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The influence of a radiated heat exchanger surface
on heat transfer
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Abstract The experiment leads to establish the influence of radiated
surface development heat exchangers on the values of heat flux transferred
with water flowing through the exchangers and placed in electric furnace
chamber. The values of emissivity coefficients are given for the investigated
metal and ceramic coatings. Analytical calculations have been made for
the effect of the heating medium (flame) — uncoated wall and then heating
medium (flame) — coated wall reciprocal emissivity coefficients. Analysis of
the values of exchanged heat flux were also realized. Based on the measure-
ment results for the base coating properties, these most suitable for spraying
the walls of furnaces and heat exchangers were selected, and determined by
the intensification of heat exchange effect. These coatings were used to
spray the walls of a laboratory waste-heat boiler, and then measurements
of fluxes of heat absorbed by the cooling water flowing through the boiler
tubes covered with different type coatings were made. Laboratory tests and
calculations were also confirmed by the results of full-scale operation on the
metallurgical equipment.
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Nomenclature
F boiler surface, m?
kp heat resistance, mK/W
T, exhaust gas temperature, K
Ts boiler surface temperature, K
Tw layer thickness, m
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Tmatriz — Mmatrix thickness, m
Ts —  boiler wall thickness , m

Greek symbols

g —  heat transfer coefficient, W/m?K

Oc —  Stefan-Boltzmann constant, 5.67 X 10~8 V\//m2K4

Ew — reciprocal emissivity

Aw — layer conductance ratio, W/mK

Amatriz — matrix conductance ratio, W/mK

As — boiler surface conductance ratio, W/mK

€g — exhaust gas emissivity

£s —  boiler wall emissivity

Efw.la — reciprocal emissivity (with layer)

Ewla/not —  reciprocal emissivity (without layer)

Ewg—la — reciprocal emissivity (gas — coated wall surface)
(

Ewg—bnotla —  reciprocal emissivity (gas — wall surface without coating)

1 Introduction

Main aim of the article is to select a specific sort of coating based of me-
chanical, thermal and physical properties of analyzed coatings in order to
its application in the heat exchanger. Furnaces, boilers, recuperators and
other large-sized thermal equipment operate at increased or high temper-
atures. Their effectiveness is mostly determined by radiant heat exchange
which depends also on the values of emissivity and thermal conductivity co-
efficients. Such properties might be varied within a broad range of changes
in designing of the radiated walls coatings with desirable surface roughness
and structure porosity, i.e., the parameters which are highly dependent on
the coating type, materials grain-size, grain fraction in the coating used, as
well as on the parameters of the plasma spraying process [1-3].

Regarding the intended thermal tasks of coatings sprayed on the radi-
ated wall surfaces of furnaces, heat exchangers, and other thermal equip-
ment, the coatings can be classified into the following two basic groups:

A — coatings that absorb thermal radiation and conduct heat towards
the substrate, and

B — coatings that emit thermal radiation from the coating surface.

The A group coatings should be characterized by large open porosity, i.e.,
developed surface that produces a high ability of absorbing heat, and by
a large value of thermal conductivity coefficient — A. They are sprayed, for
example, on the radiated wall surfaces of recuperators, or boilers, with the
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aim of increasing the ability to absorb heat from the radiating flame, or
combustion gases, and transfered to the heated media (such as air, water,
steam, etc.).

The basic features of the B group coatings are: absorption of radiation
on the coating surface and the emission of heat towards the heated charge,
with the essential condition being met at the same time that the heat ‘ac-
cumulated’ on the coating surface should not penetrate inside the coating,
but only increase the surface temperature instead. Thus, these coatings
should also be characterized by high insulating power and be sufficiently
thick [4-5].

They are sprayed on the walls and roofs of furnaces, and particularly
those periodically operating, and also on the walls of flues installed after
the heating furnaces, with recuperators incorporated in those flues.

The A and B group of coatings that intensify the absorption of heat
from the flame and from the stream of (combustion) gas leaving the work-
ing spaces of furnaces, and heat exchangers, give as a consequence a decrease
in the temperature of the combustion gas exhausted to the chimney (heat
recovery) [6-7].

2 Absorptivity of materials and coatings

The exchanged heat flux depends on the value of reciprocal emissivity coeffi-
cient which is a function of the emissivity coefficients of heating and heated
media. The industry commonly uses numerous methods of rendering high
emissivity to heating media, such as flame carburization [1,8|. Less known
and less commonly used are the methods of imparting high ability of ther-
mal radiation absorption and emission to the walls and roofs of furnaces
and flues, and to the walls of heat exchangers.

Variation of the values of heat absorption and emission coefficients for
materials commonly used for the assembly of furnaces and (metal and ce-
ramic) thermal equipment and coatings are shown in Fig. 1. It is easy to
see that the absorptivity of metals polished (e.g., the tight wall of a waste-
heat boiler) grows linearly with increasing temperature, while nonmetals
exhibit the reverse trend [1|. It also follows that the emissivity coefficient
of ceramic and (coarse) cermet coatings has a high and constant value. The
depth of radiant energy penetration into the surface is determined by the
electric properties of the material. High electric-conductivity materials are
penetrated by radiation to a small depth, the major part of the radiation
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Figure 1: Variation of surface absorptivity and emissivity depending on the temperature
of bodies for different materials [1]: 1 — metal, 2 — nonmetal, 3 — coating (coarse
— ceramic or cermet).

being reflected.

However dielectric materials, which electric conductivity is small, are
deeply penetrated by radiant energy, which main part will be absorbed.
Pure nonmetallic surfaces have a low value of absorptivity coefficient. Sur-
face roughness, impurities, and corrosion increase the value of absorptivity,
and thick oxide layers may cause a substantial increase in € so that its value
is similar to that of dielectrics (i.e., more than 0.7).

According to the complexity of absorption and emission as well as the
flow of heat through the coatings, and the reason that processes are depen-
dent on various parameters, there are no equations for the calculation of
emissivity € and conductance ratio A values as a function of, for example,
coating type, spraying parameters, which would make it possible to design
a coating type with predetermined properties.

Because of that there is a need to develop methods and apparatus for
the examination of the emissivity and thermal conductivity of multilayer
coatings, testing the thermal parameters of the coatings, and selecting the
coatings which should be selected for spraying on the walls of furnaces, heat
exchangers, and other equipment improving their efficiency. The results of
the investigation of coating properties are mentioned in paper [2,10-13].
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3 Effect of reciprocal emissivity coefficient on the
amount of heat absorbed

The basis for the considerations within the subject specified above is for-
mula, which defines the flux of heat exchanged between the heating medium
and the wall surface of furnaces or thermal equipment with a coating applied

Foay (Ty — Ts) + Foocew (T, — T) = Fsky (Ts — Tp) (1)
The heat resistance, k, across the wall is described by the relation

T 1
+ =+ —, la) .
kp )\w )\matrix )\s Qo ( )

1 _ Tw | Tmatriz

Assuming that the combustion gas is a grey the reciprocal absorptivity, &,
can be defined as

1
T 1 4= Ew - (1b)
1+l

Substituting (1a) and (1b) into Eq. (1), the following equation is obtained:

1 T, — T,
Fsak (Tg - Ts) + FSO-CL 1 __ (Tg4 — T;l) = FS Tw xv(rmfrix _;L; n 1
€g €s Aw matric As Qw

(2)
The results obtained with the above formulas show that the rational uti-
lization of heat from heating media (such as flames or combustion gases)
is determined by high temperature of the heating media, high emissivity
of the heating media and walls (of furnaces and equipment) taking part
in the heat exchange, and high thermal conductivity or insulating power
of the walls participating in the heat exchange. To evaluate the influence
of the wall emissivity coefficient, €;,, on the variation reciprocal emissivity
coefficient, ey, calculations according to relationship (1b) were realized by
taking the constant value of ¢, = 0.40. The value of coefficient ¢;, was as-
sumed in the range from 0.20 for brightened metals, through 0.55-0.65 for
refractory materials, up to 0.95 for coatings made from high-melting metal
black oxides.

The calculations of heating medium — uncoated metal wall reciprocal
emissivity coefficient (€, 1q/n0t) Were made, and then the reciprocal emis-
sivity of the heating medium — coated wall system (g,,;,) was calculated
taking the value of ¢, = 0.90, followed by determining the value of the
ratio —Swle

w.la/not ’
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For the tight metal boiler wall or for recuperator segment tubes (gen-
erally — for the membrane heat exchanger), g, = 0.30 and g, = 0.40
were assumed. The value of uncoated wall reciprocal emissivity coefficient
(Ew.la/mot) as calculated from formula (1b) is:

1
€w.la/not =9 1 = 0.207 . (3)

0.40 0.30

For the same metal exchanger surface, but with the sprayed coating with the
emissivity coefficient value of g, = 0.90, the value of reciprocal emissivity
coefficient (as calculated from formula (1b)) is:

1
Ew.la = 4 1 = 0.383 . (4)

0.40 0.90

The value of the flame-coated wall reciprocal emissivity coefficient to flame-
uncoated wall reciprocal emissivity coeflicient ratio is:

_fwla o8y (5)
Ew/la/not

The obtained result show 85% increment in the amount of heat absorbed by
the metal exchanger surface with the sprayed coating of the assumed value
of g1, = 0.90.

For the specified values of coefficients of emissivity, i.e., for:

e metals with g;, change ranging from 0.20 through 0.30 up to 0.40,
e refractory materials with g;,,. change ranging from 0.55 to 0.65,

e coatings with g, change ranging from 0.70 to 0.95,

the value of the ratio was calculated as the reciprocal emissivity coefficients
of the coatings divided by:

e reciprocal emissivity of the metal walls — Tab. 1 — ;wi’%
wg—la/no

e reciprocal emissivity of the ceramic walls — Tab. 2 — Sws=la

Ewg—cer ’

The above results show how big is the effect of the coating on increasing
the absorption of heat by the radiated wall surfaces both of metal — Tab. 1,
and of ceramic materials — Tab. 2.

The results have significant importance for the case of indirect heating of
furnace and heat exchanger walls, and for the heating of recuperator tubes,



www.czasopisma.pan.pl P N www.journals.pan.pl

N

The influence of a radiated heat exchanger. .. 167

particularly their wall-side (rear) circuits, by heat absorbed and emitted
through ceramic flue walls. The wall-side tube circuits are reheated by neat
absorbed and emitted by the ceramic walls with bi-layer coatings applied
having high emissivity and low thermal conductivity. It results from Tab. 1
that, for example, for the tight metal wall of a waste-heat boiler (of tube-
fin-tube type) with the assumed value of £, = 0.30, after covering this wall
with layer of the value of £, = 0.95 and calculating the analyzed ratio, the

Foamiaime = 1.893, which means nearly a 90% increase in the amount

of heat absorbed by the boiler walls.

€ —

4 Coatings for spraying boilers and recuperators

Reciprocal emissivity coefficient occurring in formula (1b) has a decisive
influence on the amount of heat exchanged by radiation. When the ef-
fect mentioned is more intensive, the lower is the absorption ability of the
radiated wall (before spraying the coating). Hence, in the operation of
equipment with metal walls, the presence of coatings with a high value of ¢
substantially increases the flux of exchanged heat [14-17].

The achievement of intensive heat exchange in boilers and recuperators
is possible due to the presence of coatings with high emissivity and high
thermal conductivity on their walls. The intensification of heat exchange
and charge heating in the furnace chambers is possible by the presence of
the bi-layer coating which is composed of a layer with high heat absorptivity
and emissivity and an insulating layer with low thermal conductivity. The
produced bi-layer coating with such a structure allows for heat concentra-
tion within the emission layer and also prevents the heat from flowing to the
deeper layers of furnace walls and roofs, thereby reducing the heat losses
through the walls. Some thermal and mechanical properties of cermetallic
coatings made on the basis of aluminium, chromium, and zirconium oxides
with the addition of NiAl, and ofCr3Cy + NiAl coatings are shown in Fig. 2.

The coatings made from the mixtures of chromium oxide with nickel alu-
minide came second with over 50 scores. The third position was occupied by
the coatings from the mixtures of aluminium oxide with nickel aluminide.
The coatings made from the mixtures of ZrOy with NiAl proved to be un-
suitable for spraying boilers, recuperators, etc.

The above mentioned coatings were used to spray the radiated walls of
heat exchangers, and then the measurements of their effect on the heat flux
values were taken.
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Table 1: The value of coating reciprocal emissivity coefficients to the reciprocal emissivities of the metal walls.

Heating Medium Emissivity gg 0.40
Metal Wall Emissivity Es.5 0.20 0.30 0.40
Calculated reciprocal emissiv-|| ewg—s 0.154 0.207 0.250
ity of the heating medium —
metal wall system
Emissivity of Coatings €la 0.75 | 0.80 | 0.85 | 0.90 | 0.95 | 0.75 | 0.80 | 0.85 | 0.90 | 0.95 | 0.75 | 0.80 | 0.85 | 0.90 | 0.95
Calculated reciprocal emissiv-||€yg—1q [0-353|0,364|0.374(0.383|0.392|0.353|0.364 |0.374)0.383|0.392(0.353 |0.364|0.374|0.383|0.392
ity of the heating medium —
coated wall system
Ratio of reciprocal Emissivity ZW’;“ 2.292(2.364(2.429|2.489|2.546(1.704|1.7581.806 |1.851|1.893(1.412|1.456|1.496 |1.532|1.568
Coeflicients wame
Table 2: The value of the coating reciprocal emissivity coefficients to the reciprocal emissivities of the ceramic walls.
Heating Medium Emissivity £g 0.40
Ceramic Wall Emissivity Es—cer 0.55 0.60 0.65
Calculated reciprocal emissiv-||ewg—scer 0.301 0.316 0.329
ity of the heating medium — ce-
ramic wall system
Emissivity of Coatings Epow 0.750.80 | 0.85|0.90 | 0.95|0.75 | 0.80 | 0.85 | 0.90 | 0.95 | 0.75 | 0.80 | 0.85 | 0.90 | 0.95
Calculated reciprocal emissiv-||€wg—pow |0.353]|0.364|0.374|0.383|0.392|0.353|0.364 |0.374|0.383|0.392(0.353|0.364|0.374|0.383|0.392
ity of the heating medium —
coated wall system
Ratio of reciprocal Emissivity ;“’-‘77_"“ 1.172(1.209(1.243|1.272|1.302{1.117|1.151{1.184(1.212|1.141|1.073|1.106(1.137|1.164|1.191
Coefficients womeer
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Figure 2: Conventional score evaluation of the stability of coatings sprayed on the walls
of boilers and recuperators.

5 Testing stand and the measurement methods

A schematic of the stand on which tests were carried out on the effect of
the coatings sprayed on the radiated tight walls of a boiler on the amount
of heat absorbed by water flowing in the system of tubes is shown in Fig. 3.

The model boiler is composed of two 600-mm-diameter and 2300-mm-
high semicylinders built in a tube-fin-tube arrangement (38-mm-diameter
x 4 tubes, and 20 x 4 fins). With using a diffusion burner, natural gas
was burnt producing a luminous flame up to the 3/4 of the boiler’s height.
Measurements of the heat-exchange characterizing parameters were started
after the thermal balance had been reached. The tests were performed in
two stages, each of the stages including three measurement series.

For stage I, two sections with coatings sprayed on their surfaces were
used: section 1 — NiAl (reference state of measurements); and section 2 —
Cr3Cq + 25% NiAl

For stage 2, section 1 (NiAl) and section 3 were used, the latter being
sprayed with the CroO3z + 40% NiAl coating. The results are shown in
Fig. 4 and in Tab. 3.
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Heat exchanger section
with sprayed coatings
1. Cr3C2 + 25% NiAl
2. Cra03 + 40% NiAl

heat exchange section
P yyith constant coating
' NiAl

water

Combustion air gz
3 s
9 x
3 7

Figure 3: A schematic view of the installation of a model heat exchanger used for testing
of the heat absorption effect of the coating types on the heat exchange in the
waste-heat boiler: 1 — model waste-heat boiler, 2 — burner, 3 — stand, 4 —
thermocouple — recorder, 5 — rotameter, 6 — fan, 7 — gas meter, 8 — water
meter, 9 — hood with a combustion-gas exhaust and a thermocouple for the
measurement of combustion-gas temperature.

Heat flux
[W] — NiAl sprayed elements
- = elements with sprayed
ceramic coatings
20000
15000
10000
7000 F— 4 — #4— %

Cr3C2 + 25% NiAl Cr203 +40% NiAl

Figure 4: Effectiveness of cermet coatings on the flux of heat absorbed by the boiler.
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Table 3: Parameters of water streams flowing through the boiler sections.

Coating Burner feeding Flowing water parameters Heat flux carried

Stage type parameters | Temperature | Temperature| Mass with water
series Gas Air |Inlet| Outlet increase flux

m3h~! {m3h~—1| °C °C °C gs | W %

1 2 3 4 5 6 7 8 9 10

1.1 NiAl 2 18 11.1| 24.9 13.8 164 | 9460 100

CrzCa+25%NiAl 11.1| 30.9 19.8 210 |17380 184

1.2 NiAl 2 18 11.1| 26.0 14.2 160 | 9496 100

CrzCa+25%NiAl 11.1| 32.6 20.8 216 |18779 198

1.3 NiAl 2 18 11.1| 25.5 14.5 182 |11031 100

CrzCa+25%NiAl 11.1| 30.5 19.5 226 |18421 167

11.4 NiAl 2 18 11.1| 25.0 13.9 176 |10226 100

CrzCa+40%NiAl 11.1| 30.3 19.1 189 |15089 148

1.5 NiAl 2 18 11.1| 26.1 14.7 170 |10445 100

CrzCa+40%NiAl 11.1| 29.8 18.4 193 |14844 132

11.6 NiAl 2 18 11.1| 25.1 14.1 189 |11140 100

CrzCa+40%NiAl 11.1| 304 19.4 180 |16637 149

6 Results analysis

In the first stage of the measurements carried out, the most favourable re-
sults were obtained from the second measurement series. The temperature
of water flowing to the both sections, i.e. to section 1 with the NiAl coating
and to section 2 with the CroO3 + 25% NiAl coating was 11.8 °C, whereas
the water temperature at the outlet of the section system was: from section
1-26.0°C, and from section 2 — 32.6 °C. The water temperature increase
was, respectively: in section 1 — 14.2°C, and in section 2 — 20.8 °C. With
the water flow values as per Tab. 4, column 8, row 2, the fluxes of heat
carried away with the heated water reached the following values:

e from section 1 sprayed with the NiAl coating — 9496 W (100%),

e from section 2 sprayed with the CroO3 + 25% NiAl coating — 18779
W (198%),

which is roughly twice as high as the values obtained from section 1 sprayed
with NiAl coating. This doubling of the amount of heat carried with water,
obtained as the result of spraying section 2 with the carbide coating (with
the high value of Q,/Q. and the high value of A,u,) clearly confirms the
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suitability of this kind of coating for intensifying the processes of heat ab-
sorption from heating media. The absorption by water of almost doubled
amount of heat from the flame and from the flowing combustion gas indi-
cates high efficiency of heat utilization in the working space of the exchanger
sprayed with absorptive-conductive coatings.

Table 4: Comparison of laboratory and industrial scale results for the various coating.

Coating characteristics Obtained results
Thermal .
Effects achieved . . .
parameter Effects achieved in the industry
Coati values on the laboratory stands
No. oatin, Compo-
Descript?on sitisn £r A without with increase in Obtained result, incl.
Wm'K"! | coatin, coating | thermal Element Thermal | Durability /| - Industrial
e e ficien name effects no. of plant
eticiency campaigns
1 2 3 4 5 6 7 8 9 10 11 12
o 3 30%
. . furnace roof | Steelworks:
1 Alfsorgt‘f.e and 2%:;%\]2.;1 075 30 9490 | 173780 84% | supporting | inerease |3 Thop
conductive oNi beams insteam | campaigns Zawiercie
amount
30%
. ~ . . Steelworks:
S 2 5Cy + arging as
o | Absorptiveand | CriCat | o0 1 5, 9490 17380 84% charging | increase 3 Labedy
conductive 25%NiAl door frames | insteam | campaigns Zawiercie
amount
Absorptive and | Cr;Cy + 9 o boiler . Belchatow
3 conductive 40%NiAl 0.86 20 10226 15089 48% hopper under operation Power Plant
heat
Absorptive and | Cr;C, + o treatment . ZPE Elterma
conductive 40%NiAl 0.86 20 10226 15089 48% furnace under operation Swicbodzin
crucible
4 Absorptive and | int. ZrO, - 1 tair 89°C | 104°C 23% recuperator under operation DS";:?;:[
insulating out. Cr,0;5 | 0.82 5 toum, | 184°C | 172°C 6% segment P Cl;[och()w;

The 66.7% to 97.7% increase in the value of heat absorbed by water
flowing in the system of tubes covered with the CroO3 + 25% NiAl coating
causes the lowering of the combustion gas temperature, which leads to a de-
crease in the combustion gas volume and, in industrial installations, causes
an increase in the dust concentration in the combustion gas volume and
increases the amount of dusts precipitating in the dust collector through
which the combustion gas flows.

The results obtained from the second stage of tests, which was carried
out by combining the section 1 (NiAl) with section 3 (Cr3Cs + 40% NiAl),
proved to be less interesting from those obtained from the first stage. The
greatest values of heat fluxes carried away with water were attained in the
sixth measurement series (II.6). The obtained values of the heat fluxes
carried away by water from the section of the exchanger covered with the
Cr3Cs + 40% NiAl coating were by approx. 50% higher than the values of
heat fluxes carried away with water flowing out of section 1.

The use of cermet coatings made from the mixtures of oxides with NiAl
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proved to be positively less advantageous that the use of coatings made
from the mixtures of the carbide with NiAl.

The results obtained in the laboratory were confirmed in the full-scale
operation of the supporting beams of furnace roofs and charging door frames.
By spraying the radiated surfaces of these constructional elements of met-
allurgical furnaces, a few dozen percent increase in the steam amount an
parameters (such as pressure) was obtained — Tab. 4, rows 1 and 2.

7 Conclusions

1. Experimental studies have confirmed that both ceramic and cermet
coatings with rough surface have great ability to heat absorption.
The emissivity of the coatings decreases with the addition of a metal
component to the ceramic material. It has been found at the same
time that the emissivity of the metal coatings is above twice as high
as the emissivity coefficient value for solid-state metals.

2. Examination of the effect of coatings sprayed on the elements of equip-
ment operated in the laboratory showed:

e in the presence of the cermet coatings with high values of emis-
sivity and heat conductance, the doubling of the amount of heat
carried away by water flowing in the exchanger was obtained
(Fig. 3, Tab. 3);

e in the presence of the bi-layer coating (composed of a low-con-
ductivity inner layer and a high-emissivity outer layer), an in-
crease in the heated air temperature and a decrease in the tem-
perature of combustion gas leaving the model flue with an in-
stalled recuperator were obtained.

3. Values of the emissivity and thermal conductivity of the coatings have
been found to correlate with relationship (1.b) and also with the values
of heat fluxes absorbed by the heated media flowing in the model
(Tab. 4) and industrial heat exchangers with coating applied on their
surfaces (Tab. 5).

Received 9 November 2015
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