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Abstract-A high sensitivity, fast response heat flux sensor was developed for heat flux measurement at a 
moving surface subjected to rapidly fluctuating heat flux. The sensor is a gold thin film resistance thermometer 
on a non-conducting substrate. Mounted flush with the moving surface, the sensor measures instantaneous 
surface temperature with a resolution of about 0.002”C at sampling speeds up to 5000 s-l. Local heat flux is 
obtained through solution ofthe unsteady heat conduction equation. Heat transfer profiles are generated with 

this technique for the case of plane jets impinging on surfaces moving at speeds up to 12 m s-l. 

INTRODUCTION 

EXPERIMENTAL studies of heat transfer involving 
moving surfaces, unsteady flows or rapidly moving heat 
sources often require a heat flux sensor for accurate 
measurement of the (nearly) instantaneous local heat 
transfer variation. The measurement technique 
presented here was developed in connection with an 
experimental program designed to determine the local 
heat transfer distribution under a heated plane 
turbulent air jet impinging on a rotating permeable 
cylinder. The latter study is part of a broader research 
program motivated by the development of a combined 
impingement and through drying process (called the 
“Papridryer’) for drying of newsprint Cl, 23. The 
technique, however, is generally applicable for 
measurement of heat transfer to or from moving 
surfaces. 

The critical feature and most challenging aspect of 
the present impinging jet study is the method for 
measuring local heat transfer at a point on the 
impingement surface which has a transient time under 
the nozzle in the order of 1 ms. As a consequence of the 
high rotational speeds, the maximal surface tempera- 
ture variation over a complete revolution is only of the 
order of O.l”C [3]. The requirement of measuring local 
heat transfer under such conditions could only be met 
by mounting a high sensitivity, fast response heat flux 
sensor flush with the impingement surface and by using 
a computer for on-line data acquisition and data 
processing. 

SELECTION OF THE HEAT 

FLUX SENSOR 

Fast response heat flux gauges have been used for 
applications such as determination of cylinder wall 
temperature variations in reciprocating engines and 
determination of heat flux rates to aerodynamic 
models, in shock tubes and shock tunnels [4]. The two 
basic techniques used are thin-film surface thermo- 
metry and thick-film calorimetry. Another instrument, 

the hot film probe, which is normally used for skin 
friction measurements, was first considered for heat 
transfer measurements in this work as its use had been 
reported in previous studies [S, 61. However, as our 
analysis established that such use was invalid because 
of the inapplicability of the analogy between heat and 
momentum transfer L7], this technique was rejected. 
Selection of the heat flux sensor for the present work 
was aided by the excellent study of Baines [S] on 
unsteady heat flux sensors, which also included the 
gradient sensor and thin disk or Gardon foil. For short 
measuring times or rapidly fluctuating heat flux, the 
thin- and thick-film probes are preferred. As the thin- 
film sensor is the more sensitive gauge, it was selected 
for the present investigation. A thin-film sensor is 
essentially a slab, the surface temperature of which is 
measured. The thickness ofthe slab must be such that it 
may be considered thermally ‘semi-infinite’ over the 
time period of interest. 

Because the cyclic variation in surface temperature 
was in the present case very small, a resistance 
thermometer rather than a thermocouple (or ther- 
mopile) was chosen for measurement of the thin-film 
temperature. It can be shown [3] that the sensitivity S, 
of a thin-film resistor at the maximum allowable self- 
heating power qsm is 

s, = asy6q,~dp2. (1) 

The highest sensitivity is obtained for a stable 
conductor having a maximum value of c($“~ ; a, and 6 
being the thermal coefficient of resistance and 
resistivity of the film, respectively. The ‘bulk’ values of 
a ~3~” for nickel, platinum and gold are 0.0181,0.0128 
akd 0.0061(/.& cm) ‘I2 K- ‘, respectively. Thus of these 
three alternative materials, nickel provides the most 
sensitive and gold the least sensitive thin-film resistance 
thermometer, assuming that the thin-film values of E, 
and 6 vary proportional to the ‘bulk’ values. However, a 
nickel film was found to be unstable in moist air while 
platinum was very difficult to deposit because of the 
high vaporization temperature required. As gold films 
were stable in moist air, acetone and benzene, adhered 
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thermal diffusivity of pyroceram sensor Sb sensitivity of heat flux sensor system 
[m2 s-i] [V K-‘1 
specific heat [J kg- * Km ‘1 
thickness of gold film [m] 
layer thickness in calculation procedure 
of heat flux in equation (6) [m] 
spacing, nozzle-to-impingement surface 

Cmml 
effective length of gold film [m] 
impingement surface velocity mass ratio, 

Ps~hj"j) 

number of rotations 
Nusselt number, aw/A 
Nusselt number at the secondary heat 
transfer peak 
pressure difference over jet nozzle 

Cmm WV 
heat flux [W m-‘1 
maximum self-heating power of sensor 
in equation (1) [W m- 2] 
resistance of sensor [a] 
resistance of variable resistor in 
Wheatstone bridge sensor circuit [Q] 
Reynolds number, pUw/p 
sensor sensitivity [V K- ‘1 

t time [s] 
T temperature [“C] 
T 
;; 

temperature in equation (5) c”C] 
jet velocity at nozzle exit [m s- ‘1 

V voltage across the sensor [V] 

v, impingement surface velocity [m s- ‘1 
W nozzle width [mm] 
W width of gold film [m] 
X distance from stagnation point [ml. 

Greek symbols 
u heat transfer coefficient [W m-’ “C- ‘1 

% thermal coefficient of resistance [K- ‘1 
6 thin-film resistivity [a m] 

P density [kg mm31 

; 
circular frequency in equation (9) [s- ‘1 
thermal conductivity [W m- ’ “C- ‘1 
cycle time for one rotation of the 
cylinder [s]. 

Subscripts 

j at the jet location 
0 at the stagnation point 
S sensor. 

reasonably well to the substrate and were resistant to 
slight rubbing, gold was selected as the thin-film 
material. 

The selection of the non-conducting substrate is 
determined by the requirement that the transient 
surface temperature response must be the same for the 
substrate and the surrounding material made ofporous 
stainless steel (316 P.s.s.). As the transient surface 

temperature response is determined by the & 
value of a material [9], it is therefore necessary to 
match this value between the sensor substrate and 
the 316 p.s.s. 

Aceramicmaterial, Pyroceram 9606(Corning Glass, 
Corning, New York), was selected as the sensor 

substrate because its & value at 20°C of 2.89 kJ 
me2 K-’ s-i” calculated from literature [lo] was 
considered close enough to 2.78 kJ m2 K-’ s-l/2 
obtained for the p.s.s. Another reason for the selection 
of Pyroceram 9606 is that its thermal physical 
properties are accurately known and it is recommended 
[lo] as a reference material. The thermal conductivity 
of the surrounding material, necessary for the 

determination of a, was measured using the 
transient method developed by Ioffe and Ioffe [ 111. 
More details on this method are given in refs. [3] and 
cw. 

CONSTRUCTION OF THE 

HEAT FLUX SENSOR 

The thin-film heat flux sensor is shown in Fig. 1. At 
the Research Laboratory of Corning Glass, the 
Pyroceram 9606 substrate was machined to have a wide 
base, thus preventing possible ejection at high 
rotational speeds of the cylinder used for heat transfer 
studies. 

After fine polishing the Pyroceram substrate with a 
0.3-micron Al,Os suspension, a gold film was 
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FIG. 1. The heat flux sensor. 
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deposited uniformly on the substrate by the sputtering 
technique. As equation (1) indicates, the sensor 
sensitivity increases with length of the film. This can be 
achieved by using a zig-zag film pattern. The zig-zag 
pattern shown in Fig. 1 was obtained by a photo- 
fabrication technique consisting of the following steps: 

(1) 

(2) 

(3) 

Uniformly coating of the gold film with a positive 
photoresist. 
Exposing the photoresist to uv light via a mask 
pressed onto the substrate. The mask was made by 
photographic miniaturization of a large scale 
model of the zig-zag pattern. 
Removing sequentially the exposed photoresist, 
the underlying gold film and finally the photoresist 
over the remaining zig-zag gold pattern. 

After photofabrication, the sensor was annealed at 
300°C for 12 hr. During this process its electrical 
resistance decreases by about 30%. Finally a protective 
SiO, layer of about 1000 A thickness is deposited on the 
gold film by sputtering. For several sensors, the 
resistivity 6 and temperature coefficient of resistance ol, 
were found to be 6.1 x 10m6 R cm and 0.0015 K-’ at 
room temperature regardless of the gold film thickness, 
which varied from 1300 to 2700 8. These physical 
property values are respectively 2.6 times and l/2.6 
times the ‘bulk’ property values of 6 and c(,. The 
particular sensor used to obtain the local heat transfer 
results in the present study consisted of three gold strips 
0.25 x 70 mm, each separated by 0.20 mm as shown in 
Fig. 1. The film thickness of 0.27 pm was calculated 
using the relationship between the sputtering frequency 
and gold film thickness on glass as measured by optical 
interferometry, and by assuming no influence of the 
substate. A low contact resistance silver paint 
(Conductive Silver 200 from Degussa) was used to 
achieve electrical contact between the gold pad at the 
end of the zig-zag pattern and the 1.3-mm-thick silver 
lead wires which were glued with epoxy to the 
Pyroceram substrate. Three thermocouples were glued 
to the back of the sensor with a high thermal 
conductivity epoxy adhesive. The junctions were 
located at the center and at 30 mm from the center and 
are used for monitoring possible thermal gradients in 
the largest dimension of the sensor. 

SENSITIVITY OF THE HEAT 

FLUX SENSOR SYSTEM 

The sensor was calibrated in a waterproof plastic bag 
in a thermostat bath and in place in the experimental 
set-up. The results are shown in Fig. 2. The difference 
between the calibrations in place and in the thermostat 
bath is about 0.5 R, caused by the lead wires and a small 
scratch in one of the gold legs, made accidentally during 
the positioning of the sensor in the cylinder. The upper 
curve in Fig. 2 is well described by 

R, = 174.08+0.2742 T,+3.4x 1O-5 T,Z. (2) 

. INCREASING BAT” TEMP 

0 DECREASING BATH TEMP 

. IN PLACE CALIBRATION / 
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FIG. 2. Calibration curve of heat flux sensor. 

The average fluctuating component of the sensor 
resistance is measured with a four-decade Wheatstone 
bridge in the circuit shown below. In operation the 

bridge is balanced by setting the variable resistance R, 
at 10 times the average of the sensor resistance R,. 

The sensitivity of the heat flux sensor system 
expressed in V “C- ’ is 

s =dv=dvdR, 
b dT, dR, dT, 

1.345 x 909.09(0.2742 + 6.8 x lo- ‘T,) 
Z 

(R,+90.909)(909.09+Rv) (3) 

Typically, a variation in bridge voltage output of 1 PV 
corresponds roughly to a change in sensor temperature 
of0.002”C. As a result the electrical noiseshould be held 
to the order of a few pV. This was achieved by the 
following measures : 

-Selection of low noise slipring assembly and 
amplifiers. 

-Use of mercury battery instead of regulated DC 
power supply as the power source for the sensor 
circuit. 
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-Grounding all instruments and experimental set-up The heat flux at the surface is calculated by 
to the same ground. 

-Proper orientation of the instruments. 

-Use of shielded wires, with shield connected to a 
YO,rP2/3 = ;(~o.r- T,,,- 1) 

common ground. for t = 1, 2, 3, ., N. 
-Use of low pass filter with 48 db/oct attenuation 

slope. 

-Use of DC carbon piles for power supply and control 
of heating lamps. 

The sensitivity of the sensor system can be increased, 
by increasing the bridge voltage, as long as self-heating 
of the sensor is small compared to the heat flux to be 
measured. The self-heating heat flux 4% resulting from 
the voltage drop across the thin film is 

q, = vfl(LWR,). (4) 

For the sensor described here, with an imposed voltage 
of 0.91+0.005 V, a sensor resistance of about 190 Q a 
film length of 0.21 m and a film width of 0.25 mm, 

qs = 83 W m-*. This value is two orders of magnitude 
smaller than the typical stagnation heat flux under the 
impingingjets studied. In fact, self-heating of the sensor 
leads to a much smaller error than indicated above, 

because more than 90% of the heat generated in the gold 

film is removed by conduction through the Pyroceram 
sensor and less than 10% by convection to the 
impingement flux [ 141. Also the effective surface area 
for convective heat transfer is larger than the gold film 
surface due to conduction in the Pyroceram substrate 
[14]. Thus the self-heating flux effect contributes 
negligible error in the present test case. 

The boundary conditions are given by the measured 
surface temperature T’,,, and the semi-infinite 

boundary condition Tn., = T,- ,,*. As the initial 
condition T,,, is set equal to the average surface 
temperature, the influence of the estimated uniform 
temperature T,., is completely eliminated after two 
complete revolutions of the porous cylinder. The 

number offinite difference layers is given by 2.0 G. 
This definition leads to an error of 1% in the amplitude 
of a sinusoidal surface temperature variation of 
frequency SO ’ m the numerical scheme [9]. The 
physical thickness of the sensor of 6.35 mm requires the 
rotational speed of the cylinder to be larger than 0.36 
rev SK1 or r. < 2.78 s. 

The fractional error in heat flux amplitude and phase 
shift for a sinusoidal heat flux variation when using 

equations (5) and (7), instead of the exact solution of the 
unsteady heat condution equation are respectively 

C3,81 

sin (2nAt/Az,) 

l- JW 

and $At/ATm radians, AZ, being the time for a 
complete cycle at the highest heat flux frequency. 

DATA ACQUISITION AND PROCESSING EXPERIMENTAL SET-UP 

The bridge voltage is amplified and filtered of high 

frequency noise before being digitized by a high speed 
analog-to-digital converter (ADC) and subsequently 
stored on a disk of a GEPAC 4020 computer. The 
digitized sensor surface temperatures are calculated 

from the variable resistor, R,, and the stored bridge 
voltages. 

A solution of the unsteady one-dimensional heat 
conduction equation for a semi-infinite solid with a 
fluctuating surface temperature as boundary condition 
is available [13], but the numerical evaluation of the 
integral in the expression for the heat flux at the surface 
is more complicated and not as fast as the calculation of 
the heat flux from the numerical solution of the 
temperature distribution in the semi-infinite solid [S]. 
The temperature distribution in the solid is calculated 
by dividing the sensor substrate in n layers of thickness 
h and using the successive substitution formula [S] 

As in the “Papridryer”, the central component of the 

experimental set-up is a rotating cylindrical impinge- 
ment surface. In order that this facility would be 

operated with throughflow at the impingement surface, 
the cylinder was constructed of porous stainless steel 
and has a diameter of 482 mm. Overall steady-state 
operation is achieved through the use of two slot jets, 
one hot and one cold, impinging on the cylinder from 
180” opposed positions. The flow field of the heating jet 
and cooling jet is separated by two skimmer plates 
located midway between the nozzles and very close to 
the surface of the cylinder, as shown in Fig. 3. The 
confinement surface was concentric with the cylinder. 
The spent air exhausts through exit ports located at the 
confinement surface at positions 90“ on either side of 
the respective inlet nozzle. 

T,,,=~(T,~,,,-,+T,+,,,-,) (5) 

withr = 1,2,3,. . ., n - 1 and r = 0 referring to the sensor 
surface. The thickness h is determined by the time 
between consecutive digitized surface temperature 
measurements, Ar, as 

h=m. (6) 

The sensor was mounted flush with the cylinder 
surface, the long dimension of the sensor being parallel 
to the cylinder axis, and fastened by epoxy as depicted in 
Fig. 4. The size of the exposed sensor surface is 3.2 x 100 
mm. Thus the sensor width (3.2 mm) is smaller than the 
widths of the nozzles used (6.2 and 14.1 mm), so that the 
heat flux measured approaches point value measure- 
ments. As the sensor is half the length of the 203-mm- 
long nozzles and is mounted centrally in the axial 
direction, the end effect region near the sidewalls is 

(7) 
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FIG. 3. Schematic view of cylindrical confined impingement 
apparatus. 

avoided. A 50 pm polyimide adhesive tape was used to 
cover the small gap between sensor and cylinder to 
avoid flow separation at the edges. 

In order to identify the circumferential location of the 
sensor during rotation, the cylinder was fitted with a 
lever which activates a microswitch. A square wave 
voltage signal produced by the microswitch circuit is 
transmitted to the other channel ofthe ADC and stored 
on a disk simultaneously with the signal from the 
sensor, thus identifying the position of the digitized 
sensor signal relative to the stationary microswitch. 

After calculation of local heat flux for many rota- 
tions, local heat transfer coefficients were evaluated as 

x = 4/(T-K) (8) 

with q being the hot or cold jet temperature at the 
nozzle exit depending on the position of the sensor. To 
obtain the mean value of local heat transfer coefficient, 
the calculated heat transfer coefficient at each 
circumferential position is averaged generally over 50 
rotations, a number which will be shown later to be 

3.2 mm 

EPOXY SENSOR ’ THERMOCOUPLE 

FIG. 4. The heat flux sensor in place. 

sufficient. Finally the mean local Nusselt numbers were 
calculated using the physical properties and dimension 
at the corresponding nozzle. The plotting of 
circumferential Nusselt number distributions was done 
for each jet, with the omission of the first and last 15” of 
each 180” half-cylinder impingement surface, as 
conditions in these sections are affected by proximity to 
the sputter plates and exit ducts. 

USE AND VALIDATION OF 

THE HEAT FLUX MEASUREMENT 

Impingement heat transfer represents a particular 
challenging test of a technique for obtaining local heat 
transfer data because not only is the bell-shaped 
distribution a difficult one to obtain for a moving 
surface but, for a significant range of Reynolds number 
and spacing from the impingement surface, a pair of 
large secondary peaks appear on either side of the 
stagnation peak, so that the complete profiles comprise 
three maxima and two minima. The treatment of these 
physical phenomena is the subject of further 
publications. 

Heat transfer data are obtained simultaneously for 
the upper (heating) and the lower (cooling) jet, 
respectively, of nozzle widths w, 6.2 and 14.1 mm. The 
range of the variables spacing, H/w, temperature, 
driving force q - T, (“C), Reynolds number, Rej, and 
impingement surface motion, V,, are given in Table 1. 

(a) Isothermal impingement surface condition 
Theoretical and experimental confirmation that the 

cylinder is essentially isothermal is obtained when, as a 
first approximation, the cylinder (or heat flux sensor) 
is considered to be subjected to a sinusoidal heat flux 
q = qO sin wt. The amplitude of the surface temperature 
fluctuation, IT,], of the cylinder is given by [3, 81 

with Nuj being the average Nusselt number on the 
heating or cooling side of the apparatus and lj the 
thermal conductivity of air at the jet temperature. The 
calculated amplitude 1 T,I and half of the measured gold 
film sensor temperature fluctuation during a complete 
revolution, iAT,,,,, are compared in Table 2 for four 
limiting cases for the cooling jet, i.e. for high and low 
impingement surface velocity, V,, and high and low Rej. 
Theresult of+A7&, x 1.217J is not unexpected since the 
sharp increase in heat transfer directly under the jets 
leads to a slightly larger amplitude than that calculated 

Table 1. Range of parameters for experiments 

CYLINDER w 6-1 
H/w 
q-T,(“C) 
Rej 
Uj(ms-‘) 
c(ms-‘) 

14.1 6.2 
2.6 6.0 

- 10.8-- 38.6 21.3-48.7 
97OcL91800 52W20300 

12-115 20-70 
0.6-13.0 0.6-13.0 

“MT 28,9-C 
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Table 2. Impingement surface temperature fluctuation 

v, w T-r, ITI iAT,, 
Run (m se’) (rad s- I) Rej ("Cl NUj ("Cl ('(3 

148 0.60 2.51 9700 34.8 32.2 -19 0.41 0.49 
163 1.03 4.27 91500 39.3 19.8 -95 0.98 1.12 
152 13.0 53.8 11100 36.6 35.6 -16 0.082 0.11 
219 11.9 49.3 89000 30.0 21.8 -83 0.26 0.32 

from a smooth sinusoidal fluctuation. From these 
results it is also clear that the surface temperature 
fluctuation on the cooling jet side for the extreme case 
(run 163, high Rej and low V,) is still only 6% of the 
temperature driving force, Tj - T,. Because T, - Tj on 
the heating side is generally about 1.5-2 times larger, 
the isothermal condition applies even more closely on 
the heating jet side. 

(b) Number of rotations averaged for a projile 
The fluctuations in heat flux at a fixed circumferential 

position are mainly due to the turbulent character ofthe 
flow and, to some extent, to the slower oscillations in 
the hot jet temperature (oscillations of + 1°C with a 
frequency of 0.1-0.05 s- ‘). The temporal fluctuations 
can be eliminated by averaging the local heat flux at a 
specific location over a number of rotations. With 
increasing number of rotations the Nu distribution 
becomes smoother while maintaining exactly the same 
basic shape and same position as shown for 1 and 50 
rotations in Figs. 5a and 5b, respectively (results for 1, 
5, 25 and 50 rotations are available in ref. [3]). These 
figures show profiles of local Nusselt number as a 
function oflateral distance, the latter shown both as the 

non-dimensional position x/w and the angular 
circumferential position. The position x/w = 0 is at 
the stagnation point for slow rotation ( < 1 rev s- ‘) and 
is at the nozzle centerline for all cases. From the small 
difference between the distributions obtained for 
averaging over 25 and 50 rotations it was decided that 
averaging over 50 rotations was adequate for 
smoothing and reproducability and should be used for 
all the experiments. 

(c) Filtering of noise from the heatjux sensor signal 
The low-pass filter frequency was varied to establish 

experimentally the minimum frequency to obtain an 
undistorted low-noise heat flux signal. The results for a 
rotational speed of about 25 rev min-’ and an ADC 
sampling frequency of 200 measurements s- ’ are 
shown in Fig. 6 for the bottom jet. The heat flux and 
angular position at the stagnation point as a function of 
the filter frequency are given in Table 3. The results with 
a filter frequency of 300 Hz do not differ significantly 
from the results with 1000 Hz. By decreasing the filter 
frequency below 300 Hz the heat flux distribution is 
displaced appreciably in the scanning direction. 
Filtering at 30 Hzintroduces an error of about 5% in the 

C3RCUMFERENTIAL POSITION, X/YV 

-22.5 -15.0 -7.5 0.0 7.5 15. 0 22.5 

1fim 

v* = 0.59 m/o Re, = 59700. 

148 H/w = 2.60 a 

195 220 245 270 295 320 345 

CIRCUMFERENTIAL POSITION.DEGREES 

FIG. 5a. Effect of number of rotations for averaging the heat transfer distribution : N, = 1 
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CIRCUMFERENTIAL POSITION.x/w 

-22.5 -1s. 0 -7.5 0.0 7.5 15.0 22.5 

v, = 0.59 m/s R-J = 59700. ” 
H/w = 2.60 .. 

= 14.10mm 

i$ 

c 

195 220 245 270 295 320 345 

CIRCUMFERENTIAL POSITION,OEGREES 

FIG. Sb. Effect of number of rotations for averaging the heat transfer distribution : N, = 50. 

heat flux amplitude. It can be seen from Fig. 6 that the 
small dip in the central heat transfer peak (frequency 
- 60 Hz) ofthe bottom jet disappears as expected with a 
filter frequency of 30 Hz. Since the number of 
measurements per rotation was fixed at about 500 for 
all rotational speeds, these results demonstrate that the 
filter frequency should be larger than the ADC 
sampling frequency to obtain an essentially undistorted 
and undisplaced heat flux distribution, while removing 
most of the high frequency noise. The number of 500 
measurements per rotation was established experi- 
mentally as being the optimum value whereby full 
resolution of the heat transfer profile is obtained 
without excessive noise yet within a modest 
computation time. 

(d) Independencefrom T of the Nu data produced by this 
technique 

The temperature driving force was raised for the 
coolingjet from about 10 to 40°C and for the heatingjet 
from about 20 to 50°C. The results of the variable 
temperature difference, Tj - T,, on the heat transfer for 
the heating jet at Rej = 138OOf 100 are compared in 
Table 4 at three locations: at the stagnation point, 
Nu,,~ ; at the off-stagnation maximum, Nuj, ; and over 
the averaging distance -25.5 < x/w < 25.5, Nuj. 
These results, as well as those for the cooling jet, show 
that profiles of Nusselt number defined at the jet 
temperature, q, are independent of the size and 
direction of the temperature driving force. The 
independence of Nuj from the temperature driving 

CIRCUMFERENTIAL POSITION.x/w 

-22,5 -15.0 -7. 5 0.0 7.5 15.0 22. 5 

!@a-. : : : : : : : k 

v, = 0.63 m/e R-J = 51900. 

160 -. H/v = .. 2.60 

u, = 62.49 m/s = 14.10mm 
!! 

i 140 .- = 36. 15C -. p 
z Mv, = 0.0095 T. = 51.97c 2 

100 
30 

0 
195 220 245 270 295 320 345 

CIRCUMFERENTIAL f’OSITION.DEGREES 

FIG. 6. Effect of frequency of low-pass filter 



1664 A. R. P. VAN HEININGEN, W. .I. M. DOUGLAS and A. S. MUJUMILIK 

Table 3. Effect offilter frequency on magnitude and position of 
stagnation point heat ilux 

Filter 
frequency Position 

Run No. (Hz) Nu, (degrees) 

130 1000 102.3 270.4 
132 300 lOO.5 271.0 
131 100 101.1 271.7 
133 30 107.7 274.0 

force provided further ~on~rmation that this heat flux 
sensor and associated procedures produces reliable 
data. 

(e) Validation of the technique based on previous results 
for stationary heat transfer surfaces 

Further evidence of the accuracy of results from the 
thin-film sensor in the rotating impingement cylinder 
equipment is obtained by comparing the present 
heating jet heat transfer profiles with the generally 
accepted results of Gardon and Akfirat [ 151 and Cadek 
[16]. Cadek used the same thin-disk heat flux sensor as 
Gardon and Akfirat, known as the Gardon foil, after the 
first author of ref. [15] who developed this type of 
sensor. The diameter of the Gardon foil is 0.9 mm, i.e. 
0.28~ or O.l4w, respectively, in Cadek’s and Gardon’s 
experimental set-up, compared to 1.15 mm for the 
effective gold film width or 0.19~ and 0.08~ for the 
present heating and cooling jet, respectively. Accurate 
calibration of the Gardon foil is quite difficutt as the 
maximum output is less than 10 PV at the highest 
impingement heat flux rates. Because of the low 
sensitivity of the Gardon foil of 0.91 PV (kW mm’)- ‘, 
Cadek [16] only used the heat flux meter for 
measurement of heat transfer rates relative to the 
stagnation heat transfer. Gardon [ I.51 also used the foil 
for relative measurements and admits that the sensor 
calibration in a previous study was 40% too high. 

As the present profiles obtained at low impingement 
surface speed are essentially symmetric, both sides of 
the profiles of the present study for Rej = 1 lOOOare, for 
convenience, used in Fig. 7 to display measurements of 

the two reference studies. The results are in excellent 
agreement over the critical impingement region. In fact, 
examination of Fig. 7 indicates that the transition point 
minimum and secondary maximum are defined more 
precisely by the experimental techniques developed for 
the present study. Another example of excellent 
agreement with the heat transfer data of Cadek [16] 
in the impingement and early wall jet region as well as 
high resolution of the present experimental tech- 
nique is given in Fig. 8 for the cooling jet at 

H/w = 2.6 at Rej = 52100. 

(1) Use of the techn~qae with a moving heat transfer 
surface 

The fast response time of the sensor becomes 
crucial for the determination of local flux with a fast 
moving heat transfer surface. Results for this case are 
displayed in Fig. 9. These results show the local Nusselt 
number profiles obtained for impingement surface 
motion, V,, expressed in the appropriate non- 
dimensional parameter, M,% = I/,pJUjpj varying 
between V; = 0.91 m s-l (Mvs = 0.03) and V, = 
12.74 m s”’ (M, = 0.4147). At the highest rota- 
tional velocity, the time between two consecutive 
digitized surface temperature measurements taken by 
the sensor is 0.25 ms, giving a total meas~ement time of 
about 6 s for 50 cylinder revolutions to define the 
complete local heat transfer distribution for the cooling 
as well as for the heating impinging jet. As no one has 
previously succeeded in developing an experimental 
technique for measuring local heat transfer for jets 
impinging on a surface which is moving, there are no 
published heat transfer profiles to compare with. Even 
for the case of average rather than local heat transfer for 
a moving surface under impinging jets, there are only 
two studies available, those of Fechner [17] and Subba 
Raju and Schliinder (181. The average results of 
Fechner agree with those of the present study, while 
analysis indicates that the results of the latter study are 
in error. 

All the validation tests described above are an 
indirect verification of the accuracy of the present heat 
flux sensor system. An absolute verification of the 
sensitivity of the sensor, for example by exposing the 
sensor to a well defined non-contact heat flux for a short 

Table 4. Influence of (7; - T,) on heat transfer for the heating jet 

Run No. Rej & (q--T,) AP 
VJ (mm H&V Nu,j Nu_ ---* ,,,, NUj 

185 13700 99.1 41.8 12.6 63.4 35.7 27.2 
186 13800 98.7 38.2 12.6 63.7 36.5 21.5 
187 13700 99.4 33.8 12.6 62.0 35.3 26.5 
218 13900 101.2 48.7 13.1 65.3 37.0 28.0 
222 13900 80.0 33.2 10.7 64.6 35.8 27.6 
224 13900 80.3 31.4 10.7 63.7 36.1 27.2 
225 13900 71.4 22.6 9.8 63.3 35.5 27.2 

* Averaged over - 25.5 < x/w G 25.5, or -4.25 < X/H G 4.25 
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period of time, was not undertaken because of the 
inaccuracy of these tests resulting from the unknown 
sensor surface emissivity (gold and Pyroceram) and 
because of the difficulty of generating an accurately 
known and well-defined heat flux. 

CONCLUDING REMARKS 

A high sensitivity, fast response thin-film flux sensor 
was developed which has made it possible to measure 
local heat flux at a moving surface subjected to a 

complex, fluctuating heat flux. This sensor and the 
associated measurement system was validated for one 
such flow, that of a jet impinging on a moving surface, 
but is generally applicable for problems involving 
rapidly fluctuating heat fluxes or short measuring 
times. The uniqueness of the present measurement 

system is illustrated by the fact that this is the first and 
only study to date whereby local impingement heat 
transfer profiles have been measured for the 
industrially important case of fast moving continuous 

surfaces. 
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UN FLUXMETRE THERMIQUE A HAUTE SENSIBILITE ET A REPONSE RAPIDE 

R&m&Un fluxmetre thermique B haute sensibilitk et rtponse rapide est r&alis& pour des mesures de flux sur 
une surface mobile et soumise g des flux thermiques rapidement fluctuants. La sonde est une resistance B film 
mince en or sur un substrat non conducteur. Montie sans suripaisseur avec la surface mobile, la sonde mesure 
la tempkrature instantanke de la surface avec une r&olution proche de 0,002”C B des vitesses d’bchantillonnage 
de5000-‘.Leflux thermiquelocalestobtenuti traverslarirsolutiondel’~quationdeconductiondelachaleur. 
Des profils de transfert thermique sont dttermines avec cette technique dans le cas de jet plans frappant des 

surfaces mobiles $ des vitesses qui atteingnent 12 m s-l. 

EIN HOCHEMPFINDLICHES, SCHNELL ANSPRECHENDES MESSGERjiT FUR DIE 
WARMESTROMDICHTE 

Zusammenfassung-Ein hochempfindliches, schnell ansprechendes MeDger%t fiir die W%rmestromdichte an 
bewegten Oberfllchen, die schnell schwankenden Wlrmestriimen unterworfen sind, wurde entwickelt. Das 
MeBgerIt ist ein Diinnfilm-Widerstandsthermometer aus Gold mit nichtleitendem Trlgermaterial. Das 
MeDgerlt registriert die momentane ObertIBchentemperatur mit einer Aufliisung von 0,002 K bei maximal 
5000 Messungen pro Sekunde. Die lokale Wtirmestromdichte wird durch Liisung der instationlren 
WBrmeleitungsgleichung ermittelt. Mit dieser Technik ergaben sich WIrmetransportprofile fiir den Fall eines 
ebenen Strahls, welcher auf Oberl%hen auftrifft, die sich mit Geschwindigkeiten bis 12 m s- ’ bewegen. 
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BbICOKOYYBCTBMTEJIbHbI~ 6bICTPOjJE&%ZTBYIO~kiR AAT4MK TEI-IJIOBOrO 
I-IOTOKA 

.kmoTauiwe-&In Ei3Me~HEin TCOJIOBOrO IIOTOKa y ~EH~tylrrei-iC~ ITOBCpXHOCTrt, tIOABep)KCHHOii LlekT- 

BBIO 6bICTpO @Q'KT)'HpylOLIWO TCOJlOBOrO IIOTOKa, CO3ABH BbICOKO'4)'BCTBHTCJTbHbIfi 6bICTpOCpa6aTbI- 

B~~llr~~A~TY~K.~~T~~K~~CACT~B~~CTco6o~TTe~MOMCT~CO~~OTAB~CHAK~3 TOHKOii 3OJIOTOiiIlJlCHKB 

Ha HCllpOBO~~IWii IlOLUIO~KC. YCTaHOBJICHHb1t-i 3ailOWIHUO C .iTB&i~)'UlCfiC%l IlOBCpXHOCTblO ABTYRK 

~3MCp~eTMrHOBeHHYIoTCM~CPaTyPy~OBCpXHOclHCpa3~~alo~CiiC~OCO6HOCTbK, -0,002'COpPiCKO- 

POCTSIX CC A3MeHCHBII,COOTBeTCTBYIOIWiX BCpXHCii WCTOTC CIICKTpa JIO 5000 I-U. nOKLlJIbHbIii TCIIJIOBOir 
noToK onpenenmx nyTeM peruetiwa ypamemx HecTaueoHapHofi Tennonpoeomiocm. IIpo&inu Tenno- 
BblX nOTOKOB CTpOllJIHCb npH nOMOUli AaHHOi? MCTOJWIKA JUlll CJQ'WS IIJIOCKI(X CTpyir,HaTCKEUOUHX Ha 


