 which a scale of vy aess x, adheres. in such a case, conditions

obtaining at a given section are itlustested diagramaticaily in Figure 3.1

*Frad film
WA (1
% Flund HWim
= b
EddJdies

Yi

Figure 3.1 Temperature gradients for stendy fow of heat by conduction and convection from 3
warmer to a colder fluid separated by a solid wall {121 :




In case of turbulent fiow of a fluid past 2 solid, it has long been known that, in the
immediate neighbourhood of the surface, there exists a relatively quiet mné of fluid,
. co.mmoﬁly called the film. As one approaches the wall ﬁ_‘oin the body of the flowing -
fluid, the flow tends to becomte less turbulent and develops into lamiﬁar flow
immediately adjacent to the wall. The film consists of that portion of the flow which is
essentially in laminar motion and through which heat is transferred by molecular
conduction. The resistance of the laminar fayer to heat. flow will vary sgeording to its
thickness = and can ré.nge from 93 per cent of the total resistance for some fluids 1o
about 1 per cent for other. fluids { liquid metals ). The turbulent core and the buffer
iayer berween the laminar sublayer and turbulent core each offer a resistance o heat
transfer which is a function of the turhulence and the thenﬁa.l properties of the flowing -
fluid. The relative temperature difference across each of the 1 - - is dependent upon

their resistance to heat flow.

The Energy Equation
A compicte energy balance on a flowing fluid through which heat is being
transferred resulits in the energy equation ( assuming constant physical properties ) [12].

a a a & [ a‘rJ .
Ep| =ttt bV kW) 2 | et = [k g+ D e 03,
”[aa M "'a-] [ac’ & @)t e B-1)

where x, y and z are direction coordinates and @ is the term accounting for energy
dissipation due to fluid viscosity Except for the time term, the left hand terms of
the equations are the so-called convective terms involving the energy cartied by the
fluid by virtue of its velocity, Therefore, the sofution of the equation is dependent
" upon the solution of the momentum equations of flow. Soludlons of the above
equation exist only for simple flow cases and geometries and meinly for laminar
flow. For turbulent flow the difficuliies of expressing the fluid velocity a5 a
function of space and time co-ordinates and of obtaining reliable values of the
effective thermal conductivity of the flowing fluid have prevented .olution of the

equation, unless simplifying assumptions and approximations are made.




' 3.1.1 Individual Coefficients of Heat Transfer

Because of the complicated structure of a turbulent flowing stream and the
impracticability of measuring thicknesses of the several layers and their temperatures,
tocal heat transfer between fluid and solid is defined by the equations [12].

dg = hdd; @ - 1) = BodAg (fs = 17 )errvrrrans. i (3.2)
where &, and hy are the local heat transfer coeffictents inside and outside wall
respectively and temperature # is defined by Figure 3.1
The definition of the heat transfer coefficient is arbitrary , depending od whether bulk
fluid temperature , cc stre line temperature, or some other reference temperature is used
for 2 or & . The above equation is an expression of Newton's law of cooling and
incorporates all the complexities involved in the solution of equation 3.1. Isaac
Newton, in L701, first expressed the basi_c'rate equation for convective heat transter.

This very simple expression known as the Newton’s law of cooling is

q = M rr;"cf - Tﬂmd‘)""“""“‘ -------------------------------------------- ‘4-1.‘ -------- (3;3}
where q is the rate of convective heat transfer in W, A is the arex normal to the
direction of heat flow in m®, Tawr - Taua U5 the temperature driving force in X, and h is

the convective heat transfer coefficient in W/ m*.K.

The temperature gradients in both the fluid and adjacent solid at the fuid- soiid

interface may also'be related to the heat transfer coefticient [12],

di

dg = hdd;(t; -t} = (-—k—) =(—k—J ............................ RPN & N3
e &t g B

The integration of the above equation will give

oW . iy . .

dq dg_ . .

A = je— = e T T T PR T aaaes YRR RN E R ARty u-u-l(-’bs)
‘ {h,At, i' At
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which may be evaluated only if the quantltles under the mnegral can be expresscd in

terms of a single variable. If g is a linear function of A ¢ and his constant , then the

above equation gives

hA(AE, - AL,
= _._(__._..ﬁ (3.6)
m(m,,, )
L
where the A¢ expression is the logarithmic mean temperﬁture difference between the

wall and the fluid.

Frequently experimental data report average heat transfer coefficients based upon an

arbitrarily defined temperature difference . the two most commor being

- hfmA.(Arm _Ataur) . s
Iu(At',n f'ﬁf.,..,) crvveerne esrevesnreanriee earaareniies vereenns v 3D
h AlAt, —A
g= el £ 2 R rerererenns3.8)

where i, and h,, are average heat transfer coefficieny based upon the logarithmic
mean temperature ditference and the a. ithmetic mean temperature difference.

respecnveiy.
3.1.2 Overall Coefficient of Heat Transfer

In testing commercial heat transfer equipment, it is not convenient to measure tube
temperatures {t, o t; ), and hence over—all perfermance is expressed as aﬁ over-ail
coefficient of heat transfer U based on a convenient area dA.
By definition. | _

dg= U dA (-tadrsee i erenrerereeierbeseeraneres errirreaeriean (3.9
U is called the Overall Coefficient of Heat Transfer, having units of Wim’.K, the same

as h.




3.2 Dimensional Analysis

Dimensional analysis is simply a mathematical tool. This enables considerable time to

be saved in planning experiments aud in corvelating results of an experiment or using
correlations prepared by others. In order to apply dimensional analysis to a situation,
the variables and their dimensions, which are believed to be involved, are considered.
in some cagses, without any experimental work at all, it can be found from dimensional
analysis whether é suspected variable is reatly tnvoived in a particular probleny, In all
cases, dimensional analysis will reduce the number of experimental \Fariablcs o be
correlated, and often it will point out the best experimental approach to the problem. It
will not give quantitative information, however; experiment must still be relied upon

for that purpose.

3.2.1 Dimensionless groups in Convective Heat Transfer

In a majoricty of fluid-mechanics and heat transfer problems, turbuient flow conditions
exist, The equations of motion cannot be solved explicitly for turbulent flow problems,
unless some signiﬁcént and limiting assumptions are made. Consequently, for such
problems the method of dimensional analysis is used. Traditionally, dimensional
analysis is utilized to obtain a tunctional relationship between the convection coefficient
and the relevant physical properties and kinematic parameters of the {low situation,
Once the convective coefficient is known, the heat transfer rate can be determined 12
The variables and the dimensional constants believed 1o be involved in the convective

heat transfer are given below.

(a) Film coefficient = (F/ LBT )

(b} Conduit internal diameter = D=L
© Flﬁic_l linear velocity = V = (L/9)
(d) Fluid Density = p = (M/L%

{e) Fluid absolute viscosity = p = { M/LE)
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(f) Fluid thermal conductivity = k= (F/8T)

(g) Fluid specific heat = ¢, = (FL/MT) -

(h) Dimensional constant = g, = (ML/F6%)

After doing the dimensional analysis using the Buckingham Pi Method, the Folio_iving

dimensionless groups were obtained,

{a} hD/k - Nusselt number, which is one form of 4 nondimensional heat transfer
coefficient. '

{'b) ep/k - Prm_ldtl m_m_lber. which is equal to the ratic of the molecular diffusivities

- _ of momentum and heat.

(¢) DVp/u - Reynolds Number, physically, can be thought of as the ratio of inertial
torces to vistous forces. At low values of Re, the viscoﬁs forces predominate, and flow
is regular or laminar. At high vaiues of Re, the inertial fbrces are controlling, and
turbulent  flow prevails. At intermediate values of Re. flow may fluctuate. being
sometimes laminar and other times turbulent, as the viscous and inertial forces {tuctuate

- in their dominance,

These three dimensionless groups are frequently used in heat- transfer film coefficient

correlations, Fuactionally, their relation may be expressed as {12]

F{Npys N Nig ) = Oucinninecnrcnrnernnns fireneesenae SRR Cereaeniens (3.12)

or as |

Naw =J; (Nor Nrgheeoeoeeroronne ettt es st eeeertoeneater e tonnann (3.13)
BD/k = K (/) DV vt (3.14)

in which K., a, and b are experimentaliy determined dimensionless constants.




3.3 Representation of convective Heat Transfer Coefficients _

There are two general methods of expressing convective heat transfer coefficients.
3.3.1 Dimensionless relations

" The dimensionless relations are usuaily indicated in either of two forms, each yielding
identical results, The preferred form is that suggested by Colburn {12]. It relates,
primarily, three dimensiontess groups : the Stanton number h/cG, . the Prandt] number
c;.tfk',' ‘and the Reyﬁolds number 'DG.*’!.L. For more accurate correlation_ ‘of data (at
Reynolds number < 10.000), two additional dimensioniess groups are used : the ratio
of Ien.gth to diameter L/D, and the ratio of viscosity at wall { or surface ) temperature
to viscbsity at bulk teinper‘awre. Colburn showed that the product of the Stanton
aumber and the two- thirds power of the Prandt] number is app_roximate'lj.f -eqﬁal to haif
the Fanning friction factor /2. This produet is called the Cotburn j factor. Since the
Colburn type of equation relates heat transfer and fluid frictior, it has more utiiity than
other expressions for heat transfer coefficient, | '

The classical form of dimensionless expressions relates. primarily, the Nusseft number

hWD/k, the Prandt]l number cp/k, and the Reynolds number DG/ p [12].

3.3.2 Dimensional relations _

The dimensional equations are usually expansions of dimensionless expressions in
which the terms are in more convenient units and in which all numerical factors are
grouped togethei' into a single numericat constant. In some instances. the combined
physical properties are represented as a linear function of temperature, and the

dimensional relation resolves into an equation containing only one or two variables.




3.4 Heat Transfer Theories of various types of Exchanger sys.tems

3.4.1 Heat Transfer in Direét-'l‘ype Heat Exchangers o
These are the'cbnventional-type of heat exchangers in which the two fluids exchanging
thermal energy are separated by the heat transfer surface. The. interrelation of the
following parameters provides the basis for the heat transter a.épects of the exchanger
design, . ' '

a) The overall heat wransfer coefﬁcient

b) The surface area on which the overalt heat transfer coefficient is based,
¢} Hot and Cold fluid terminal r.emperaturés (inlet and outlet 'te.mperé.mres )
d) Thermal capacity rate of hot and coid fiuid.

.The'-significance of all the above variabies are self-evident with the exception of the
oﬁerall heat transfer. coetficient. This term comes from an overall heat transfer rate
equation which combines the convective and conductive mechanisms. responsible for
the heat traissfer from the hot to the cold fluid, into a single equation [14]

GEIAA = U (L= Lot Jerererssererssseserennes et es s (3.15)

The overall heat transfer coefficient can be considered as having the following series
-componénts

| (1} A hot side film convection component
(2) A wall conduction componént
{(3) A cold side film con.vec_tion component
(4) Fouling factors to allow for service scaling or fouling on both hot and cold sides.
The convective film coefticients are r..omplex functions of the surface geomesry, fluid
properties. and flow conditions. Except for some of the geometrically simple cases:
with laminar flow, model experiments are being depended to establish these _

coefficients,
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3.4.1.1 Exchanger Heat Transfer Effectiveness.

Thc'heat ransfer rate équation (3.15) must be combined with an energy equation'.
equating the loss of enthalpy of the hot fluid to the gﬁin of enthalpy of the cold fluid. in
order to reiate the heat exchanger variables listed at the beginning. These variables are
00 numerous to permit ready graphical description of their relation, However, they
may be judiciousty grouped into a smaller number of nondimensioﬁal.pammeters wlich
.do aliow such a representation. -The non dimensibnal groupings selected as most
convenient and possessing the most readily viscalised physical significance are named _

and defined as follbws

: C;.(‘h... _’h«.) Clt - 4,)

Exchanger Heat Transter Effectiveriess £= = . (3.16)
Coinlti, — 1) Cualti, - 2..)

where C,,;, is the smaller of the C, and €. magﬁimdes fld-].

The erfectiveness compares the actual heat transfer rate to the thermodynamicully -
limited maximum possible heat transfer rate. Thus £ possesses the significance of

effectiveness of the heai cxchahger from the thermodynamic peint of view.

3.4.1.2 Number of Heat Tra.nsfer Units (NTU )
AU,, 1 4

C C

T min A

NTU =

where a is the same transfer area as used in the definition of U . Generally in design
work U can be treated as constant, ' '

The number of heat wransfer units, NTU, is a non dimensional expression of the * heat
transfer size™ of the exchanger. Figure 3.2 demonstrates the asymptotic character of
the £ vs NTU refation for a given capacity ratio. When the NTU is small the
gxchanger effectiveness is low, and when the. NTU is large the effectiveness
approaches asymptotically the limit imposed by flow arrangement and thermodynamic

considerations.
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3.4.1.3 Capacity Rate Ratio
Capacity Ratio = Cpin /Cpupgerssseerrrrneseeraninssmniisesssesnssssssensasneeeenseni(3.18)

where Cp, and Cy are the smaller and the larger of the two magnitudes C,, and
Cen - The capacity ratio is simply the ratio of mass flow rate times specific heat
capacity for the two streams. These products can be considered as flow stream thermal

capacity rates, ie., energy storage rate in the stream per unit.of temperature change.

{n general it is possible to express

Effectiveness £, = f (NTU, Coin/ Coux » 10w arrangement )..........ceeer. (3.19)




3.4.2 Heat Transfer in Periodic - Flow Type Exchangers
The pericdic - flow type heat encaanger is described in the foilowmg sketches. As
explained in the pre\nous ..hapter the rotation of the porous matrix provides a flow of
the solid phase from the hot side flow to the cold side flow in a regular periodic
manner.

AK‘[AL*E‘LO‘.M TYPE RADIAL~y LOW TYPE

e Pavad st et et e l —

/

Figure 3.3 Periodic flow exchanger [14]

Thus the matrix is alternarely heated and cooted, and in this manner heat is transferred
indirectly from the hot to the cold Fuids. There are three major advantages of the
periodic flow type of heat exchanger refative to the direct type : (1) a mmuch more
. gompact heat transter surface can be employed (2) the heat transfer surface in general is
less expensive {3} because of the periodic flow reversals there are no permanent flow

stagnation regions . conquuently the surface ends to be self cleaning.

3.4.2.1 Effectiveness - NTU Relations.
Eftectiveness E = f ( Cuyi/ Crnax + Ce/ Cini « NTUa ) ooiieens trerneeenisistranas {3.20

where NTU,

I T S :
_Cmu'-. %-( };.] . 4_( L‘ .

C, , t2 matrix capacity rate = {revs/hr } (Matrix mass ¥ ( Coops ) Wihr (K [14]
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3.4.2.2 Influence of Matrix Rotative Sp.eed

This consideration is significant not only because cf the influence of C, on E as
indicated in the above equation (3.2 1). but also because of 2 carryover loss associated
with the void volume of the matrix. For minimum carryover it would be desirable ©0
operaie at low rotative speed, but this results in a lower E. Another advantage of low

speed uperation is the reduction of seal wear i rubbing seals are employed.
After a preliminary matrix design is accomplished . equuiion (3.21) can be employed o

investigate the influence of operation at off - design speeds. The following sketch

indicares such an exploration for 2 particular matrix design.

1.5
3¥
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Figure 3.4 Influen of rotative speed [ 14}

It is evident that the design rotative speed was much higher than necessary and that a

ceduction of speed from 31 rpm 0 10 rpm can be made.
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3.4.3 Friction Characteristics of the Heat Transfer Matrix

{n the design of liguid - to - liquid heat exéhangers, acocurate knowiédge of the friction
characteristics of the heat transfer surface is unimportant because of the low power
requirement for pumping high density fluids, For gases, however , because of the lox.
density, the friction factor per unit mass flow rate is greatly multiplied, Thus, to the
designer, the friction characteristics of the surface assume an importance eqﬁal to thag
of the heat transfer characteristic. ‘The friction chacacteristic needed is the flow friction

tactor, f, which is a function of flow geometry and Reynolds number {14},

3.4.3.1 Core Entrance and Exit Pressure Loss Coefficients

The tyb ical installation of a compact heat exchanger usually invol ves a flow contraction
at the_ heat exchanger core entrance, and a flow expansion at the core exi,

The following diagram shows the enwance pressure drop, and exit pressure rise,

characteristic of flow through a heat exchanger core.

- o egw

FLOW ot  —

Figure 3.5 Entranee and exit effect of the Mow [14]

The entrance pressure drop is made up of two parts which have been arbitrarily
separated as follows, The first is the pressure drop which would occur due to fiow area

change alone without friction. The second is the pressure loss due to the ir- -2rsible
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free expansion that always follows the abrupt contraction, arising from boundary layer
separation, and the consequent pressure change due to change of momentum rate
_associated with changes in velocity profile downstream from the vena contracta,.
Although the principal applications under consideration here involve gas flow, density
changes in the u, .l case sre sufficiently small so that the incompressible treatment is

satisfactory‘ The entrance pressure drop can then be exprassed as [14]:

rd rl I .
AR -=_-L I-o* +K-£— rrrrrceriernnnrresernes(3.22)
P “2g

where V is the velocity inside the heat exchanger core, and o is the core free- flow 10
frontal atea ratio. The irveversible component of the pressure drop is conmained in the
abrupt contraction or entrance coefficient, K.

The exit pressure rise is similarly broken into two parts. The first is the pressure rise
which would oceur due to area change alone without friction, and is idestical to the
corresponding term in the entrance pressure drop. 'The second Is the pressure loss
associated with the irreversible free ex_panéion andd momentum changes following an

abrupt expansion, and this term in the present case subtracts from the other. Thus [ 14]

ARY V= |
[ p] :Zg‘_( J) K"Zg : (3.33)

.
where I, is the exit coefficient.

3.4.3.2 Core Pressure Drop

The following sketch deseribes the flow rhrough a heat exchanger matrix.

for a pas flow heat exchanger applications the pressure changes from sections § 1o a
and from b to 2 are very small refative to the total pressure, wnd thus V, = V| and
Vs,
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Figure 3.6 Core pressure drop [14]
Then by definition of the entrance and exit loss coefficients, K, and K, . and an

integration through the core of the momentum equation, the relation for the flow stream

pressure drop calculation for most heat exchanger cores is

2

Q

oo . ¥

£ a1 [P E‘-!__) il’g_“ T Y .
7 R[(K‘-H 0)+?{ S (1-c K..)v ........... (3.24)

i)
fi

v

entrance Jiow core exit

effect acceleration  friction effect
However. for flow normal to tbe banks or through matrix surtaces, as employed in
periadic- flow types of exchangers, enrance and exit loss effects are accounted tor in
the friction Factor and the equation becomes ( with K., K, =0 ),

AP Gy, oyl W ] dy
— it + —-‘_l +- —_2 PendaviaEn v 025
£ g R [(1 7 Y. / 4. v @
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3.5 Methods to find the Heat_Transfer Performance

3.5.1 Steady State Methdd

‘The steady state method uses a tube having a constant wall temperature, and heat is
rransfecred from the tube wall to the Huid flowing through the wbe. The constant wall
ternperature is achieved by allowing a hot vapour (o condense on the outside surface of

the tube. The process of condensation is isothermal for pure substances.

Vapor miet

'
“Thermocopples spaced 10 cm dpart

- }—-Hh:m-} 1 r‘l '
) F S ¥ YR K F e ):,_f\:__—:@
Wi — _.._.._.....__.._..._....ﬂ“_,,. o Water
lnia::r 4.‘_‘... e i s 1 . _ fuh‘“‘et

! Flow meter

Condensans vt

Figure 3.7 A schematic dingram of o device used to determine the film conduttance [20]

~ The figure {3.7) shows the schematic diagram of an apparatus from which to take data
for measuring the heat transfer coefficient, Water flows through the inner pipe.which is
tocated in another pipe. A second fluid condenses on the exterior surtace of the intter
pipe, The process of condensation occurs at a constant ‘lemperature.  With
thermocouples appropriately placed the insi ‘e wall temperature of the inner pipe is
measured and rnamtamed constant. The thperature of the inlet water and the bulk
water temperature are measured. The flow meter at the outlet gives the quantity of

water flowing through the inner pipe.

k1




'From the definition of the specific heat the amount of heat added to the water can be

calculated as

g=m ¢ (T~ Tp)oeurrnnn. reersarrrs vereeeeeees N veeene(3.26)

From the Newton's law of cooling we have

G = heA (Tog - Tigleeeeerreesvniseesinreinnsosnnans e wen(3.27)
The area is given by '

A= DLt v eeis v ettt e (3.28)
Substituting for area and equating both expressions for q yields

1o (T~ Ti) = HOA (Tit = Tadvvevravsesssssmmsressnsssenessesnnne (3.29)

Solving for &

el =T) bttt et rarer b (3.30)

AT _Tn) '
The heat transfer coefficient obtained from this gives the average v« ue over the heated
section.
This method involves a rather delicate, if not difficuit.' task of .measuring the a.verage'
surface temperature. This method suffers the definite limitation that serious errors
ccour when applied to test cores of large length to hydraulic diameter {L,’D“'} ratio.
‘Errors in temperature measuremient result in excessive errors in the computed value of

the heat transter coeffi_cient even with excellent instrumentation,
3.5.2 Mass Transfer Analogy method.

Just like the similerity between the equation governing heat transfer and friction.
leading to useful analogies and similar results, there is similaritj' between the equations
of mass transfer and heat iransfer leading to useful analogies and similar results. The
study of mass transfer in @nvection thus leads to similar equations and correlations,
with analogous useful dimensionless constants. '
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The basic governing equation for mass transfer is Fick’s Law of diffusion, which is a
direct analogue of Fourier’s Law of heat conduction. [n a stagnant {laid, a constituznt

" A will flow according to [13]

J=-D, %

where J is the current (amount per unit area per unit time ), C is concentration (amount

* per unit volume}, and D, is a diffusion coefficient.
If we have similar boundary conditions at the plate for concentration and temperature
(if there is a specified concentration at the surtace of the plate, and the constituent may
énter the flow stream at the surface , as may be the case if the plate is a porous wail
through which the constituent has diffused to get to the surface )}, then an entirely
paralie] development may be pursued. defining a concentration boundary layer instead

of a temperature boundary layer,

In a mass transfer problem, analogous tc a heat transfer problem, we assume that the -
| velocity distribution is established independently. Thus the veloeity boundary layer will
be determined by the Reynolds number as before.

The Schmidt number and Sherwood number in the mass transfer are analogous to the
Prandtl nember and Nusselt number in heat transfer res_ﬁectively. Similarly d_it'fusion

coefficient is replaced by thermal diffusivity.

. The parallels between heat and mass transfer extend to all geometric configurations as
long as the boundary conditions associated with the mass transfer and the heat transfer
problems are the same. Thus, by considering heat transfer, many important techniques
for ﬁnalysing mass transfer can also be learned, From a problem-solving point of view,
the set of spreadsheets and computer routines for treating heat teansfer probiems witl
also be useful for the mass transfer problems. '
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3.5.3 Transient Techniques

Transient and steady - state testing techniques have both been used to evaluate the heat
' transfer.charactefistics of surfaces in heat exchangers. The steady- state techinique,

described above, has been used a great deal in the past and is still being used by &

majority of heat exchanger manufacturers. The reason for this is that the steady state

technique, when applicable, produces more accurate results than the transient

technique. However transient techniques are becoming mdr'e popular due to one ot

mots of the following reasons. '

{1} Only one fluid stream is required.

92} High area density matrik surfaces can be tested in readily fabricated test cores.

(3) No wall temperature measurement is needed,

(4) High and low effectiveness test cores can be tested,

The transient method employs one tluid to e.ither supply or remove heat from the heat
transter su'rface_ or matrix. When the inlet fluid temperature varies with time,

| conyrctive heat transfer becomes time dependent which results In timewise changes in
the e. thalpies of both the surface and the fluid, This phenomenon can be deseribed by
an analytical model assuminy that the average heat transfer coefficient remains constant
and that the surface and fluid temperatures vary with time and position along the flow
passage. lts solution is then matched with the measured ourlet fluid temperare
responsé curve to determine the heat transfer coefficient. A heating screen installed at

_upstream of the test core is commonly used as heat source,

3.5.3.1 Varions Subsets of Transien: Techniques

Each subset has individually different ad?antages and requires an experimental
apparatus a:1d an appropriate mathematical model. The mathematical mode! consists of
the specialised idealised system including the boundary conditions, the differential
equations, and the solution. The test system consists of the matrix test core in & duct
with provisions for the metered steady flow of. air through the core. Additionally,

* means are provided for the rapid regulation of the fiuid inlet temperature and the
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transient measuremeqts of _core. infet and outlet fluid temperatures. Heat transfer
characteristics are determined by matching the experimentally established temperature
variation of the fluid leaving the matrix with a similar theoretical result from the
mathematical model, The matﬁematical models used may employ either a step -input
(single blow method } or the periodic function input (periodic method } for the
temperature of the in-flowing stream, These models require that the input temperature

wave form used in deve]oping the theoretical results be produced by the experimenter.
3.5.3.2 Periadic Method

The periodic method consists of imposing a periodic fluctuation {eg, sinusoidal wave )
on the single fluid flowing into the test core and measuring the temperature response of
the fluid flowing out of the core. The method originally received limited attention.
Stang.and Bush [21] analysed the technique and showed that it was useful for test cores
having a low number of transfer units ( 0.4< NTU < 4.8). Further development was
accomplished by them for the very wide range 0.2<NTU<50. This wide range allows

a wide test range of Reynolds number for a single core.

3.5.3.3 Single Blow Method

The single blow method consists of imposing a step - change in temperature of the ftuid
flowing into the test core and measuring the response of the fluid flowing out of the
core, In this technique, the heat exchanger is operated as a regenerator. This
regenerator matrix is allowed to equilibrate with the process fluid temperature and then
the temperature of fluid flowing into the configdration is changed. The outlet fiuid
temperature variation during the transient period up to the new equilibrated temperature
is recorded. Knowing these two temperature histories, the fluid flow rate and the core
physical properties, an average convection coetticient can be determined with the aid of
an appropriate theory. (A Finite Difference Analysis is used in this project ). Then
this measured response will be matched with some mathematical description of the




prpcess [22,23,24,28.29,30]. This process is known as an Evaluation Technique or s
Data Reduction Teéimiqué. In this project Direct Curve Matt:hi_ng. which is one of
the data reduction techniques, is used.

The regenerator model a&empts to describe the transfer of heat betwesen the fluid,

usually a gas, passing through the regenerator and the packing in which the heat is

stored between the hot and cold periods of operation. It is convenient to begin by

- discussing the passage of a single gas which ﬂoWs through the pores of packing in a |
continous manner, the so called Singie Blow. The same eﬁuaticins are then applied to

the alternate heating and cooling of the packing as the hot gas and then the cold gas

pass, alternately, in mutually counterflow directions in regenerator operation,

in the past, these theories were applied 1o well defined inlet emperature function of

time. The most popular were the step function and the harmonic .t'unction. Annlytical

expressions were obtained linking the infet and exit fuid temperatures for these two

functions. Ditferent evaluation ctiteria were employed by different investigators to

compare theory and experiment for the purpose of picking an appropriate heac transter

coefficient. The various technigjues are deSc_:ribed in the following pages. The accuracy

of the technigue may be strongly dependent on the core parameters, evaluation criteria,
a.n'd. on the precision of the experimental inlet temperature functions. [t is often
necessary to perform extensive numerical calculations o correct for impurities in the
inlet temperature function or to implement a certain evatuation criterion. These
corrections to analytical solutions and the evaluation procedure itself méy be carried out
on a digital computer. This project is based on an alternative approach in which the
entire data reduction scheme including the theoretical prediction is designed from the-
start to be implemented on a computer, A finite -difference modet of the core is used
which can aé.commodaté arbitrary inic:. temperature functions and 1011gitudinal' core

conduction, The result is a transient test of improved accuracy and flexibility.
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3.6 Data Reduction Technigues for Single Blow Method

3.6.1 Direct curve mai:ching inéthod _
In this curve matching procedure, 2 trial and-error approach is used to find the closest
fit between theoretir.ily evaluated breakthrough éurves for various values of NTU and
. the experimeﬁtal response curve {36]. This is .ichieved by the minimisation of the
absolute value of the total residual between theoretical and experimental data points.
- This method requires ronsiderable computational effort.

The minimisation conaition used on the rasudual is the following least square condition:

o T 112
. |
[Z(T s Ty ) ] ..................................... RO (3.32)

where 1 is the number of readings taken from t=0 up to the 80% break through point.

3.6.2 Maximum slope method _

This method was developed in 1950 by Locke in order to reduce the magnitude of the
data reduction effort required by the direct curve matching method {28}. In this
method, the unique relationship between the bresk through curve and the Number of
Transfer Units (NTU} is used to predict the hear transfer coetficient, The unique
maximum slope (M) of the breakthrough curve is defined as follows ; |

c.L (4T, :
_ M=p,-,,,C;Lﬁ-"—-(—-£] et irn s rvissesaressessosssmessessessssraro( 3.33)

The relationship between M and NTU is shown in Figure 3.7 for the ideal step input.
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Figure 3.3 Maximum slopes and shape factors as a function of MTU [24]

A half interval search method is now used to find the NTU value in the theoretical
model that matches the experimenial value of the maximum siope. Locke’s analysis
was restricred, however, o cores with zero loncruudmal conduction. This method is
unsuirable for use with systems in which NTU is less than 3.

Howard included iongitudiﬁal conduction by the finite difference in the Locke’s
analysis. This-is commonty used-at present because models using Finite dirference

equations are well suited to computer based data reduction process [24].

3.6.3.1. Initial rise method

To allow the experimentation in the low NTU mnge Kohlmayr ["Si proposed another
“indirect curve matching technique. This involved the evaluation of the centroid area
between the inlet and outlet fluid semperatures, but there 15 no evidence that it has beee
used to analyse experimental data. This initial rise method is valid only for ideal step

inputs, and as such th results generated by this method must be viewed witht suspicion.
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3.6.3 Shape factor method

A viabie alternative to the Locke approach is to measure the time interval between 20

and 80% breakihrough points and relate this to the shape factor, a d° - ‘onless
_quantity, and the NTU relationship which is shown in Figure 3.7 for an ideal step

input, This ideal relationship was obtained by Parabi [32]. :

In this the time interval between the 20-80% points of the smoothed experimental curve

is evaluated and then the value of S, the shape t‘actbr is obtained from the equation

S=mC Ay gy Coleciornnn perrrees e ares creenrrnerraresnensnrresnes e 34)

Agait a half interval search method is employed to find the NTU value that gives the

match between experimental and theoretical values of S.

This technique is restricu:d to the rapge 1.8 < Nw < 20, since at NTU < 1.8 the
initial rise is greater than 20% and for NTU > 20 the relatiouship betwzen S and NTU

becomes insignificant.

3.6.4 Pluid enthalpy method

The two metheds _explained above, the maximum slope and shape factor, are explicit

. but ure very sensitive 1o deviations in the breaktﬁrough curve from its predif:ted

reéponsa because so few points are used The muitipoiit matching . . .ques mentioned
so far do not suffer this problem, but neither are they truly explicit. Cai et al proposed

{2:3) an explicit multipoint technique called the “difterential fluid enthalpy method”,
The ditferemial flnid enchaipy method uses the raw experimental data, as does the

direct curve matching method. |

The area between the ** et and outlet temperature curve is obtained 5y

GC, i .
. Area:;;m_![m(t)-— T:U)]Cf:f ................................ L(3.35)




'y'=_p,,,Cf,LJ'GCf... ..... cveee ierrirterearens reseaenes srenannnnnn(3.36)

using measured system variables, Again a half interval method is usea to find a value
of NTU that matches the experimental and theoretical values,

3.7 Finite difference - analysis for the exit fluid temperature

A theoretical prediction for the exit fluid temperature history is obtained by solving a

- finite difference mode! of the heat exchanger with the measured inlet lemperature
.functi(m as inpus. An initial value problem for conduction in the solid core is coupled
to a one dimensional convection problem in the fluid passages through an a\}emge heat
transfer coefficient “Ww. Tn the evaluation procedure, a value of *h’ is guessed and the
finite difference equations are solved to. yield an exit tluid temperature history
prediction. This prediction. is compared with the measured history, If the two curves
match within specified limits, then the assumed “h° is correct. If the curves do not
matcl, *h" is changed and the process is repeated until an appropriate value is obtained,
This procedure has been used for the evaluation of interrupted plate surfaces and it &
this geometry which will be used to illustrate the details of the method,

The finite difference equations are placed in Appendix 2.
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~ Chapter 4 |
TEST FACILITY AND PROCEDURE

4.1 Test Facility

The test facility is located at the Eskom TRI {Technology Research and
Investigations -Department § at Cleveland, 12 km from fohannesburg, South
Africa. This facility was designed, constructed and commissioned by Caby (4],
as an MSc (Eng) project at the University of the Witwatersrand under the
supervi.sion of Prof. T J Sheer, The entire project was sponsored by Eskom.

This 1est facility is used for the evaluation »f the thermal performance of various _
air heater packs currently being used in Esk- n power stations. The heat transfer
coefficient of packs of piates of 3U0x300+500 mm is measured at various air
flow rates, vsing th~ single blow method o5 explai ed avove. The air heater
'pack is pleed i~ a test duct mud she pack is allewed to reach thermal
equilibrium wih the incoming air, ‘Tnen thr temperature of the inlet air is
changed rapidly using an eleciric heater instafled upstream i the tunpel. The
corresponding variation of the outlet temperature during the transient period is
measured, An average heat transfer coefficient is then extracted by curve
matching. ' '

The main components of the test facility can be subdivided into:

(a) Mechanical Commponetits '

(b} Eiectrical Components -

(c) Instrumentation

(d) Data acquisition System
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{a) Mechanical Components

The main structure is made up of 16 mm 'marine_ plywood in the form of a
square tube having an inside cross sectional area of 305 x 305 mm®. This
material was selected dué to its Insulating properties to minimise the outward
heat transfer to make the system more adiabatic. This is connected into a flow
chamber (1100 ¥ 1000 X 1400 mm®) made up of the same plywood. From the
chamber another 400 mm diamete- pipe is instalied parallel to the pi’ywnod

square tube as hown in the schematic diagram, Figure 4.1.

A flow measurement nozzle, a manually operated damper and two
counter-futating axial induced draught fans are accommodated in chis pipe
section, The end of the pipe section is connected to a vertical stack constructed -
through the roof cf the laboratory building. The flow is controlled 'manually.
using the damper installed in the pipe fine. The How chamber acts as a bufier
due to the large volume of air in the flow chamber and will give a slow respon,ée
w the sudden rise in températuru in the test mamrix This will cause a less

dramatic change in the air mass flow rate at the fa1 during the test;

The flow chamber has a subdividing wall betwsen the inlet and the outiet to
obtain a more uniform flow at the entrance of the pipe section, which will

increase the accuracy of the flow measurement.

Thé plywood section of the rig consists of an electric heater (which will be
explained later), a trbulator and a removable section to Inad the heating
elements as stiown ih the figure. The wrbulator is delta shaped with winglets
placed just afier the heater. The turbufator is placed in such a way.zhat the angle
of attack Is around 30° to produce vortex shedding which mixes the flow

obtain a more uniform temperature distribution [4].
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Fig 4.2 Eleciric Resistance Heater Coils

Fig 4.3 Plywood Test Section
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{b) Electrical Components

- The main electrical components are the heater and the electric motor used in the
fan. The heater is an electric resistance type having a capamty of 35 kW. An
elécrrical sup.piy of 3 phase, 60 A is controlied by a 45 kW thyristor controller
which can vary the heating load to increase the air temperature for a particular
flow rate. The heater has three identical banks of coils made up of 0.8 mm

- nichrome wire produ.cing a large surface. Hence this can be operated at low
temperature which will reduce the eftect of radiation on thé upstream
thermocouples. These coils are placed in galvanised duct work and the gaps
between the coil and the duct were filled with fibre glass insulation to prevent
air from bypassing the coil. This temperature near to the insulation will be lower
and the velocity will be higher. The turbulator placed between the heater and the

matrix assists in reducing this non-uniform temperature distribution.

(c) Instrumentation

‘The objectives of the instrumentation are to _

1. Measure the temperature of air before and after the matrix.

2 Measure the presstre drop across the test matrix

3. Measure the mass flow rate through the matrix

The instrumentation part of the test rig consists of thermocouples, pressure

gauges and a flow pozzle to meet the above objectives.

1. Temperature measurement

Thermaocouples are used for measm_ing'the temperature, These are_[irecision fine
wire thermocouples manufactured from 0.01™ diameter copper-constantan wire.
of length 36" with glass braided insulation. There are 17 thermocouples
instatied in the rig and these individuat thermocouples are amplified and
linearised by AD595 monolithic amplifiers with built-in cold junction
compensation to produce a tOmV/K output signal. The entire temperature
sensing and measuring process is comput_ei'ised and the values can be directly

seen on the computer screcmn.
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2. Pressure drop measurement
There are two. piezometric rings located on the two ends of the test section. Each

of these piezometric rings consists ot four taps, one on each wall of the test rig

-and connected together to yield an average static pressure. An ‘Airflow Medam

500" micromanometer with a resolution of 0.1 Pa i3 used to measure the
pressure drop across the test matrix. This reading is taken manually at an

i_sothermal condition.

. 3. Mass flow measurement

Mass flow rate is determined trom the pressure drop across the flow
nozzle and the fluid temperature upstream of the nozzle. The pressure drop
across the nozzie is measured by means of a micromunometer with a resolution
of 0.1 min H;O. This is connected to the data acquisition system and hence is
measured automatically. The fluid temperature upstream of the nozzle s

measured Dy using a thermocouple identical to the one explained above,

{d) Data Acquisition System

This consists of the following equipment

_ 1. AD 5395 Monolithic amplifiers

2. PC81 multiplexar
3. PC30D data acquisition card
4.A personal computer loaded with the software CMS-64 & CMSG-64.

1. AD 595 Monolithic Amplifiers

The signals from the thermocouples are not sirong enough to be conveyed for
long distances. The AD 595 menotithic amplifiers are used to amplify and
linearise the voltage output from the 16 tﬁerrnocouples. They also have inbuilt
cold junction conpensation . This amplifier can produce an output signal of 10
mv/K,




3. PC 81 multiplexer _
The function of this is to increase the numher of channels from 16 to 64. All
" thermocouples and the output from the manometer for the pressure drop aré

conr_técted to the multiplexer. A total of 18 channels are logged.

3. PC 30 D data acquisition card
This is inserted inside the PC. The function of this is o act as an Analogue !

Digital converter for the signals from the multiplexer.

4, Personal Computer
The personal cumputer connected to the test rig is loaded w:th the necessary
coftware namely MATLAB, CMS-64 and CMSG-64.

4.2 Test Procedure
This can be subdivided into the foliowing steps.
4,2.1 Preparation
4.2.2 Test Run
4.2.3 Analysis
The primary objéctive of the test is to measure the following parameters, 10
determine the heat transfer coefficient of a given pack. ' '
Weight of the pack -
Total surface area of the heating surface
Thickness of the plate
Mass of the air flowing through the pack

Outlet temperature of the air

1.

2.

3

4.

5. Inlet temperature of the air
6.

7. Inlet pressure of the air

8.

Gutlet pressure of the air

9, Atmospheric pressure
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4.3.1 Preparation
_The various steps involved in the preparation can be listed as follnws..
1. Finding expanded length ratio. | .
2, Measuring the thiﬁknexs of the plate.

3. Weighing the heating elements.

4. Luading of heating eleménts in the test rig.

4.2.1.1 Expanded Length Ratio.

T e expanded length ratio of the surface is the length across a plate divided by
its actual width. The surface length across a notched or undulated plate can be
found by anaching masking tape on the plate in such a way that it tuns over its

contours and then measuring the expanded length of the tape, The actual width

can be measured directly.

{Su:!nce contour width *————n"
. .../

\—.‘-l'ntchnd,’ccrmgnted element

o Undulated, stement

[ Actual wadth

: Flgure'-l.-l Detaj] _sliowing the form of the axial corrugations used For spacing the heat-
- transfer matrix [3].

With test packs supplied as assembled units by the manufacturer, the

measurement of individual plates is not possible since the packs are clamped and

35



welded together in their compressed state by braces. To find the expanded ratio
a graphite rubbing of the pack section is made. This gives a contour of the
notched aﬁd undulated ptates in their compressed form. To determine the actual
width, the distance between two peaks, at least 10 notches apart, is measured. |
The rub'b'ing is then placed on a digitising board and the contour traced to ﬁnd
the surface consour width [4]. _
Since there may be variations of measured lengths, an average of four different
readings were taken in each case. |
The thickness of the plate can be raken from the supplier’s specification, because _
. the heating elements were manufactured from commercialiy.available plates of
certain specified thickness. '

The weights of the heating packs were measured using a calibrated. [oad cell. -

4.2.1.2, Paching of the Test Section

The test rig is designed to accommodate packs 500 mm long in the
direction of flow and with a cross section of 300x300 mm. Hence it is necessary
to ensure thar the heating elements to be r.esr.ed shall be confined o these
dimensions.
The plates can be loaded in the rig in two ways., One way is to load the plates
into the space individually. The other method is to pre pack the heating elements
{placing undulated and notched blates alternazively ) using steel tapes and then

placing the assembled pack in the test rig.

In both. methods it is important ¢ ensure that the physical dimensions are
accurate enough to avoid any gap between the plates and the duct surface which
- can bjpass the flow of air. Also, unnoticed projections of the plates can damage
. the rig casing because it will be pushing outward against the bolt load.

A thin layer of fibre glass Iinsulation is placed on the bottom of the test section.
The joading is started with a an undulated platé and then successive notched and
‘undulated plates are placed in position finishing with an andulated plate and a
further layer of insulation on the top. The roof of the duct is then bolted down.
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In the case of a packed test matrix , the fibre glass insuiation is placed first and
then the test matrix is positioned in the test section. On the top of the matrix
another iayer of insulation is placed.

The plates shouid be clean from dust, grease, loose rust elc. to get an aceurate

reading. ( This can 1ot b ensured when an eroded pack is being tested).

4.2.2 Test Run

Thie main test activity is the measurement of the exit té'mperature response for a
rapid change in the inlet tempe: 2 for a particular mass flow, Differant
readings are taken by changing thz mz . vlow rate. | |

The minimum possible flow for this facility was the flow throagh the damper at
its full closed position ( due to its inherent leakage ). The maximum flow was
the flow when both fans are running with fully opened damper. The
corresponding Reynolds number were 1200 and 6000. |

The fans are started and the damper is wpened fully, At this time the \nanometer
shows the highest possible preséure for that particular pack. The readings can be
taken fof different mass flow rates starting from the maximum to the minimam
or vice versa. Since the exact mass flow rate is not known at this time, the
imanometer reading can be taken as a representation of the mass flow rate. The
damper can be ~onveniently adjusted to pet different manometer readings from

being fully opened to fully closed.

The atmospheric pressure is taken from the barometer. [t is good to keep the fan
running for at least 20 minutes before starting the test 50 that the test matrix will
have attained the same temperature as that of the air. ‘This can be verified from
inlet and exit temperature readings shown on the computer screen. either in
numerical form or in graphical form. Before sarting the data acquisition the
mass flow rate can be adjusted to the desired value. The pressure drop across the
test matrix is taken at this stage. The recording starts by entering a computer
command, The computer records the upstream and downstream temperatures,

pressure drop across the nozzle and the static temperature at the nozzle. The
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heater is switched on five seconds after the commencement of the recording,
The recording is stopped after 30 to 40 seconds. The heater is switched off only
after stopping the recording. Another set of readings can be taken by changing
" the flow rate, A delay of 10 to 15 minutes is required to cool down properly

before the procedure is repeated for another flow rate.

4.2.3 Anpalysis

Step 1

During the test run and data acqﬁisitiun the data was stored in  ASCII format.
These data #:~ zdited into matrix form to be used in the MATLAB software.
The matrix is called st and the various channels are represented in the
columns. The first column contains time. In this case the frequency was selected
as 2 Hz. The frequency is the number of sets of readings (temperature
measutements) recofding in one second. These matrices can be stored in
different narnes but with an extension m, which is known as m files, An m.file
can be directly invoked by Matiab.

Step 2

The edited data oblained in the tirst step consist of time and temperature. The
second step is to find the mass flow rate. A file called formdat. m is used vor
this. This file was ‘Run’ by using the ‘Run’ command in the file menu.
Laboratory ambient pressure is also an input to run this vile. The result was
stored as a matrix called testdata. The first column represents the time domain
{sec), the second and third repres'ent experimental inlet and outle” temperature

respectively, the fourth column is the mass flow rate in kg/s.
Step 3

The third step is to find the average heat transfer coefficient for the given test
run. Again a Matlab m file called turb.m is used for this,

58




The following inputs were given to run this m file.

‘No | Item ' . | Unit
1. | Number of nodes | .
2. | Data acquisition rate ' . Hz
3. | Matrix length. ' m
4. | Half plate thickness. m
5 | Matrix heat transfer area. m”
6. | Matrix cross sectional area for heat conduction m’
- Matrix rrass, _ kg
8. | Matrix thermal conductive coefficient. Wim K
9. | Matrix specific heat. Itkg K
10 | Initiaf guess for convective heat transter coefficient. | W/m™ K

Table 4.1 Informations Required to run the file “turb.m”

In the above input an initial guess for the heat transfer coefficient was also
made. A heat transfer coefficient of 60 W/m K can be taken as an initial BUCSS,
The file turb.m uses a Matlab function find_h.m to predict the exit fluid

temperature and this uses another tunction inter.m to interpolate fluid
properties. In fact the output of the tunction find_h.m is the error between the
experimental and predicted exit temperature. The heat transfer coefficient (hy is
changed to minimise the error, When the error has been minimised to an
acceptable value the corresponding heat fransfer coetficient value is accepted as

the final sotution.
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-The resuit of the run of the file turb.m is stored as zi “mat” file in the form of a

- matrix. A typical result sheet is given below.

Mass flow | HT Final Pressure | Average Initlal Alr | Error
Rate kgfsec | Coefficient | Mass ' Drop Adr Temp: { Temnp: .
] Wim® K | Flow Rate | Pa ‘c °C
kalsec '

0.3214 56.8306  0.3255 83.00  40.6997  21.4355 0.0211
0.4149  64.6559 04206 128.7) 377649 214715 0.0223
04494  67.5603 0.4565 147.00 37.1466 21.4431 0.0256
0.4818 70.2852 04903 166.00 40.3655 214509 0.0194
05496 76.1812 05586 208.00 38.6879  21.4093 0.026!
0.6335 82.8470 0.6457 267.00 - 37.8868  21.4042 0.0319
07055 90.0476 07217 321.00 371354  21.2486 0.0389
07692 954733 07678 378.00 36.0631  21.2198 0.0456
0.8326 1002377 0.8518 435.00 357459 212078 0.0455
0.8905 105.1321  0.9099 488.00 347549  21.2439 0.0529
0.9430 107.8090 0.9655 545.00 34.8171  21.0862 0.0483
0.9984 113.1043 1021} 61400 33.9967 210615 0.0592

Table 4.2 Typical result sheet

A flow chart of all the steps explained so tar is given in Figure 4.5 for easy

reference,




Raw experimental da.t.
{ASCIL format}

Edit raw dato

&TLA.E m—Elle containing
per.mental data

MATLAB— fmmat file cantalmng
data in a convenient ferm
for use and storage

: |

! Enter malrix pnys:cal properties,

data sequisition rate and the
nrmber of nodes.

l
== e

; . \Sls the error hetweer the
Chnnge\\ experimental and predicted
axit fluid temperatura
2 otirves acceptadble ?

~ liinal seolution 1

Table 4.5 Flow Chart showing the Data Reduction Procedure (4]
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Chapter 5
TEST RESULTS OF VARIOUS COMMERCIALLY
USED PACKS

_ 5.1 Description of the regenérative air heater packs tested
Heat transfer tests were carried out on ten packs made up of different plates.
Table 3.1 lists the packs tested. Test resuits are given in Tables 5.2 to 5.12,
Tme pack, KG6, was tested twice (o check tiie repeatability of the test. The
result of this repeated Lest has been separated by designating it as KG6 (a).

No Pack Length | Plate Mass Supplier - Test Results
mm thickness | kg Table No.

1 El 500 0.8 | 528 External Coasultant Table 5.2

2 K6 508 0.5 41.2 Howden Power Table 5.3

3 K4 500 0.5 58,5 Howden Power Table 5.4

4 K5 500 0.3 55.4 Howden Power Table 5.5

5 lvis 500 0.5 6.0 Howden Power Table 3.6

6 (HS . |500 0.5 35.8 Rothenihle Table 5.7

7 SKH11 | 300 0.5 2144 Howden Power Table 5.8

8 KHI1 | 500 0.5 38.1 Howden Power Table 5.9

9 KH10 500 0.5 45.6 Howden Power Table 3,10

it | KG6 500 0.5 64.5 Howden Power Table 5.11

1 |KG6@ |50 |05 645 Howden Power Table 5,12 -

Table 5.1 List of the packs tested

All the packs were 500 mm long except one which was 300 mm long. This
was ‘made from plates of KHI1 geometry. This has been named as Short
KH11 or SKH11 in order to distinguish it from the normal KH11 of 500 mm _
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long. Another pack, named as El for the test purpose., was supplied by an
- external engineering consuitant in Johannesburg who is also interested in the
ongoing tesearch work. This matrix was fabricated from plates of 0.8 mm
thickn_ess. The geometry of the plates of this pack, E1, is shown in Figure 5 1 _

‘Fig 5.1 Profile of the pack El

The plate geometries of the remaining packs are shown in Figure 2.5, The
plates supplied by Howden Power were made up in packs, where as the plates
- supplied by Rothemilble were in the form of individual plates. The Howden
Power packs used 6 x 50 mm mild steel bar as braces Lo act as cross members
across the ends of the pack, with L0 mm diameter mild steel rod running along
the length of the pack. The mass of each test pack was det, 'mined as a whole by
susﬁending it from a calibrated load cell. However the mass of the braces was

not included in determining the overall heat teansfer performance of the isst
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. packs. The mass of the test pack H8 was determined by welghmg each plate
individually and then summing up the masses of all the constituent plates. The
specifications and other dimensional details of the packs are with the test results

given in the Tables 525 12

5.2 Test results

The primary ub_;ectwe of the project was o find the heat transfer coefficient of

each of the packs The value of the heat transfer coefficient varies from 15

wWim® K o 110 W/m K. The various results gbtained are given as tabular

eulumas in this chapter. The test results are given oti 2 pack by pack basis.

The heat transfer coefficient h is optimised by minimising the error between the

expesimental and theoretical exit fluid temperature CUTVes. The hest transfer

coefficient is iteratively changed in an atempt 0 minimise the error between the .
rwo curves. When the error fas been minirhised to within an acceptble

tolerance the present heat transfet coefﬁr:ient value is accepted as being the final

solution. The last column in the test result sheet gwes the errof. This is

expressed in fractions, e.g. 0.053 which is equal 10 5.3 % .
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5.3.1, Test resulis of the pack. E1

Heat transfer area of the matrix, Ar=16.55 m*

Matrix cross sectional Area available for hea_l: conduction, As=0,0132 m
Matrix specific heat, Cs=458.8 J/kg K '
Matrix length, L=0,500 m
Mﬁtrix mass, Ms=52.5 kg

" Number of nodes, N=50

Haif plate thickness, a=0.4 mm

Data acquisition rate =2 Hz

Mairix thermal conductivity heat transfer coefficient, k =64 W/m* K

Table 5.2 Test Result of the Pack E1l

0.9984

Mass flow | HT Final Pressure | Average Tnitial Air | Error
Rate Coefficient | Mass Drop - | AirTuwp: Temp:
kgfsec - Whn' K | FlowRate | Pa °C °C
kg/sec .
0.3214 56,8306  0.3255 84.00  40.6997 21,4355 0.0211
0.4149 - 64.6559 0.4206 128.00 37.7649 214715 0.0223
“.4494 6'?.5603 0.4565 147.00 37.1466 21,4431 0.0256
0.4818 70.2852 0.4.903 166.00 - 40,3655 = 214509 0.0194
0.5496 76.1812  0.5586 208.00 38.6879 21,4093 0.0291
| 0.6335  82.8470  0.6457 267.00 37.8868  21.4042 0.0319
07055 900476 0.7217 32100 37.1354 212486 0.0389
07692 954733 . 0,7878 378.00 36.0631 21.2198 0.0436
08326 1002377 0.8518 435,00 357450 212078 0.0455
0.8905 105.1321  0.9099 48800 347549  21.2439 0.0529 .
0.9430 107.8990  0.9655 54500 348171 21,0962 0.0483
131043 10211 61400 33.9967 21.0615 0.05%2
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5.3.2 Test resuits of the pack K6

Heat transfer area of the mairix, Ar=24.726 m”

Matrix cross sectional area available for heat conduction, As=0.0124 m*

Matrix specific heat, Cs=458.8//kg K
Matrix length, L=0.500 m

Matrix mass, Ms=47.2kg

Number of nodes, N=50

Half piate thickness, a=0.25 mm

Data aequisition rate =2 Hz

Matrix thermal conductivity heat transfer coef'fic ient. k =64 W/m®> K

Table 5.3 Test B sult of the Pack K6

Mass flow | BT Final | Pressure

Avernge | Initial Alr | Error
Rate Coefficient | Mass ‘Drop Ajr Temp: ] Temp:
kg/sec W/m" K | FlowRate | Pa ‘C 'C
kalsee
0.3159 51,5366 0.3199 90.0000 39.7030 21.5911 0;0139
04082 59.1665 (0.4164 137.0000 36,8343 216467 0.0214
0.4505  62.8759 04558 157.0000  34.5980 214562  0.0243
0.4883 64.5399 04950 181.0000 35.0676 21.4432  0.0264
0.5466  69.4750 05596 219.0000  39.0393 212914  0.0300
0.6289 . 75.2012 0.6446 2760000 37.6958 213344 00372
0.7020  79.3939 07183 328.0000 36,6378 21.2824  0.0444
0.7696 83.8964 0.7870 380.0000 36.7179 213247 0.0438
0.8327 83.8286 0.8528  433.0000 36,3099 21,3951 00600
0.8870 92,6802 09083 483.0000 357620 21,2914  0.0635
0.0416 958932 09654 5340000 352583 213644 0.0763
0.9917 984029 L[O177 5840000 349293 212538 0.0618
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5.3.3. Test results of the pack K4

Heat transfer atea of the matrix, Ar=30.6m>

Matrix cross sectional area available for heat conduction,  As=0.0163 m*
Matrix specific heat, Cs=458.8 }kg K
Matrix length, L=0.500 m
Matrix mass, Ms=58.5kg,
Number of nodes, N=30
~ Half plate 'thickness,. a= 0.25 mm
" Data acquisition tate =2 Hz
Matrix thermal conductive heat trausfer coefficient, k =64 W/m* K

“Table 5.4 Tesl Result of the Pack K4

Mass flow | BT Final Mass | Pressure | Average | lmtial Air | Error
Rate Coefficient [ Flow Rate | Prop Air Temp: { Temp:
kp/sec Wim' K [kgfsee | Pa °C °c

0.3273 49,9688 .3291 127.0 379410 207792 0.0523
04091 54,5557 04144 185.0 363933  21.1385 0.0136
0.4518 58.0933 0.4575 215.0 354884 21,1878 0.0187

04846 .  61.5313 0.4915 2430 384883 213255 0.0128
0.5512 66,6809 0.5597 2980  37.5947 21.2737 0.0192
0.6352 72.7108 0.6468 3750 . 3640890 213537 0.0217
0.70353 76.6446 0.7192 4480 358250  21.3920 0.0203
0.7720 82.5202 0.7884 518.0  35.0529 21.472% 10,0352
0.8359 86,7832 0.8327 590.0  34.5469 213511 0.0327
0.8836 90.5545 0.9085 669.0 344418 21.4364 0.0380
0.9456 93.7735 10,9665 7040 33.6308 21.4339 0.0420

0.9881 86.7131 LOI107 757.0 33.6901 204345 0.0344
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5.3.4. Test results of the pack K5
Heat transter area of the matrix, Ar=27.16 m’

Matrix cross sectional area available for heat conductlon As=0.0136 m®
Matrix specific heat, Cs=458.8 likg K

Matrix length, L=0.500 m

Matrix mass, Ms=55 kg

Number of nodes, N=.50

Half plate thickness, a= 0.25 mm

Data acquisition rate =2 Hz :

Matrix Thermal Conductive Heat Transfer Coefficient, k =64 W/m*K

Table 5.5 Test Result of the Pack K5
Mass fiow | BT Final Pressure | Average Initia} Air { Error
Rate | Coefficient | Mass Drop Air Temp: | Temp: o
Kgfsec Wim* K | Flow Rate | Pa °C e

: kgfsee '

0.3646 502671 03713 115.1000 40.2280 203304 0.0183
0.4514  57.1985 0.4588 1619000 37.6815 20.5304 0.0136
0.5480  65.8508 05580 - 223.3000 34.8008 20,5686 0.0322
0.6265 70,5710 0.6419  284.0000 38.0937 22.8671 0.0200
07051  76.7115 0.7178  337.3000 33.7803 20.6504 0,0304
07673 820004 07834 3927000 36.2559 22.8496 0.0411
0.8283  B86.1805 0.8460  446.2000 35.5407 22.8852  0.0437
0.8826 884192 09012 . 497.9000 35.0259 72.8672 0.0374
09369 926415 0.9601  554.0000 34.0021 20.8362 0.0394
09932 96.5679 10149  593.0000 32.3579 20.6993 0.0337
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 5.3.5. Test results of the pack V75

Heat transfer area of the matrix, Ar=23.5m" _

Matrix cross sectional area available for heat conduction, As=0.0118 m*
Matrix specific heat, Cs=458.8 kg K |
- Matrix length, L=0.500 m

Matrix mass, Ms=46kg

Number of nodes, N=50

Half plate thickness, a=0.25 mm

Data acquisition rate =2 Hz

Matrix thermal vemductivity heat ransfer coefficient, k =64 Wim K

Table 5.6 Test Result of the Pack V75

Mass flow | HT Final Mass | Pressure Average | Imitial Air | Ervor
Rate Coefficient | Flow Rate | Drop . | Air Temp: | Temp:
kgfsec Wim® K | kglsec Pa ‘c "C

03188  40.6440 03267 68.8000 39.5511 19.8768 0.0151
04114 485029 = 0.4180 104.4000 36,5919 19.3441 0.0170
04519 ° 512123  0.4601 122.2000 353056 19.7895  0.0195
0.4817 544231  0.4926 137.0000 39.0196 10.8407  0.0247
0.5451  58.8503  0.53590 167.9000 37.6027 [9.6665  0.0325
0.6333 646663  0.6493 2151000 359411 104788  0.0402
0.7056  68.6385  0.7202 256.2000 34.9576 197104 . 0.0415

0.7693 73.7797 07871  296,3000 35.5203 19.7040 0.0490

0.8320  76.6257  0.8521 337.7000 34.7981 19.7636 0.0515
1 0.8907 80.6141 09114 377.6000 33,7540 19.7351 0.C183
0.9434  84.6684  0.9657 4154000 32.9241 10.6623  0.0560
0.9949  85.8260 1.0190 4552000 32,7859 19.6966- 0.0459
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5.3.6. Test results of the pack HS8

- Heat transfer area of the matrix, Ar==18.222 m’

Marix cross sectional area availabie for heat c'nnduétion, ' As==0,0091 ni-z '
Matrix specific heat, Cs=458.8 Ifkg K
Matrix length, L==0,500 m
© Matrix mass, Ms=35.8370 kg
Num*er of nodes, N=50
Half plate thickness, a= 0.25 mm
Data acquisition rate =2 Hz

Matrix thei mal conductivity heat aansfer coefficient, k =64 Wim'K

Table 5.7 Test Result of the PackHS

. Mass flow | HT Final Pressure | Average Initial Error
Raie Coefficlent | Mass Drop Air Temip: | Air
ka/sec Wi K. | FlowRate | Pa °C Temnp:
kelsec "C

0 93 39.0254 0.3269 55.0000 39.3167 19.4976  0.0265
04208  46.2817 0.4289 84.0000 37.0404 19.6918 0.0221
| 0.4518  49.4635 0.4588 04,0000 36.3783 19.9344  0.039%
| 0.4828  51.3860 0.4949  106.0000 40.2736 19.9464 0.0304
| (L5469 557920 0.5586  129.0000 38,5707 20,1207 0.0371
0.6292 613930 0.6460  162.0000 37.2888 20.2357  0.0501
07013 65.6078 Q7197  196,0000 36.7782 20.3541 (0641
07670 69.5417 0.‘?8‘?6 226.0000 36.5565 20.3812 0.0576
0.8279  74.1461 0.8499  257.0000 357930 204177 00729
0.8389  77.9692 0.9123 1289.0000 35,0099 20.4414  0.0660
0.9392 - 79.8119 0.9643  318.0000 34.5444 20.6148 0.0627
0.9923  83.9739 1.0200  343.0000 32.8441 18.9351 0.0820
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5.3.7. Test results of the pack SKH11
Heat transfer area of the tﬁatrix, Ar=10.78m"*

Matrix cross sectional area available for heat conduction, As=0.0090 m*
Matrix specific heat, Cs==458.8 J/kgK '
Matrix length, L.=0.300 m
Matrix mass, Ms=24.4kg
Number of nodes, N=50

Half plate thickness, a=0.25 mm

Data acquisition rate =2 Hz

- Matrix thermal conductivity heat teansfer coefficient, k =64 W/m*K

Table 5.3 Test Result of the Pack SKH 11

Average

Error

Mass flow | HT Final Mass | Pressure Taitial Air

Rate Coefficient | Flow Rate | Drop Air Temp: | Temp:

kgfeee Wim* X | kefsec P "G 'C

03219 36.1943 03293  38.0000 45.7178 223795 0.0860
04060 42,4294 04150 56,0000 43.2870 22,5051 0,1001
04503 459762 04600 66 1 41.8574 22,6325 0.1084
0.4766 482211 04887  73.0000 47.6724 22,6828 0,1076
1 05397  S1,8471  0,5538 91,0000 45,0344 22.6502 0.1135
0.6240 56,7230  0.6406  116.0000 43.5000 22,5478 0.1276
0.6976 61,2265 07173  144,0000 42.0312 22,5322 0.1363
0,7616 64,7303  0.7838  166.0000 40,7779 22,6026  0,1368
0.8261 692247  0.8471 1900000 39.61.s 22,6269 0.1358
0.8806  73.1524  0.9061  214.0000 39.0474 22,6557 0,1357
09324 76.1385  0.9566  234.0000 38.5045 22,6855 0.1371
| 0.9846 802121 10109 2590000 38,0728 227166 0.1280
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5.3.8. Test results of the pack KH11
Heat transfer area of the matrix, Ar=18.68 m’ _
 Matrix cross sectional Area available for heat conduction, As=0.0117 m?
Matrix specific heat, Cs=458.8 fkgK
Matrix le gth, L=0.500 m
Matrix mass, Ms=38.lkg
Number of Lwodes, N=50
Half plate thickness, as= 0.25 mm
Data acqﬁisition rate =2 Hz

Matrix thermal conductivity heat transfer coefficient, k =64 W/m*K

Table 5.9 Test Result of the Pack XH 11

Mass flow | HT Final | Pressuve | Avérage | Iuitial Air | Error.
Rate . | Coefficient | Mass Vrop Alr Temp: '
kglsee | Whm® K | FlowRate | Pa Temp: |°C

kg/sec *C

03091 321826 03157  42.0000 425118  20.8258 ~ 0.0360
04100 394111 04200  67.0000 38,7594 209582  0.0308
0.4455 414279 04550 77.0000 38,4245 21.0724 0.0327
0.4829 441789 04941  88.0000 37.6082 21.1185  D0.0382
0.5404 47.8720 05575  107.0000 416098 201464  0.0435
0.6253 534914 0.6421 1340000 38.5162 213314  0.0463
07017 583808 07191  163.0000 37.4552 213315  0.0474
0.7644  61.949% 07854 188.0000 332080 214603 0,049
0.8250 654042 0.8484  212.0000 37.5511 214777  0.0470
0.8862 694281 0.9094  240,0000 367747 216038  0,0573
0.9372 ?1.57.06. 00,9637 2620000 36,5983 21.6099 Q.0536
0.9883 748766 10154 2860000 359711 21,6586  0.0536
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5.3.9. Test results of the pack KH 10

Heat transfer area of the matrix, Ar= 20.72 m®

Matrix cross sectional area available for heat conduction, As=0.0105 m*
Matrix specific heat, Cs=458.8 IfkgX

Matrix length, L=0.500 m

Matrix mass, Ms=45.6kg

Number of nodes, N=50

Half plate thickness, a=0.25mm

Data acquisition rate =2 Hz

Matrix ithermal conductive heat transfer coefficient, k =64 W/m' K

Table 5.10. Test Result of the Pack KH18

Mass flow | HT Fipnl Mass | Pressure Avérngé Initial Afr | Error
Rate Coefficient | Flow Rate { Drop Air Temp: | Temp:
kalsec Wim® K | kaisec Pa e ve

03162 245020 03219 36,0000 42.1346 21.1425  0.0371
04117 27.7370 04206 54.0000 39.2129 213620  0.0263
0.4469 293676  0.4568  63.0000 384719 215798  0.02(7
0.4785 31,5644 04933 74,0000 44.3059 21.7606  0.0289
0.5434 359970  0.5577 910000 42.6811 21.9035  0.0313.
0.6306 417200  0.6455  113.0000 40.6420 22.1009 00319
0.7000 45.7535  0.7174 138.0000 39.6655 223014  0.0327
07676 50.0071 07871 1640000 38,9574 224353  0.0346
0.8268 53.0447  0.8483 !M0.0000 382621 224682  0.0354
0.8845 56.8572 09072 213.0000 37.6034 22.5480  0.0435
00377 593558 09611 2380000 37.1657 22.6519  0,0389
09903 62,0048  1,0147 261.0000 36,6021 22.6759  0.0392
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5.3.10. Test results of the pack KG6

 Heat transfer area of the matrix, Ar=33.45m’
Matrix cross sectional area available for heat conduction, As=0._0'168 m’
Matrix specific heat, Cs=458.8 J/kgK
Mairix length, L=0.500m
Matrix tnass, Ms=64.5kg
Number of nodes, N=50
Half plate thickness, a= 0.25 mm
" Data acquisition rate =2 Hz
‘Matrix thermal conductive heat transfer coefficient, k =64 W/m*K

Table 5.11 Test Result of the Pack K36

Mass fow | BT Final Mass | Pressure | Avernge | Initial Air T Ervor
Rate _ t Coefficient | Flow Rate | Drop Air Temp: ¢ Temp:
Lkp/sec Winl K | kefse Pa “C ‘e

03213 169419 03200  5.0000 40,1876 202022  0.0275
0.4053 18.5501 04146  9U.0000 39.2386 20,5145  0.0253
0.4468 20,5790  0.4568 103.0000 383666 204852  0.0320
0.4832 23,1353  0.4954 117.0000 40.2632 20.6100  0.0356
0.5470 28.8558  0.5605  140.0000 39.1155 20,7100 0.0323
0.6294 351906  0,6431  197.0000 37.4988 20.7370  0.0281
07045 40.6410 07208 243.0000 36.4153 20.8268  0,0394
0.7717 442288 07900 287.0000 36.1838 20.8703  0.0278
0.8344 47.7101 08530 3330000 353070 20.8520 0.0269
0.8898 50.8131 09106 3720000 34.8327 20.9576 0.0268
0.9430 53,5126 09663 4160000 34.5040 209793  0.0221
0.9943 562196  LOI8t 4580000 33.9881 210806 0.0227
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5.3.11. Test resulis of the pack KG6(a)

Heat transfer area of the matrix, Ar=33.45m’

Matrix cross sectional ares available for heat conduction, As=0,0168 m”
Matrix specific heat, Cs=458.8 J/kgK '

Matrix length, L=0.500 m

Matrix mass, Ms=64,5kg

Number of nodes, N=30

Half plate thickness, a= 0.25 mm

Data aéquisition rate =2 Hz

Matrix thermal conductive heat transfer coefficient, k =64 Wim* K

‘Table 5.12 Tust Result of the Pack KG6 (a)

Mass flow | BT ¥inal Pressure } Average Initial Air | Exror
Rate Coefficient | Mass Drop _ | Air Temp: | Temp:
kg/sec Wi’ K | Flow Rate | Pa ‘C *c

' ' ' kg/lsec

03192 16,8594 03264 64,0000 38,5791 18,3489  0.0371
0.4072  1B9075 04151 89.0000 370842 19.5431  0.0319
0.4492 . 209534  0.4579 (03,0000 350100 8.3782  0.0426
0.4850 232206 04940 116,0000 37.8270 18,9045  0.0513
0.5508  30.0061  0.5606 147.0000 37.0921 19,3633 0.ﬁ62‘?
0.6370 357273 0.6504 l96.ﬁ000 352668 18,7874  0.027I
0.7102 402630 0.7252 244.0000 34.0463° 19,1050  0.0282
0.7745 44.4073 07916 283.0000 34.2784 193903 0.0289
0.8349 48,6485  0.834! 3310000 33,7761 19.5006  0.0433
'0_.8933 51.6701 09132 375.0000 33,1788 19.7042  0.0385
09940 563072 1.0 177_ 4570000 32.7542 19,7791 0.0245
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Chapter 6

DISCUSSION

6.1 Interpretation of the results

'Figures 6.1 to 6.10 show the fest results plotted in various ways. The individual
test points given in chapter 3, aré nbt shown on the graﬁhs. in the interests of
clarity. -

The packs tested can be divided intd two categories. The first category is the
packs with high packing density, complex profiles and offering high resistance
1o the flow. The packs K4, 5. K6, KG6 fall in this category. The second one
is the packs with low packing density, simple profiles and offering less
resistance to the fluid flow. The packs HB.V75.KHI0.KH11 come in this

category.

_ Characteristic Curves

The results of each fest are obtained in the form of a matrix, as shown in the
- previous chapier. Graphs (or characteristic curves) may pe plotted using the
numerical values from the results. The characteristic curves of different packs
can be compared, to show fhe relative performance in various respects. These
cucves are included in this chapter. The following relationship were considered

to be of interest.

6.1.1 Heat transfer coefficient as a function of mass flow rate (Figure 6.1)
In a power station boiler the temperature and pressure of the flue gas do not '

normally change with the boiler output, while the mass flow rate varies linearly
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with the Toad of the boiler, Hence the mass flow rate of the air can be mken-és
a rep_resehtation of the load. The graph of heat transfer coefficient as a function.
of mass flow rate will give the value of the heat transfer coefficient at various
ioads. ' ' '

From Figure 6,1, it is apparent that the external pack El occupies the top
position in the value of the overall hear tvansfer coefficient. The characteristics
of K4 and K5 virtually coincide. Since the positiou of K6, which has the same
profile ﬁnd lesser packing density comes second from the top, then it would be
expected that the K5 would be the third and then the K4. The narrow gap
between K5 and K4 can not be given any significance at this stage and hence it
is not possible to predict the comparative suitability of K5 and K4 from this
graph. A more revealing picture may be obtained from the other graphs. The
rest of the positions are occupied in the order of their packing density or the
complexity of the profile. However the pack KG6 came last, although its
packing density is higher than that of some of the packs before it.

The paék KG6 is made up of alternate flat sheets and hence the total number of
plates is g_reatcr' compared with the packs made up of two types of
corrugated plates. This increased packing density does not help in increasing the
heat transfer value because the flow over the flat plates is not highly turbulent
and hence less efficient heat transfer takes place between the flat plates and the
fluid.

6.1.2 Pressure"drop as a function of Mass flow rate (Figure 6.2}

The resistance to the fluid flow is also an important factor in the selection of the
packs, Excessive resistance of the matrix can increase the fan power
requirement. The pressure drop across the pack is a direct measure of the
resistance to the flow. This graph gives the comparative picture of the resistance
o the flow of various packs, at different loads. '
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As. expected, the packs with high packing density give high resistanc .0 the
fluid flow and the packs with low packing density offer less resistance to the
flow. This trend can be seen from PFigure 6.2. The top position is occupied by'
K4, which gave the best thermal performance as per the Figure 6.1, The least
resistance to flow is offered by the pack KH10, which was at the bomom of the

thermat performance list in Figure 6.1, -

Certain significant observations may be made from this graph. For instance it
has been seen that the pack E1 which gave an intermediate performance in tﬁe
thermal characteristic. has a relatively high pressure drop. In Figure 6.2 its
pressure drop results place it in the group of packs having high density, or as
mentioned earlier, the first category of packs. The therma! performance of the
external pack El is well below that of the high density packs but is flow
resistance is the same as that of the high density packs. The suitability of this
pack can not be finalised from these findings because this pack was made up of
plates having a thickness of 8mm., whereas all the other packs ware
manufactured from Smm plates, This may helﬁ to counter other problams such

as erosion and corrosion.

Another observation from this graph is that the pack V75 is positioned exactly at
the centre of the pressure list. In the thermal pecformance list this also occupies
the centre position. Hence Pack V75 can be chosen as a refereice for high

density and low density packs.

There is a difference of 200% between the pressure drops of the best and the
worst packs. The slope of the line (pressure drop as a iunction of mass flow
rate) is different for high and low density packé. The high density packs (1,2,3_
and 4 ) show a slope of approximately 1 whereas the slope of the low density

packs is approximately 1/2. This shows a high pressure drop difference amdng
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the packs at high' mass flow rates. As an example, it can be noticed that at low
flow rates there is not much difference between the packs V75 and K6, As the
load increases the gap widens. Hence at low velocities it may be logical w
prefer the pack K6 because of its better heat transfer performance as per Figure
"6.1 instead of the V75. But as the load increases the K6 will have a pressure
drop that increases at a higher rate. The additional fan power requirement at

high foads may nullify the advantage of better heat transfer performance.

Another important trend which can be observed from this graph is that at low
loﬁd the pack KG6 occupies a position between V75 and HS, but as the load
increases it is.tﬁomes closer to the V75 and finally it gives the same resistance as
that of the V75. As explained earlier, here also the position of the packs on a
pressure c_lrdp scale depends upon the flow rate. In (b2 case of KG6 this may be
due to the reason that, since it is made up of alternate flat plates. as the flow
becomes turbui_enf. it gives better heat transfer performance and also gives higher

resisance to the flow.

The short KH11 is positioned'below the KH11 as expected, with a pressure drop

in proportion to its reduced length.

The low density packs such as H8. KHI1l, KH10 are more consistent in the
pressure drop as the load increases compared with h'igh uensity packs. The
regime of the flow is an important factor in determining the resistance of the

packs. Laminar flow gives less resistance than turbulent flow.

6.1.3 Pressure drop as a function of Heat transfer coefficient (Figure 6.3)
This graph shows tha’ ‘n most of the cases the packs with better heat transfer
rate give more pressure drop. A higher [ ressure drop is not desirable because
additional load will be experienced on the fans.
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To obtain as much heat ransfer capacity as practicable from a unit of given size,
“and thus reduce the cost per unit of outpul, heat transfer fluids are pumped
through most heat exchangers at substanfial velorities.  The resultiﬁg flow
tegime is lusually such that the fluid flow patierns are determined more by
inertial than by viscous forces, except that viscous forces lead to radial mixing,

or eddying, between the neighbiouring fayers. This eddying, or turbulence, is
advantageous in that it assists greatly in improving the heat wransfer, buy it has
the disadvantage ihat the flow patterns are much more complex than those tor
laminar flow »~1 they cannot be completely predicted mathematically even for
very simpier zgeometries- [71. |
In a power stal. -, the fan power iy decided at the time of design stage and it is
practically impossible to change it after the construction. Hence it is important
‘to know the tesistance of the packs to the flow, in order to check a pack’s
sujtability as a substitute to the existing packs.
This particular figure shows the repeatability of the pack KG6 as well, All the
“high density packs shew a high heat transfer coefficieat value at the cost of the
pressure drop. The low density pack KG6 shows almost half of the av'erage
value of the heat transfer coefficient shown oy the high density packs.
The trends available from this figure are more of academic interest and can be
considered as a basis for developing further results, Hence the suitability of any
pack for any specific situation can not be assessed from this graph. For that
purpose further relations were plotted in Figures 6.5 #.1d 6.7

6.1.4 Heat Transferred per unit volume, as a function of mass flow rate
(Figure 6.4)

A Iimitation with the previous graphs is that the heat transfer coefficient is
expressed in terms of the heat transferred per unit area of that particular profile.

{t does not consider the area available for heat transfer per unit volume of the
pack. While the higher profile plates have a higher hear transfer coefficient, the
heat transterred per unit volume of the pack is less than that of a closely packed

matrix (fow profile) because of the difference in the area .vailable for hem
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transfer, When the heating elements with lower profile (d:nsely packed) are
-used in air heaters, they give better heat transfer performance because of the
larger area involved in the given volume. Hence some graphs were plotted
which include the area available for heat transfer per unit volume of that
particular matrix .

-

E!f K - W :
Volume,m®  n’K

The right hand side of the above grouping is the quantity of heat ransferred per
unit volume of the pack., This can also be taken as a measure of the heat
transferred per air heater, because the volume of a particular air heater is
constant , hence only the geometry and the » - of the heating elements change.
After the installation and commissioning ot u:¢ boiler plant the air heater size
can not be changed, only the packs are replaced when necessary. However any
type of pack can be selected, provided the packs are fabricated precisely to fit

into that particular geometry of the air heater struciure.

This graph indicates the heat transfer capability of all the packs in the order of
their packing density. The pack K4 comes first in terms of the amount of heat
transterred per unit volume. The second place is occupied by KS and then by
K6, The external pack which was first in the value of heat transfer coetficient
came fourth in this listing. This shows that the thermal performance of the
external pack B1 will be less compared to K4, K5 and K6 in the real situation,
However an important finding is that this pack comes between the two
categories of plates, one with good heat transter performance (high packing
density, complex profile such as K4, K5, K6) and the other with poor heat
transfer performance, but less resistance to the flow (low packing density,
simple profiles such as V75, KH10, H8 ). Another important finding from this
graph is that heat transferred per unit volume of the KHi1 and the short KH11
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packs gives the same value. This shows the correctness and credibility of the

- experiment and the analysis.

The pack KG6 has a high packing density, but it does not show the performance -
simtlar to the other packs with high density. However this graph confirms that

" the flat plate it the pack KG6 does not help to irﬁpmve its thermal performance,

it only adds welght and hence cost to the pack. An imerestiﬁg_ poiet to b2 noted

is that the therr_ﬁa! performance of the KG6 is very poor at low flow rates but it

imptoves at higher flow rates. This is because at low vélncities the flow is

laminar and hence the heat ¢-ansfer between the flat plate and the floid is tow.

- But at high velocitles the flow is more turbulent and “ien .2 the high density of

the packing is betng utilised better.

A difference of 150% exists betweén the highest - pesforming pack (Fd4) and
the worst performing pack (KH10). The pecks V75 and @t are positioned
between these two. Among the low density packs V75 comes first in the
thermal perfortﬁance. The average of the top three performers (K4, K5, K6)
and the average of the bottom three performers (M8, KH11, KHI0) show a
difference of more than 100% at any load, Thils reveals the importance of the
packing density in the thermal performance. The suitability of any of these
packs in the real sitvation will only be known after anafysing the graph which
includes the pressure drop.

. The rate of change {(slope of the line ) of heat transferred per unit volume to the
mass flow rate is aimust same for ail the Jow density packs ( 5,6,7,8 and 9).
But for the high density packs (2,3 and 4 ), the slope of the line increases as the
packing density increases.. The pack K4, has a slope of approximately i,
whereas the slope of the KH10 is 1/3, This trend shows that the full utilisation
of the farge heat transfer area in the high density packs is taking place only at
high Reynolds number,

Since thers is big difference in the performance of the pack V73, which is first
among the low density, and K6 which is the last among the high density, further
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investigation is required to see the pos’.éibility of mixing the qualities of these

two to develop a new pack which will perform well in other parameters as well,

6.1.5 Pressure drop as a function of heat transferred per unit volume -
(Figure 6.5)

The pressure drop is proportional to fan poWer required by the fan. The heat
transferred per unit volume is a measure of the heat transferred by the air'
heater, From this graph the change in the heat transfer (for a unit temperﬁmre
variation), may be compared with the change in the pressure drop of a
particular pack, If the fan power is to be increased or decreased due to a change
tn the geomety of the pack, then it will be necessary to compare the heat

transferred per unit volume with the additional power consumption of the fan,

This graph , Figure 6.5, can be used as an indicator to take decisions regarding
the selection of packs for the replacement of the old one (if pressure drop and
heat transfer are the wmajor concerns, as at Arnot power station) because the
heat transferred per unit volume can be. considered as the heat transferred by
the ait heater (the volume of air heater is constant), These characteristic lines
can be considered as true representation of the effect of pack changes on
pressure drop and pressure drop. . |

The important trend in this one is the separation of high density packs (K4,
K5.K6 ) from the rest The high density packs show a long span of pressure
differencé and heat transfer whereas the low packs are the other way around. If
low density packs are selected for an air heater to obtain its average
performance ( x-axis 25 and y-axis 150 ), then it is advisable to select high
density packs to perform at its lowest range ( x- axis 35 and y-axis 150). This
will give 30 % more heat transfer for the same pressure drop.

The pack El is not at all a suitable option as a pack change for a running air
heater. The pack K4 at (x-60 and y-ﬁt}lj) can give 50% more heat transfer than

El at its maximum performance (x- 40 and y- 600 ) for the same pressure drop.
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‘The packs KG6 and KH10 show the lowest performance against the high clensuy
packs. Hence these are also not advisable as replacement packs.

€.1.6 Heat Trapsferred per unit Mass, as a function of Mass flow rate
(Figure 6.6)

Cost is an important factor in the selection of a pack. The cost of the heating
| elements consists of two parts, one the material cost and the other the
fabrication cost. The material cost is directly related to the mass of the material
used in the fabrication of the pack. Hence it is necessary to include the mass of
the matevial in the analysis of the results. |
Figuré 6.6 shows a relationship between the quantity of steel and the heat
transfer rate of the pack , at various loads,

i mez ) .
werght kg kgk
The right hand side of the grouping gives the heat transferred per unit mass of
" the steel. |

This graph shows the heat transferred per mass of the steel, In this graph the
pack K6 comes first in performance and the packs KG6 and KHIOQ are last.
Although the high density packs occupy the top positions and the low density
packs occupy the bottom, there are some exceptions in this trend. One is that
among the high density packs, K6 comes first in the heat transferred per mass of
the pack, thougﬁ the packs K4 and K5 are heavic: than K6, The pack V73
comes as an intermediate between the high density and low density packs, The
external pack El which came first in the heat transfer coefficient performs badly
in this parameter. This shows that there is a material wastage in the pack El
compared with V75 whiﬁh has a better performance per unit mass, The pack
KG6, one of the heaviest packs pert'ormed. badly' in this parameter as well.
However at high mass flow rate, it improves the performance. Most of the lines

are paralle! and hence show that the rate of change of this parametef does not
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change with load. There is a difference of 100% in performance between the
first and the last. The KH11{ and the short KH11 packs give the same result,

6.1.7 Pressure drop as a function of Heat Transferred per unit Mass
(Figure 6.7) . .
This relationship shows the heat transfer per unit mass of the steel, plotted
against the pressure drop across the pack. |

This graph can be considered as an impoftant one for the air heater
manufacturers because their objective is to reduce the amount of steel for the
fabrication of packs in order to reduce the cost as well as to reduce the support
requirement. {the weight of an air heater in a 500 MW boiler is about 400 tons).
This also shows more or less the same trend as that of the previous one . Figure
6.5.

Figure 6.7 gives the trend between the preséure drop and the keat transferred by
unit mass of steel for each pack In this graph two pecu.ar aspects of the
characteristic lines can be noticed.

One is that some of the lines show a large span of the pressure range from 100
to 700 Pa such as the pack K4, whereas the pack KHI10 shows a range of. only
50 to 250 Pa. Most of the high density packs give a large range of pressure
drops and the low density packs such as KH10 and KG6 give a small range of
pressure drops. '
Another wend noticed in the graph is that the slopes of most of the fines
change after the first half. This shows that the rate of increase of pressure drop
is not lfinear at high flow rates but it increases at an exponential rate. If we
consider a vertical fine at the x- axis value of 30, the packs El and K4 give the
same heat transfer vate and at the same time E! experiences a pressure crop of
400 Pa and K4 is only 200 Pa. But a further 50 % increase in the heat transfer
‘resutlts in a very large rise in the pressure drop for he pack K4. This shows the
necessity of a proper design to save on the amount of steel and also to get the
best resuls. If the high density packs are needed to operate in the range, say, of
X~ axis values of 30 to 40, then they give a far bester pe'rform.ance than low
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density packs in the same range. But that advantage is diminished in the next
pand of values of 40 to 50 because of the high pressure drop. Hence it is
important to consider the posmblhty of underutilisation of the heat transfer rate
to get & better p.ash® drop performance.

The packs Ei, KHIO0 and KG6 were not suggested as a good option ‘as per
Figure 6.5. This suggestion is ‘confirmed in Figure 6.7. The high density packs
can give an average of 30 % more heat transfer than these packs
(E1,KH10,KG6) for the same pressure drop.

6.1.8 Colburn j factor (j) asa function of Reynolds number (Figure 6.8)

. The Reynolds number can be regarded as a descriptor of gas flow relating the
speed of flow and the diameter of the channel through which the gas is passing,
to the kinematic viscosity of the gas. |

The Reynolds number is defined as follows

GDx
Rﬂ, =
_m
= e
44, '
Dy = L =4rh

The Colburn j factor is widely used in heat rransfer work for applications in
which the Reynolds number varies between {00 and 10000, that is through the
\aminar, transition, and turbulent regions [71.

Colburn j factor is defined a3

3 h
J=8tPr? ‘[GC ]Pr ?

where St is called the Stanton sumber, which is a measure of the total heat
transfer by convection to the rate at which heat is carried away [14]. The Prandtl

number measures the rate of exchange of momentum between gas molecules,
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which facilitates the passage of heat through the fluid, hence it is defined as the
ratio of momentum and thermal diffusivities. For ‘gases Pr is approxmately 1.
The convective heat transfer characteristics of 2 fluid are dependent on its
Prardt] number,

Since the Colburn j factor relates heat transfer and fluid friction, it has more
utility than any other expressions for heat transfer coefficient. It is reasnnibl’e

_ to expect the two pheromena to be related because heat transfer depends on

viscosity, and viscosity determines fluid friction, so a friction relawed pressure
drop should depend on viscosity.
The end goal in redueing single blow transient data is to piot Cotburn j factor
as a function of Reynolds number [7]. For high Reynolds num: 2 the inertial
forces are large compared to the viscous forces so that instabilities and
 turbulence tend 1o oceur, whereas for low Reynolds numbers the dynamic forees
are smal! compared to the viscous forces. and hence do not tend to induce
turbulence. The Reynolds numbers considered here are in the range of 1000 to
' 10 000 . The test could not give a flow rate, low enough for a Reynolds
number less than 1000, This was becaus® of the lack of Eighi sealing -of she
damper control. Hence all the tests were started at a particular flow rate, which
was actually the flow due to the damper leakage at the fully closed position,
However in a real power station situation . the usual Reynolds number is above
1500, which actually gives a ransitiona! flow rather than a laminar flow. '
The effects of the geometry differences among the packs are more significant in
the turbulent flow than in the laminar flow region. This is evident from two
separate invesﬁgations ennducted by Liang et al {34] and Mondﬁ et al for the
performance of pérforated heating surfaces {30], in which the effect was found

only in th~ turbuleni region.

The characteristic curves, Colburn j factor as a function of Reynelds number,
(Fig 6..8 } show the packs _in the same drder as that of Figure 6.1. However a
close look at this graph will categorise the packs into three groups. The first one -
is El, the second on. sonsists of packs K6, K4, K5, V75, HS, KHI1,
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SKH11, and the third category consists of packs KHIO and KG6, There is
significant difference between these three categories'. The lines 1 to 8 have a

linear relation with the Reynolds number whereas lines 9 and 10 are more _ '

horizontal to show that there is not much effect on the j factor in that band of
Reynolds number. . | _
This can be due to the fact that the flat plates in the packs KG6 and KH10 need _
' more turbulent flow to be able to show any.change in the j factor, In other
- words the flat plate its_elf is not helping to make the flow trbulent.

6.1'.9 Fanning friction factor ( £) as a function of Reynolds number
{Figure 6.9) | .

In flujd mechanics, a friction factor is detined relating shéar.stress at the wall to
asymptotic energy density. It is convenient to work with the Fanning friction
factor also referred as the apparent friction factor or the friction coefficient, to
determine the pressure drop.

v

X

s W - Ty=wall shear stress,N/m*
Ay

T = %'”%- .where 11 is the viscosity and & is the boundary layer thickness,

The Fanning friction factor can be expressed in terms of pressure drop and

entrance and exit loss coefficient as follows {4].

7=(2000(28) - +100))(2)

which is recognised as having neglected all effects except core frivtion within the
matrix and the inlet exit fosses.

Experimental determinations of the friction factor for flow in pipes show that it
~varies with the Reynolds number anc in the turbulent flow region, with the
surface roughnessf 7). The friction factor in the laminar flow region is inversely
ptoportional to the Reynolds number 50 tﬁut for circular -paésages, it can be
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expressed as f = (I/4). {64/Re) [7]. In the turbulent regioﬁ , the friction factor
for smooth walled pipes falis Off gradually with an inccéase in Reynolds
number, because the inr_.ensity of the turbulence is not directty proportional to .
the velogity but rather to the 0.8 power of the velocity [7].

A similar assessment is not possible in this casé hecaﬁse the flow is only in the
band of transitional 1o medium turbulence { Re = 10* to 104 ).

The trend as that of che previous corelation, ( 6.1.9 ), repeated in the T facror
(Fig 6.9 ) as well. The line corresponding to the pack KG6 has a changed
slope at Reynoids nurnber 1100,

This may be due to the fact, mentioned earlier, that for smooth walled pipas,
the friction factor falls uif gradually with an increase in Reynolds number, .Oniy
a test run which ranges from a very low Reynolds number to very high

turbulence can give more information on this.

6.2 Repeatahility test with KG6 (Figure 6.10)

Because of the possibilities of various type of uncertainties in the testing and
analysis, it is neces'sary to know the amount of uncertainty involved. This
problem can be overcome by doing an uncertainty analysis { section 6,7). It is
afso impoftant to check the consistency of the testing and analysis. This was
checked by doing a repeatability test of the pack KG6. This pack was tested
twice (two sets of readings taken at two different times). The characterissic
curves, heat transfer coefficient as a function of mass flow rate, were plotted to
check the variation. The characteristic curves were exceptionally close together
to prove that the testing and anatysis are quite consistent in their rasults.

The comparison of the numerical values of other parameters such as pressure
Idrop' and the percentage of error, in the test result sheets also support the
repeatability (Table 5,11 and 5.12). '
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6.3 Overall performance comparison of packs
An overali performance comparison of the packs, based on the énal)rsis of
various characteristic curves,  may help power station staff to reach certin

conclusions on the technical matters related to air heater pack selection.

(@) In most of the cases, heat transfer increases with packing density, The
resistance o the fluid flow (the pressure drop) also increases with the packing
density, All the high density packs such as K4, K5 and K6 give better heat
transfer performance and at the same time offer high resistance to the flow. An
exceptior, to this trend  is the pack KG6. Though it is a high density pack, its
thermal and pressure drop pertormance are very poor compared o the other
high density packs. The flat plates in the pack KG6 do not help the heat transfer

much, at the same time tiey increase the weight of the pack.

The best heat transfer performance is given by the pack K4 and the worst
performance js given by KH10. There is a difference of 150% in the
performance between these two. The performance of the pack V75 can be
carsidered as an optimum between the high density and the low density packs.

~ As far as the pressure drop is concerned there is a difference of 200% between
the first and the last. Pack KH10 offers the lowest while K4 offers the highest
resistance to the flow,

Fora better heat transfer performance. high density packs can be selected. Heat
transfer : K4> K5 > K6 >V75. |
For least resistance to the flow, low density packs are to be selected.

Pressure drop : KH10 < KHI1 <H8 <V75
This information will be useful in a situation when, the air heater outlet flue gas
temperature is falls below the dew pomt temperature due to excessive heat
recovery or it is far above the dew point due to the lack of proper heat recovery

from the inles flue gas. These types of problems can be solved by changing the
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heating elements from low density te high density' or vice versa, The above
pressuré drop trend among the heating elements can be used to solve the
problems of additi.. nal load on the induced draught (ID) and forced draught
(FD) fans caused by the change of packs in the power stations, '

{b) The pack KG6 also gives very low heat transfer as far as the material used
is concerned. K6 is the pack which gives better heat transfer for its weight. '
The pack KG6 is advisable neither for better heat transfer nor for the flow
resistance. Packs H8 and V75 are better options against KG6, Also KG6 uses
-mote steel than the packs V75 and FS8. | |

The rate of increase of heat transfer performance with mass flow rate is almost
constant for low density packs. But it increases in the case of high density .
packs. Hence it can be stated that, full utilisation of the high density packs takes

place at higher mass flow rates.

(c) The pack given by the external supplier EY , which consists of 0.8 mm thick
plate gives a medium performance in heat transter and offers a high resistance
to the flow. The pack V75 is well ahead of El In this aspect. Hence this pack is
not advised as far as these two parameters are concerned. However is
performance in other respects such as erosion and corrosion should be further
investigated to find out whether the extra thickness of the plate is helpful or not.

(d) If the pack K4 gives problerﬁs. such as severe pressure drop or over-
recovery of heat from the flue gas, then instead of shifting w0 a low density
pack. another high density pack K5 or Ké can be iried. This i5 because a
significant difference exists among the high density packs in performance; The
Pack V75 is suggested as a good compromise between high density packs and

low density packs
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(e) The packs do not follow the same pattern in the pressure drop and mass flow
relationship. The resistance to the flow increases very rapidly in the case of high
density'packs. The pack KG6 offers less resistance to the flow than the V75 at
low load, but at high load it gives the same resistance as that of V75, Hence the
mass flow rate plays an important role in the pressure drop characteristics

6.4 Effect of corrugation inclination angle

- Y
Full ond broken lnes
B =90 _ ndicate flow  olong
= e turrows dbove and below
T ':\ plane of paper respectively
- ~ Id
&

Fig 6.11 Bulk flow paiterns in plate hent exchanger géometﬁns 337

The corrugation geometry determines, to a great extent, the thermo hydraulic

performance of the exchanger, Focke ot al [33] conducted an investigation on

this aspect,
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The corrugated patterns in general use are of herringbove design. Successive
plates are assembled with the herringbone patterns pointing in - opposite
directions, thereby producing a complex three- dimensional flow passage of
atmost constant cross sectional area. The geometry of the packs, K4, &5 and K6
are very similar to this herringbone design. _
Previous investigations have shown that the angle at which the corrugations are
placed relative to the main flow direction, is a major parameter influencing
' performance. Focke's investigation was fimited to the effect of the corrugation’

angle on the heat transfer and pressure drop when the plates are corrugated '

sinusoidally.
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Fig 6.12 The effect of corrugation inclination ungle on pressure drop and heat transfer at
constant Reynolds number [33] '
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The effect of the corrugation inclination angle to the main flow direction , 8, on
rhgrmb hydraulic performance is highlighted in the Fig 6.12. The main features
of these curves (oﬁtained’ in the Focke's study ) tor prs’ssﬁre drop and heat -
transfer at constant Reynolds nember are, '

-pressure drop and heat transfer-
- increase with A at an increasing rate up to £ =60°

- increase at a decreasing rate for § =60°to g =80°
© - p aximum at § =80°

- local minimum at 8 =90°

The flow patterns observed In plates with § = 45°, 80° and 90° during an -
independent flow visualisation study {33] are shown in figure 6,11, The most
important findings wert _ |

£ = 90", when the plar~- are assembled with the corrugations perpendicular to
the flow direction, flow separation occurs at a Reynolds number of
approximately 20. With increasing Reynolds number the separated regions grow
in size until they fill the major part of the furrows. At Re = 200 the free shear
layers become unstable and at Bigher Reynolds numbers the main fiow becomes
turbulent.

B = 45", The fluid flows predominantly ulong the furrows, i.e. between the
corrugations on each of the plates. On reaching the plate edge the fluid streams
are reflected and teturned to the opposite plate edge along the furrows on the
- opposite side,

For angles below £ = 45" , the interaction between the fluid streams is
positive, i.e. each of the crossing streams has a velocity component in the same
direction as the stream it crosses. For § > 45" | the interaction is negative in
‘the sense that crossing streams have a retacding effect on each other owing to
their velocity componeuts being in oﬁposite directions . Focke et al speculate
that this retarding effect, which increases with # , eventually leads to the

change in flow pattern observed for 4 = 80_“.
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Arg = 80°, the fluid still flows mainly along the furrows but reflection occurs
between plate contact points (Fig 6.11). The flow forms zigzag patterns in
parafiel, The complex interactions between fluid streams lead fo'ea.rly transition
to turbulence. The basic flow structures appear to persist even in turbulent

flow.

6.5 Effect of perforation

' The thermal resistance due to the thermal boundary layer constitutes the major
pert of the total resistance to convective heat transfer. The growth of the thermat
boundary layer ming on these heat transfer surraces can be disrupted by
introducing perforations on the plates. Perforations enhance convective heat
transfer by reducing the average thickness of the thermal boundary layer. but
they also reduce the area available For heat transfer. Liang et a} [34] observed
in their tests conducted to find out the effect of perforation on the heat wansfer.
that in the laminar region, the increase in heat wransfer coefficient is often otfsei
by the reduction in the heat fransfer area so that there is not appreciable change
in the Colburn j factor. They also found that perforations induce earfier
trarsition from laminar to turbulent and they produce significant improvement in
the heat transfer at high Reynolds nurnber.. A FRow visualisation done by them
confirmed that the early transition to turbulent flow is indeed caused by the
alternative shedding of vortices from the perforaled slots. The vortices trigger
the early onset of transition and inrluce the flow to become turbulent, which is a
much more efficient heat transport 1- - nisin than laminar {low. Hence . the
result is an appreciable increase in total heat transfer.despite reduced heat
mansfer area. Although the 'tranéport ‘mechanism cf the fluid floe over
pertorated surfaces is still far from being understood, the results obtained by the
study done bjr Liang et al [34] confirm thar perforations can substantially
improve the performance of heat transfer surfaces in the ransitional and
turbulent flow regimes. They concluded that perf'orations induce early transition

from Iaminar to turbulent tlow. Perforations do not produce significant change
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in heai transfer and friction performanée of heat transfer surfaces in the laminar
flow regime , but they yield higher f and j factors in ~ansition and turbulent
flow regimeé. For the same .pr.ess'ure drop and pumping power, perforated
surfaces yield a substantial increase in heat transfer over the non perforated
ones. Flow induced noise and vibration were observed to occur for flow over
perforated test surfaces in the transitiona! and turbulent flow reQion. The result
of noise measurement indicated that the level of noise emitted from the

perforaied test core increases with L / Dy ratio [34].

6.6 Effect of axial conduction ard non adiabatic walls
The exchanger theory preseated in this project is based on the ideatisation that
the side walls are adiabatic. Chen et al[35] presented an improved model to
include non - adiabatic side wall and axial conduction for evaluating the NTU
value of the test regenerator matrix. According to their findings. for a test
regenerator with a large NTU value. tie maximum - slope scheme is a beter
one than the curve - matching scheme for matching the experimental and
numerical data. There is no need for the maximun: slope scheme to choose the
time interval it which the data points are used in order to bé matched with the
experimental data. They also showed that the NTU value of the test regenerator
matrix with the adigbatic side wall is much lower than that with the non -
adiabatic side wall in the single blow mode! *  he regenerator matrix .w':th a
large NTU value. The error for underestimating the NTU value increases with
NTU and A

The influence of longitudinal conduction is to teduce exchanger effectiveness
for a given number of transfer units . and this reduction may be aite seriIOus in
e-~hangers with short flow lengths designed for high effectiveness for a given
number of transfer units [4].
Liang and Yanz {34] proposed the dimensionless fluid inlet temperature change

as an exponential function of shape factor.

Aletd)
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On the basis of the sumerical sotution the effect of longitudinal conduction is

ed by Caby (4] and the calculated resuits are presened in Figure 6.13.
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which shdw.s that longitudinal conduction has a negligible effect for NTU < |
or 2.NTU < 0.05 where 4 is the longitudinal conduction parameter.

* The effect of longitudinal conduction must be conside_red for NTU > 1 and
A . NTU > 0,05, or else the average heat transfer coefficient will be on the
low side. However in this projeét the average heat transfer coefficient varied a
maximum of only 0.2 % [ 4] which is not significant.

During a test run some energy will be transferred as heat to or from the pack
through the test section walls due to transverse conduction in the pack and
imperfect tnsufation at the pack boundaties. To minimise the effect of non-
adiabatic side walls, the down stream thermocouples were ndt placed near the |
edges of the channel cross-sectional area. In these {ocations, for steady- state
temperature rise through the heaters, no appreciable change was found in the
iemperature £ om just upstream to just down stream of the pack. This supports

the conclusion of ro significant heat transfer thryugh the st section wally 4.

The above solution fo the non-auiabatic nattre of the side wall restrirts the use
of short packs like SKHLI, This is .quite ev.udunt from the level of incerainty in
the measurament of heat wransfer coefficient isection 6.7). The pack SKHii
shows the highest error in the value of h. This is because of the greater space -
between the thermocouples and the pack at the entrance and the exit regions,
where the heat transter between the fiuld and the side wall is quite significant,
which makes the test factlity non-adiabatic. '

6.7 Effect of surface roughness

Some indications of the effects of surface irregularities on the heat (ransfer
coefficient are indicated tn the Fig 6,13, These dara were taken from a series of
tests in which spiral wire springs were inserted into long straight tubes and
allowed to expand radially so that they rested against the wall [7 ],
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The turbulence induced by these springs increased the heat transfer coefficient at
the expense of a greater pressure drop, which in this instance was a bigher
percent than the increase in the heat transfer coefficient. If pumping power is
the controlling consideration in the design of a heat exchanger, the data indicate
that it is undesirable to introduce this surface roughness. _

The sufface roughness may have the same effect on the regenerative heat

exchzmgér plates as well. Tt has to be further investigated. -

6.8 Uncertainty analysis

The measurement errors of various physical properties exert some effects o €.
theoretical value of the outlet fluid temperature , through the dimensiomiess
parameters, thereby- errors in test results will come about,

Moffat {9 | presented a general description of sources of errors in engineering
measurements, of the relationship between error and unceftainty. and of the
uncertainty analysis in the planning of an experiment. The uncertainty of a
quantity R, which can be assumed to be a fuaction of several variables x; ...xy ,

can be estimated with good accuracy using a root mean square combination:

272

3 (20)

i=1 ]

£ being the uncertainty in the generic variable x; . _

The detailed calibration procedures followed during the commissioning of this

test facility and the depth of other various sources of errors, are well explained

in Caby’s réport [4]. The Following are extracts from that repoft. |
 Errors in heat transfer results come from four main sources.

L. Instrumentation errors.

2. Digviations of the system from the mathematical model,

3. Improper evaluation of the matrix thermal capacity.

4. Data reduction errors.
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6.8.1 Instrumentation errors

' The temperature - time response is measured with fast response, 0.01

(0.254mm} dizmeter thermocouples conmected to a PC81 wuitiplexingcard
which is in turn connected w0 2 PC30D data acquisition card. The 12 bit PC 30
"D card is capable of resolving the thermocouple output signals o weil below
their cafi, ad accu'racy of 0.3 K. The data acquisition and multiplexing cards
can easily accommoadate the 2 - 5 Hz required for transiens testing and are
considered to cause no apprecable error in temperature or Hme measurements.
The thermocouples have a time constant of 0.35 seconds when their junctions
are atternately exposed to air at 800 " F and then 100° F (AT = 388.9 K ) with
a flow velocity of £8,29m/s . |
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Fig 6.15 Typical infet and exit tempernture - time curves for the test pack H3 [ 4]
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The heaters take approximately five seconds to produce a 20 K ramp in air

temperature at a mass flow rate of m= 0,759 kg /s or flow velocity of V =
7.18 mfs ( Figure 6.15) which is large when compared to .the time constani of
 the thermocouples. Thys the temperature sensing system’s transient fespoﬁse is
not thought to significantly affect the results.Another source of error is non-
iinearity of the temperafure recording. Aij595 monolithic amplifiers used to
boost the thermocouple signals, also linearise their output to 10mV / K. As a

wesults effects of non - linearity are assumed negligible.

6.3;2 Errors due to deviation from the mathematical mode}

The main source of error in this section was originally the deviation from a step
change in the inlet fluid temperature - time curve. The mathemarical model
described in Appendix 2 can, however, handle any arbitrary inlet fluid
temperature - time profile. The main assumptions of the mathematical model are
therefore :

1. Uniform velocity and temperature profiles across the duct,

2. No heat transfer through the test section watls. -

Uniform velocity and temperature profile : Non - uniform flow can cause
significarit errors in results but it is aimost impoésible to _rheasure non-
" uniformity inside the test pack where is effects are important. Measurement of
velocity profiles at the test pack exit can give a good indication of how well the
assumption of uniform flow has been achieved. In this test no attempt has been

made to estimate the uncertainty due to non - uniform flow For test packs,
6.8.3 Ervors in matrix thermal capacity measurement
Some error results in the determination of M,.C, . the pack thermal caphcitance.

- The mass for test packs were measured accurately { + 0.1 % ). The specific heat
for test packs are estimated to be accurate to + 2%.
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6.8 .4 Errors in data reduction _

In previous énalysis techiniques one of the main data~ processing etrors arose in
taking datz- from the temperature- time curves. This has been significantly
reduced due to the experimentally measured inlet fluid temperature- time curve
being logged and used in the mathematical model, without the need for human
imtervention. All numerical calculation were done on a PC and so roundoff and
other numerical errors are considered insignificant. The error in determining the
heat transfer coefficient using the direct curve matching technique is predicted
by calculating the error br.ween the experimental_én_d pfedicted temperature .

rRsponse curves agcording to :

N1
. &h u &'
—;;-7-" Z(T‘ X].UOJ

= S s uxp

where .5".= T i = Townq 0TI = 1.23...n

where n is the number of discrete points in the theoretically predicted and

experimentally measured temperature - timne response curves.
o : . .
W encompasses errors due to deviations from the mathematical model as well

as errors in the measurement of the matrix thermal capacitance. With this
‘method an uncertainty value for each j-factor point can be determined.
However, for each test pack, uncertaimy levels for all the test runs were similar
and so é,n average uncertainty was taken, applicable to the entire performance
curve. _ :

Table 6.1 shows the various uncertainty values of the packs tested, An example
of the detailed caleutation is given in the Appendix 1. where,

4 M = {Jncertainty in mass flow rate
™m
o4, | |
1= Uncertainty in minimum free flow area
-
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= Uncertainty in mass velocity

25
G
8D

fif

~ = Uneertainty in hydraulib diameter.

Dy
oR, :
R' = Uncertainty in Reynolds nunber
. .
g S
' f = Uncertainty in Friction factor
oh
_;: = Uncertainty in heat transfer coefficient
g

; = Uncertainty in Colbutn j factor

NojPack | o0 104 [6G oDy |GR, | & oh 1 g
IO N A O O T I A AR
T |Et T1048 | 1.853 |2.157 | 236 |38 |50 |3.66 |48
37|K6 | 1.1048 |2.190 |2.453 |2.33 |353 |5.72 (4.16 |4.98
3 |KA | 1.1048 |2.235 |2.49 [2.43  {3.61 |5.83 |2.66 |3.8%
KRS 1088 |2213 |2.472 |2.37  |3.57  |5.77  |251 373 |
5TV | L1048 |2.199 [ 2460 | 235 |3.54 |57 |3.58 [430
& [H8 | 1.1048 [2243 [2.300 | 243 [3.62 |58 |49 [3.64
7 ISKHI1 | 11048 . 2.235 |2.496 [247 |3.65 128 |1L.66 (110
§TRHTT [1.0088 | 7239 | 2.496 242|362 |5.84 1441 [3.201
5 |KHI0 |1.1046 {2.241 |2.498 |243 |3.62 5.8 [3.35 [427
10 {KG6 | 1.1048 | 2.198 | 2.460 |2.39 | 3.57  |5.76 |3.25 |4.25
T1 | KG6(@ | 1.1048 | 2.198 | 2460 | 238 [3.57 |5.76 |3.25 |45

Table 6.1 Various uncertainty values of the packs tested (%}
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The uncertainty values aie less than 5 % in most Cases which is remarkably
good. The percentage of error of SKHI1 is comparatively high. This is because
- of the fact that the fest facility is designed to accommodate 500mm' long test
| packs and hence the thermocouples are focated accordingly. When the short
pack SKH1l was tested, there was a gap between the end of the pack and the
thermacouples which resulied in the erratic 1 sasurement of the exit

temperature. However this is only 11 % which is not 50 serious.

6.9 Latest developments in the testing methods

The fransient technique explained in this project uses thermocouples to measure
the temperature'. A recent facility t0 Imeasure the local Nusselt auraber is by
calour digital proc2ssing of liquid crystal images knowm as Liquid Thermal
Crystography [9]. Liquid crystals have also been used. in suspension form ©
visualise thermal fields in fluids. More details of this technique is given in

Appendix 5.
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Chapter 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions
The primary objective of the project was to analyse the effect of the. geomeiry of
various plates on the heat ransfer coetficients, All the commercialljr available
packs were tested and the results were analysed. One new pack frorn an external
supplier was also tested. The following points are highlighted as the conclusion
| of this experimental project |

- a. Testing facility and anafysis technique

- The test facility, designed and commissioned by Caby [4], was used for the
performance testing of various air heater packs currently being used in various
Eskom power stations. The transient technique, which is one of the various
mcﬁhods to find the heat transfe.r coefficient, was 'uséd in this project with the .
help of a PC - based data acquisition and reduction system. The direct curve
matching method was used to compare the theoretical exit ﬂﬁid lemperatures.,
obiained ﬁom a finite difference analysis, with the measured values, This .testing
methods accounts for the longitudinal conduction but excludes the non adiabatic
nature of the side wall.

b. Air heater packs

In total r.e.h _l:esf.r, ='\:':re carried out and the results were analysed. All the packs
were (.5m long except one which was 0,3m long. The thickness of the plate,
used for the fabrication of the packs, was 0.5 mm except one which was 0.8

mm.
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¢. Flow range

Tests were conducted at various flow rates by changing the damper positiori.

The flow was limited to Reynolds number between 1200 and 6000 due to some

timitations of the test facility. o ' '

d. Uncertainty analysis _

A detailed uncertainty analysis was done for all the packs and the average ervor

+ -1 less than 5% for all the packs except for the short pack . The short pacs
showed an error of 11 % due to the additional sp.a‘.e between the end of the pack

and the thermocouples, which makes the side wall moere non - adiabe

e. Test vesults ' '

The heat transfer coefficient of each pack was obtained and the t'ullow'ing :
important cor.relations were made

* Colburn j factor as @ function of Reynolds number.

* Fanning friction factor as & function of Reynolds number.

f. Analysis of the results and the performance comparison of packs.

Various correlations other than the f and j factors were also made as an atiempt
to find the suitability of packs for different power station requirements. These
correlations related different parameters such as  heat mansferred per umit
yolume of the pack, hear mansferred per unit weight of the pack etc, A
comparative study was done based on the above correlations and came to the

following conciusions.

(). For a better heat transfer performance, high density packs can be selected.
Heat transfer : K4> K5 > K6 > V75, '

_For least resistance to the fiow, low density packs are to be selected,

Pressure drop : KH10 < KH11 <H8 <V75

(i), The pack KG6 is advisable neither for better heat transfer nor for more
favourabie flow resistance. Packs HS8 and V75 are better options against KG6.
Also KG6 uses more steel than the packs V75 and H8, |
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(iif). If the pack K4 gives any problems, such as severe pressure drop or over-
recovery of hieat from the flue gas, then instead of shifting to a low density
pack, another high density pack K5 or K6 can be tried. This is because a
significant difference exists among the high density packs in performance.

(iv). The. Pack V75 is suggested as a godr! compromise between high dénsity

packs and low density packs.

(v). The pack El given by the external suppiier is not advisable from the
pressure drop and heat transfer point of view. If these are the only two criteria

for the selection of the pack, then V75 is suggeste] rather than this.

{vi). The performance of the high density packs at part load and full load can
show considerable difference, As the load increases the heat recovery rate of the
high density pack wilt be very high and it will ssart offerirg severe resistance 1o
the flow of fluid. | |

7.2 Recomumendations
The final selection of a particular pack for a real situation needs a more in-depth
and quantitative assessment of various parameters. This involves the assessment
' of the heat recovered, amount of extra energy consumption in the form of fan
power, the erosion rate \#hich will be reflected in the life span of the heating
elements etc.
The main use of the thermal test resuits is for the mathematical modelling of a
rotary air heater, Once the mathematical model is availabie it will be gasy to
predict the output performance for various input conditions. But it is necessary
to look into the possibility of using'these test results for the benefit of the power
station until a permanent solution is found. It may not be necessary to give a

precise numerical answer to the problem at this stage. This can be in the form of
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an indication or a trend of the thermal performance of various packs currently
being used: _

Certain Lrende. have been observed in the behaviour of the hewing elements in
the heat transfer and pre-sure drop parameters. These are given in Chapter 6

which could he'lp power station staff in the decision making,

R Suﬁgestions for future research

{a) Since the relative performance of various packs are available from this
" project work, it will be easy for power station staff to use the actual
perfbrmance history +.” the packs which had been used for years, to predict the
behaviour of 4 new pack in the same environment. The actual performance -
history of the air heater pack is available from the log book or other forms of
record stored in the boiler house. These records are very valuable because they
give the performance of the air heaters in 8 real situation from the
commissioning stage to the replacement. It may not be an easy exercise (o go
through all the records to find out the behaviour of a particular pack during its
life span.

in order to reduce the laborious job of going through the records every time to
find out the fife history of an air heater pack, it is sugpested to estabtish a
computerised performance recording system for ali air heaters in Eskom power
stations. This will provide all necessary information regarding performance
durfng the life spau of a pack. Such. a system may not be helpful for immediate
use, but as the time goes on it will be more and more useful. This is more
important when we consider the difficolties and the lack of reliability of

theoretical predictions of the performance of air heaters.

{(bYA world wide market study on power station air heaters is suggested, The
nature of the South African coal has similarities with the coal available in South
Asia and the Korean peninsula. Hence it would be economical and convenient to

know the performance of ait heaters installed in those regions. In the process it
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would be necessary to know the equipment suppliers in those .r'egions and to
“check whether they have any remedies for these types of problems. Also it is
necessary to know if any one else is doing a similar type of research or if any
solution has already be.en found.

(c) The possibility and the advaniage of a different approach to this research
work has to be investigated. As mentioned in the Appendix 5, the uption of
Liquid Crysta} Thermography (LCT) may help with flow visualisation through
the packs. Also the mathematical analysis and the computer modelling, of the

unitary celi of each pack can hélp us to reduce the uncertainty .

7.2.2 Suggestions for the improvement of the test rig and the testing
procedure, ' '

(a) The test facili_ty ié not capable of giving a wide range of flow rates. The
flow is restricted from transitional to medium turbulence (Re = 1200 to 6000 ).
‘This is because of the lack of proper sealing of the dampers. [t is advisable to
modify the facility to obtain a wide range of flow to get a total picture,

{b) It is recommended to provide a more convenient system for the loading and
unloading of the heating elements in'the test rig, Tue present system uses M16
fasteners and hence the time taken to foad and unload the packs, each time, is
very long. It would be convenient if some sort of leak proof clamping system
could be provided. '

{c) Another drawBack of the test rig is that. it is necessary to obtain additional
manpower for lifting and placing the air heater packs into the test rig. An
overhead trotley can solve this problen: to a large extent, This will obviate the
need of moving the remova_ble portion ot the rig (where the pack Is loaded)

every time, because an overhead trolley can drop the pack straight the rig
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from the top. Extensive disturbance caused due ta the loading and unloadmg of
the pack can damage the test rig and it's cabling.

{d) The cables from the thermocouples are not properly protected from poésible
mechanical damage. They could be protected if taken through a conduit pipe.
Also the AD395 Monolithic Amplifier is placed on a ptywood sheet. It would be

convenient to have a permanent housing for this.

{e) The testing technique and analysis foilows the assumption that there is no
l.1ea|:' conduction throug'h the side wall. But it has been proved that it really
influence the result {4]. The high perceﬁtage of error in the short pack results
may be due to the high rate of heat conduction through the side wall. This _
shows that the fest rig is not Suitﬁble for the short version of packs, This has o
e rectified. ' '

7.2.3 Suggestions for the overall improvement of air heaters.

Though it was not the direct objective of this project to find out ways 0
improve the overall air heater performance, the following suggestions are made
as ﬁ matter of interest. There was an opportunity to discuss these issues with
some overseas experts in this field. The following points or supgestions came
out as a result of those discussions, Some of these may oot be worthwhile but

they may help investigators,

(i). Ensure that the gas entering the stir heater is uniformly distributed This can
be achieved by maintaining a laminar flow at the entrance of the air heater. This
will prevent the localised erosion of the packs, if any.

(if). It was suggested to investigate the possibility of installing some sort of dust

collectors at the gas inlet to collect the most abrasive particles. This can reduce

the erosion to some extent.
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It was also suggested to investigaie the possibility of a radical change in the
future boiler plant lay out design, for South African conditions, in which the air
heater will be p‘lace'd after the dust collector, instead of positioning it before the |
- dust coliector, '

{iii). Erosion mainly takes place at the hot end of the air heater. The hot end
packs are made up of carbon steel. High carbon steels have better erosion
resistance than the mild steel and Cor-Ten steel. Hence it is necessary o study
the economic viability of changing the material to high carbon stee! or even to

stainless steel.

{iv). It will be a gond decision to seek the possibility of extracting thé maximum
_ possible heat, by using a thickl; packed element profile, at ihe expense of the
erosion. The additional replacement of the hea_ting elements during the life span
of the & heater may be compensated with the energy saved in this way, In that
case it may not be necessary to be concerned abc;ut the short span of the heating
elements. But the fact which can not be jgnored is that in most of the power
‘stations, air heaters recover .he maximum possible amount of heat from the flue

gas until the exit tiuid temperature reaches the dew point.

{v). Another suggestion is to consider the possibility of increasing the depth of
the air heater, loaded with low density heating elemenis. Here the decrease n
the heat transfer due to the big profile elements can be compensated by the
additiohal quantity of heating elements deployed in the air heater. This will help
to reduce the pressure drop. But it should be noted that this can be taken only as

a sug.ition for the designing of new air heaters, rather than an alteration.
(vi). Another suggestion i3 to reduce the depth of the air heater by loading high

density heating efements, This may give the same amount of heat transfer as that
of the high density packs. At the same time the air and the flue gas has to pass
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" only a lesser distance through the air, which can be achieved by leaving the

remaining space empty.

{vii). Another suggestion is to increase the diameter Jf the air heater, which will

~ increase the heat transfer. But this can also be done only at the design stage.
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Appeadix 1
Uncertamty Calculatmns

1. Uncertamty in mass flow rate dao

n

.Mass flow rate = m=%C,d‘ !2&{_}%}

~ Hence the uncertainty equation as per the root mean square theory

S R R R R ]

Example K5.
oM _ L
—d-— 336 (£ 1 som deviation is expected from the measured diameter of 236

mm. This value is same for aii packs )

%% 194 ( This estimation is same for all )

.

L (0.1 mm Hg variation is expected )
P, 6305

of, .03 ( 0.3 K is the estimated variation )
T, 2940 .

L

_C_’_= 0.5% ( The venturi nozzle is built to specified tolerances , 0.5 % isthe variation}
i .

5

2. Uncertainty in minimum free flow area ‘A—c
[
‘Minimum free flow area = {Width (W) x Height (H) } - {Solid matrix cross

sectional area avallable for heat c(mductlon { Woggasied  + Weomgares } X plate'

_ thickness }
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~ There fore

5 )

PG
| E#ample for K5

( )* EEs” (W =305 mm, a deviation of lmm is estimated . same for all }.

g estimated, same for all )

EH) =— (H= 305 mm, a deviation of lmmn

( H/ 305
&

) .
62;: 001 ( a the half plate thickness , pack EL. Deviation 0.01 mum

2¢ = 0.5mm except for

(W"'“‘] L {1 mm deviation is expected for undulated plétas }

W ona 3633

r cormugated plates )

P———

/]
wor am deviation 1S eck dfn
[Ww) To6d o8 e °

&

3. Uncertainty in mass velocity _—G—

m

‘Mass velocity . G= y

—__)

5G F1 PR s '
== F% +[§QJ = 2472 % for K5

6DH

4. Uncertainty in hydraulic diameter. D
. - H

Hydraulic diameter = 44, L7A

Heat transfer ared A =2 L ( Wunduiueed + Weangated )
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N CECEORCARE)
= | 2| L&) #—| =) M
= 2.376 % for K5 R |
% LI 02%, for SKH11 this will be »31&-: b.33%, because of the reduced

. o oR,
5. Uncertainty in Reynolds number —R—-

o

6R . 3 cy 2 .
\( ” [@) =3571 % forKS
# .
[-‘Sﬁ) ~1%
ﬂ .
- L
6. Uncertainty in Friction factor 7

The approximated frietion factor is given by {4}

(oo [

where K, and K, are the inlet and outlet coefficients.

——

f= P ey AP
=5-.777%for1(5
Bur iy,

P
T

e R R R
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&"5- =05"%
Kou

S e . X . 3 .
—"— , uncertaifity - - xaulic radius, same 35 that of the hydrautic diameter-
k . o

| oh

7. Upcertainty in heat teansfer coefficient. "';';

Since the uncertainty tevels for al

was taken which is given

1 the test rums were simitar the average

uncertainty in the test result sheet.

K5is2.51 %

8. Uncertainty in Cotburn j factor —J—

The average é;:— for the pack

Colburn j factor is defined as

. 2 h i3
j=Supr? = (_——) P’
\GC,

p—

e\’ ' :
ifl) = 13,72 % for K5
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~ Appendix 2
Finite difference analyses | |
Figure.AZl(a) shows interrupted wall passages comprised of multiple inline
plates. A pair of plates forming a single passage appears in F.igure A2.1(b). By
symmetry. half of this paésage. represented in Fig A2 1 is analysed with the
following idealisations applied.
1. Steady flow
2. Finite wali conduction in flow dlrectmn
3. Infinite wali conduction perpendicular to flow direction
4, Zero fluid conduction in flow direction
§. Zerp fluid thermal capacity
6. Constant properties

7. Adiabatic side walls

Under these assumptions the energy equation for the walt is

"é——;c-“ c?cz (1} F 1 TP OO, Mrrerrerrveranan (3.37

While that for the fluid is

&, Wh

S T =T = 0 ereesra sttt eneas (3.38)
*  mc,

| The governing equations (3,3) and (3.4) are subject to the following condition,
Telet=0)=Trlxt=0)=Torrriccinnnns rverrenan oo rertas reeeaee (3.39)
This equation expresses thermal equiiibrium between the wall and the fluid. The
internal temperature T, is known from the _experimcnt_. The conditions at the

heat exchanger infet and outlet are also known from the expériment
Tle=0,0) = T et e et araraes verrens(3.40)
Tx=L) =0 b ettt ISPORSTORRNS ¢ X1

Where 7,(f)andT,(¢) are the measured inlet and outlet fluid temperatures,

respectively, T(¢) is not restricted to a step or periodic function.
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Solution of . l
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Conditians: g r nel Canditions:
no_ AN BNpS T, &= <D Equation{7]

e ntl
ael C3Twi + Ty iy

T = o3 Equation (8)
iy~ ay——y r"""—ml I E JR—— x
Initial Conditions: T, , = T .= T,

Fig A2.2

Fig A 2.1 (a) Multiple, in-line plates; {b) a single pair of plates; (c) half Flow passage and
half plate; (d) the division inta finite difference nodes (37]
Fig, A2.2, The direct curve matching solution domaln [37)]
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Equations (3.3) and (3.4) are converted to finite difference equations and sotved
pumericaily. The fluid and wall in Fig.3.1(c) are divided into nodes as shown in
© fig 3.1(d) Using an"'implicit_formulation which is second order accuraie in X and

first order in £ .equation {3.3) becomes

T-To k) [TQL-MT+T¢11 k lru;_l—zru;ﬁﬂ_, g 04D
M w_?.)m (m)l 2 (m}: 1 e $ 7 73 RO K. XA

for i=2tom For i=2 and 1. representing feft and right end wall nodes

respectivély', the assumption is made that no heat is conducted out these ends.
This assumption is also made for the end nodes in each watl of the interrupted
plate geomeﬁry. These boundary conditions are satisfied by sewing
T =T, and 7", = Tow Where nodes 1 and m-+7 are fictious image hodes.
~ These specific boundary conditions were choéen so (hat the heat transfer .
coefficients obtained for the interrupted surfaces could be directly compared
with _thosé for contintlos plates, These condi ions force the surface area on which
h is based to be the same in both cases, Using these conditions equation (3.8)is

gxpressed as a single mattix equation

v VG
v B, AHTE D e et RO X )
4 Vo

where Cl= (AL} (2 pe(2x))
A=Cl for i=3,m |
Ay=0

B,=-Cl-1

B,=B:

pm-2Cl-Lfor i=3,m1
Cy=Cl,for i=2,m-1

Cm=0 o

D, = T[2C1+(hit ] pac)- J--cifrn+ 72, ]~ bt pac] T fori = 2ot
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In equation (3. 9),A,,B,,and C;, are efements of the lower, middle, and upper
diagonals of the tridiagonal matrix with all other elements zero. The right hand
- side vector D; is known. Equation (3.4) is written in backward tmlte—dlfference
form which gives
T.,'.i.‘ = BT:;I T}'jll
o i+C3
where ' (344)

_ AW ' '

mcp
The initial condition specified by gquacion (3.5) becomes
=T = 7:, .......................... (3.45)
and boundary conditions of equations (3.6) and (3.7} become
T), = Ti{) oeversecresmmmmnssesmsnssnsesssasseene eveanas pemeearbeversrenserence (3.46)
), = 1;(:)(347)
The solution domain is depicted in Fig.3.2. The objective is o obtain the
convection coefficient h, which is tied up In equations {3.9) and (3.10).The
" overall procedure is to guess at h. solve equations (3.9) and (3.10) subject o
initial condition (3.11) and inlet boundary condition (3.12). and arvive at a
theoretical exit fluid temperature history Ty, These T} ,are then compared with |
the experimental exit fluid temperaure history Ta{t). If these two temperature
histories match within specific limits, then the originally assumed value of # is
(he correct average heat wransfer coefficient of the core, If the histories do not
match, h is iteratively changed until agreement, within speciﬁcd limits, is

" obtained.
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~ Appendix 3
~ Ligiud Crystal Thexmography

'This new techrology [9] may be an eye opener for the future researchers. It maj'
not be posstble to make use of this new development tor the existing test
facility. But it is worth considering for the future test facilities o visualise
thermat fields. -

Thermochromic liquid crystais modify incident white light and display colours
whose wavelength is a function of temperature. They can be painted on a
surface or suspended in a fluid and used to visualise temperature fields. Liquid
crysfais change in appearance over a narrow range of temperatures called the
‘colour-piay interval’, centred around the nominal ‘event temperature’; the
displayed colour is red at the lower temperature margin of this interval and blue
at the upper end, and changes smoothly between these extrerﬁes. Both the
colour-play interval and the event temperature can be selected by adjusting the
fiquid crystal composition: materials are available with event temperatures from
-30 to 115°C, and colour play bards from 0.5 to 20°C, although not ali
combinations are feasible. Three types of liquid crystals are recognised as
'.smectic. nematic and cholesteric. The cholesteric and chiral-nematic are
generally used for heat transfer jnvestigations as they display britliant colour
changes in a useful range of temperatures and can be handled without undue
hazard,
Pure liquid.crystals are thick, viscous liguids, greasy and difficult to deal with
under most [aboratory conditions. Two approaches have been adopted to make
their use more practical: (I} encapsulation in a gelatine-like material, forming
nearly spherical particles from 10 to 30 pm in diameter which can then be used
as the pigment for water-based paints that air-dry to a hard finish; and (ii)

application of the unencapsulted material (unsealed liquids) on a clear plastic




sheet which is then sealed on the back by a black coat to form a pre-packaged
assembly that can be appliéd on surfaces.

Unencapsulated liquid crystals provide the most brilliant colours, though the
perceived hue is significantly affected by viewitig and ligh.ting angles, Also, the
calibration and brilliance may change. over periods of days or weeks u-nder.
exposure to ultra-violet light, or even abrupily under exposure to some
hydrocarbon vapours and l_a'ther' chemicals. Encapsulated material 15 more stable
in calibration and less sensitive to viewing and lighting angles. but does not
show comparably intense cblo‘urs.

‘Severa! investigations have used liquid crystals as temperature transducers in
engineering heat transfer studies, Some investigatqrs com_pareﬁ alternative
techniques' of liquid crystal application for the measurement of heat transfer
coefficients and used them to investigate the effects of wall conductivity on film
cooling effectiveness. Liquid crysial film ca be uéed on a thin, electrically
heated sheet to look for Taylor-Gértler vortices on & concave wail in a water
~ channet study of boundary-layer heat transfer. NASA started a program of
tiquid crystai application for heat transfer research in gas tutbines.

Liquid crystals have also been used in suspension form to visvalise thermal
fields in fluids. These are to used visualise the temperature distribution in
water with application to thermal storage tanks. Natural convection heat transfer
can be investigated by suspending liquid crystals in silicen oil, or using
glyceral,

There are three broad classes of image interpretation techmiques availabye;
human observation, intensity-based image processing and true-colour image'
processing. | .

Human observers can interpret liquid crysial images by direct visual inspection -
of the test section, of colour photographs or of tape recorded video images.

usually employing narrow-bank paints (colour play interval <1°C). The
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associated uncertainty is generally one-third of the band width, i.e. about 0,2 -
0.5°C.

The second method is based on narrow-band optical filters, through which
equallj! coloured regions can be extracted (a multiple narrow-band spectral
intensity interpreter using 2 set of 18 filters, with central wave lengths ranging
- from 100 to 750 am and full-width at half maximum (FWHM) less than 10nm).
The resolution of this method is better than 0.2°C.

Finally, in thé true-cotour image processing method colour video information is
displayed as a matrix of pictre elements (pixelé). each characterised by a
imidue bfigﬁtﬁess combination of red, green and blue light (RGB). The relative
" fractions of 'réd, green and blue determine the perceivéd colour and can be

treated as independent variables representing the colour.
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