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Abstract—The characteristics of a ‘clean’ heat flux-meter that is air stream cooled and protected against
ash deposit formation are presented. The steady state radial temperature difference across the receiving
disc of the heat flux-meter is both obtained numerically, using the finite element method, and measured
experimentally. Moreover, the steady state receiving disc temperature field circumferential uniformity and
the dynamic response of the flux-meter to stepwise changes in the incident heat flux are investigated. The
experimental data and numerical results indicate that the radial temperature difference depends linearly
on the incident heat flux. The signal vs the air flow rate is also obtained. At steady state conditions and
higher air flow rates, the receiving disc temperature field can be considered circumferentially uniform. The
dynamic response of the heat flux-meter is satisfactory.

INTRODUCTION

Duk 10 the widespread use of low gquality coals and
their strong tendency to form deposits, reliable and
accurate ash deposit monitoring systems are much in
demand [1,2]. Ash deposit formation processes in
power plant boiler furnaces are very complex [3-5].
Systems that monitor changes of furnace heat transfer
conditions proved to be most efficient and reliable.
The major portion of the heat in boiler furnaces is
radiation transferred (90-95%) [6]; these systems
measure the radiative heat flux. Among the developed
monitoring systems [7-9], the one that compares the
signals from a so-called ‘clean’ and a ‘dirty” heat flux-
meter proved the most reliable. The problem in the
development of such a system is the design of a ‘clean’
heat flux-meter that simulates conditions of heat
transfer between the flame and clean furnace walls
throughout boiler operation. A ‘clean’ flux-meter
design is proposed in ref. [2]. It has high in-plant
positioning flexibility and is efficiently protected
against ash deposit formation. In a disc type flux-
meter, the heat flux is obtained from the temperature
difference between the centre and the perimeter of the
receiving disc.

We present experimental data and a numerical
evaluation of the dependence of the radial tem-
perature difference across the receiving disc of the
proposed ‘clean’ heat flux-meter on the incident heat
flux. Also results of the experimental investigation
of the circumferential uniformity of the receiving disc
temperature field for steady state radiative heat trans-
fer conditions are shown. The experimental investi-
gation of the dynamic response of the flux-meter to
step changes in incident heat flux is discussed.

NUMERICAL EVALUATION OF THE RADIAL
TEMPERATURE DIFFERENCE
DEPENDENCE ON THE INCIDENT HEAT FLUX

The radial temperature difference dependence on
the incident heat flux is determined at steady state
heat transfer and two air flow rates (4.6 x 10™* and
6.8 x 10~ *m? s~ "). The first step in the determination
of the temperature field in the receiving disc is the
solution of the steady state Fourier differential equa-
tion for conductive heat transfer in cylindrical bodies
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The prevailing heat transfer conditions and the
‘clean’ heat flux-meter design (Fig. 1) impose the
following assumptions:

(a) radiative and convective heat losses from the
lower surface of the receiving disc may be neglected
due to the presence of insulation and low air velocities
inside the flux-meter housing ;

(b) heat conduction losses through the connecting
ribs and the influence of the ribs on the circumferential
uniformity of the temperature field may be neglected ;

(c) heat conduction losses through thermocouple
wires (1 mm in diameter) may be neglected.

In view of these assumptions, the boundary con-
ditions become
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d..  error due to the different surface
temperatures and radiative properties

i, coefficient of convective heat transfer
from the upper surface of ‘clean’ heat
flux-meter receiving disc

h, coeflicient of convective heat transfer in
the annulus

! thickness of ‘clean’ flux-meter receiving
disc

n concentration factor

q radiation source heat flux

4. absorbed heat flux
¢ine  Incident heat flux

gnee  net radiative heat flux
g heat flux emitted from receiving discs
R radius of the receiving disc

Sp standard error of the linear regression
coefficient for ¢ = 4+ B(AD

standard error of estimate for

g = A+ B(AT)

standard error of estimate for the gy~
g regression line

NOMENCLATURE
a total hemispherical absorptivity T temperature
Bi  Biot number v air flow.

Greek symbols
Q temperature difference

¥ temperature function

d thickness

I3 total hemispherical emissivity

A coefficient of conductive heat transfer.

Special symbols
AT  temperature difference between
measuring points
J, zero-order Bessel function
J; first-order Bessel function.

Subscripts

1-3  temperature measuring points
‘clean’ heat flux-meter
experimentally obtained results
numerically obtained results
environment
source
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referent heat flux-meter,
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The given system of equations (1)—(5) is solved
numerically using a two-dimensional heat conduction
model for cylindrical bodies [10,11], based on the
finite element method. The convective heat transfer
coefficient at the upper surface of the receiving disc,
h,, is calculated using the expression for turbulent
flow over the plate. The average v-components of the
air velocity above the disc are used to calculate &, [2].
The convective heat transfer coefficient in the annulus
(air stream outlets), /., is calculated using the Roisen—
Petuhov expressions [12]. The temperature fields are
calculated for incident heat fluxes in the 0-110 kW
m~? range and for air flow rates of 4.6x107° and
6.8x107* m® s~ ', The isotherms calculated for an
incident heat flux of 100 kW m™? are presented in
Fig. 2. The results of temperature field calculations
indicate that radial heat transfer is dominant in the
receiving disc (Fig. 2). Significant axial heat transfer
is limited to the central part of the disc.

The AT,, radial temperature differences are cal-
culated using the numerically obtained temperatures
in the centre and at the periphery of the lower receiving
disc surface. Calculated temperature differences ATy,

and the corresponding regression lines for the inves-
tigated incident heat flux range and air flow rates are
given in Fig. 3. Linear regressions prove to be the best
fit for both air flow rates.

- conductive heal transfer
~ convective heal transfer

o~ radiative heat lransfer

receiving disc '

“ housing
’ &85~ insulation

- air flow

FiG. 1. The ‘clean” heat flux-meter—-heat transfer conditions.
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FiG. 3. Numerically obtained radial temperature differences,
12+

Regression line coefficients (4, B), the correlation
coefficient (r), the standard error of the estimate
(S,ar), the standard error of the regression coefficient
B (Sy), and the maximum deviation from regression
lines are listed in Table 1. The confidence intervals
calculated for 99% probability {13], and intervals of
+2 8,4 are given in Fig. 3.

It may be seen in Fig. 3 that an increase in the air
flow rate results in an increase of the radial tem-
perature difference. A 50% increase in the air flow rate
results in a 4.6% increase in the radial temperature
difference.

EXPERIMENTAL EVALUATION OF THE
"CLEAN’ HEAT FLUX-METER CHARACTERISTICS

Steady state behaviour is experimentally inves-
tigated via the radial temperature difference (AT,
Fig. 4—detail A) vs incident heat flux dependence and
the investigation of the circumferential uniformity of
the temperature of the receiving disc. The cir-
cumferential uniformity of the temperature field of
the receiving disc is investigated by comparing T,
and T; measurements. Steady state characteristics are
investigated for an incident heat flux in the 0-105 kW
m~? range and for four air flow rates (1.9 x 1073,
46x107° 6.8x 107 and 7.7x 1073 m? s~ '). The
heat flux-meter dynamic response to 100% step
changes of the incident heat flux is investigated for
incident heat fluxes of 60 and 90 kW m~? and at three
flow rates (4.6x 1077 6.8x 1077 and 7.7x 107 * m*®
h™".

Experimental set-up
The experimental set-up (Fig. 4) consists of a radi-
ation source (1), a lens radiation concentrator (2), an

Table 1. Statistical parameters—numerical results (g = 4 + BATy2)

) Regression Maximum

V coefficients Syar Sz deviation
(m?s™hH A B r GWm ) (kWm?) (kWm ) (%)
4.6E—3 0.801 10.106  0.9996 0.747 0.060 1.283 22
68E—3 3.066 8717  0.9997 0.683 0.053 0.950 0.9
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optical bench (3), a precise positioning system (4}, a
referent heat flux-meter (), the investigated ‘clean’
heat flux-meter (6) fixed to an original boiler tube (7),
a water cooled radiation screen (8), the air supply
system with flow meter (9) and control manometer
(10) and the acquisition system (11).

The radiation source is a Polaris 260 reflector with
a 1 kW halogen light source. The reflector has a Fresnel
lens and limited collimation. Two converging
lenses, 125 mm in diameter and of 400 mm focal length
are used for radiation concentration. At the maximum
radiation concentration (105 kW m™?, by positioning
the lenses along the optical bench) the irradiated area
is twice as big as the receiving disc surfaces of both
heat flux-meters. The radiation is focused on the
receiving discs at angles greater than 80° thus securing
the incident heat flux uniformity. The incident heat
flux is varied by changing the distance between the
radiation source and the flux-meters using a precise
positioning system. The precise positioning system
ensures identical heat transfer to the referent and ‘clean’
heat flux-meter. The incident heat flux is measured
with a referent flux-meter [14]. Insulated K-type
thermocouples are used to measure temperatures in
the receiving disc of the ‘clean’ heat flux-meter. Air
flow is controlled by adjusting the valve of a rotameter
type laboratory flow meter. An AUTODATA 9
system is used for data acquisition. Step changes in
the incident heat flux that induce dynamic response
are produced by inserting an 8 mm thick non-trans-
parent plate.

Experimental procedure
Evaluation of the steady state characteristics of the
‘clean’ heat flux-meter is based on three series of exper-

iments carried out in the mentioned incident heat flux
range. First, the incident heat flux was measured using
the referent flux-meter, then the ‘clean’ heat flux-meter
was placed in the same position with respect to the
radiation source. For each value of the incident heat
flux the T, T, and T, temperatures are measured at
different air flow rates. Temperatures are measured
every 30 s over 5 min intervals at each value of the
flow rate. These values were then averaged over the
measurement interval. The dependence of the radial
temperature difference AT, on the incident heat flux
was evaluated using the time-averaged values of T,
and T,. The time-averaged values of T, and T, were
used to test for circumferential temperature uni-
formity in the receiving disc.

The ‘clean’ heat flux-meter dynamic response to the
initial incident heat flux is measured in the same manner
as the steady state characteristics. After proper
positioning of the ‘clean’ heat flux-meter in respect to
the radiation source, a non-transparent 8§ mm thick
plate is inserted into and removed from the space
between the source and the flux-meter and produces
incident heat flux step changes. Temperatures were
measured until steady state values were reached.

Experimental results

The radial temperature differences, AT,, and the
obtained correlations for the temperature differences
vs the incident heat flux are presented in Figs. 5(a)-(d).
The linear regression proves to be the best fit at all air
flow rates.

Calculated regression coefficients (4 and B), cor-
relation coefficients (r), standard errors of estimate
(S,a7), standard errors of the regression coefficient B
(Sp) and the maximum deviation of experimental data
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FiG. 5. Experimentally obtained radial temperature differences, AT ,.

from the corresponding regression lines are listed in
Table 2. The confidence intervals (99% probability)
and +2 S, intervals are shown in Figs. 5(a)—(d).

Regression lines obtained for different air flow rates
are also presented in Fig. 6. It can be seen that an
increase in the air flow rate results in an increase of
the AT}, values obtained at a constant incident heat
flux. At the highest incident heat fluxes, a 300%
increase in the air flow rate results in a 13.5% increase
of the temperature difference.

The results of the T, and T, measurements are
shown in Figs. 7(a)-(d). Note a small temperature
difference for different positions on the receiving disc

perimeter for all incident heat fluxes. As the incident
heat flux increases, the circumferential temperature
difference, AT,; (Fig. 4—detail A), also increases until
the incident heat flux reaches the 85-90 kW m™?
range. On further increasing of the incident heat flux,
the temperature difference AT, decreases. With the
increase of the air flow rate, the observed circum-
ferential temperature differences decrease.

The flux-meter signals upon a 100% step decrease
and subsequent increase of incident heat flux are pre-
sented in Figs. 8(a)—(d). After the step incident heat
flux decrease the ‘clean’ heat flux-meter signals reach
steady state values after, at most, 18 s. With the increase
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Table 2. Statistical parameters—experimental results (g = A+ BATg)2)

Regression Maximum
v coefficients Syar Sy deviation
(m*s™ A B r GWm™)  (kWm )  (kWm™? (%)
1.9E-3 0.801 10.106 09917 2.465 0.169 6.485 8.1
46E-3 1.488 9481 09934 2.193 0.141 6.406 8.0
68E—3 2.401 8.930 0.9936 2.261 0.137 5.661 7.1
77E-3 3.066 8717 09936 2.166 0.128 5.929 7.4

in the incident heat flux this time interval lengthens,
On the other hand, the increase of the air flow rate
shortens this time interval. For the step heat flux
increase, flux-meter signals reach stable values after a
maximum of 14 s, A subsequent increase of the inci-
dent heat flux again increases the time interval needed
for the signals to stabilize. At the beginning of the
measurement sudden peaks of the signal were noticed
at step decreases of the incident heat flux. Also, at
step heat flux increases, negative values of flux-meter
signals were observed at the beginning of the measure-
ment.

The time constants of the ‘clean’ heat flux-meter,
calculated using the experimentally obtained
responses of the flux-meter to step changes in the
incident heat flux, are given in Table 3. For all the
investigated cases, the calculated time constants are
shorter than 5 s. The longest time constant (4.6 s) was
obtained for the 100% step decrease from a 60 kW
m~? incident heat flux initial value and at 2 6.8 x 107
m?* 57! air flow rate. The lowest value of the time
constant (2.33 s) was obtained for the incident heat
flux step increase from 0 to 90 kW m~ 2 and an air
flow rate of 6.8 x 10 *m?*s™ .

The data presented in Table 3 shows that at a step
decrease, time constant values tend to decrease with
the increase in the air flow rate. The increase in the
initial incident heat flux results in an increase in the
time constant values except for the air flow rate of
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Fi1G. 6. Experimentally obtained correlations, g = f{AT),).

6.8 x 107> m*s™ ' where a 50% increase in the incident
heat flux produces a 11.5% decrease in the time con-
stant. At a step increase of the incident heat flux, an
increase in the air flow rate results in an increase in
the time constant values except for a 90 kW m *
incident heat flux and air flow rates of 4.6 x 107~
6.8x 1077 m”* s’ where a 47.8% increase in the air
flow rate produces a 45.5% decrease in the value of
the time constant. The increase in the initial incident
heat flux causes, in the case of a step increase, a
decrease in the value of the time constant except for
an air flow rate of 4.6x10°° m® 57! where a2 50%
increase in the incident heat flux produces a 59.9%
increase in the value of the time constant.

DISCUSSION

Numerically obtained dependence of the radial tem-
perature difference on the incident heat flux

The linear regression best fits the numerically evalu-
ated dependence of the radial temperature differences
on the incident heat flux in the receiving disc of the
‘clean” heat flux-meter. Corresponding correlation co-
efficients are very close to 1 and the standard errors
of estimate do not exceed 0.75 kW m™? for both air
flow rates. The observed dependence of AT, on the
air flow rate where, for instance, at the highest values
of the incident heat flux, a 1 % increase in air flow rate
results in approximately a 0.09% increase in the radial
temperature difference, is in good agreement with the
numerical solution for the radial temperature differ-
ence between the centre and perimeter of the lower
receiving disc surface. The temperatures in the centre
and at the periphery of the lower surface of a cylin-
drical body, for boundary conditions {(3)—(5), are [14]

1
qHQtR 2= 8 ‘Rﬂ \8 l((})‘)
YO, =755 Y o
4ILO(S P ) 1 3 4
wi cosh| a, 2 (3w )+ 3w )]
(6)
[
G R? & “r”
W(R. 1) = N
'4”?"0(S koo § 3 3 1
wy{wi + Bi*ycosh { wy R
where
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A temperature function (9) is introduced to simplify
the solution of the system of equations (1)—(5) [14, 15]. Bi
The expression for the radial temperature difference T (@+BD | (10)

at the lower surface of the receiving disc can be derived
from equations (6) and (7) Equation (10) indicates that an increase in the flow
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rate and thus an increase of B/ results in an increase
in the radial temperature difference at the lower sur-
face of the receiving disc.

During the numerical evaluation of the radial tem-
perature difference vs incident heat flux dependence
several possible sources of error were identified :

(a) the error inherent in the numerical method
itself’;
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I?TO
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{(b) theerrorintroduced via material thermo-physi-
cal properties used in the calculation;;

{c) the error due to the calculated convective heat
transfer coeflicients #, and 4, ;

(d) the error that is the result of neglecting the
conductive heat losses through the connecting ribs
and thermocouple wires and convective and radiative
heat losses from the lower surface of the receiving
disc.
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F1G. 8. Dynamic response of the ‘clean’ heat flux-meter.
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Table 3. Time constants of the ‘clean’ heat flux-meter

Q _ Time constant (s) .
(kWm %) V=46x10"m’s™" V=68x10">m*s™' V=77x10""m’s""
Step decrease of the incident heat flux
60 447 4.59 3.45
90 4.52 4.06 3.47
Step increase of the incident heat flux
60 2.67 2.95 3.82
90 427 233 3.32

The chosen non-uniform numerical grid proved
optimal in terms of numerical stability and run time
of the temperature field computation [10, 11]. It mini-
mizes the error inherent in the numerical method
itself. All thermo-physical property values are taken
from the literature [16-18]. The cross-section ratios
of the receiving disc surface and the connecting ribs
and thermocouple wires are such that the heat losses
through the connecting ribs and thermocouple wires
do not considerably affect the accuracy of the evalu-
ation of the AT,, dependence on the incident heat
flux at steady state. Also, due to the insulating layer,
convective heat losses at the rear surface of the receiv-
ing disc are negligible.

In the calculation of the 4, convective heat transfer
coefficient average values of the experimentally
obtained r-component of air velocity are used [2]. The
v-component values of air velocity are several times
greater at the perimeter than at the centre of the receiv-
ing disc. The nonuniformity of the air velocities indi-
cates that convective heat transfer from the upper
surface of the receiving disc is also nonuniform, con-
trary to the assumption we made in our attempt to
simplify the numerical solution. Furthermore, due to
the dimensions of the ‘clean’ heat flux-meter, air flow
instabilities in the annulus may be expected to con-
tribute to the error in the numerical evaluation of the
mentioned dependence. The only plausible quantifi-
cation of the error in the numerical evaluation of the
steady state AT, dependence on the incident heat flux
due to the calculated /, and k, values is by comparison
with experimental data.

Experimental radial temperature difference vs incident
heat flux curves

Linear regressions are the best fit for the AT |, radial
temperature difference vs incident heat flux data
obtained at all investigated flow rates. Obtained cor-
relation coefficients are in the range of 0.992-0.994
and the standard errors of estimate do not exceed
2.5 kW m~2 The lowest values of the correlation
coefficient and the highest values of the standard error
of estimate are at the lowest air flow rate (1.9 x 10~?
m* s~ "). The radial temperature difference vs air flow
rate dependence observed is virtually equal to the
numerically obtained results. In the air flow range of
4.6x107-6.8x107°> m> s™ ', a 1% increase in the
air flow rate results in a 0.1% increase in the radial

temperature difference. As air flow rate instabilities
in an actual power plant boiler environment can be
controlled to less than + 10% it is reasonable to expect
that ‘clean’ heat flux-meter signal variations due to
air flow rate changes do not exceed + 1% of the mean
value.

The principal potential sources of error in the exper-
imental evaluation of AT, vs incident heat flux depen-
dence are:

(a) referent and ‘clean’ flux-meter receiving disc
surface different radiative properties ;

(b) referent and ‘clean’ heat flux-meter surface tem-
perature discrepancies ;

(c) temperature measurement errors;

(d) theerrorin determination of the actual distance
between the attached thermocouples.

The error in the experimental evaluation of the AT |,
dependence on the incident heat flux due to the

different radiative properties and surface tem-
peratures is obtained from

_ 4 net _rqc.ncl

qr.ncl

Gre (1

The net radiative fluxes between the radiation
source and receiving discs of the referent and ‘clean’
heat flux-meter are

Grnet = §r— q; = G(narss Ts4 —& T;‘) (12)
Genet = qt_q:. = G(nacssT:_gcT:)' (13)
Equation (11) becomes
a(na,ss Ts4 —é& T:) - a(nacss T: —& T:)
Gre = (14)

a(narss T:‘ — & T?)

During the experimental evaluation of the AT,
dependence on the incident heat flux we monitored the
referent flux-meter receiving disc surface temperature.
The obtained data show that both flux-meter surface
temperatures do not exceed 400 K and that the differ-
ence between them does not exceed 20 K. Since the
temperature of the light source is 3000 K, all the terms
in equation (14) containing T, or 7T, can be neglected
reducing it to

e = O-ngsT:(ar_ac) _ ar_ac. (15)

ona.e, T a,
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Equation (15) indicates that the error in the evalu-
ation of the AT, vs incident heat flux dependence is
strongly influenced by the difference in total hemi-
spherical absorptivity values. The referent heat flux-
meter is coated with a temperature resistant black
paint of a total hemispherical absorptivity of @, = 0.9,
the total hemispherical absorptivity for the stainless
steel surface of the ‘clean’ flux-meter being approxi-
mately a.= 0.4 [16, 18]. The error due to this difference
in radiative properties is 45%. In an attempt to dim-
inish the effect of receiving disc surface radiative prop-
erties on the accuracy of the experimental evaluation
of AT, vs the incident heat flux, the measured radial
temperature differences are related not to the
absorbed but to the incident heat flux. Thus, any
serious repercussions of the different radiative prop-
erties and surface temperatures are eliminated.

As mentioned above, temperatures are measured
with insulated K-type thermocouples. As calibrated
thermocouples are used, the error introduced by the
thermocouples may be neglected. The accuracy of the
voltmeter is 1%. The measured temperatures are pro-
cessed with one significant decimal digit resulting in
+7.4 and +0.8% errors for the lowest and highest
values of radial temperature differences, respectively.
The total temperature measurement error is +8.5%
for the lowest incident heat flux and air flow rate
values and + 1.8% for the highest incident heat flux
and air flow rates.

At receiving disc and thermocouple diameters of
10 and 1 mm, respectively, the displacement of each
thermocouple from the intended position may be
expected not to exceed 0.1 mm. Due to the unique
flux-meter design (a 0.1 mm thick metal wall used for
attaching the insulation prevents the displacement of
the perimeter thermocouple in that direction) a —0.2
to 0.1 mm total positioning error for both thermo-
couples may be expected. The results of the tem-
perature field calculations indicate (Fig. 2) that, due
to nonuniformity of the radial temperature gradient,
a central thermocouple displacement affects the
accuracy less than displacement of the perimeter ther-
mocouple. An analysis of the temperature field cal-
culations and possible thermocouple positions indi-
cates that the error due to the displacement of
thermocouples should not exceed —2.9 and —2.6%
for the lowest and the highest incident heat fluxes and
air flow rates, respectively.

In accordance with the above analysis of the main
sources of error in the experimental evaluation of the
AT, vs incident heat flux dependence, it is to be
expected that the total error does not exceed —11.2
to 8.5% for the lowest values of incident heat flux and
air flow rate and —4.5 to 1.8% for the highest values.

Comparison between experimental and numerical
results

Linear correlations of the AT, radial temperature
differences and incident heat flux proved the best in
both the experimental and numerical investigations.

B. BraJuskoviCc and N. AFGAN

Experimental incident heat flux data (g¢) and the com-
puted incident heat flux values obtained for similar
radial temperature differences using the numerical
correlations (gy) are given in Fig. 9. In the 15-105 kW
m incident heat flux range, the average differences
between numerically and experimentally obtained
values are 3.3 and 5.0% for airflow rates of 4.6 x 10 *
and 6.8x10 * m’ s7', respectively. The greatest
differences between numerically and experimentally
obtained heat flux arc 8.9 kW m ? (12.5%) for the
lower and 10.6 kW m ? (15.3%) for the higher air
flow rate.

At similar incident heat fluxes and air flow rates the
experimentally obtained AT, values are lower than
those obtained numerically (Figs. 3, 5 and 9). The
influence of the air flow rate increase on the radial
temperature difference is slightly more significant in
the case of experimental flux-meter characteristics.
For the highest values of the incident heat flux a
1% increase of the air flow rate in the 4.6 x 107>
6.8x10 > m?® s~' range results in 0.1 and 0.09%
increases in the radial temperature differences accord-
ing to the experimental and the numerical evaluations,
respectively.

The slopes of the gg—¢» regression lines differ from
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45° less than 1” for the lower and 28 for the higher
air flow rate indicating that the difference between
experimental and numerical data is virtually constant
for all incident heat fluxes. These differences are
mainly due to the disagreement in the total hemi-
spherical absorptance value used in the numerical
evaluation and the actual value. The convective heat
transfer nonuniformity due to the velocity profile and
possible flow instabilities contribute to the dispersion
of regression line slopes around 45°. As mentioned,
because slope dispersion i1s smaller than 30, the
influence of the convective heat transfer instabil-
ities at the upper surface of the receiving disc may be
neglected.

The analysis of experimental error limits shows that
the numerical data lie within, or are close to, the
experimental error limits indicating that the ‘clean’
flux-meter can be successfully numerically calibrated.
Note that, since in the 4.6 x107*-68x10"*m3s~!
air flow range, the mean values of the r-component
of air velocity data vary little with the change of the
air flow rate [1], the developed numerical model can
be used for the calibration of the ‘clean’ heat flux-
meter in the air flow rate range in question without
the need for additional velocity field measurements.

Circumferential temperature field uniformity

The results of T, and 7, measurements indicate
that the increase of incident heat flux up to 85-90
kW m ™ ? results in an increase in the circumferential
temperature difference. At higher incident heat fluxes
circumferential temperature differences decrease with
the increase in the incident heat flux. It may be seen
in Figs. 7(a)-(d) that up to an incident heat flux of
85-90 kW m~ %, the T, temperature rises faster than
T5. At higher values of the incident heat flux, the
opposite occurs. This is due to the relationship
between the temperatures of the flux-meter housing
and the receiving disc. If the temperature of the hous-
ing is lower than the temperature of the receiving disc,
the connecting ribs act as a heat sink, increasing the
heat transfer rate. Once the temperature of the hous-
ing becomes higher than that of the receiving disc, the
connecting ribs begin to act as heat sources. Obtained
results indicate that for incident heat fluxes above 85—
90 kW m~ 7, the temperature of the housing exceeds
the temperature of the receiving disc due to less
efficient cooling and the connecting ribs cease to
increase the heat transfer rate.

An increase in the air flow rate reduces circum-
ferential temperature differences. At a flow rate of
7.7x 107 * m* s~ ! circumferential temperature differ-
ences almost disappear. The reduction of the cir-
cumferential temperature differences with the increase
in the air flow rate is due to the increased efficiency of
convective cooling of the receiving disk.

The highest circumferential temperature differences
were measured at 2 90 kW m ™ ? incident heat flux. The
observed circumferential temperature distribution
results in radial temperature differences AT,, and
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AT, (Fig. 4—detail A) of 40.9% at 6.8 m* h™' to
4.8% at 27.7 m’ h™'. In view of the geometry of the
receiving disc and the obtained results, the influence
of the connecting ribs on the temperature field of the
receiving disc is, at higher air flow rates, limited to
their vicinity. The circumferential thermocouple dis-
placement at air flow rates of 4.6 x10~° m® s~ ' and
higher does not affect the accuracy of the measure-
ment.

The dynamic response of the ‘clean’ heat flux-meter

The dynamic response of the ‘clean’ heat flux-meter
was experimentally investigated for two values of the
incident heat flux of 60 and 90 kW m~?. The results
indicate that the flux-meter signal stabilizes in no
longer than 18 s after a 100% step decrease and 14 s
after a 100% step increase of incident heat flux. The
value of incident heat flux of 90 kW m~? used in the
experiments is close to that expected in the boiler
furnace zone where the ‘clean’ heat flux-meter will be
mounted (incident heat fluxes in boilers fired with
pulverized low quality lignites in the above-burner
zone are in the 100-125 kW m™? range [19]). Com-
parison of the ‘clean’ heat flux-meter dynamic
characteristics and the dynamics of boiler furnace pro-
cesses indicates that the ‘clean’ heat flux-meter will
register all incident heat flux oscillations that are of
interest to ash fouling monitoring systems.

During the evaluation of the dynamic response of
the ‘clean’ heat flux-meter, the peaks and negative
values of the flux-meter signal were observed during
the first 2 s. Heat is transferred by conduction through
the receiving disc almost instantaneously (the con-
duction heat transfer rate in temperature resistant
steels is estimated in the 350400 m s~' range [20])
and the observed phenomena are due to heat transfer
through the receiving disc (Fig. 2). After a stepwise
decrease in the incident heat flux, temperatures
decrease more slowly at the centre of the lower surface
of the receiving disc than at the periphery resulting in
higher radial temperature differences and an increase
in the flux-meter signal. This is due to axial heat trans-
fer from the upper surface of the receiving disc to the
colder lower surface. In the case of a step increase in
the incident heat flux, heat is transferred from the
upper surface of the receiving disc more intensively in
the radial direction thus inducing a faster increase of
periphery temperatures than those at the centre of the
lower surface of the receiving disc.

The calculated values of the ‘clean’ heat flux-meter
time constant (Table 3} indicate that for incident heat
flux decreases, the time constant shortens with the
increase in the air flow rate and the decrease in the
incident heat flux. The influence of the air flow rate
on the time constant is considerably more pronounced
than the influence of the incident heat flux. In the case
of an incident heat flux increase, the time constant
shortens with the increase in the incident heat flux and
the decrease in the air flow rate. In this case, the effect
of the incident heat flux and air flow rate on the time
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constant are of the same order of magnitude. For all
investigated cases, the effect of the air flow rate on the
time constant is more pronounced in the 6.8 x 107~
7.7x107*m*s™ ' range. The observed inconsistencies
in the observed tendencies are due to the experimental
procedure. The manual positioning of the shutter and
large time step of the acquisition system made it
impossible to accurately correlate the measurement
results with the moment of the step change in the
incident heat flux. The obtained results indicate that
the variation of the time constant values from the
average in the power plant conditions will not exceed
+10%.

CONCLUSION

The proposed ‘clean’ heat flux-meter is efficiently
cooled by the air stream at the investigated air flow
rates. The radial temperature difference in the receiv-
ing disc is linearly dependent on the incident heat flux.
The dependence of the radial temperature differences
on the air flow rate is evident, but it does not result
in significant variations in the flux-meter signal caused
by the air flow rate instabilities in real power plant
boiler environments. For air flow rates higher than
16.6 m* h™', the temperature field in the receiving
disc can be considered circumferentially uniform.
The circumferential displacement of the peripheral
thermocouple from the design position does not sig-
nificantly affect the accuracy of the measurements.
The ‘clean’ heat flux-meter can be calibrated accu-
rately with the developed numerical model. The
dynamic response of the ‘clean’ heat flux-meter to
changes in the incident heat flux is good. All changes
in hcat transfer relevant to the monitoring of ash
deposits in in-site conditions will be registered by the
developed ‘clean’ heat flux-meter.
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UN FLUXMETRE THERMIQUE POUR DES SYSTEMES AVEC DEPOT DE
CENDRE—I1. CARACTERISTIQUES DU FLUXMETRE “PROPRE"

Résumé—On présente les caractéristiques d’un fluxmétre thermique “propre” refroidi par air et protégé
contre le dépdt de cendre. La différence radiale de température permanente a travers le disque récepteur
du fluxmeétre est obtenue numériquement par la méthode des éléments finis et mesurée expérimentalement.
On étudie 'uniformité circonférentielle du champ de température et la réponse dynamique du fluxmeétre 4
un changement échelon du flux incident. Les données expérimentales et les résultats numeériques indiquent
que la différence de température radiale dépend linéairement du flux radiatif incident. On obtient aussi le
signal en fonction du débit d’air. A toutes les conditions de régime permanent et de débits d’air les plus
élevés, le champ de température du disque récepteur peut étre considéré comme circonférentiellement
uniforme. La réponse dynamique du fluxmétre thermique est satisfaisante.
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EIN WARMEFLUSSMESSGERAT FUR SYSTEME ZUR UBERWACHUNG DER
ASCHEABLAGERUNG—1I. CHARAKTERISTIKEN DES “SAUBEREN”
WARMESTROMDICHTEMEBGERATES

Zusammenfassung—Die Charakteristiken eines “‘sauberen” WirmestromdichtemeBgerétes werden vor-
gestellt, das von einem Luftstrom gekiihlt und gleichzeitg von ihm gegen Ascheablagerung geschiitzt wird.
Fiir einen stationdren Zustand wird die radiale Temperaturdifferenz iiber die Empfangerscheibe mit einem
Finite-Elemente-Verfahren berechnet und auBerdem gemessen. Weiterhin wird fiir den stationdren Zustand
die GleichméaBigkeit des Temperaturfeldes am Umfang und das dynamische Verhalten des MeBgerétes bei
einer Anderung des einfallenden Wirmestroms untersucht. Die experimentell und numerisch ermittelten
Ergebnisse zeigen, daB die radiale Temperaturdifferenz linear vom einfallenden Wirmestrom abhingt.
Auflerdem ergibt sich das Signal in Abhingigkeit vom Luftvolumenstrom. Im stationdren Zustand und
bei groflen Luftstrémen kann das Temperaturfeld des Empfiangers in Umfangsrichtung als konstant
angenommen werden. Das dynamische Verhalten des WarmestromdichtemeBgerites ist zufriedenstellend.

WU3MEPUTEJIb TEIJIOBOI'O ITOTOKA B CUCTEMAX KOHTPOJIS OTJIOXKEHUN
30JIbI—I1. XAPAKTEPUCTUKN U3MEPHUTEJIA “UYACTOI'O” TEIIJIOBOI'O ITOTOKA

Annoramus—IIpencrapieHsl XxapaKTEPHCTHKHM OXJIaXJa€MOTO BO3JYLIHBIM fOTOKOM M 3aILMILEHHOTO
oT 06pa3oBaHus OTJIOXKEHHH 30J1bI H3MEPHTEJS “YHCTOrO” TEMUIOBOTO NOTOKA. MeTOAOM KOHEYHBIX dile-
MEHTOB OIIPEENiCHA YHCIICHHO, a TAKXKE M3MEPEHA IKCNEPHMEHTAIBHO CTALMOHADHAs pajHajibHas pa3-
HOCTh TEMINIEPATYP Ha BOCTIPUHHMAIOIIEM JHCKe HaMepHTess. KpoMe Toro, HecnenyloTes oqHOpOOHOCTS
CTalMOHAPHOTO TEMIIEPATYPHOTO NOJI BOCHPHHMMAIOILETO NHCKA 10 OKPYXHOCTH M IHHAMMYECKas
XapaKTepHCTHKA H3MEPHTENH NMpPH CTYNCHYATOM H3MEHEHHH MaJaiollero TEMJIOBOTO MOTOKA. JKCHEPH-
MCHTAJILHLIE JaHHBIE M YHCIICHHBIC PE3YJILTATH! YKa3bIBAIOT HA TO, YTO pajHalibHas pa3HOCTb TEMIEpa-
TYp JHHEAHO 3aBHCHT OT NAJAIOIIETo TEIUIOBOTo moToka. IlosyyeHa Takke 3aBUCHMOCTB CHIHAJA OT
CKOPOCTH BO3AYLIHOIO NMOTOKA. B yCIOBMSX CTalMOHAPDHOTO PEXHMA M NPH BBICOKHX CKOPOCTAX BO3-
LYUIHOTO MOTOKZ TEMIEPATypHOE MoJjie¢ BOCOPHHHMAIOIIETO QHCKA MOXET CYHTATHCA ONHOPOAHBIM 110
OKpYXHOCTH. JIuHaMHYecKas XapaKTEPHCTHKA H3MEPHTENS TEIUIOBOTO MOTOKA ABJIAETCHA YIOOBIETBODH-
TeJIbHOM.
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