
hr. J. H<ul MUSJ Trunsfer. Vol. 34, No. 6. pp. 1515-1523, 1991 0017-9310/91$3.M)+0.00 

Printed in Great B&am Z> 1991 Pergamon Press plc 

Sensor for transient heat flux at a surface with 
throughflow 

S. POLAT,_F A. R. P. VAN HEININGEN and W. J. M. DOUGLAS 

McGill University, Department of Chemical Engineering and Pulp and Paper Research Centre, 
3420 University Street, Montreal, P.Q., Canada H3H 2A7 

(Received 9 October 1989 and in jinal form 16 July 1990) 

Abstract-A permeable heat flux sensor of the thin-film surface thermometry type is developed. With this 
unique sensor instantaneous local values of transient heat flux can be measured at a permeable surface 
which is subject to a rapidly fluctuating heat transfer and at which there may be throughflow. The response 
time of the sensor is extremely small, _ lo- I0 s. Sensitivity of the sensor with the present electronics is 
459 PV “C’ which gives a surface temperature resolution of 0.0005”C with a 1Zbit data acquisition 
system. Although validated for a particular case of transient local heat flux with throughflow, this new 

type of sensor is of general applicability. 

INTRODUCTION 

THE OBJECTIVE was to develop a sensor capable of 

measuring instantaneous local heat flux at a per- 
meable surface at which there is throughflow and 
which is subject to a rapidly varying cyclical heat 
transfer. No sensor for these constraints has been 
reported. The closest approach to a heat flux sensor 
satisfying these requirements is that developed by van 
Heiningen et al. [l]. Their analysis of the features and 
limitations of various fast response heat flux gauges 
such as thin-film surface thermometry, thick-film 
calorimetry and hot-film probes [2-61 showed that a 
thin-film sensor based on a resistance thermometer is 
the preferred choice for measurement of a rapidly and 
widely fluctuating transient heat flux. With this type 
of sensor they could measure local values of such 
a transient heat flux, but only at an impermeable 
surface. 

Their sensor, a thin-film resistance thermometer 
flush mounted on the heat transfer surface, was made 
by deposition of a gold filament about 0.27 pm thick 
on an electrically insulating substrate of appropriate 
thermal and mechanical properties. With a heat trans- 
fer surface and sensor substrate that is thermally 
‘semi-infinite’, they demonstrated the validity of local 
transient heat flux measurements obtained w.ith such 
a sensor. 

The present work is devoted to developing a thin- 
film heat flux sensor which satisfies similar basic con- 
straints, i.e. for cyclical local heat flux, but with the 
additional requirement that the sensor be applicable 
for a permeable surface at which there is throughflow. 
Development of a sensor with such capability would 
enable experimental investigation of an important 
class of problems in transport phenomena, those in 
which there is simultaneous flow and heat transfer at a 

t Present address: The Procter & Gamble Company, 
llS30 Reed Hartman Highway, Cincinnati, OH 45241, 
U.S.A. 

permeable surface. One industrial problem with large 
economic consequences for which the development of 
such a sensor would be particularly relevant is drying 
paper with combined impingement and through 

drying. In such a process impingement heat transfer 
at the surface of a wet sheet of paper moving rapidly 
through a dryer is affected strongly by throughflow 

rate at the surface. Thus the objective of the present 
study relates to challenging problems in both theor- 

etical transport phenomena and industrial process 
development. 

DEVELOPMENT OF A POROUS HEAT FLUX 

SENSOR 

Selection of the porous sensor material 

There are numerous constraints on the choice of 
material of the porous substrate for the sensor. The 
substrate throughflow characteristics and transient 
temperature response must match those of the through- 
flow surface in which the sensor is mounted; the 
porous media used must be homogeneous, machin- 

able, durable to 100°C ; it must have negligible elec- 
trical conductivity to carry a thin-film resistance ther- 
mometer. In the present case the ideal solution was 
possible, i.e. use of the identical material, porous glass, 
for the sensor substrate and for the permeable heat 
transfer surface in which the sensor is mounted. 

Experiments established that a continuous thin film 
of gold could be vacuum deposited on porous glass 
obtained from the 3M Company. To achieve the 
desired range of throughflow rates across the per- 
meable heat transfer surface, a 0.48 m diameter, 13 
mm thick porous glass of a uniform particle size, d,, 
of 50 pm (3M Grade 59, of porosity 30%, was selec- 
ted for the cylinder wall. Thus the thickness of the 
heat transfer surface and the sensor is about 26Odr. In 
the application for which the sensor was validated this 
heat transfer cylinder was rotated rapidly while being 
subjected to a heating flow on one half, to a cooling 
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NOMENCLATURE 

fl internal surface area per unit volume 01 7 temperature 
the substrate T jet nozzle exit temperature 

cfp particle diameter 7,x substrate telilperaturc 

C,%, specific heat of air 71 surface temperature of the sensor. of the 
c I’,? specific heat of the substrate heat transfer surface 
I1 heat transfer coefficient “I jet nozzle exit velocity 
H nozzle-to-impingement surface spacing 11. t hroughilow velocity 

&, heat transfer coeflicient for throughflo~ U, heat transfer surface velocity 
air within the substrate per unit il. width of the slot jet 
internal surface area of the substrate Y direction of heat transfer within the 

I?;, heat transfer coefficient for throughflow SC17SOl 
air within the substrate per unit A.\- distance between tinite diff‘erencc layers 
volume of the substrate .“ lateral direction along the heat transfer 

JL effective thermal conductivity of the surface 
substrate % pcnctration depth. 

$ thermal conductivity of air at the 

tcmperalurc of the jet nozzle exit 
I gold film thickness Greek symbols 
NLI Nusselt number, /w/k, % thermal diffusivity 

(I> surface heat flux Ii, viscosity at temperature ofjet nozzle exit 
RP Reynolds number at the jet nozzle exit. P;, air density 

~~~),l~‘~~~~ : Rc,, of heating jet ; Rr: . of Pi air density at tempcraturc ofjet nozzle 
cooling jet exit 

t time /),> substrate density 
At time increment between consecutive I’\ air density at temperature of heat transfer 

samples surface 
Ai, time li,r one revolution of heat transfer AL, time for a complete cycle of rhe fastest 

srrrfacc heat flux frequency. 

flow on the other half. Thus any particular location [I] was inapplicable because the chemicals damage the 

on the periphery, including the sensor, is in a state of porous glass binder. The Scotch tape mask adhered 

cyclical transient heat transfer. well during deposition, then was easily removed. 

From the analysis of sensitivity of the thin-film 
resistance thermometer based heat flux sensor made 
by van Hciningen it trl. [I] it was estimated that a 
gold film of resistance in the range 100~-350 R and or 
thickness in the same order as their sensor (about 
0.25 pm) was required for the desired accuracy of the 
transient heat flux measurement. Extensive devel- 
opment of techniques for depositing very thin, olcc- 

trically continuous filaments of gold on a porous glass 
substrate was required. The following procedure 
evolved for Fabricating a porous sensor consisting of 
a gold film of dimensions I mm x 70 mm, i.c. ~OQ’,, 
wide and 14OOd, long. 

(1) Sections, 10 mm x 100 mm, cut from the same 
piece of 13 mm thick porous glass used as the heat 
transfer surface were checked visually, then micro- 
scopically. to ensure no irregularities in the sensor 

substrate. 
(2) A 1 mm x 70 mm Scotch tape mask was glued 

to the substrate surface. Photofabrication of the thin 
gold filament by the technique of van Heiningen et al. 

(3) About 0.1 15 g of 0.999% purity gold was 
vacuum deposited (Edwards Vacuum Coaler, Model 
306) to produce films in the desired range of rcsistancc 
before aging, 500-1000 R. Many times a seemingly 
continuous gold film had infinite resistance. Non,- 
conducting and col3duct~n~ sensors were indis- 

tinguishable under a microscope. 
(4) Continuous gold filament sensors wcrc ‘aged’ 

at 100 C for 6 h. during which time the rcsistancc 

dropped by half. 
(5) The gold film was connected with a high con- 

ductivity pure silver paint (Conductive Silver 200 from 
Degussa A.G.) to 1.3 mm diameter silver lead wires 
fixed with Easypoxy, an epoxy resin. in holes drilled 
through the substrate. 

(6) For measurement of substrate surface tem- 
perature during in situ calibration, two thermocouples 
were glued (high thermal conductivity adhesive, Tra- 
bond 215 1. Tra-Con Inc.. Medford. MassachusetLs) 
flush with the substrate surface, at 5 mm from the 
gold film ends. 

As the gold film thickness was about 0.15 ,um. i.c. 
about I ;300th of the average particle diameter. (t,,. in 
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a substrate about 26Od, thick, these are truly thin-film always measured at the end of the experiments to 

sensors. confirm calibration stability. 

The 100 mm long sensor was flush mounted cen- 

trally in the 200 mm long porous wall of the 0.48 m 
diameter heat transfer cylinder (Fig. 1). Teflon tape, 
covered on both sides by a very thin layer of a silicon 
based adhesive, was applied around the sensor cir- 
cumference before insertion for ease of sensor replace- 

ment and to prevent bypassing of the throughflow 
between the sensor and the surrounding heat transfer 

surface. 

Thermophysical properties of substrate 
The specific heat of the porous glass was determined 

from DSC measurements (Perkin Elmer DSC7) as 

C, = 875.51-6.48Trf7.23 x 10m2T;. 

Its thermal conductivity, 0.414 W mm’ K-‘, was 
measured using two techniques detailed in ref. [7]. 

Culibration I$ the heat,flux sensor 
The sensor and associated thermocouples were cali- 

brated in a thermostated bath before installation. 
However, as the calibration was not sufficiently stable, 
possibly due to the complex substrate microstructure, 
in situ calibration was made before each run. During 

calibration the sensor resistance was measured with 
a 4-decade Wheatstone bridge. The unbalanced 
bridge output voltage was monitored on a storage 

oscilloscope. The surface temperature was measured 
with the two calibrated thermocouples at either end 

of the thin gold film. The thin-film temperature was 
taken as the average of the two calibrated thermo- 
couples, which never differed by more than 0.25”C. 
Stability of calibration under throughflow conditions 
was also checked by measuring the thin-film resistance 
and temperature with throughflow. The maximum 
in situ calibration temperature, about 60°C which 
exceeds the maximum attained during the runs, was 

The measured bulk density of 1447 kg m- 3 com- 
pared with the 1600 kg mm3 reported by the manu- 

facturer. 

INSTRUMENTATION FOR HEAT FLUX 

MEASUREMENTS 

Signal conditioning 
The sensor resistance cycles at the frequency of the 

heat flux being measured, which in the initial use of 

this sensor, ranged from 4 to 150 Hz. To obtain the 
resolution of local Nusselt number desired, the sam- 

pling frequency of the sensor resistance ranged from 
167 to 2500 Hz. Sensor resistance was converted to 
voltage by a Wheatstone bridge with a 4-decade vari- 
able rheostat and a 7-decade multiplier ratio (J. C. 
Biddle Co., Cat. No. 601022). The bridge output volt- 
age is amplified 2500-fold with a low noise (over the 

full bandwidth 2 PV RTI and 2 mV RTO) differential 
amplifier (DANA Model 2820). High frequency noise 
in the amplifier output is removed by a tuneable low- 

pass filter (Frequency Devices, Inc., Model 901Fl). 
The low-pass frequency is selected by three decade 
switches, as well as the multiplier switch. The lower 

cut-off frequency was set to one half of the data acqui- 
sition sampling frequency (Nyquest criterion). 

FIG. 1. Sensor in place. 

For short contact times the sensor response time to 

a step change in surface temperature was calculated 
assuming the gold film was supported on a perfect 
insulator (the thermal diffusivity of gold is 170 times 
that of porous glass). The average gold film tem- 
perature is within 1% of the new temperature 
when the Fourier number ( =rt/12) is 0.446. With 

2 = 6.6 x IO-’ m2 s-’ for gold and I = 0.15 pm, the 
sensor response time is 1.5 x lo- ‘O s. 

For a sensor of resistance 186 R at the operating 
temperature the sensor sensitivity is 459 PV Y- I, 

which is one order of magnitude larger than that typi- 
cal for thermocouples. Such high sensitivity, com- 

bined with a sensor response time of the order of 
IO- lo s justifies the selection of a thin-film sensor 
to measure local values of rapidly varying, cyclical 
transient heat transfer. 

The self-heating heat flux of the sensor, an unavoid- 
able characteristic, is about 5% of the lowest con- 
vective heat flux measured. This, then, is the maximum 
error from that source. The self-heating flux makes 
the measured heat transfer slightly too high when the 
surface is being heated, and vice versa. 



The 37.5 kHz throughput A/D board (Data Trans- 
lation, DT2XOl-A) is a high level. 13-bit analog to 
digital converter (ADC) system. During data acqui- 

sition. signals from the sensor and the optical switch 
for heat transfer cylinder position arc sampled by the 
ADC in the differential mode. Depending on scnsol 

voltage output. A/D board gains I or 2 arc sclectcd 
via the data acquisition software in addition to a gain 
of 2500 from the amplifier. 

The minimum voltage change that can he dilfcr- 
entiatcd by the ADC is 0.0012 V (2“ = 4096. \,ar-i- 
ation from 0 to 5 V for gain 2). A variation of 0.0012 

V corresponds to a change of sensor tempcraturc ol 

0.0005 C. which is thercforc the resolution of the heat 

flux sensor developed here. 

COMPUTATION OF INSTANTANEOUS LOCAL 

HEAT FLUX 

Conditions for the heat flux sensor arc given by the 

transient heat conduction equation 

I iT i’7- 
zz 

1 it i.\_? 
(1) 

where T and x ( = /(clli~~pc‘,~p) are the porous substrate 
temperature and thermal diffusivity. respectively. This 
equation is integrated in I and I for the control volume 
shown in Fig. 2 by assuming an explicit behavior in 

time and a linear temperature variation between grids 
in the .x-direction. After rearranging, the equation 

obtained is 

For the numerical stability requirement that all equa- 
tion (2) coefficients be positive, the minimum value 
of AX must be 

A.\- = (2r~Af)’ ‘. (3) 

With this limiting condition. equation (2) becomes 

T,’ = A(Tj’,~ / + T’;! ! )_ (4) 

The instantaneous WI-tact heat Hux, (I,. calculated 

from Patankar’s [8] half-control volume concept, Fig!, 
2. I?. 

k,, 
cl\ = A.u(Tl-T’l) (5) 

Since equations (4) and (5) arc explicit, a ~mlplc 

marching technique is used to calculate the tcm- 
pcrature distribution in the substrate at time I from 
the previous valuc~ at time 0. The initial and boundarb 
conditions rcquircd for equations (4) and (5) arc the 
mcasurcd surface tcmperaturc 7’, and the equalit! 

r,, , = 71, because. under the validation test condition 

01‘ rapid cyclic transient heat transler at the scnso~ 
surface. the sensor substrate can be considered thcr- 

mally semi-infinite. The latter assumption was vcri- 

tied as follows. and by tcmpcraturc mcasuremcnts at 
that surface. 

For the semi-infinite analysis, the cyclical \,ariatlon 

of temperature at the surface of the rotating hc:~t 
transfer cylinder (and sensor) may bc approximated 
as sinusoidal. For a sinusoidal surface tcmperuturc 
variation of frequency 1 ;Ar, 5 ‘. the thermal pen- 
etration length [9] is 

% = -ln(().0Ol)~(;i~ilr,~)’ ’ i b 1 

whcrc % is the depth where the amplitude of the tcn- 
pcraturc fluctuation is 0. I % of that at the heat transf& 
surface. For cvcn the slowest r.p.m. used. % from the 
above equation is 3 mm (i.c. bOr/,,), much less than the 

sensor substrate thickness, 13 mm (i.e. 260&). Thus 
the semi-infinite substrate assumption is justified. The 
number of finite difference layers ‘II’ is calculated as 

the integer value of the ratio Z/Ax. For about 500 
samples per rotation. 17 = 44. 

The initial condition chosen for the solution of 

equation (4) is the average temperature of the heat 
transfer cylinder. The effect of this initial temperature 
disappears completely after two revolutions of the 

heat transfer cylinder. After the correct temperature 
distribution in the substrate is obtained, equations (4) 
and (5) are solved consecutively to obtain the local 
flux distribution at the heat transfer surface, i.e. the 

heat flux at the surface of the heat flux sensor. 
The surface temperature boundary condition fol- 

equations (4) and (5) is that corresponding to the 
sensor resistance averaged over SO rotations of the 
heat transfer cylinder. 

The errors in computation of heat flux amplitude 

and phase shift when equations (4) and (5) are used 

instead of the exact solution to the unsteady heat 
conduction equation estimated by Baines [4], are : 

error in amplitude 

I- (7) 

FG. 2. Control volumes. 
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error in phase shift 

rLAt 

3Ar, 
(8) 

where AZ, is the time for a complete cycle of the fastest 
heat flux frequency. In the validation tests, during 
which the surface of the rotating heat transfer cylin- 
der, including the sensor, is subjected to an alternation 
of heating and cooling by jets, the fastest complete 
cycle occurs within about 50 mm of the heat transfer 

surface. This condition, for the fastest intended 
rotational speed of the heat transfer cylinder, gives 
AZ, = 0.0067 s. To obtain a resolution of the instan- 

taneous Nusselt number corresponding to 16 values 
of Nu over 50 mm of the surface moving at this speed, 
the fastest sampling frequency used was 2500 Hz, i.e. 
Al = 0.0004 s. From equations (7) and (8) the cor- 
responding errors are very small, 1.3% in heat flux 

amplitude and 3.6” in phase shift. 

With throughflow 

The energy equations in the heat flux sensor, includ- 
ing heat transfer between throughflow air and the 
substrate, become : 

substrate 

aT, m, 

air 

p&~ = -p.c,,u,~+h;(Tp-Ta) (10) 

where subscripts p and a denote the substrate and air, 
respectively. 

If within the substrate the local average substrate 

temperature equals the local air temperature, i.e. 
r,, = T, = T, the energy accumulation term for air 
may be omitted as negligible relative to that for the 

substrate and equations (9) and (10) reduce to the 
singie energy equation 

To test whether this simplification applies, h, was 
estimated from the equation (12) correlation for 
packed beds and porous media [lo] 

J = 0 84Ree0.‘l h . P , 0.01 < Re, < 50 (12) 

where 

Re = !?I!!! and 
P 

J = hp 
h ____ Przi3. 

av PaCJ&* 

For the minimum (0.09 m s- ‘) and maximum (0.5 m 
sP ‘) throughflow air velocities the predicted values of 
h, are 215 and 500 W m-’ KP ‘. 

From experiments made to check the uniformity of 
permeability of the porous glass heat transfer surface, 
the interfacial area, ~2, for the porous material used is 
estimated as 20 000 m* m- 3 using the Kozeny- 
Carman relation [I l] for laminar throughflow. 

Thus the predicted values of h;( =h,a) are 4.4 x lo6 
and 10.2 x lo6 W mm3 K- ’ for the minimum and 

maximum throughflow rates. 

Nusselt number distributions were calculated twice, 
once from equation (I 1) and once from equations (9) 
and (10) using the estimated hb values with the 
assumption that air enters the substrate at the sub- 
strate surface temperature. As these NU distributions 
are completely indistinguishable, use of the sim- 

plification T, = T.. = Tin the present case is justified. 
The assumption that air enters the substrate at the 

exterior surface temperature of the substrate is verified 
as follows. Considering air flow in the pores of the 
sensor and heat transfer cylinder to be laminar, an 
‘adaptation time’ of the fluid to the thermal boundary 

condition imposed by the solid may be expressed in 

terms of the Fourier number 

(13) 

According to the manufacturer of the porous glass, 
supported by our microphotographs, mean pore size 
is about the same as the mean particle size, dp = 50 
pm. Therefore, d,,/2 is used as the characteristic length 
in equation (13). For a porous cylinder of mean tem- 
perature about 50°C !Z is 2.8 x lops m’ s- ‘. At the 

maximum superficial throughflow velocity, 0.5 m sP ‘, 
pore air velocity for E = 0.3 is 1.7 m s-~ ‘. Therefore, air 
travels Id,, in 3 x IO- 5 s. The corresponding Fourier 

number is 1.3. At a Fourier number greater than 1, 
adaptation to the new thermal boundary condition is 
complete. Adaptation may even be faster since the 
flow at the pore entrance may be transitional or tur- 
bulent, not laminar. 

The discretized form of equation (11) is 

For numerical stability, the coefficient of T,? was set 
equai to zero, which specifies the relation between Ax 

and At as 

Ax = 
CAt+((CAt)‘+%xAt)‘:’ 

7 

Thus the finite difference equation with throughflow 
is 

T,‘= $+ 
( 

s$r_l+($)Ti+l (15) 

which, for U, = 0, reduces to the no-throughflow equa- 
tion. 
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Finally the value of heat flux, (I,, at the surface of 
the sensor in the presence of throughflow at the sur- 
face of the sensor. the objective in this development. 
is obtained from equation (5). 

Eyuation (15) assumes uniformity of throughflow 
velocity. This assumption depends on the degree 01 

uniformity of permeability and of local pressure ova 
the heat transfer surface. Uniformity of pcrmeabilitb 

was checked by measuring throughflow rate and press- 

ure drop across the heat transfer surface with various 
fractions of the surface blocked to throughtlow b! 
plastic sheets. The linear relation obtained confirmed 

the uniformity of permeability of the porous glass. 
The variation of throughflow velocity due to local 
static pressure variation under the impinging jets used 
in the validation tests was less than t_ 13%. 

POROUS SENSOR AS A HEAT FLUX 

MEASURING INSTRUMENT 

With a heat flux sensor for a throughflow heat 
transfer surface. fabrication of a thin-film surface 

thermometry sensor by deposition of a gold film on 
the surface of a porous substrate is accompanied 
unavoidably by some gold deposition on substrate 
particles below the surface layer. Examination under 
a microscope rcvealcd areas of gold film at as much 
as three particle diamctcrs below the surface. 
However, the great difficulty, noted earlier. in obtain- 

ing an electrically continuous gold film should bc 
emphasized. Thus even at the surface laycr of the 
particulate substrate, where the surface of the particles 
is completely accessible during gold deposition. 
achieving a thin film without a discontinuity over 

the 70 mm (14OOL/,) length of the sensor filament is 
extremely difficult. It is therefore not remotely prob- 

able that a continuous gold film could form in the 
interior of the substrate where particles arc shielded 

from gold deposition by the layer of particles at the 
exterior surface. Such regions of gold film below the 
surface, clcctrically isolated in the lateral direction. 
would have a negligible effect on the resistance of the 
filament at the sensor surface and hence on the value 
of heat flux at the surface obtained with this thin-film 
sensor. 

Moreover. one may dctcrminc the sensitivity of :%‘/I 
profiles to any such averaging effect of gold film ova 
more than the surface layer of the 50 bmi diamctel 
substrate particles. Thus a :VLI profile may bc reca- 
culated taking the sensor tcmperaturo as the average 
of the surface temperature as normally determined 
and the temperature at one grid node ( - IQ below 
the surface. A Nusselt number profile as normally 
determined and for this hypothesis of ‘averaged’ sur- 
face temperatures are compared in Fig. 3. This is an 
extreme cast as it assumes the gold film distributed 
uniformly on the first and second layers of particles. 
Even so, as the effect of averaging is not large, Fig. 3, 

this test confrms that the cffcct of having some ;Lrc;ls 

of gold film below the surf:ice layer of substrate 
particles is indeed insigniticant. 

VALIDATION OF THE HEAT FLUX SENSOR 

.Any heat flux sensor of a new type and with noxcl 

capnbiliticx rcquircs validation. The sensor developed 
here r0l- local transient heat transfer for a surface :it 
which there is throughflow was subjcctcd to validation 
tests with the sensor mounted in a heat transfer surface 
being alternately heated and cooled by moving rapid11 
under impinging slot jets of heating and cooling air. 
in an cxpcrimental facility described in ref. [7]. In 

brief, the test facility involved a 0.4X m diameter rota!- 
ing, cylindrical. permeable heat tr:msfcr surface. with 
throughtlow. The external surface of this cylinder was 
subjected on one side to cooling by multiple slot jets 
and. at a position about 180 away. to heating by ;I 
single slot jet. The shortest time for a complete cycle 
of the transient heat flux between adjacent multiple 
jets was about 0.0067 s. However. the sensor is not 

rcstrictcd to the study of impingement flows but IS 

pcncrally applicable for throughflow heat transfer SW 

Caccs subject to cyclical heat transfer. For 1, = q'A7‘ 

in the validation test system, the relevant ATis 7; 7:. 
and jet nozzle width, II‘. is the characteristic dimension 
[or Nusselt and Reynolds nulubcr. The results or this 
sensor test program arc now presented. 

A basic test is to establish that a new sensor pro- 
ducts heat transfer coefl?cicnts which are independent 
of the temperature difference. This test MS mndc b) 
varying the temperature diffcrcncc for impingement 
heat transfer. r, - r,. by a factor of 2.7 for the heating 
slot jet. and by a factor of 2 for the cooling jets. The 
I'CSU~~S or these tests, cxpresscd :I> awagc htwlt 

number for a heat transfer stn-racc IOn, wide fat- the 
single jet. Fig. 4, and as average Nussclt numbor [or 
the multiple jets. Fig. 5. confirm that this heat Hux 
sensor provides Nusselt number data which arc indc- 
pendent of the temperature driving force. 

A second validation test was to compare published 
results with local profiles of impinging jet transient 
heat transfer obtained with the new sensor. Two rcl- 



Sensor for transient heat flux at a surface with throughflow 1521 

FIG. 4. Independence of Nusselt number from AT: test with 
heating jet. 

erence studies were used. Cadek [ 121 employed a thin- 
disk heat flux sensor, known as a Gardon foil. His 
sensor, of diameter 0.9 mm, gave a resolution of 0.28 
of the slot jet nozzle width for profiles of local Nusselt 
number at a stationary impermeable impingement sur- 
face. Due to the difficulty of accurate calibration of the 
Gardon foil, Cadek used it to measure heat transfer 
profiles relative to the stagnation heat transfer. The 
impermeable thin-film heat flux sensor of van Hein- 
ingen et al. [ 11, described earlier, differs basically from 
the new sensor of the present study, which is porous. 
Their sensor, proven to be very sensitive and fast 
responding, on calibration profiles of local heat trans- 
fer of higher resolution and accuracy with a moving 
impingement surface than those of Cadek with a 
stationary surface. 

The profiles of local Nusselt number under a single 
impinging slot jet obtained with the new type of 
sensor, Figs. 6 and 7, are for conditions of jet Reyn- 
olds number, Re, and nozzle-to-impingement surface 
spacing, H/w, matching as closely as possible those of 
the two best reference studies available. In order to 
bring all results to a common Reynolds number, 
Cadek’s results were slightly adjusted for this effect 
using standard procedures, as detailed in ref. [7]. For 
these test conditions the Nusselt number under highly 

FIG. 5. Independence of Nusselt number from AT: test with 
cooling jet. 

- Prd 

-12 -8 -4 0 4 12 16 
Distance from Nozzle Centerline. y/w 

FIG. 6. Sensor test: profiles of local Nu for a slot jet at 
Re = 24 800. 

turbulent jets reflects complex flow phenomena at the 
impingement surface. The central peak corresponds 

to a thin, laminar boundary layer, while the off-stag- 
nation minima and maxima correspond, respectively, 

to the start and completion of transition to a turbulent 
boundary layer. Local Nusselt number profiles of this 
complexity constitute a demanding validation test of 
any sensor. 

In the region of the central peak the heat transfer 
measured by the new sensor is intermediate between 
the reference studies at the lower Re, Fig. 6, but is 
somewhat higher at the higher Re, Fig. 7. In the latter 
case, stagnation region heat transfer for a high stag- 
nation pressure is enhanced with a porous sensor due 
to transient local throughflow. This small difference 
is of no practical significance because a permeable 
sensor is not needed for studies at an impermeable 
heat transfer surface. 

The design features necessary to obtain a porous 
sensor applicable with throughflow result in a sensor 
having slightly less lateral resolution along the heat 
transfer surface than the previous impermeable 
sensors, those of Cadek [12] for a stationary surface 
and van Heiningen et al. [l] for a moving surface. 
Thus the new sensor slightly overestimates the Nusselt 
number at the off-stagnation minimum and cor- 
respondingly underestimates the off-stagnation maxi- 
mum. As these point values of Nu are of limited 
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FIG. 7. Sensor test: profiles of local Nu for a slot jet at 
Re = 57 700. 
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interest, and as these effects compensate. the new 

sensor provides sufficiently precise resolution of this 
complex heat transfer profile. 

The third type of validation was to test the aspects 

of high sensitivity and fast response of the new sensor 
by monitoring heat transfer at an impingement sur- 
face moving rapidly under an impinging jet. The only 
heat flux sensor with this capability for impermeable 
heat lransfer surfaces is that of van Heiningen et nl. 
[I], which they used only for a single impinging jet. 

Their single jet results with this sensor showed that 
Nu profiles are depressed on the side where surface 
motion is towards the jet nozzle but are enhanced on 

the leaving side. The Nu profiles at a rapidly moving 
impingement surface obtained with the porous sensor 
developed in the present study are essentially identical 

with their profiles for comparable conditions. A par- 
ticularly sensitive characteristic of such Nu profiles is 
the extent of shift in position of the off-stagnation 
maxima in the direction of heat transfer surface 

motion. The shifts in position of the off-stagnation 
maxima on the approaching and leaving side of the 
slot jet nozzle as determined with the new sensor and 
by the impermeable sensor of van Heiningen [13] arc 
compared on Fig. 8. Heat transfer surface speed is 
characterized by the non-dimensional parameter, 
/Mr, = ~~,~‘~/p,u,, described by ref. [ 11, with MC, = 0 for 
;I stationary surface. The good agreement for this 

sensitive feature of Nusselt number profiles for a jet 
impinging on a rapidly moving surface provides fur- 
ther validation that the permeable heat flux sensor 
developed in the present study has excellent sensitivity 
and fast response characteristics, and provides reliable 
measures for rapidly changing transient heat transfer. 

The three types of tests described above complete 
the validation of the new type of sensor. No direct 
validation is possible for the unique feature of this 
permeable sensor, its ability to measure rapidly chang- 
ing heat flux when there is throughflow at the heat 
transfer surface, as no comparative data exist because 

no previous sensor had this capability. This potential 
of the new sensor is displayed on the sample set of 
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FIG. 9 Sensor demonstration : effect of thrc~ughllow OH tr;tw 

slcnt bcdl Nusselt number. 

profiles. Fig. 9, of transient local Nusselt numbcl 
under a slot jet impinging on a fast moving surface 
with a range of rates of throughflow at the heat 
transfer surface. Throughflow rate is characterized 

by the non-dimensional parameter, ML*, = ~),u,!~I,u,. 
The maximum value of the throughflow parameter. 
Mu, = 0.0163. for the results of Fig. 9 corresponds to 
a very high throughflow. Specifically. this Mu, value 
corresponds to 52% of the nozzle exit flow leaving 
the system as throughflow for a heat transfer surfdcc 
extending 16 nozzle widths on either side of the nozzle 
centerline. A detailed discussion of these results. 
which is beyond the scope of the present communi- 
cation, appears in ref. [7]. The enhancement of local 
heat flux by throughflow for jets impinging on a mov- 
ing heat transfer surface is thus documented for the 

first time with the porous, thin-film flux sensor 
developed in the present study. 

SUMMARY 

A permeable, high sensitivity, fhst responding thin- 
film heat flux sensor was de\Jeloped which makes it 
possible to measure rapidly changing local heat flux 
at a surface in the presence of throughflow at the 
heat transfer surface. This sensor and the associated 
measurement system arc shown to produce accurate 
and reliable results for a specific case. one where the 

rapidly changing heat flux is due to jets impinging on 
a moving surface with throughflow. A sensor of this 
new design is however not restricted to that particular 
case but is of general applicability for mcasuremcnt 
of rapidly changing heat flux at permeable surfaces 
with throughflow. This sensor is currently being used 
in the study of transport phenomena not previouslq 
amenable to experimental measurement. 
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CAPTEUR DE FLUX THERMIQUE TRANSITOIRE POUR UNE SURFACE AVEC 
ECOULEMENT TRAVERSANT 

R&m&On a mis au point un capteur de flux thermique permeable, du type de la thermomttrie des films 
minces de surface. Ce capteur unique permet de mesurer la valeur locale d’un flux thermique transitoire 
en fluctuation rapide a une surface permeable soumise a un iroulement traversant. Le temps de reponse 
de capteur est extrbmement court, soit de IO- ” s. La sensibilitt du capteur, avec ~~quipement Bectronique 
actuel, est de 459 FV ‘C- ‘, ce qui permet une resolution de la temperature de la surface de 0,0005”C, i 
l’aide dun systeme d’acquisition de donnees a 12 bits. Bien que verifie pour un cas particulier d’un flux 
thermique transitoire avec air traversant a la surface, ce capteur d’un genre nouveau a un champ d’ap- 

plication general. 

TEMPERATUR-MESSFUHLER FUR SICH ZEITLICH ANDERNDE W~RMESTR~ME 
AN OBERFLACHEN MIT DURCHFLUSS 

Zusammenfassung-Ein durchllssiger (permeabler) Warmestrom-Messfiihler wurde auf der Basis der Diinn- 
schicht-Obetllachen-Temperaturmessung entwickelt. Mit diesem speziellen Messfiihler Kiinnen augen- 
blickliche, lokale Werte eines sich zeitlich gndernden und rasch schwankenden Warmestromes an einer 
durchllssigen ObertITche gemessen werden. Die Einspielzeit des Messfiihlers ist sehr Kurz, _ IO-‘* s. 
Die Ansprechempfindlichkeit mit der momentan verwendeten Elektronik betrggt 459 ~LV “C-’ was 
einem Obe~~chentemperatur-Aufl~sungsverm~gen von 0,0005”C mit einem 12-bit Datenerfassungssystem 
entspricht. Obwohl fur einen ganz speziellen, sich zeitlich iindernden Warmestrom mit Durchfluss entwick- 

elt. so bietet dieser neue Messfiihler einen breiten Anwendungsbereich. 

&%TUHK HE~A~~OHAP~OrO TE~~OBOrO HOTOKA Y ~OBEFXH~~ CO 
CKBOJHMM TEqEHHEM 

.hnomleP_Pa3pa6oTaH npOHHUaeMerii LlaTYHK Tennosoro noToKa THna AaTwKa, pa6oTalomero Ha 

IlpAHqHne nOB~xHOCWOii TepMOMeTpHH TOHKOii IINXKH. c IiCIIOJEb30BaHHeM 3TOrO OpHrHHWIbHOrO 

AamHKa ~oxnfo H3MepflTb hwHoBemtble noKa.nbmde 3naYemfS wcra~oHapwor0 Tennonoro noToKa y 

npoHHuaeMoti noeepxwocrw,noa~pxcerr~otoii AekTsmo Ten.nonepem3ca,xapa~ep5i3yio~ero B~JCOKO- 
qaCTOTH~~ ~yA~U~K~, B KOTOpOii MOlKeT ~~~n~T~K CKBO3HOe ‘re¶emie. Bp-em OTmkMa 

AaT'iHKa IlpeAeJIbfiO MaJIO, -1o-'0 C. B paccMaTpHBaeh#iX yCJIOBHsX =Iyl3CTBUTeJIbHOCTb AaTwKa cot- 
T~BJUI~T 459 MKB “C-r, ~0 06ecne%iBaeT pa3peinammylo cnoco6Hocrb onpeAeneHHn TeMnepaTypbi 

nonepxeocra 0,OOOYC npH 12-6wr11oti CHcTeMe c6op.a Aamwx. HecMorpa Ha TO,YTO Z+$eKTHBHOCTb 

pa3pa60TaHHoro AaTYHKa Honor0 THna nposepaeTcn B 5acrHoM cnyvae HecTawoHapHoro nOKWIbHor0 


