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ANALYSIS OF MEASUREMENT ERRORS OF
CONVECTIVE HEAT-TRANSFER COEFFICIENT
USING A THIN-WALLED HEAT-FLUX SENSOR

Yu. I. Yunkerov UDC 536.24.08

A theoretical analysis of the errors is made and it is shown thatthe convective heat-transfer coef-
ficient in steady conditions ona rotating object of investigation can be measured by thin-walled
sensors.

Thin-walled heat-flux sensors [1] have so far been used mainly for measurement of radiative heat fluxes
[1, 2]. An account of the method of investigating convective heat transfer in steady conditions by means of these
sensors and the results of experimental tests of them are given in [3].

For a further investigation of the potential of sensors we analyzed the errors of measurement of the heat-
transfer rate and experimentally tested the sensorson a rotating object — a steel disk of diameter 500 mm and
thickness 15 mm. Thirty sensors of the construction illustrated schematically in Fig. 1 were mounted in the
disk.

A thin element 1 in the form of a disk of constantan foil 0.05 mm thick was soldered into a copper case 2
in the form ofa cylindrical bush witha hole5 mm in diameter. A copper thermoelectrode 3 of diameter .05
mm was welded to the center of the thin element. The copper parts of the sensor — the case 2, the thermoelectrode
3, the wire 4 connected tothe case, and the thin constantanelement 1 — form a differential thermocouple with
junctions at the center of the thin element and at its effective radius ry.

The interior of the case was filled with heat-insulating material 5 and was closed by a copper plug 6. The
investigated surface of the disk was subjected to jets ofair from perpendicular nozzles of a radius of 200 mm,
On the opposite side heat was delivered to the disk from a stationaryelectric heater.

The airflow rate, number and diameter of nozzles, angular velocity of the disk, and the distance from
the nozzles tothe investigated surface were varied in wide ranges. In 20 sensors plasticfoam was used as heat
insulation, and in the rest Kel-F was used. Heat transfer at the face of the thin elementgives rise to a tem-
perature difference between its periphery ateffective radius r; and the center, which can be determined from
the thermal emf of the differential thermocouple of the sensor. The connectionbetween this difference andthe
heat-transfer coefficient on the face of the thinelement is given by the relation

Io(m) = 1/(1 — ATy, ' 1)
obtained in[3] from the equation
or I (mr) = I,(m) = const (2)
ee
for the temperature field of a thin element in the case of convective heat transfer. Herethe parameterm =

riVa/Aed, including the required quantity o, characterizes the thermophysical and geometric parameters of the
sensor.

The sensors on the objectof investigation were placed in groups of sixat radii 160, 180, 200, 215, and 232
mm. To increase the accuracy ofmeasurement of a and reduce the effect of the stray emf of the current-
removing device the sensors of each group were connected inseries and formed differentialthermopiles, con-
sisting of six sensors, electrically insulatedfrom the disk by Textolite collars 7. A constantan wire 8 of
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Fig. 1. Schematic of sensor in objectof investigation: I) investigated surface; II)
disk; III) epoxy resin.

Fig. 2. Dependence of 5o, %, on Ar.

diameter 0.05 mm, the copper case 2, andthe wire 4 formedthe thermoelectrode circuit for measurement of
the temperature Tpat the periphery of the thinelement. The method chosen for investigation of convective heat
transfer on the rotating disk was the constant heat-flux method. Themain components, measuring system,
measurement procedure, and treatment of the experimental data for investigation by the constant heat-flux
method were the sameas in [4]. We found that the experimental data obtained by investigation of the convec-
tive heat transfer of a disk rotating in a closed case and subjected toair jets by measurement with thin-walled
sensors by the method described in [3] were ingood agreement with the results of investigation by the constant
heat-flux method and the dimensionless relations [5] for determination of the local heat-transfer coefficients
over the disk radius.

The rms error in investigationby the method of [3] did not exceed 8%. The value taken for the absolute
error of a single experiment was the difference in the values of « obtained experimentally and by calculation
from the similarity equations [5].

The variable quantities inthe experiments lay in the following ranges: Re=3 - 104-2-10°; i=2, 4,8;d=
4, 6, 8mm; U/C,=0.1-0.9. The metrological potential of the sensor was determined from the deviation of the
actual geometric characteristics from the calculated values, the accuracy of measurement of AT and 8, and
the values of the ignored heat fluxes between the thin element andthe sensor components connected to it. To
analyze the effect of these factors on the accuracy of measurementof o we turn again to the schematic of the
sensor in Fig. 1. It can be shown by usingEq. (2) that the relative error of measurementof o, dueto displace-
ment of the point of attachment of the thermoelectrode from the geometric center of the thin elementby an
amount Ar, can be determined from the equation

ot 2
aa:[l__(l__li(ﬁl_%_’):_l_) ] 1069, (3)

where

c=( Alﬁ, +A'T"o—2) (I (m)— 1) mI, (m).

The relation between o and Ar, calculated from this formula, is shown in Fig. 2for differentvalues of m.
Equation (3) can be useful inthe designing of sensors, development of methods of construction, and for analysis
of the errors in measurement of a.
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Fig. 3. Dependence of coefficient A onparameter m and geometric
characteristics of insulation,

Fig. 4. Dependence of 6, %, oné, %.

Equation (1) for calculation of o was obtained in [3] forthe case where heat exchange with the medium
occurred only atthe face of the thin elementand heatfluxes from the insulation and thermoelectrode were ignored.
The latter fluxes can be calculated by regarding the insulationand thermoelectrode as a finite cylinder androd
with boundary conditions corresponding to the scheme in Fig. 1 in the steady heat regime. In view of the high
thermal conductivity of copper and the small size of the sensor, we can assume that inthis case the temperatures
of the case 2 and the plug 6 are the same and equal to the temperature Tpon the periphery of the thin element.
The temperature distribution over the radius of the thin element is determined from relation (2)

Io(mr_) ’

ATe:f(F)zep[l— A J 4)

Then. assuming T =0, we can regard the heat insulation as a finite eylinder withboundary conditions:
Ti = TP =Qwhenr=r, H>Z>0;
T, =Tp=0whenZ =H, r,>r>0;
Ti=ATe=f(r)whenZ =0, ry,>r>0

provided that A\ <A, and, using the solution of the heat-conduction equation for a finite eylinder [6], we can
write the expression for T in the form

Jo (7, sh =2,
LY olrfy}?s 7 In r-_[ 10(”'1}) ] - _
T, =20 \ j ril— Jo(riz)dr,
i P 2 .. H . I (5
n=1 Ji(]n)Sh__ ]n i O(m) )
ry
where j, are the positive roots of the equation Jy(rj,) =0.
Aga result, we obfainthe designequation
¢y
AQ]. = 27A ij dZ(z=0) rdr = 43’()PrieiAy (6)
0

where

N\ H . . 2
A =2 (mzcth - 1,1)/ (7o (mP= J2)). (7

n=1 1
The dependence of coefficient A onthe parameter m and geometric characteristics of the insulation, caleulated
from Eq. (7), isshown inFig. 3. A similar calculation enabled us to obtaina working formula for the heat flux

across the end face of the thermoelectrode (Z =0) in the form
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AQ, = 4, (AT/ln T‘—) RAT,K, (8)

L
where
- cth
K= fo ; (9)

= in [(L/m ;)“ + iiJ
Ty

jnare the positive roots of the transcendental equation
L T i
ind 1 (Guro) + ——5— Joliure) = 0.

)

Calculations from Eq. (9) show thatfor sensorswith any geometric and thermophysical characteristics
K=1. Referringto (6)and (8) we canestimate the heat flux from the thermoelectrode by using the ratio

AQT — zTFU £ AT-Q R
AQ; 'ln —1—— )2 A
Ty

from which itfollows thatthe heat flux from the thermoelectrode tothe thin element is negligible and the error
of measurementof a is determinedby the heat influx from the insulation. In view of this, we can write the heat
balance equation for anannular section of the thin element with r =r; inthe form

1Q1=1Q'1+14Q,1, (10)

dr
P £ is the heat flux across the annular section of the thin element when there is no heat
r lr=ry) dT.
€

influx from the insulation; Q' = A F ——
e dr (r=ry)

ature onthe particular radius of the thin element with heat influx from the insulation.

where Q = AeF

is the same with heat influx from the insulation; T'e is the temper -

Using relations (2) and (6), we can convert Eq. (10) to the form

Im e D) ey (11)

Lm ™ T T a

where m' =ry\Va'/AgA is determined from (1); m =r1‘/a77‘eA; o' and o are the heat-transfer coefficients mea-
sured withoutand with allowance for heat influx from the insulation.

Equation (11) allows the calculation of o with due allowance for the heatflux from the insulation into the
thin element. Whenthere isan air gap betweenthe insulation and the thin element, as was the case in the experi-
ments in [3], the effectof the heat ingulation on the accuracy of measurement isnegligible and o is caleulated
from Eq. (1). Operating experience showed, however, that the low mechanical strength of such a sensor limits
its applicability. Theeffect of centrifugal force, vibration, and high pressure of the atmosphere, etc. leads
to deformation of the thin elementand detachment of the thermoelectrode. The solidly constructed sensor used
in the present work and illustrated schematically in Fig. 1is perfectlyreliable. Hence, the values of a for the
rotating disk were determined from Eq. (11) with due regard to the heat influx from the insulation. Tofacilitate
the caleculations we compiled a table of values of mI;(m)/I(m) =f(m) fromm =0.36 tom =4 at stepsof 0.01.

Calculations from Eq. (1) and Eq. (11) showed that the error of measurement of o due to heat influx from
the insulation over all the experiments was 1-5%, depending on the value of m. The error incalculating o from
Eq. (1) is also due to the error of determination of A'To, which in the general case is made up of the instrumen-
tal error of the measuring circuit, the systematic error of the differential thermocouple of the sensor andthe
thermocouple of its case (periphery of thin element). In this case the maximum relative error of measurement
of @ canbe calculated from the equation obtained from (1):

6 8\
bt =2 — + | — 1009, 12
- [DT(D” % a2

1 _ \
where § = 6AT, 4+ 60.; D =ml — L AT, —2].
o 9% mi(m)(ATo 0 )
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Figure 4 shows 6« as a function of 6, calculated from Eq. (12) for different values of m.

An analysis of the characteristics in Figs. 2 and 4 shows that anincrease inm leads to a significant
increase in the error of measurement of . The optimal value of m inthe designing of a sensor canbe deter-
mined by means of Egs. (3) and(12) or the relations shown inFigs. 2 and 4.

By varying the geometric characteristics of the sensor (r;, A)and selecting materials with appropriate
thermophysical properties for the components of the differential thermocouple of the sensor, the value of param-
eter m can be varied in a wide range. For instance, replacementof the thin constantan element bya copper
one, and the copper thermoelectrode by a constantan one, leads to a reduction of m by a factor of four.

The results of the theoreticaland experimental investigation carried out indicate that convective heat trans-
fer can be investigated with the aid of thin-walled sensors notonly onstationary, but also onrotating, objeects
of investigation without prior calibration of the sensors againsta knownheat flux.

The obtained formulas and relations are valid for the case where material with Aj <3¢ is usedas heat
insulation.

Inapplication to the design of a sensor they can be used to determine its most rational geometric and ther-
mophysical characteristics from the viewpoint ofaccuracy of measurement of « in accordance with the experi-
mental conditions, andalso to match them with the errors of the measuring cireuit.

NOTATION

T, temperature; AT, AT,, temperature difference between periphery of thin elementand center, and
between periphery and particular radius; Op =Tp — Tg, 8g=Te — Tg, temperature difference between periphery
of thin element and surroundings, andbetween thinelement on particular radius and surroundings; A, thickness
of thin element; ry, r, effective and particular radius of thin element; «, heat-transfer coefficient between thin
element and surroundings; A, thermal conductivity; d, nozzle diameter; Re, Reynolds number calculated from
flow-average velocity of outflow of air fromnozzles and parameters infront of nozzles; i, number ofnozzles;
R, radius of position of nozzles; U =wR, circular velocity of disk at radius of position of nozzles; C;, velocity
of adiabatic outflow of air from nozzles; Ar, displacementof thermoelectrode relative togeometric center of
thin element; 6. 6AT,, 66, relative error of measurementof ¢ of thin element with surroundings, tempera-
ture difference between periphery of thinelement at effective radius r; and center, temperature difference
between periphery of thin element and surroundings; H, height of insulation; Z, ordinate along axis of insulation
and thermoelectrode; AQj, AQT, heat flux into thin element from insulation and thermoelectrode; r;, radius of
thermoelectrode; ¥ =2rr{A, area of annular section at periphery of thinelement. Relative quantities: A’—l‘o =
ATy/0p. T=1/Ty, Ar=Ar/r), AT =A/Ap, To=T/T1, Ae =Aj/Aes A=A/Ty5 Jo(X), J4(x), and J,(x), Bessel func-
tions of first kind (of zeroth, first, and secondorders); I(x), L(x), modified Bessel functions of firstkind (of
zeroth andfirst orders); j,, rootsof transcendental equations. Subscripts: i, insulation; p, periphery of thin
element; s, surroundings; T, thermoelectrode;e, thin element.
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