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The cooled film sensor is a device permitling raeasurements in high temperature
environments similar to those obtainable at normal temperatures with a hot wire
anemometer. = The limitations of the technigque bolh in maximum environment
conditions and accuracy axre discussed. In addition, typical measurements and
‘some special techniques that can be applied are presented, Optimum applications

" of the cooled film anemometer include cnvironmoents whove transient phenomena
“are to be measured and wheie the maximum heat transfer to the sensor (0.15 mm

dia. by 1.5 mm long) is iess than 10 watts. Up to 20 watts is possible for short
term tests. B

Introduction

The cooled iilm sensor is & device for making hot-wire-anemometry-type measure-
ments in a high temperature eavironment. In the normal hot-wire or hot-film
anemometer the temperature of the sensor raust be above the environment temper-
ature under conditions where convection dominates the heat transfer. The
essential feature of the cooled film is the addition of a heat sink to permit the
operation of the sensor below the environment temperature.

Since the introduction of the cooled film sensors (1), additional data has been
collected on both operational details and applications. This paper is intended
as a review of the work that has becn done with cooled probes to date. From
this information, a reasonable estimate can be made of the applicability of the
cooled film probes tq a particular measurement. '

The potential of the cooled film sensors for fluid measurements would appear
promising. They have many characteristics in common with hot-wire anemometry
systems including small sensor size and high frequency response. This permits,
ideally, an instantaneous measurement at a point in the f luid stream. In addition,
it has the capability of making measurements in temperatures of several thousand
degrees where few immersion instrumenis can survive,

. Constant Temperature Anemometry with Wires, Films and Cooled Probes

The electronic control and data reduction technique for cooled film sensors are
almost identical to that of the standard constant temperature hot wire ox hot film
anemometer, Figure 13-1 shows the basic components of a constant temperature
anemometer system.
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The {irst requirem_cnt in the gystem of Figure 13-1 is that the scnsor resistance
changes with temperature. For maximum sensitivity, this change of resistance
with temperature (temperature coefficient of resistance) should be high. The
rosigtance of the bridge arms are set so that the bridge is in balance with the

" gehsor transferring heat to'the environment. The high gain feedback amplifier

maintains this condition (a balanced bridge) by adjusting the current though the
gensor. -For example, as the environment velocity increases, more heat weuld

he transferred between the sensor-and its environment, To maintain the sensor
temperature, the bridge system increases the current through the sensor. There-
fore, the current required by the sensor is a direct measure of the heat trans-
forred between the sensor and its environment. This heat transfer from the sensor
{set and maintained at a constant average temperature by the bridge) is therefore
the basic measurement.

Heat is transferred from the sensor by convection, radiation, and conduction.
Similarly, the rate of heat transfer is affected by any property of the environment
that influences heat transfer including temperature, velocity, pressure, compo-
sition, ete. Inthe normal application of anemometry, convection is the dominant
mode of heat transfer and velocity is the only environment variable. Hence the
term anemometer.

Limiting the heat transfer to convection, the heat transfer between the sensor and
environment where velocity is the only variable, can be expressed approximately
by what ig commonly referred to as King's law (2):

popR = (A+ B (T,-T) (Eq. 13-1)

where: A, B = constants
V = environment velocity
T = vensor temperature

Tz environment temperature

Figure 13-2 shows a cal'hration curve of a fine hot-wire and the calculated curve
using two calibration poinis (end poinis) and King's Law. Many heat transfer
relations have been derived which are a significant improvement on King's Law.
Still, when discussing hot-wire anemometry the simplicity of the relation in
equation 13-1 makes it 2 useluw reference. -

Figure 13-3 shows two types of gensors commonly used for work in hot wire
anemometry. The fine hot wire'is the original type of sensor and still is wicely
used. The hot film (3), {4) is more recont and has advantages in many app:

P
tiong. It consists of 2 gloss substrate with a thin metallic film on'the surface.
¢

The glass subetrate dom
gensor while the metal film

@ the physical and thermal characteristics of the

o
dominates the electrical characteristics.

Tloure 13-4 shows the physical characteristies of a typical ceoled
and support and a dlegram showing 108 operation, 1ty
equation 13-1 is simply - Qg
sensor from the environmen:
film sensor without cooling:

(g, 12-2)

with cooling:

—~
141

.
S0, L0-2)
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1

where: P electrical power input to the sensor
Qe

Qg = heat transferred from the environment to the sensor surface

il

heat transferred from the sensor surface to the cooling fluid

Equation 13-3 gives the basic information on maximum environment conditions.

Since P must be greater than zeroafor proper operation:

Qc > Q. (Eq. 13-4)

The maximum heat transfer from the environment to the sensor is then equal to the
cooling rate. On present sensors the practical upper limit for short term tests

18 20 watls with 10 watls being realistic for continuous use in most types of environ-
ments. These figures are for the heat transfer rate in watts from the environment
to the sensor surface area (0.15 mm dia, by 1.5 mm long). Frequency responses
of up to 50 KHz can be attained (-3db point) using cooled film sensors.

An important requirement of the cooled film sensor is that the term Q. remains
constant, independent of external environment conditions. The circuit operates
to maintain the average sensor surface temperature constant. If the entering

cooling {luid temperature and {low rate is also constant, then ideally the term Q.

. will remain constant. A number of factors affect this idealized situation but in

actual operation of the cooled probe this assumption must usually be made. Some
potential errors in the assumption are discussed later.

In a constant temperature, constant composition environment a calibration curve
similar to that shown in Figure 13-2 could be plotted fora cooled probe. The
operation and data reduction technique under these conditions are then essentially
identical to those foxr a hot wire of similar diameter aperatoed at constant temp-~
erature. The term Q, can.be handled iike the free convection term is for a hot-
wire,

Perhaps the most important difficulty with the cooled probes is that a high temp-
erature environment seldom, if ever, satisfies the constant temperature condition.
In addition composition changes are common due to different constituents, chemical
reactions, or even jonization. In this sense measurements with cooled probes
resemble more closely measurements in supersonic flows with hot wires. An
important difference is that in supersonic flows the hot-wire can usually be opera-
ted very close to the environment temperature, This permits quite effective
separation of velocity and temperature when two probes are used operating at
different surface temperatures, In high temperature gases this separation is

much more difficult since the sensor cannot be operated close to the environment
temperature. Other comiplexities in cooled probe systems are: the need to water
cool the probe, increasing both cost and size; the need for water tight connections
with no condensation that can cause clectrical shorting; difficulties in inserting
the probe in many high temperature environments; and higher power required {rom
control circuitry, These are practical problems that are largely eliminated by
proper design and operation of the system.

At high heat {luxes, the cooling fluid in the sensor will be turbulent to maintain the
desired cooling rate. This lowers the signal-to-noise ratio of the gystem when
compared with a normal hot wire, since the low frequency signals get transmitted
through the tube to the sensitive film, Finally, the cooling also limits over heat
ratios because for a given coolant temperature, the heat flux from the surface to
the coolant is determined by the sensor operating temperature. Arhitrary selec-
tion of a sensor temperature can result in (2) this cooling rate being excessively
high, so the cooling water boils or the sensor burns out or (b} the cooling rate,
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Q., being less than maximum heat transfer from the environment to the sensor,
Qg+ Under these conditions the circuit shuts off and no data is obtained until

the inequality in equation 13-4 is again satisfied. The result is that it is the max-
imum expected heat {lux, Qp, that determines sensor operating temperature rather
than a selected overheat ratio as in hot-wire anemometer operation.

. 2
Heat Transfer Correlation for Cooled Probes

Tor a cooled-film sensor placed normal to a high temperature fluid stream of low

. Mach number, the forced convective heat transfer to the film is a function of stream

temperature, stream velocity and the {luid transport properties, Fora stream com-
posed of a binary mixture, the transport properties of the mixture are functions of
the mixture ratio. . Thus, a cooled-film anemometer may be calibrated to measure
temperature, velocity and percentage composition of a binary mixture flow, Direct
calibration is straightforward for measurements in flows where only one of the
independent parameters is a variable, as discussed earlier for the common
measurement of velocity in low-speed aerodynamics. For measurements in fluid
streams where more than one of the independent parameters is a variable, suchas
in hypersonic wakes, mixing regions of jets of dissimilar fluids and/or of
dissimilar temperatures, and diffusion flames, a direct calibration over the entire
range of variables-is often tedious and time consuming. For such cases inter-

* pretation of measured heat flux data by means of a more general, nevertheless

accurate, correlation of the appropriate dimensionless groups involved is more
appropriate. ’

In considering the nature of the cooled-film operation and its application for
measurements in diffusion flames and hypersonic wakes, onc may stipulate that.
the required heat transfer correlation must be valid for the following cases:

(a) when the transfer of heat is from the environment to the sensor
{i.e.. T >T,).

{(b) when the tomperature difference between the sensor and the
: environment is jarge (i.e. T /T, >2).

(¢} when the environment is composed of flows of different
gases and gas mixtures, ‘

(d)  when the Reynolds number (ﬁasod on sensor diameter)
of the flow is low, (i.e. Re < 100).

It may be noted that conditions of very low Reynolds numbers, where free and
forced convection may interact, also conditions of high Knudsen numbers where

{ree molecular effects may be important, have been left out of the stipulated
conditions. .

Forced convective heat transfer involving cylinders has been extensively investi-
gated. However none of the investigations, individually or all of them collectively,
cover the enlire range of conditions mentioned above (5). I must be emphasizoed
that such correlations as that obtained by careful experimentation by Collis and
Williams (6) for hot-wire work are not applicabie to precise cooled-film work
(when T, < T_). This isbecause of the different naturc of dynamical dissimilavity
with temperature loading between cases of heating and cooling (5).,  Onthe other
hand, data obtained for the heating of cooled cylinders such as those by Clurehill
and Brier (7) are for Reynolds numbers above 300. A detailed discussion of the

~ existing correlations has been presented in (3},

In the present investigation the flow conditions were simulated in a plasma-jet
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(jet orifice diameter 12 cm.) The jet conditions were maintained such that at
the points of heat transfor measurement (i, e. al the potential core of the jet, where
the distribution of velocity, temperature and concentration are uniform) lonization
was negligible and recombination was complete. By means of a cooled-film the
maximum relative intensity of heat flux fluctuations was found to be less than 3%,

If it is considered that the heat {lux Fuctuations are due only to velocity fluctun-

tions, the error in heat transfer measurement will be less than 2% due to turbu-
lence.

Constant temperature, quartz coated, cooled-films were used as the heat transfer
gurface, The film is obtained by a deposition of platinum of thickness 1000 - 2000
A on a loop made on Vycor tube, 0,.0152 cm- O.D. and 0.0102 em I.D. The
sensitive section of the film is isolated by a heavy gold plating (0,013 ~ 0,025 mm
thick) on the rest of the Toop,  The Tength of the gensing film is 0. 103 cm  and the
thickness of its quartz coating is avound 5000 A . Along with the heat transfor
measured by the cooled film, veloeity and temperature were obtained by means of
a carbon tipped pitot probe of orifice diameter 0, 103 cm anda Pt - Pt 10% Th
thermocouple of bead diameter , 127 em respectively.  Further details of experi-
mental set-up and procedure may be found in (5). The variables and the variable
ranges considered in the investigntion are as follows:

a. Temperature loading. - The range of jet temperature considered was 800°K
to 1600°K, and the film temperature was varied in three steps between 350°K
to 525°K, From this a temperature loading (T /T ) range of 1.5 to 4,5
was obtained, .

b, Reynolds number. The range of Re based on cylinder diameter was 4 to 80,

[ Flow composition,

The plasma-jet was composed of He, N, and mixtures

of He - Ny Ny - €O, Two mixture ratios were considered for each
mixture, '

The true jot temperature was oblained from the thermocouple temperature by
applying correction for radiation and conduction errors. Transport property
values of the gas specics and specie mixtures for data analysis were calculated
from the expressions colleeted in (8).

In the course of data analysis the following points were noted:

T +7T
a, Consideration of the film temperature (T, = —L"-—E—S) for the evaluation

of fluid properties in the dimensionless parameters Nusselt number and
Reynolds number, was not sufficient to eliminate the temperature loading
effect. - The residual effect caused a decrease in Nusselt number with

increased temperature loading at a particular Re for the present case of
heating of cvlinders.

b. ‘Replacement of the usual temperature ratio in the temperature loading
factor by a kinematic viscosity ratio enabled a unique correlation to be
derived for flows composed of gas species whose transport property
value variations with temperature are different, This conclusion is
supported by arguments presented in (9) for hot wires.

c, The expected slight influence of the small variation of Prandtl number
{because of the consideration of different flow species and specie mixtures
and also hecause of variation of temperature), could not he discerned.
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d. The Re; dependency of Nu, was found to be different from that according to
: King's Law,

e. A discontinuity in the heat transfer curve was noted between Re, = 40 and
Re; = 55, Unfortunately, no data were collected between these values of
Rep and no specific {nvestigation was carried out to determine a change in
the flow features, (viz. onset of eddy shedding) in this range, For the
present, data collected in the Re, range below Re, = 40 was considered {for
correlation purpose,

In view of the above discussion, the following form of correlation was considered:
n m
Nu, (v,/vs) =C+D Reg

The constants n, m, C and D evaluated By the least square method were found to be

ag follows: .
. Re; n  m o . D
4 - 40 .15 .45 . 2068 .4966

Figure 13,5 shows the effectiveness of this relation in correlating the .entire body

of data below Re; = 40. .The rms deviation considering this range of data was
0924,
'Y .

Tinally 13-6 compares values of Nu, calculated from some of the correlations
obtained for heat transfer {rom heated cylinders wilh values calculated {from the
present correlation. The evaluation is fox an identical condition of heat transfer
to a cooled cylinder with T, = 400°K, T_ = 1200°K and the flow composed of Ny,
Even considering the wide discrepancies in values calculated from correlations
obtained for heated cylinders only, the error involved in using them to analyse

[ heat transfer to cooled cylinders is quite apparent,

Tests in Severe Environments

The maximum environment capabilities of the cooled film probe have been expressed
: . in terms of heat transfer rates from the environment to the sensor. To convert this
i to temperature and velocity requires an accurate heat transfer relation or tests
‘ where the conditions are well known, Although the following data does not com-
pletely satisfy either criteria, it does give some indication of the capability of the
cooled film sensors,

Figure 13-7 shows a traverse across the tip of an acetylene torch for two distances
from the tip, The inside diameter of the tip is 3,8 mm and maximum heat flux to
the sensor is 16 watts, Referring to Figure 13-7, the traverse was made {rom
left to right. The sensor did shift in resistance during each traverse, as shown
by the failure of the points on the right to approach closer to the abscissa. A
single traverse took approximately five minutes. The 16 watts represents a

heat Lransfer rate to the 0.15 nmum dia, sensor of 2.66 KW /em=,

Refercnce {10) is another application where the cooled film sensors were exposed
to a severe environment, The cooled sensors were used in a combustor that
burned ethanol and liquid oxygen at an average chamber pressure of 178 psia.
Pressure oscillations of 15 per cent were sustained at 1190 cps with a siven

; mounted directly downstream of the exhaust nozzle. Under test conditions the
average environment temperature was calculated to be 1900°K and the maximum
velocity (measured from streak photographs) about 110 m/second. Velocity

e
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Flow T K TS K Symbol
Nitrogen 852 ~1660 361 -496 A
Helium 803 - 1360 387 - 632 4
. He 40% by vol.
N2 60% Ly vol. 900 -1269 361 - 496 o)
He 77.5% by vol.
N2 22.5% by vol. 900 - 1270 387 - 532 o]
" He 42% by vol.
co, 58% by vol. 701 -1088 342 -465 g
He 93.5% hy vol.
CO2 6. 5% by vol. 702 - 1060 342 - 465 s
N, 50% by vol. :
Cbz 50% by vol. 703 - 1278 387 - 512 4
Ng 30% by vol.
. 'coz 70% by vol. 703 - 1277 367 - 512 A
Fig, 13-5 Nu,, (uw/vm)-’s vs Re, * 45 showing all heat transfer data for

various species and specie Mixtures and for various temperature

3 ¢ s x, 1
loadings uniquely correlated by the relation Nu (Voo/Vy) " *8 = 2068
+ 4986 Re, 0 in the Re, range of 6 to 40,
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Fig, 13-6 Comparison of present correlation for forced convective heat
transfer to cooled cylinders in heated cross-flow with previous
correlations for heat transfer from heated cylinders in ambient or
near-ambient ercss-flow.
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Fig, 13-8 Typical heat-flux sensor output and average heat flux for one cycle

of oscillation, (reprinted from (10)
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{possibly temperature and/or composition ineluded) fluctuations gave heat flux
variations to the sensor of about 6 to 17 watts (10). 1In this case the standard

_sensor giameter (0. 15 mm)was used but it was shorter than standard lengti{1.0 mm>‘

The value of Q. set for the experiments of (10} was 20 watts, which went down to
18. 8 walts after the one sccond run oven for 'successful' runs, Initially, sensor
breakage was a’serious problem which was corrected by shiclding the sensor
during engine start-up. - Even then, as reported in (10), scnsor stability and
longevity caused a serious problem for the experiments, The velocities cal-
culated from cooled sensor data did not agree with the streak photographs. As
pointed out in the reforence, no detailed calibration was deemed practical so the
heat transfer relation used could be suspect, in addition to.other sources of
error. The maximum Reynolds number of 580 is well beyond the ealibration
data of Figure 13-5.

Figure 13-8 shows a typical set of data from the cooled sensor when exposed to
the test chamber of (10). The lower curve is for the sensor when shielded on
the inlet side. This data was taken to identify the reverse flow point, since a
cylindrical sensor cannot differentiate flow direction.

The environment of (10) would seem to be at the upper heat flux limit for useful
data from cooled sensors. Since many environments exceed these conditions
{e.g. hydrogen oxygen combustors, plasmas, ete.) there is a need to extend the
range of cooled sensors to higher temperatures. Some efforts have been made
in this direction {11) which led to the present sensov design using Vycor rather
than the original Pyrex (1). Although further improvement is always possible,
the difficulty of cooling a small tube adequately for survival seems to preclude a
significant improvement. Going to larger tubes is not generally desivable since
characteristics such as {requency response and spatial resolution would be com-
promised.

Accuracies With Cooled Probes

Experimental data on the accuracy of the cooled probes is limited. Reference
(11) discusses several potential sources of error and glves calculated estimates of
the effects while (12) gives details on the error in the two-sensor technique.  The
consistency of the calibration data in this paper indicates the kind of reproducibi-
lity that can be expected for mean measurements.

The primary source of error ig in the assumption that the heat transfer from the
gensor surface to the cooling fluid, Q. is constant during external environment
changes,  One source of error isthe cxposed part of the sensor tube between

the protective cooling jacket and the 'sengitive' portion of the sensor. In o high
temperature environment the water temperature will rise in this passage, while
during the tare reading of Q. there would be no temperature rise, Another cause
of error is the re-distribution of sensor surfwee temperature between the tave
reading and the réading in the environment,  Some measurements of sensor
surface temperature distribution are given in (12).  For the caleutated conditions
in (11), the error estimate for all the above factors was 5,2 per cent on the heat
flux reading. -

In measurements with hot-wire and hot-{ilm probes, an assumption is made that
the steady-state calibration can be used directly to interpret unsteady -state data,
This seems valid for the very fine hot wires used near atmospheric tmmwm(m‘o
and pressure conditions. For the larger cooled films at high Reynolds numbers,
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flow separation effects around the sensor could invalidate the assumption, In
addition, the complex nature of the cooled film can cause transient errors due to
changes in surface temperature distribution both longitudinally and radially under
varying {low conditions.

Applications of Cooled Film Sensors

Much of the data given above has been concerned with the problems associated with
cooled film sensors, “ It is important to recognise these problems before under-
taking measurements. At the same time, the unique capabilities of the cooled
gensors make them not only a valuable tool, but sometimes the only tool that can
give the required data in a given situation.

The measurements in a rocket ehamber have been discussed as an example of
the upper limit of conditions where the cooled films are applicable. Other appli=-
cations that data are available on arve:

a. Measurements of a hypersonic boundary layer
b. Measurements in the wake of a hypersonic projectile

Other applications are certainly feasible and in fact have been made, but no pub—'
lished data is available.

Hypersonic boundary layer measurements were made by McCroskey, et al

(13), (14). Nominal test conditions in the nitrogen tunnel were: Tyy = 2000°K,
P,y = 135 - 340 atm,M = 23 - 26, and Re/cm = 2,950 - 5,900, Tests in
Halium were mun at Tyy = 207°K, Pyy = 15.3atm, M, 16,5, and Re‘em = 47,200
(15) with hat wires. Although there ls some scatter, most of it is between
sensors and the slope for all sensors agrees with Dewey's results,

In this work a pitot probe, a cooled film probe, and the recovery temperature of
a2 hot wire were used to calculate the variables of interest such as velocily, den-
sity, and pressure near the leading edge of a sharp flat plate. In the measure-
ments with cooled probes, one of the problems that came up was inadequate
resolution. Even though the total temperature of the environment was high,

the total heat flux to the probe was 0.1 to 0.5 watts. Therefore, to increase
sensitivity and lower dependence on entering coolant temperature, nitrogen was
used for cooling rather than water. This increased resolution by permitting

a much higher temperature difference between sensor surface and coolant,” while
keeping the total power dissipation to the coolant low.

An extensive investigation of turbulence characteristics of hypersonic wakes by
means of cooled-film anemometers is being carried out at the Canadian Armament

Research and Development Establishment at Val Cartier, Quebec (12y, (16), {(1D).

Owing to the high temperature encountered in the near wake region of hiypersonic
projectiles, the application of the cooled-{ilm technique appears appropriate.
Further, cooled-films have proved to be sufficiently robust to survive the hyper=
gonic range environment at least for a sufficient length of time to record a signal
of several thousand body diameters in duration (15).

The above experiments are performed in the CARDE Hypersonic Range No. 5
which consists of a light gas gun with a 162 mm barrel capablé of launching
projectiles into 2 depressurized tank of 122 m length at velocities in excess of
415 m/s (17). Two constant-temperature cooled-{ilm sensors with different
sensor surface temperatures, positioned geveral thousandths' of a centimeter
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apart are located near the flight axis of the projectile, (18). The cooled film
anemometer bridge voltage is recorded by means of oscilloscopes viewed by
Wollensak Fastax cameras.

The two cooled film sensors are operated at two different surface temperatures
to attempt the separation of environment femperature and velocity. It is impoxr-
{ant that the temperature difference between sensors be large to optimize the
accuracy using this technique {(11), (12). At the same time, it is best to have
both anemometer circuits operating at about the same power level for nearly
equivalent frequency response and sensitivity. One way to satisfy these criteria
ig lo use water as the coolant for the sensor with low surface temperature and an
oil (sueh as Fluorolube FS or Silicon Qil 704) {or the sensor with high surface
temperature (12y.  The method of reduction of recorded voltage data in terms of
velocity and temperature distribution in the wake, to determine their power spec-
iral density functions has been shown in (12).

Conclusions

From the data pres_ented, some tentative conclusions can be drawn for cooled film
sensors presently available:

The maximum heat-fluxes {rom the environment to the sensor are:
a., About 10 watts for good sensor stability and longevity
b, Up to 20 watls maximum with decreasing stability at increasing heat fluxes,

The use of a coolant other than water is often desirable for a given measurement
situation. ’

Accuracies of better than * five per cent on heat flux are probably not posgsible
unless the calibration covers a range that includes the test conditions exactly.

The heat transfer correlation presen(ed indicates that the cooled sensors canbe
calibrated in high temperature environments. Of particular interest is the

successful usc of a transport property (kinematic viscosity) to correlate different
compositions. - :

The cooled film sensor greatly extends the temperature range of the hot-wire or
hot-film anemometer. 1t retains many of the important features such as small
size, high frequency responsc, and high resolution which make the hot-wire
ancmometer a valuable tool in fluid mechanics research. Also, like the hot

wire, it has definite limitations in both accuracy and environment conditions which
must be recognized before measurements are attempted,
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Nomenclature
A,B,C,D = constants ‘ »
d = sensor diameter
1 = current in sensor
M = Mach number
m,n = constants
P« electrical power input to sensor ‘
Q. +  heat transferred from sensor surface to cooling fluid
‘ Qg = heattransferred from environment to sensor surface
- ’ Re = Reynolds number {Vd/v)
' R,. =  scnsor operating resistance
t - =_ temperature
T = absolute temperature
V = environment velocity
v = kinematic vi'scésity
Sbseripts:
w7 sensor surface
¢ = arithmetic mean (when referring to fluid properties, signifies
they arc evaluated at the arithmetic mean temperature (e.g.
1‘ : T '= T+ Te
‘ . S f 2

o ‘= free stream




