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Experimental Analysis of Radiative Heat Interchange on Furnace

Exit Plane of a Steam Boiler

Kook-Young Ahn*, Vjacheslav Ivanovich Antonovsky
Korea Institute of Machinery & Materials

Measured radiative heat fluxes on the furnace exit plane of a heavy duty power boiler of steam
output 1650 T/h are discussed. A high-ash pulverized bituminous coal was used. Such
measurements are necessary to improve heat transfer calculation in bhoiler furnaces. A
radiometric probe for measuring radiative heat fluxes inside a steam boiler furnace was
manufactured. An extra small heat radiation sensor was placed in the water cooled head of the
probe. The sensor had no direct contact with furnace gases and measured only the radiant
energy. There was no exposure to convective heat transfer. With the radiometric probe, one can
obtain a spherical indicatrix of radiation intensity as well as hemispherical radiative heat flux
incident on any surface passing through a measuring point inside the furnace. Thus, the quantity
of radiation energy, passing through the furnace exit plane, to the convective heating surfaces
and the quantity of radiation energy going in the opposite direction were measured. A formula
for relative radiative heat flux on the furnace exit plane has been proposed.

Key Words ; Steam Boiler Furnace, Radiometric Probe, Spherical Indicatrix of Radiation

Intensity

1. Introduction

The progress in the development of modern
heavy duty power steam boilers depends on the
thermal calculation of boiler units, especially the
calculation of furnace heat reception. The furnace
heat reception determines unequivocally the com-
bustion products temperature at the furnace exit
plane (the furnace putput window) &. This tem-
perature is used when designing the convection
heating surfaces of a steam boiler.

A great deal of research in the field of thermal
calculation of steam boiler units was conducted in
Russia since the Second World War, and general-
ized by A. M. Gurvich in a monograph (Gurvich,
1550). At the Polzunov Central Boiler and Tus-
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bine Institute (NPO CKTI, Leningrad, Russia), a
method of thermal calculation of boiler aggre-
gates was developed (Kuznetsov et al, 1973).
Using this method it is possible to calculate the
temperature of combustion products leaving the
furnace of a boiler. This method has been widely
used in Russia, East Europe and China.

The surface of a furnace exit plane is 2 compo-
nent of the total surface forming the furnace
chamber. Water-steamn tubes are located at the
furnace wall heating surfaces, and heat reception
occurs by radiation and convection. However, the
furnace exit plane does not contain heating sur-
faces. Some of the heat released in the furnace
enters the furnace output window by radiation
and passes completely to heating surfaces located
out of the furnace. It is clear that a quantity of
radiant energy leaving the furnace exit plane 4Q
influences the formation of the combustion prod-
ucts temperature G,

The normative method of thermal analysis of
steam boiler furnaces, stated in (Kuznetsov et al.,

1973), is based on experimental research in which
-
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1. Furnace top;
4. Platen superheater;

2. Furnace exit plane;
5. Horizental gas duct;
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3. Furnace outlet screen;
6. Convection superheater.

Fig. 1 Schematic for analyzing radiative heat transfer on the furnace exit plane of a steam boiler

the temperatures of combustion products & for
many boilers were measured. However, the direct
measurement of radiant energy 4Q was not car-
ried out. Therefore, the accuracy of calculating &
was not high. In additional research on. the heat
transfer in steam boilers (Shatil and Danilovisev,
1974; Shagalova and Shnitser, 1976; Pomerantsev,
1986; Shatil, 1986), the results of experimental
definition AQ had not been considered.

In the design of modern steam generators it is
necessary to determine the heat quantity transfer-
red by radiation from the furnace through its exit
plane up to the platen superheater, arranged
outside the furnace.

In Fig. 1 the outline of the furnace exit plane
(the furnace output window) and the arrangement
of heating surfaces in the top of the steam boiler
under investigation are shown, The task was to
determine the resultant quantity of radiation
energy transferred from the furnace to the furnace
outlet screen, platen superheater, ceiling and lat-
eral screens arranged behind the furnace exit
plane. This resultant quantity of radiation energy
represents a difference JQ=0Q—Q", where Q* is
the quantity of radiant energy incident on the
furnace exit plane in the direction away from the
furnace and Q- is a quantity of a radiation energy

going in the opposite direction (i. e. from the
screens to the furnace). The value of Q* is due to
generation and absorption of radiation energy
within the firing space. The character of heat
release in the furnace, the distribution of combus-
tion products, their concentration, density, tem-
perature, emission properties as well as the tem-
perature and the properties of furnace walls are
not the complete list of factors aflecting the
numerical value of Q*. A theoretical solution of
the radiant heat fluxes passing through a furnace
exit plane is complicated.

In this paper the measurements of radiative
heat fluxes on the furnace exit plane are consid-
ered. Also a formula for estimating relative heat
flux on the furnace exit plane is proposed.

2. Analysis of Radiative Heat
Transfer on the Furnace Exit Plane

In the present analysis it is assumed that the
furnace medium is a gray radiating and absorbing
medium. Using the equation of radiation energy
transfer in a radiating and absorbing medium
(Antonovsky, 1998) we can write an expression
for the heat radiation intensity reaching an ele-
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ment of the furnace exit plane in a direction,
defined by angles g and ¢, (Fig. 1) as:

]w:fwexli’(—Z)+zeXP["(X*X*)]fb(x*)dx*
(N

where y is the optical density, and

]w=0'Eszf)/7f+fRef (2)

represents the effective radiation intensity of the
furnace wall in the direction considered. The
quantities e, and T, are the emissivity and tem-
perature [K] of a wall element, which is assumed
to be diffuse. Jg,: is the radiation intensity reflect-
ed from the wall. In Eq. (1), y=%L is the opticat
density of the medium, k is the absorption coeffi-
cient of the medium; L is a beam length and y* is
the current optical density value; J,=(1/z)gT* is
radiation intensity of a blackbody, whose temper-
ature is equal to the local temperature T [K] of
the medium.

To determine the incident hemispherical radi-
ant heat flux going from the furnage o the ele-
ment of the furnace exit plane under considera-
tion, it is necessary to have at one’s disposal the
radiation intensity J,, in every direction within
the limits of a hemisphere (§=0— z/2; ¢=27x):

2 mi2 .
q+:2J;JNdQ='/;=U./;:0 Jasingeos fd gdg (3)

Here 2 is a solid angle with its vertex situated
on the furnace exit plane element considered.

The total radiation energy reaching the furnace
exit plane can be determined by integrating g+
within the total surface of the furnace exit plane S:

Q*=iq"ds 4)

() is determined by radiation and absorption
of the combustion products in the region of fur-
nace outlet screen and platen superheater and
radiation from their surfaces. Q- can be calcu-
lated by equations analogons to Eq. (1), (2), (3)
and (4).

3. Radiometric Probe

It is necessary to take into account the quantity
of radiant energy AQ=0"—Q" to calculate the

furnace heat absorption and the combustion prod-
ucts mean temperature in the exit furnace plane. It
is also necessary to take into account the value of
AQ when calculating the heat absorbed, for exam-
ple, by a platen superheaier. Moreover, the quan-
tity of radiant energy mentioned is necessary to
estimate for an experimental study of heat transfer
in a steam boiler furnace. In this case, as a rule,
one tries to determine the mean combustion prod-
ucts temperature &, because this value character-
izes the furnace heat absorption. However directly
measuring & (1200°C and even higher) with a
difficult
because of large furnace size and temperature

suction pyrometer steam boilers is
non-uniformity of combustion products at the
furnace exit plane. It is expedient to measure &
by means of an indirect method. Measuring, the
combustion products temperature in the duct
cross-section behind the platen superheater and
in front of the convective heating surfaces is an
example. At this position the temperature level is
much lower than g and direct temperature mea-
surements with many fixed thermocouples is not
difficult. From the measured heat absorption of
the heating surfaces (situated between furnace exit
plane and the duct cross section), and the mean
combustion products temperature in that cross
section, one can determine &. AQ value is still
needed.

We have designed, made and applied a
radiometric probe for radiant heat transfer meas
mement in the volume and on the boundaries of
the firing space in an operating heavy duty boiler
furnace. The devices distinctive feature is the
incorporation of a very small radiant energy
detector in the cooled head of the probe. The
optical axis of the detector can be turned inside
the probe head. Thus, the flame radiation inten-
sity in the firing furnace volume can be deter-
mined. The probe can measure incident radiation
near the furnace walls as well as radiation from
the opposite direction., The radiometric probe is
used to measure radiant energy near the furnace
exit plane of some steam boilers. These measure-
ments are described in this paper.

The schematic of the radiometric probe is
shown in Fig. 2. It consists of a water-cooled
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(a) Schematic of the radiometric probe
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(c) Calibration characteristic

Fig. 2 Radiometric probe

body (Part 1), and head (Part 2). The inner cavity
of the head is cylindrical with its axis perpendicu-
lar to the centerline of the Part 1. Holes Part 3 (3
and 4) are placed on the cylindrical surface of the
head. The angle 7 between the hole axis and the
body centerline can vary from 0° to 135° The
small infra-red detector (Part 5) is placed inside

a cylindrical copper capsule (Part 6). The capsule
and a viewing hood with diaphragms are made
with double walls. In the space between the walls,
cooling water from an independent water supply
circulates. The detector leads are installed inside a
flexible tube (Part 7), which also serves as a
passage for a small inert gas flow. The recording
instrument (Part 8) records the detector signal.
Before inserting the probe into the firing space,
the capsule (Part 6) should be rotated on the axis
(throngh Part 9) and properly fixed concerning
the head with the help of a block of diaphragms
{Part 10). Thus the centeriine of the detector will
coincide with the axis of one of the holes. The
detector “sees” a volume in the direction of the
detector centerline. The solid angle of vision,
determined by the edges of the diaphragms, is
about 0.01 steradian and can be varied by chang-
ing the diaphragms. The holes not in use are
covered by removable plugs. A small amount of
inert gas or dry clean air is admitted to the inner
cavity of the capsule through a flexible tube (Part
7). Therefore, the combustion products cannot hit
the inner cavity of the viewing hood, and, thus, do
not affect the accuracy of radiation measurements.
The amount of inert gas is measured on site (Part
11). Before entering the probe, the inert gas is
cleaned by the filter (Part 12). The measurements
are performed at a constant boiler load.

It is necessary to emphasize that in the
radiometric probe the detector is not in direct
contact with combustion products. It is affected
only by heat radiation. The effect of convection
on the device signal is eliminated. This is the
principal difference between our
probe and the well-known heat flux meter whose
sensor is in direct contact with combustion prod-
ucts.

After preparation, the probe is inserted into an

radiometric

inspection hole of the furnace to a predetermined
position so that the head of the device is at the
desired point in the firing space. At each fixed
angle 2 the measurements are taken at various
values of angle ¢ around its centerline (¢=0° 1o
360°) in increments of Ad¢. Traversing for angle 2
and placing of the capsule inside the probe head
are done manually hefore each immersion of the
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probe inside the furnace space. If a full set of
measurements (§=0° to 180%; ¢=0° to 360°) are
taken at a giwen point, one will receive a spheri-
cal indicatrix of radiation intensity. Actually, the
design features of the probe only allow a change
of the angle 8 between 0° and 135°. Nevertheless,
a set of measurements of radiation intensity J,, at
a point inside the furnace space has permitted the
measurements of the incident hemispherical radia-
tion flux on an area element, passing through a
measuring point. For example, the incident radia-
tion flux on the area element, passing through the
measuring point and perpendicular to the center-
line of the probe, can be determined according to
Eq. (3) which can be solved numerically from the
measured values of J,,.

4. Steam Boiler

The experiment was performed on a power
plant steam boiler having steam output of 1650
T/h. A high-ash pulverized bituminous coal was
used for fuel. The ash content was as high as 40 %.
The boiler had a T-shape layout. It means an
almost-symmetric boiler with its furnace at the
center. The prismatic furnace had a cross-section
of 1022 m. The furnace height was 49.5 m.
There were 24 cyclone-type burners arranged face
to face in two circles. The furnace was screened
by all-welded panels. The fuel was prepared by
direct fuel-air injection with 8 hammer grinding
mills having fuel output of 40 T/h.

5. Observed Data

The radiant energy data in the firing space,
measured near the furnace exit plane, are shown
in Fig. 3. The radiation intensity measurements J
a0 were made at several points on the center line
of an inspection hole at different distances of the
probe head from the furnace wall. The maximum
insertion distance was 2108 mm. Because of the
difficulties of Jg,-plotting on a flat drawing, the
three-dimensional values of J 4 in the vertical and
horizontal planes are plotted in Fig. 3. The distri-
bution of incident hemispherical heat radiation
fluxes q* and q~ on the furnace exit plane can be

poppann l oo
NN NN
(b} Horizontal plane

Fig. 3 Spherical Indicatrixes of heat radiation inten-
sity on the furnace exit plane

seen in Fig. 4. The distribution of the difference 4
q=q*—q, on the transmission of radiation
energy from the furnace to the furnace outlet
screen, is also shown in Fig. 4.

The radiation intensity from the bottom layers
of the furnace, where temperature can exceed
1500°C, is suppressed by the upper layers with a
lower temperature of about 1200°C. In the firing
space the distinctly expressed not diffuse radiation
takes place. As the probe is inserted deeper into
the furnace, radiation intensity J,, increases in all
directions. As the distance between the probe
head and the wall increases, the values of q*, q~
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(c) A fragment of the spherical indicatrix of heat
radiation intensity, cross-section in a vertical plane
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(b) Distribution of the difference 4qg=q*—q~ in the
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267 KW/inTEr]

{d) A fragment of the spherical indicatrix of heat
radiation intensity, cross-section in a horizontal
plane

Fig. 4 Results of measurement of radiation energy in the region of the furnace exit plane

and Aq=q*—q"~ increase. At the furnace exit
plane, the mean value of measured Aq was 54
kW,’mz.

The figure of merit p=(q*—q~)/q* is used in
furnace thermal calculation (Kuznetsov, 1973). In
our experiments we obtained ¢=0.27. The figure
of merit g is similar to the thermal efficiency of
the wall screen heating surfaces, i. e. it indicates
radiative heat, perceived by the furnace exit plane
as a fraction of the incident heat radiant flux g*.
It is necessary to keep in mind, that in this case q~
was not a consequence of the radiant flux q*, but
was stipulated predominantly by radiation of
combustion products in the horizontal duct in the

direction towards the furnace exit plane.
6. Estimation of the Figure of Merit ¢

An engineering method of calculating ¢ from
radiant energy measurements is proposed in this
section.

Let us represent the radiant flux g-, going from
the furnace outlet screen to the furnace exit plane
as the sum:

g =rgs +(1—7)gu", {5)

where r=(85—s5)/8=8,/S;
S is the surface of the furnace exit plane; s is the
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(a) Formation of the radiation intensity and hemis-
pherical radiation flux behind the furnace exit
plane
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(b) A fragment of the furnace outlet screen pipes
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(c) Schematic for calculating Jz,™® — 1) Temperature

distribution of the combustion products within the

beam length; 2} Effective radiation temperature; 3)

Average temperature of the combustion products.

Fig. 5 Schematic for the conclusion of the correc-
tion coefficients [T, and ],

area of pipes in the duct cross section directly
behind the furnace exit plane; g~ is the mean
incident hemispherical radiant flux on the surface
S;; and q,~ is the mean incident hemispherical
radiant flux on the surface s.

The adopted notation is illustrated in Fig. 5.
The design formuia for the figure of merit ¢ can
be given as:

p=(1—rgz/q")— (1 —rNewo T/ gt +1— )
(6}

where T, and g, are the temperature and emis-

sivity of the first row of furnace outlet screen
pipes (or platen superheater pipes), sespectively.

Let us estimate the contribution to the heat flux
q~ by radiation from the first row of pipes q.
From Eq. (5) we have:

ge=q fr—(U—r)ewoTat+(l—gu)g*]/r ()

According to Eq. (7), a number of calculations
qe- for all sets of measurements were made. g,
was assumed to be 0.8, Temperature T, [K] was
determined according to Kuznetsov N. et al
(1973). Analysis shows that the (1 —r1) ¢, term
contributes less than 4 % to the radiant flux q-.
Thus, the predominant effect on the characteristic
@ in Eq. (5) is rendered by the first term. Note
that the numerous measurements of radiation
show that q~/q* at the furnace exit plane is stable
and lies between 0.73 to 0.77. This result sim-
plifies the generalization of the measured experi-
mental material.

Major factors influencing the relative radiant
flux q,~/q* are the temperature of gases escaping
the furnace, &, and the optical density of gases
within the horizontal gas duct, especially near the
furnace exit plane. Keeping in mind the rather
narrow range of change qg/q* in actual boilers,
let us take into account only main factors that
influence the value of q,/q*. With this purpose
we can express q. /gt as

gzl at=Ilsllulaz/a")* (8)

where J], is the correction coefficient which takes
into account the effect of gas temperature &. 11,
is the correction coefficient which takes into
account the effect of emitting and absorbing
properties of gases and the geometry of heating
surfaces. (qz/q*)* is value of (qz/q*) for [[,=!
and [[.=1.

The dependence of the relationship [[, on &
can be determined by noting that, at the furnace
exit plane, g% is proportional to (g +273)*. The
furnace output window “sees” in directions per-
pendicular to the plane under consideration those
regions in the furnace space, which are arranged
at the same level, i. e. have the same gas tempera-
ture. Taking this into consideration, we can find
from Eq. (8) :
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Te=(1/T1:) [0/ (8- +273¥1/ [z /(8- +273)]"
9

Yalues marked with an asterisk (*) are con-
stant. Function [J,=f () is influenced only by
g /(6:+273)%. The dependence of J], on ¢ has
been implemented as follows. In a set of experi-
ments at different &, the gas temperature distribu-
tion in the horizontal gas duct was determined.
Thus, in each case, the temperature distribution
within the beam length was determined. As for
the radiant properties of combustion products
with absorption coefficient k and surface tempera-
tures T, they were determined according to (Kuz-
netsov, 1973). Thus, the values of q,~ were calcu-
lated numerically via Eqs. (1), (2), and (3). In
Fig. 5(a) intensity J,,~* is defined. Hemispherical
radiation flux g,~ is shown in Fig. 5(b). Informa-
tion in a monograph {Kuznetsov, 1973) was used.
It is noted that the greatest effect on the J,,7® and
q.~ was from gas layers situated close to the
furnace exit plane. For a specified distribution of
gas temperature along a beam length of L=12m
and k=0.7 1/m in a horizontal boiler gas duct,
the effective radiant temperature was 1300°C. At
the same time the average value of gas tempera-
ture on the beam length mentioned earlier was
equal to 11307C.

Having computed 5% in different directions
within the limits of a hemisphere and within the
area S-s, the incident radiation energy on S-s
could be determined by numerical integration of
1,78 Dividing the obtained value by S-s yields
the average value of radiate heat flux, gz, over
the area S-s. Such experimental-computational
results of T],=f({ &) are shown in Fig. 6(a). From
this relation, the temperature of the gas &* at
which J[,*=1 is taken as 1200°C.

Now let us consider the correction coefficient
TI. In addition to &, the size of the furnace
outlet screen and the emission absorption prop-
erties of the combustion products affect g;=/q.
The heat radiation of gases from the horizontal
gas duct at given temperature is determined by the
£as emissivity, eq.

gse=1—exp(—£L.)

where L., is effective beam length, computed
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Fig. 6 Value of correction coefficients T, and I]«

according to Kuznetsov (1973) as
Le=18/(1/H+1/t+1/1)

where H is the vertical size of the furnace outlet
screen. Explanations concerning sizes | and t are
displayed in Fig. 5{(b).

Only a fraction of the radiation, equal to p(1
— &5.), Teaches the furnace outlet plane. p is the
angular factor of screens, calculated according to
Kuznetsov(1973):

o= (/P +1]05 1/t

We have taken into account the parameter, P=
5o/ [1— p{1 —&sc)], which reflects the design fea-
tures of screens and the radiant properties of the
combustion products. A series of calculations to
establish the relation J],=flew/[1—o(1 —e}]}
was made for different combinations H, t, | at
different absorption coefficients. The calculation
pracedure for establishing [] . =f(P) was the same
as in the case of [[,. In Fig. 6(b), the dependence
of TIx on gw/[1—p(l—gs)] is shown. The
parameter P*, at which [],* =1, is equal to 0.30.

Returning 1o the Egs. (6), (7), and (8) we have

= [1 _Hank7(4g7/4+)*] —{l—v)
(cwoThtq —ewgt)/ g™ (10)

Neglecting the self-radiation, and back-radia-
tion of the first row of screen pipes due to their
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smallsize and taking into consideration the actual
ratio of d/t in boilers, we have obtained an
expression for the figure of merit, g, as

g=1—TTeller(gs~/a")" (11)

Fig. 6 should be used for obtaining the correc-

tion coefficients [, and [],. On the basis of

direct measurements, (q,~/q*)" is found to be

equivalent to 0.72. With this value the Eq. (11) is

applicable for boilers burning pulverized solid
fuel.

7. Conclusion

From direct measurements of radiant energy in
the furnace of a heavy duty steam boiler using a
newly designed radiometric probe, the spatial
distribution of radiation intensity at the furnace
output window was obtained. At full-load, the
mean value of the resultant radiant flux, Jq,
escaping the furnace through the output window
was 54 kW /m? The ratio g~ /q* varied between 0.
73 and 0.77. A formula for calculating the figure
merit @ has been proposed.
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