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ABSTRACT

Methods of non-contact temperature measurement have been examined;
emphasis being placed on radiation pyrometry. Such methods are
vulnerable to emissivity errors unless blackbody emitters are
involved. There are however several ways of minimizing these errors
and the underlying theoretical principles of the major ones have been
discussed.

The author has developed a non-contact temperature measuring
technique employing forced air convection to avoid emissivity errors.

The technique exploits the phenomenon of heat transfer between a
surface and air flowing over it when a temperature differential exists
between the two. Two modes of temperature measurement have been
examined, one involving initially unheated air and the other pre-heated
air.

In the former case the surface temperature is predicted from the
temperature increase of the air passing over it.

The pre-heated air mode, however, involves identifying a state of
zero nett heat transfer between the surface and the air when the
latter temperature is adjusted until it equals that of the former.
Under these conditions the surface temperature may be inferred
directly from a measurement of the air temperature.

This latter mode has been applied successfully to temperature
measurement of surfaces of cylindrical geometry.

Since a requirement for temperature measurement of plane
surfaces is widespread, most of the thesis has been devoted to
applying the forced air convection principle (using both pre-heated

and initially unheated air modes) to plane surfaces. It has involved



a detailed theoretical and experimental investigation of the flow and
temperature characteristics necessary for a successful implementation
of the principle. On the basis of these investigations
recommendations have been made for the design of instruments to
measure the temperature of plane surfaces. One such instrument
employing the initially unheated air mode has been constructed and
installed on a strip annealing line for measuring the temperature

(up to 550°C) of moving aluminium strip.



CONTENTS

Chapter 1

INTRODUCTION
Temperature Measurement of Surfaces
Methods Exploiting the Electromagnetic Radiation Emitted

by a Heated Body

Chapter 2

A METHOD OF TEMPERATURE MEASUREMENT EMPLOYING FORCED AIR

CONVECTION

Chapter 3

THE APPLICATICN OF THE FORCED AIR CONVECTION METHOD TO
PLANE SURFACES

The Wall Jet

The WIS Jet - A Flow Condition Resulting from the

Impingement of Two Identical Axially Symmetric Wall Jets

Chapter U

THEORY

Prediction of the Radial Variation of Temperature in a
Wall Jet

The Temperature Characteristics of a WIS Jet

The Variation of WIS Jet Temperature in the y Direction
The Theory of Surface Tempereture Prediction Using the
Forced Air Convection Method

Methods Involving Air Temperature !leasurements in the
Horizontal Plane

Methods Involving Air Temperature Measurements in the

Vertical Plane

L1
41

45

50

50

55

25

58

68



The Prediction of Surface Temperature Using Three Free
Jets with Air Temperature Measurements Confined to the
Horizontal Plane
Methods Involving Three Free Jets and Measurements in the
Vertical Plane
Radiation Effects Resulting from Differential Convective
Heat Transfer Coefficients in the Flow

Chapter 5
EXPERIMENTAL SECTION
Part 1 - Isothermal Flow Studies
Description of the Temperature Measuring Device and the
Associated Flow Measuring Rig
Part 2 - Temperature Studies

Chapter 6
RESULTS OF FLOW STUDIES
Analysis of the Results of Flow Studies

Chapter T
RESULTS AND ANALYSIS OF THE TEMPERATURE SCANS
Introduction
Horizontal Scans
Vertical Scans
Scans to Show the Variation of Temperature with z in the
Free Jets and WIS Jets

Chapter 8
THE TEMPERATURE DEPENDENT PARAMETERS
Parameters Associated with Scans in the Horizontal Plane
Parameters Associated with Scans in the Vertical Plene

Hormalization of Temperature Dependent Parameters

T

8L

8k

86
86

ol

100

107

114

149
149
150

162

175

184
187
187
189



Chapter 9

THE RELATIONSHIPS BETWEEN TEMPERATURE DEPENDENT PARAMETERS

X AND THE MODIFIED SURFACE TEMPERATURE T USING UNHEATED

mod
FREE JETS
Linear Best it Plots of VGL and VQS vs T -
Linear Best Fit Plots of B(lps) and F(1+2) Versus Tmod
Linear Best Fit Plots of VTL and VTS Versus T aed
Linear Best Fit Plots of VT(S-L) Versus TmDd

Chepter 10

ANALYSIS OF LINEAR BEST FIT PLOTS OF SURFACE TEMPERATURE, P

VERSUS HEATED FREE JET TEMPERATURE Tb WHEN X = O
Linear Best Fit Plots of P vs T For B(L-S) and F(l+2)
Linear Best Fit Plots of P vs To Employing Temperature
Dependent Parameters Derived From Measurements in the

Vertical Plane, i.e. and

V'L Vs V' (S-L)
The Variation of WIS Jet Temperature With Corresponding
Free Jet Temperature
Chapter 11
DISCUSSION AND CONCLUSIONS
Future Work

Appendix Al

HOT WIRE ANEMOMETER SIGNAL PROCESSING EQUIPMENT

The Determination of the Rise and Fall Times of the Mean

Square and Mean Velocity Processed Signals

Appendix A2

THE EFFECT OF SURFACE VELOCITY ON THE FLOW AND TEMPERATURE

CHARACTERISTICS OF THE WIS JET

Surface Velocity Effects Arising From Changes in Convective

Heat Transfer Ceefficient

192
192
201
206

21k

220

226

229

235

243
249

251

253

261

267



Appendix A3
THE COOLING EFFECT OF THE FLOW ASSOCIATED WITH THE
TEMPERATURE MEASURING DEVICE ON A HEATED, MOVING SURFACE
Appendix Al
THE EFFECTS OF SURFACE ROUGHNESS ON THE VELOCITY AND
TEMPERATURE CHARACTERISTICS OF THE WIS JET
Appendix A5
Catelogue of Velocity Scens Performed in the Horizontal,
X, Directiocm
Catalogue of Temperature Scans in the Horizontal, x, and
Vertical, y, Directions
Catalogue of Temperature Scans Performed in the z Direction

References

272

276

279

282
288

290



CHAPTER 1

LiiTRODUCTI O

A knowledge of the temperature of surfaces is desirable in fields
ranging from medicine to metallurgy. The purpose to which this knowledge
is put, of course, derends upon the particular type of surface involved,
For exam;le, in metallurgy the metallurgical and mechanical properties
of a specimen are usually dependent upon the temperature to which it has
becen elevated, thus a knowledge of the temperature is necessary for
controlling these propertiecs.

In the extrusion of aluminium and its alloys, the surface tem-
perature increases with extrusion speed and surface damage results if
this temperature exceeds a critical value., A continuous measurement of
the tenmpereture would permit maxirmum production rates to be achieved
cons8istent with no surface dmxage(l’g).

At the other extreme, in medicine, research is currently being
undertaken in an attempt to correlate small ‘hot spots' on the skin
surface with the incidence of tumours below the skin at these sites.
This wvork is particularly apnlicable to breast cancer. Tae technique
employed for this purpose is called medical thermography and involves
neasuring the infra-red radiation from the site under investigation.
However, medical thermography is not confined to detection of breast
cancer, there being many other physiological and diagnostic
applications(3'h’5).

Other requirements for temperature ucasurement are found in the

nanufacturing and processing of such matcrials as wood, plastics, paper,

textiles, rubber and glass, this list being by no meens exhaustive.



In the field of heat transfer a knowledge of surface temperature

is often necessary in calculating heat transfer coefficients.

TEMPERATURE MEASUREMENT OF SURFACES

Temperature measurement of surfaces fells broadly into two
categories:
(1) Contact temperature measurement.,
(2) Non-contact temperature measuremcnt.

Apart from a few general corments on methods falling within the
former category, no further consideration will be given to contact

temperature measurement.

Contact Temnperature Measurenent

Various contact methods are availeble to measure surface tenm-
perature. They differ in principle usually in the particular teu-
perature dependent parameter they exploit.

One of the cormonest methods, the thermocouple, exploits the thermo-
electric e.n.f. generated between dissimilar metals with junctions at
different temperatures. Such methods usually have fairly high
accuracies 1 or 2% and can be used within a temperature range of -200°¢C
to +1100°C.

Resistance thermometers exploit the change in resistance with
temperature. Their accuracy is usually higher than that of the therno-
couple, but their upper range is somewhat lower, i.e. approx. 600°C.

Resistance thermometry includes metals, an important exauple of
which is platinum, as well as thermistors.

In both the thermocouple and resistance methods the actual physical

form of the sensor is based on the particular requirement. For



example it can be in the form of wire, strip or a thin film.

Certain nmaterials suddenly melt at accurately predictable

tenperatures, (within 1% of nominal value). Exanples of these

nateriels are certain crayons, paints, papers and pellets

(6,7).

Sonme

of these materials may be used at up to 1500°C and down to 40°C.

at a

Other methods exploit the sudden change in colour of a substance

(D

known tenperature The range of such methods may be as large

as 40°C-1400°C with accuracies of up to 2% in some cases.

All the above nmethods involve contact with the surface whose

tenperature is to be measured. Three undesirable effects arise from

this:

(1)

There will always be some finite thermal capacity associated with
the sensor which will distort the temperature profiles in the
contact zone, If the thermal capacity and thermel conductivity of
the test surface is high, this effcct is usually small,

A method of minimizin~ the temperaturc profile distortion

caused by the sensor is to use a thermally compensated device.

This involves heating the sensor externally until no heet flow from
the surface is detected. Clearly the procedure is not appropriate
to all the methods described above.

Unless an intinate contact between the surface and sensor exists
errors will arise from thermal gradients across the contact zone
due to the finite thermal resistance of this zone.

In order to ninimize the effect described in (2), surface dauage
by the sensor often results.

For surfaces rioving relative to the sensor, e.g. a rubbing thermo-

couple, (2) end (3) usually become more significant.

fron

The techniques discussed so far have all involved extracting heat

the surface. Other methods exploit temperature dependent parameters

within the nmaterial itself, e.s. thermal expansion, resistivity, hardness

elastic modulus.

HON=CONTACT TEMPERATURE MEASUREMENT

The mein purpose of these methods is to avoid soume of the undesirsble



effects common to many of the contact methods, i.e. perturbation of the
surface temperature profiles, surface damage, errors due to poor surface
contact, difficulty of implementation for moving surfaces, the necessity
for very close contact.

As with the contact methods the non-contact methods exploit some
parameter which is a function of temperature., However in most cases
this parameter is not a unique function of temperature and is influenced
by other surface parameters.

Amongst the non-contact methods those exploiting the EM,R, emitted
from a heated surface are probebly the commonest. It is therefore,
appropriate to examine these techniques in some detail, but before doing

so a brief review of other non-contact methods will be made.

Electromagnetic Effects

The magnitude of eddy currents induced in a metal body by an
alternating megnetic field will depend upon the magnetic and electrical
properties of the metal(a). In general, these properties will vary with
the temperasture of the body. Now the coil impedance will be a function
of the magnetic and electrical properties of the metal and hence of the
temperature.

If a high frequency field is used, (say 100 KHz), the eddy currents
will be localized near the surface of the metal due to the skin effect,
thus the phenomenon provides a method of near-surface temperature
measurement without making contact.

Unfortunately the coil impedance is very sensitive to spacing
between itself and the body. However, methods have been devised to

mininize this effect. Such a technique, of course, is not absolute and

requires calibration for each type of metal involved.



Methods Exploiting the Temperature Dependence of the Elastic Constants
of the Test Specimen

The velocity of sound in a solid is a function of the elastic
constants and density of the solid.
For example, the velocity, ¢, of a compressional sound wave in an
rautha

extended medium, (i.e. dimensions,greater than the sound wavelength) is

given by:

c=[ E(ley) )3 (1)

p(1+u‘)(1-2u)J IR R R R R N A R RN A N R NN
where E = Youngs modulus

u = Poissorfs ratio

p = density
If on the other hand a compressional wave is propagated down say
a thin rod whose diameter is very much less than the wavelengths, then

the velocity becomes:

1y 1

p

The elastic constants in (1) and (2) depend upon the temperature
of the solid and the net effect of this is to make the velocity
teriperature dependent.

Experinents by the author have shown that when a 5 Mg Hz pulsed
ultrasonic wave was propagated into the end of en accurately machined
aluninium bar of dimensions considerably greater than the sound wavelength
in the medium (so that equation (1) applies), the velocity is indeed
a function of temperature. The velocity was measured using a pulse
echo technique together with a knowledge of the bar dimensions.

It was found that the velocity varied inversely as the temperature,

Further experiments indicated that the velocity was a function of
the type of alloy and indeed even varied by significant amounts between

different samples of the same alloy at the same temperature. Thus the



technique was considered unsuitable for production purposes,

Strictly speaking, this technique does not measure surface ten-
perature but due to the high thermal conductivity of aluminium the
results would have indicated, fairly closely, the surface temperature.

It is interesting to note that although the experiments described
involved making contact between the transducer ¢\, 2irconake bitanateand
the surface, it has been found possible to generate ultrasonic waves
in metal solids by electromagnetic inductiou(g), thus making it a
true non-contact nmethod.

Another interesting spplication of this technique, although not
strictly non-contact surface teuperature measurement is in ultrasonic
thernometry where a compressional wave is propagated down a wire or
thin rod sensor, and the wave velocity measured (see equation (2)) by
pulse echo techniques. The wave velocity in the sensor will be a
function of its temperature and hence that of the environment in which

it is situated(lo).

A Method Involving Free Convection Currents in Air

This method is similar in principle to the thermally compensated
thermocouple. This latter consists of a thermocouple with a small
auxiliary heater. Facilities arc provided to detect heat flow between
the junction and the test surface and the heater current is adjusted
until the flow becomes zero. Under these conditions, neglecting
losses, the thermocouple junction will be at the surface temperature.

Up to this balance condition there is heat transfer between the junction
and surface by conduction.

Fig. 1 shows a schematic diagran of the natural convection

nethod(ll).
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Fig, 1. Natural Convection Method

In this cose heat transfer is by natural convection and %o a lesser
extent radiation (because of the reflective coating).

If A end B ere very close, i.e., of the order of 2 nn and a
tenperature differential exists between them, then a finite heat flow
will be indicated. By changing the temperature of A in such a direction
to reduce the heat ilow a balance condition can be achieved when A = B
in which case the heat flow will be zero.

For seperstions much greater than 2 mm radistion effects are bound
to manifest themselves due to extraneous sources and a departure from
almnost pure black body conditions at balance., Also for those wider
separations free convective air currents become very turbulent resulting
in a certain amount of eir cooling and considerable instability of heat
trensfer. The net result of the above is to introduce large errors into
the neasurements. Nevertheless in applications where close proximity

is pernissible this is & very useful technique.

Other Techniques

If a '"Molecular bean' of potassium or rubidium atoms is nade to

impinge on a surface then the velocity distribution of the reflected

atoms will be a function of the surface temperature(lg).



The technique is emissivity independent and has no perturbating
effect on the surface. Accuracies as high as 1% have been claimed over
a temperature range 200°c-2700°¢.

The technique is fairly elaborate, mseking it unsuitable for most
production purposes but it could well have numerous laboratory
applications.

The mean temperature of heat exchanger tubes has been determined
by measuring their thermal expansion(IB).

This technique could have other applications where the thermal
cxpansion coefficient of the body is known and accurate measurements of
linear dimensions can be made (or inferred).

The thermal expansion method only measures surface temperature if

the body is isothermal,

METHODS EXPLOITING THE ELECTROMAGNETIC RADIATION EMITTED BY A HEATED BODY

Various methods have been devised to exploit the radiant energy from
a hot body in temperature measurement. Before considering any particular
method it is appropriate to present = few of the fundamental expressions
on which all these methods are based.

The emissive power of a black bocdr is a unique function of tem-
perature and is given by:

i

EE=UT LA R R R R R AR R NN NN (3)

where o is Stefan's constant and T is the absolute temperature.

This is known as Stefan Boltzmen's Law, In general the emissive
pover of a real emitter is less that thet of a black body at the same
temperature and is given by:

E =EUT .....l.'.l.l......l.......l.ll..l...'.......... (h)

R
vhere € is a constant of the emitting surface called the emissivity



and alveys lies between O and 1, where the highest value corresponds
to a black body.

The energy emitted by a black body per unit area per unit time in
the wavelength range A to A+dA is given by Plank's expression:

Edﬁﬂc.ﬂus[exp c2—l:|-ldﬂ YRR W R A R BN L B B (5)
A i i T

where C, and C, are the first and second radiation constants respectively.
The rate of emission of a non-black body in a limited wavelength

range is a function of its temperature and spectral emissivity. The

latter is a function of wavelength, the temperature and the nature

of the surface involved(lh). Figs. 2 and 3 show the spectral

emissivity for polished and roughened aluminium. Thus it is important

to examine the significance of emissivity in temperature measurement

using different radiation techniques.

The Total Radiation Pyrometer

This method measures the radistion received over the complete
range of wravelengths.

Neglecting eny re-emission or reflection of radiation from the
detector the net rate of energy collection for a black body is amh
and for a non-black body of emissivity e 1is eaTh where a is a constant
which absorbs Stefan's constant (see equations (3) and (4)).

Thus if the pyrometer is calibrated against a black body emitter
(i.e. e=1) the apperent (indicated) temperature Ty of the non-black

body will be related to the true temperature T by:
i L
TA _ET .I....‘l....l............t.........'.....‘......'. (6)

giving a fractional error in temperature measurement of:

T=T 1

T——l-E SRS BSBERP IS EI TN IATEIRgaRsPtNIRRRIIRNRIIRINS (T)

showing that the error varies as the fourth root of the total emissivity.
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Portial Rediation Pyronmeters

As the nane sugrests these methods measure radiation from a limited

range of wavelengths., Rewriting equation (5) gives:

End.ﬂ:ClA-ﬁEsxp(E?_‘- ‘ld.l'\ P L T T E R e (5)
AT

The variation of EA with A for a number of temperatures is shown

in Fig. 4.
This spectral distribution of energy does not imply necessarily
that the device output will follow the same trend. This will only

harven if the response R, is constant for ell wavelengths.

A
In genersl the output is given by:

-]

S = b [ p E Qﬂ R R R e N N N NN N N R (3)

o wiACA
(b = constant), Providod S is linearly related to detocted energy.
A typical spectral response is shown in Fig. 5 for a Mullard 615V
lead sulphide photoconductive cell.

(16)

It has been shown experimentally by Harmer and Vatts that G can
be expressed in the following form for this type of detector:

T A e e B S TR S S
where ¢ is constant and n, which varies with temperature lies between
8 end 12.

If the pyrometer is agsin calibrated against a black body and
subsequently used to measure the terperature of a surface of
emissivity € at temperature T then the epparent terperature TA will

be less tnan the true one T and is given by:

T . = ETn EE R N N N N RN (lo)

A
giving a fractional error in temperature messurerient of:

T-Tﬁ 1/n

=l-€ T e s N R N N RN RN RN (ll)

75
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Since e<l then e’'" approaches 1 as n approaches =, thus the higher
the value of n the lower the emissivity error. For a lead sulphide cell
pyrometer the emissivity errors are therefore lower than for a total
radiation pyrometer since n is higher in the former case.

/n examination of Fig. 4 will indicate that the emission rate varies
more rapidly with A for the shorter wavelengths than for the longer ones.

Fig. 5 shows that the wavelength cut-off for a lead sulphide cell
lies at about 3-3.5 u hence a large proportion of the measured energy
lies within the shorter wavelengths giving rise to the large velues
of n.

A similar result to the above can be obtained using filters with
e long wavelength cut-off, A max. The smaller the value of A max. the
higher the value of n. Thus for low emissivity errors the pyrometer
must be insensitive to the longer wavelength,

Table 1 shows the approximate values of n for cut-off filters

within & temperasture range 500—75000(15).

TABLE 1

A max. | 500°C | 600° | 700°C | 750°C

5.0 Tolt 6.4 6.0

4,5 7.6 7.0 6.2
4.0 8.4 7.6 6.8 6.6

3.5 9.8 8.2 Tel T.4

3.0 11.2 9.0 8.2 8.0

2,5 10.6 9.6 9.4

2.0 - SO I 1 0 O e T

Monochromatic 'Brightness' Radiation Pyrometer

This technioue measures the radiant energy in a very narrow band



1k

of wavelengths defined by filters and the spectral response of the
detector.

The emissivity errors cen be determined in a similar manner to those
in the total and partial rediation pyrometers when the device is
calibreted against a black body.

Rewriting once agein Plank's equation:

EAdl\ = Clﬂ-B[exp(C2 - 11-1 di N N (5)
AT

Now in the normal wevelength and temperature ranges encountered in
radiation pyrometry, exp Eg.>> 1 end equation (5) reduces to Wein's law:
AT

M o Bawl
Lﬂdﬂ-clﬁ [exp% dA S8 A8 A0 AR E NS EEBEEEESE e N (12)

Thus although not quite so rigorous as Plank's expression,
equation (12) is sufficiently rigorous to permit its use in some of
the derivations to follow.
Using Wein's law the rate of emission per unit area in a wavelength

renge A=A+dA from o body at temperature T but with emissivity €a ist

1 Wy =5 s N |
Eﬁbhdfl"ghclﬂ [exp% dA 8 8 8 0 808 E AR SRR EA AR (13)

The right-hand side of (13) may be written in terms of an apparent

temperature TA thus:

=3 Cy=l _ o p=? Coy-1
Cye A exp___e__] = CA [e}tp 2] S enstsansaseerosbasy  (2K)

AT ATh

on simplifying and teking logs (1k4) becomes:

I 3:
—"-"".:_log E L I A N A N (15)
24 TA C2 T A

It is interesting to note that the difference in the reciprocals
of the true and apparent temperatures is now proportional to the log. of

the spectral emissivity meking uncertainties in emissivity estimates
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less significant than in the other cases discussed. Also the error again
decreeses as /\ decreases.

If in Plac®Ws equation (5) log E, is plotted against log T, for
e g ¥

A
fixed wavelengths, a series of almost straight lines emerge, each
corresponding to a different wavelength. This gives justification for
expressing the output once again in the form:

B conitt, T s sl versth s vt e sl s Tet b e Crk P i sk bisns . (E 16)
where n is the slope of these curves and varies with A.

The corresponding fractional error in temperature measurement is

thus:

T-l- R N N N NN (lT)

It is found that n increases as the operating wavelength decreases
this being consistent with the predictions from equation (15). Also at
a given wavelength n decreases as T increases, A partial radiation
pyrometer with a uniform response and a cut-off at A max. (see Fig.6 )
in general gives slightly higher values of n than a monochromatic
pyrometer operating et A mex. The former is also more sensitive of

course because it gathers more radiation.

The Two Colour Pyrometer

This is a further attempt to reduce emissivity errors by measuring

(A7) 4

the ratio of the intensities from two adjacent wavelengths
long es the spectral emissivity is the same or is in a constant ratio
for the two wavelengths then the ratio R will be a unique function of
temnerature,

Consider two adjacent wavelengths A, and A, with band widths

dnl and dA, and spectral emissivities € and €0 respectively, then
g 2
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the ratio of the spectral intensities will be given by:

CE
€ 5 Lexp(=5)- 1] dr,

H= l 2 2 LR B B O B O B O BB B ] (18)

A A 02
2 I [exp(-A-;,i,-)- 1] dn,

which is independent of emissivity so long as eﬂl is constant.

€
A2

For most pyrometcer applications (18) may again be simplified to:

02
5 [exp ---—]
& T dA
R = Al AE n CssessasesEsEs et assseEsERRRBRRS (19)
EA I‘ 5 C,2 dﬁz
a7 “a fexp —ﬂlT]

Using (19) the value of'% - %r-may again be easily obtained giving
A

an indication of the error in apparent temperature when the pyrometer
is calibrated against = black body.

Writing the right-hand side of (19) in terms of the apparent
termperature T, the following relationship results:

=N

.

%

Ca 2
[exp 5] s - Lexpaei]
2°A S il 2
C = l 02 AR R N N T N N T N N N (20)
2 £
W A Lexp —=]
Al:& 2 AlT

vhich on simplifying and teking logs of both sides gives:

A A £

3. RS Yop, e (21)
{. P EEEEE R E N TR N I A RO B B N L

o - ari

Ty 02 n2 Al @ 52

(38) i1rot for eluminiumm at 700%K the

It has been found by Reynolds
errors of a two colour pyrometer would be less than 13% for a typical
rough surface for clmost any choice of the pair of operating wavelengths.

But for a polished surface the errors are likely tc be in excess of

30°K. Thus the surface rourhness has a profound effect on the accuracy
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of this pyrometer. Further, from experimental work performed there is
no evidence to suggest that a two-colour pyrometer will be any less
enissivity independent than a suitably chosen monochromatic instrument.
However, more experimental results would be desirable to confirm this
assumption.,

(19)

Acke rman has made a comparison between a two-colour pyroneter
operating at A = 0.65 p and A, =051 4, 2 nonochromatic brightness
pyrometer operating at 0.05 u and a‘total\radiation pyroneter 0-1C u
each used to indicate the temperature of induction heated brass billets
with abrasively cleaned surfaces. Each pyrometer was calibrated against
a black body. The data from these tests is shown in Table 2.

TABLE 2

COMPARISON OF THE ERRORS OF THFEE RADIATION PYROMETERS USED TO
MEASURE THE TEMPERATURE OF INDUCTION HEATED BRASS

Errors
Temn Two , Total |Monochromsatic
Alloy > | colour | radn. "brightness’
range oC o C o c
+Vve Ve -Ve
Cartridge Brass 750-880| 65/55 |170/133 /10
Trumpet Brass 800-900| 31/17 {175/113 /8
Phosphorised Admiralty Brass| 750-800| 82/62 |190/1k0 /17
Arsenical Admiralty Brass 750-830| 95/81 |127/92 /23
10% Cupro-iiickel Brass T60-1000| 14/4 10/10 /4
Aluniniun Brass T760-920 70/130{170/200 /33

The left-hand figure in each column shows the error in deg. C

inmediately after the billet reached the control temperature; the

right-hand figure shows the error after about three minutes at

equilibrium temperature.

These differential errors in cach pair of
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readings are due mainly to progressive oxidation of the alloys. The
single readings for the monochromatic pyrometer corresponds to the
neasurenent being made after 3 nminutes at a steady temperature. It is
seen from Table 2 that the monochromatic 'brightness' pyrometer suffers
the least error.

Having examined the theory of one or two common forms of radiation
pyrometer and assessed briefly their susceptibility to enissivity
errors, a somevhat different approach to overcoming these emissivity

errors will now be nade.

Multiple Reflection Methods

It has been indicated that a black body emitter has an emissivity
of unity and will emit radiation at rate given by:

4

E = AT JasweassEsssR B st RS esEsEIER I LB RGOSR ebewe (BR)
where o is Stefan's constant and A is area.

Thus the emission per unit area from a black body is a unique
function of temperature.

The multiple reflection metheds are an attempt to reduce emissivity
errors by effecting partial black body conditions.

It is not intended to pursue these methods in great detail, but o
few of the general principles will be discussed with the aid of Fig. 7.

By inducing the radiation from the emitter to undergo multiple
reflections between itself and an unheated plane parallel reflector
the effective emissivity of the surface may be increased.

Assune each surface to act as a specular reflector. ILet € be the
enissivity of the emitter, r  the specular reflectivity of the emitter
and R the specular reflectivity of the reflector. Then the effective
erissivity after n reflection is given by:

)2

n
=E:s[l+rsﬂs+(rsﬁs .........(rsﬂs) :l R R N Y] (23)

eff
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If n is large then:

€

E - s @R AR A A S AR E SRR RSP A A R (Eh)

eff tE:;;ﬁ;j

A sinmilar expression to (24) may be derived if the reflectivities

are assuried perfectly diffuse thus:

e

eeff+ d [ E RN NN RN RN AN A R (25)

[l—rde]
where ) Rd and €q &re the diffuse reflection and enission coefficients.

Despite the forrmulae for specular and diffuse reflections being
mathenatically identical their effective emissivities will in general
differ,

Usually a real surface will reflect both specularly and diffusely
but the relative significance of each is often uncertain, thus meking
an estimate of effective enmissivity difficult.

Nevertheless the nett effect of these reflections is to augument the
totel emissivity of the emitter such that the radiation finally
energing through an aperture O and passing to the detector will be

closer to black body radiation than if the reflector were absent.

The Land Surface Pyrometer

The asbove treatment was very simplified and applies to parallel
surfaces, nevertheless it demonstrates the beneficial effects of multiply
reflected radiation in that it increases the effective emissivity of
the emitter.

The land pyrometer(zo) is & method exploiting multiply reflected
radiation not from a parallel reflector but from a gold plated
hemisphere (see Fig.8 ).

This hemisphere is placed on or near the surface and a small hole

allows multiply reflected radiation to leak out and activate a detector.
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The reflector gives protection from the surroundings and as =2
result of internal reflections emission through O is almost black body
radiation.

Typical hemispherical diameters vary from about 3 in. - 3 in.

Errors in measurement for enmissivities of 0.9 and 0.5 have been
found to be 1°C end 8°C respectively for a surface at 1100°C.,

This device has a slight perturbing effect on the surface since
for a temperature of 1000°C surface temperature elevations of 20°C end

40°C for reflector diameters of 3 in. end 2 in. have been observed.

The Reflecting Wedge Radiation Pyrometer

The multiple reflection methed may be exploited in e different way
from the above. In this case the reflector takes the form of a plane
surface inclined to the emitter surface forming a wedge (see Fig.Y ).

(21)

Reynolds describes such a system with a reflector consisting
of highly polished aluminium plate inclined at an angle of 10° to the
emitter surface. The radiation undergoes & series of reflections
before entering the aperture of a total radiation pyrometer.

It can be shown that black body conditions can be approximated to
even closer by heating the reflector to a temperature close to that of
the emitter.

It was found that with this system calibration curves for
specimens of total emissivity, 0.89, 0.28 and 0,17 coincided within

4% over the temperature range 200-450°C, However the geometry of

the system was found, experimentally, to be critical.

An Enissivity Compensated Pyrometer

This method due to Kelsall, exploits specular reflection from

(22)

the specimen . Fig. 10shows the principles on which the method
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is based. The nomencleture used in the simplified discussion to follow
is defined in the diagrarn.

A black body reference heater ewits radient energy & part of which
passes through the right-hand optical systeu Ol' However part is
specularly reflected from the semple, so augmenting the direct emitted
radistion from the sample snd the resultant radiation e +i r passes
through the left-hand optical system 02.

By adjusting Ty until the direct emission from the reference source
becomes equal to the combined enmitted and reflected radiation from the
sample, the temperature of the sample may be determined by measuring Tl'
This is shown in the following relationships:

Er+32£s:1:;l T e R R R T R R R N (26)

1l's
Now from Kircahoff's law:

r +c = 1 (for Specular rei.lecti':'ns) ssbesassessssnaNBB eSS (27)

thus nl[l-€£]+ Ha€ 1

civing El =1,
thus when an energy balence occurs the temperature of the rcfercnes
source will be equal to the sarple temperature.

This comparison between reference and sample signals is nede Oy
subjecting the signals alternetively to & lead sulphide detector.

Tt has been assuned that the reflected radiation is purely specular
but in practice there will be a diffusely reflecuved component. Xelsall
considers the error arising from this effect to be smell however. His
argument is that a surface which reflects feairly diffusely usually has
e high etissivity and vice-versa.

Tests on meny surfaces av 200°C gove en accuracy of :1000, but for

aluminiun and bress with emissivities less than 0.2 errors of up to 30°¢

were observed.
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A Method Employing Polarized Radiation

The main disadventage of Kelsall's method described above was that
it could not accommodate diffusely reflected radiation from the sample.
Murry(23) has developed a method similar in some respects to
Kelsalls except that instead of examining the reflected plus emitted

radiation for intensity he examined it for polarization.

(24) found that the light emitted in an oblique directicn

Arago
from a heated surface was polarized. This phenomenon is exploited in
Murry's method.

The radiation emitted by a metal has the dominant component Ey in
the plane of incidence and the lesser component E,; perpendicular to this
plane.

Consider unpolarized black body radiation reflected from the sample
surface (Fig.ll). Since Kirchhoff's laws still apply to separate
corponents of polarization, the reflected radiation will be polarized
with the dominant component E) perpendicular to the plane of incidence
and the lesser component E, parallel to this plane.

I the beam now passes through a rotating anelyzer then the
emergent radiation will consist of an alternating component end a
steady component. This is due to the resultant vector of the two
elliptically polarized beams varying with angular displacement.

If the sample is initially hotter than the black body then the
sum of the vectors parallel to the plane of incidence E, will be
greater than the sum of those perpendicular to this plane E,. If the
black body is heated until the sum of the two values of E, equels the
sun of the two values of E“‘ then the alternating component will

disappear leaving a steady radiation level.
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Under these conditions the sample temperature will be equal to
that of the black body reference source.

An automatic pyrometer based on the above principle has been
constructed. In measurements up to 450°C on metallic surfaces with
emissivities of 0.05=0.4T7 the difference between sample and reference
temperatures at balance was found to lie within =2% with no emissivity
corrections.

The theory indicated that for out of balance conditions the device
becomes sensitive to sp—es where ep i8 the emissivity of the sample
corresponding to the radiation polarized parallel to the plane of
incidence and € that perpendicular to the plane of incidence,

If the sample is viewed in a direction normal to the plane of
incidence or if the sample exhibits no polarization (which would be true
for a black body or a surface which acts as a completely diffuse

reflector), then the method will not work.

The Diseppearing Filament Brightness Pyrometer

o discussion of radiation pyrometry would be complete without a
brief mention of the disappearing filament pyrometer(25'26).

In this type of pyrometer the operator compares the brightness
of the surface with that of an electrically heated filament. This
comparison cen be made manually with the aid of the human eye or
automatically with the aid of photondetectors. A simplified schemetic
diggram of an arrangement with which to perform this comparison
menually is shown in Fig. 12.

S = surface whose temperature is to be measured.

0, = objective lens.
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L = pyrometer lamp.
0,= eye piece lens,

G = red filter.

=
i

eye.
A = ammeter.
R = rheostat.

In most instruments a comparison is made in a narrow wavelength
band at sbout 0.65 u in the red part of the spectrum using a filter
between the observer's eye and both sources. The use of this filter
permits a good photometric comparison to be made. It also permits a
more reliable extension of the instruments range to be made (with the
aid of absorbing glass or a rotating sector to cut down the source
intensity).

In operstion the objective is adjusted until an image of the source
is produced in the plane of the lamp filament. By varying the
current through the filament its temperature may be adjusted until it
becomes indistinguishable from the superimposed image of the surface.
At this balance point the surface temperature is read from the previously
calibrated current setting. Alternatively a balance cen be made by
keeping the filament temperature constant (and hence its brightness)
and edjusting the observed brightness of the surface by means of &
suitably calibrated optical filter.

This type of pyrometer is subject to the same type of emissivity
errors present in the other pyrometers discussed.

If a small cavity can be found, or produced on the sample surface
then approximate black body radiation will emerge and the emissivity
errors will be correspondingly reduced.

The disappearing filament pyrometer operated manually as indicated
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above has a range from about 76000 upwards. Below this temperature
there is insufficient emission of visible light for satisfactory
neasurements.

In order to extend the temperature measuring range down to lower
values and to overcome humen error associated with visual comparisons

instruments employing photoelectric detectors have been developed(gT’zaj.

(16) have developed a device employing a lead

Harmer and Vatts
sulphide cell as a null detector. Radiation from the specimen is
chopped at 800 Hz and passes through & glass lens where it is focussed
onto the cell. A reference signal from a tungsten filament lamp is
also chopped at the same frequency but is 180° out of phase with the
semple signal.

If the sample and reference signals are unequal resulting from a
difference in brightness, then an elternating signal will result from
the photocell., This will be passed into an amplifier followed by =
phase sensitive detector which automatically adjusts the lamp current
watil the error signal dissappears.

From a knowledge of the lamp current at balance the temperature
of the specimen may be deduced.

Various ranges are available in this instrument, the lowest one
being lSOOC-hOOOC and the response time is less than 0.1 second.

The range of the instrument may be extended to 1600°C by using
stops in the sample beam. The range could have been increased by
increasing the lamp temperature but this would have shortened its life.

The comparison method discussed above is no more immune to
emissivity errors than the other methods employing lead sulphide
photoconductive cells. It has been shown that the output S from such

a cell varies rapidly with temperature giving a relationship of the
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where n is of the order of 10-12 et low temperatures., Thus eny
emissivity errors that do exist will be low for this cell,

However one advantage the comparison methcd has over the others
is that because it is a null method it is not affected by the large
temperature coefficient of sensitivity of the lead sulphide cell (approx.
T% per degree change in cell temperature) since the cell is only
utilized in identifying a balance between the reference and sample
signals. With those methods involving absolute measurements with the
cell this large temperature coefficient of sensitivity could introduce
significant errors unless measures were taken to stebilize the cell
temperature.

The theory, principles and limitations of different types of
radiation pyrometer have briefly been examined.

It has not been possible to discuss in detail the numerous
variations of each type of instrument and indeed it would be
inappropriate to do so in this thesis.

The spectral emissivity of surfaces varies with wavelength as well
as temperature. In the metal fabricating industry, for example, a
knowledge of the spectrel emissivities of metal undergoing rolling,
extrusion, drawing or casting is extremely incomplete hence a realistic
comparison between the performance of the different types of pyrometer
cennot be made., Thus in choosing a particuler type of pyrometer one
must be guided to a certain extent by the conclusions drawn from the
theoretical discussions given., Other factors, of a more practical
nature, must of course be taken into account when making a final choice,

For exemple the electronic hardware associated with the two colour
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pyrometer is very much more complex than that associated with a mono=-
chromatic or total radiation pyrometer. Thus the former will be more
susceptible to failure, unreliability and inconsistency. Also, because
of this complexity the cost of such an instrument will be correspondingly

higher than the other total and monochromatic types.



CHAPTER 2

A METHOD OF TEMPERATURE MEASUREMENT EMPLOYING FORCED AIR CONVECTION

Most of the last chapter was devoted to examining different methods
of exploiting electromagnetic radiation emitted from an incandescent
surface, in temperature measurement. Emphasis was placed on assessing
the influence and minimizing the effects of emissivity in these methods.

The method to be discussed below and in subsequent sections is a
departure from the above approach employing electromagnetic radiation
and exploits forced air convection in an attempt to eliminate
emissivity errors.

Before extending the method to the temperature measurement of
plane surfaces its application to cylindrical rodswill first be

discussed.

Simplified Theory of Forced Air Convection Method

If a jet of cold air is blown across a hot body and the air
temperature is measured on either side of the body in the direction of
the jet (see Fig. 13) then there will exist a difference, in temperature
between the two measurements due to transfer of heat to the air from
the body with T2 being greater than Tl.

If precautions are taken to minimize the temperature gradients
in the jet due to entrainment of cold air, then as the jet temperature
is increased this temperature difference will decreese. When this
difference becomes zero the air and body temperatures will be equal.
Thus by measuring the air temperature under these balance conditions

the body temperature can be determined without meking contact.

This phenonmenon was exploited in the temperature measurement
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Fig., 13. Temperature difference created by heat transfer from
a hot body to a jet of air blown across it
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of 9 mm diameter metal rod,

The device constructed for this purpose is shown in Fig. 1k together
with the experimental arrangement used for assessing its performence.
The device fabricated from aluminium consisted of an annular
cavity sealed at both ends with an inner diameter 40 mm, an outer

diemeter 60 mm and a length of 230 mm.

Lying concentric with the device was a 9 rm diameter copper rod,
(chosen for its high thermal conductivity), the temperature of which
was to be measured. The rod was heated by two small cylindricel ovens
placed at either end and the temperatures T3 and T) at two different
locations along its length, were measured with the aid of thermocouples
C and D respectively.

Air was introduced into the cavity, vie tubes, at either end and
made to circulate round the cavity before finally emerging through a
series of 6 mm diameter holes in the inner thin aluminium wall. The
purpose of the cavity will be described later.

On passing into the inner tube the air circulated round the rod
and in so doing extracted heat from the latter (if the rod was hotter
than the air). Two thermocouples A and B placed at different
locations along the length of this tube indicated respective tem=-
peratures Tl and TE' Since the air temperature was proportional to
both the temperature difference between itself and the rod, and the
time it had been exposed to the rod, T1 was greater than T, (if the
air had been hotter than the rod, then T, would have been greater
than T,).

On reducing the temperature differential between the rod end
the eair, a smaller value of (T,-T,) resulted, until vhen the rod end

air temperatures became equal, & state of zero nett heat transfer
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between the two was obtained. Under these conditions T, equalled Ta.

The purpose of the surrounding annular cavity was to maintain
the walls of the inner tube at the temperature of the air in this
tube, when zero nett heat transfer conditions between the rod and air
prevailed.

Clearly this equality between the inner wall and air temperatures
could not exist when the air and rod temperatures were unequal, since
there would be heat transfer between the latter, the effect of which
would be to create a temperature differential between Tl and T2, and
hence between the eir in the cavity and that in the inner tube. The
inner wall temperature was a function of both these air temperatures.

In order to measure the rod temperature, therefore, the air
temperature was adjusted, before introduction into the device, until
T, equalled T, and under these zero nett heat transfer conditions
the rod temperature was inferred directly from a measurement of either
Tl or T2.

The sensitivity of the device was proportional to the displacement
of A and B, That part of the inner tube to the left of the series
of holes was not redundant as might appear, since it had the effect
of precluding entrainment of cold eir into the sensitive region of the

device. The results of tests performed with this device are shown in

Table 3.

The Dynamic Measurement of 9 mm Continuously Cast Aluminium Rod

The device discussed in the last section measured the temperature
of stationary 9-mm diameter rod. However, another device based on
this design was developed (though at the time of writing has not yet

been installed), to measure the temperature of 9-mm diameter



TABLE 3
RESULTS OF EXPERIMENTS USING A 9-mm DIAMETZR CYLINDRICAL
COPPER ROD
T, T, T, T), T, -1,
48.0 40.0 200.0 195.5 8.0
56.0 48.5 203.0 198.0 T.5
62.0 55.0 202.0 195.5 7.0
73.0 67.0 196.,0 194.0 6.0
80.0 4.0 195.0 192.0 6.0
91.0 85.5 203.0 200.0 545
| 100.0 95.0 205.0 200.0 5.0
110,0 105.3 203.0 198.0 L7
120.0 115.5 204,0 201.0 4.5
132.0 128.0 204.0 201.0 4.0
14%0.0 136.2 204.0 200.5 3.8
151.0 148.,0 202.5 199.5 3.0
160.0 1572 202.0 199.0 2.8
i 166.0 164.0 201.0 199.5 2.0
170.0 168.1 201.0 199.5 1.9
i 176.0 174.5 201.0 200.0 1.5
180.0 178.8 201.0 200.0 1.2
t 183.0 182.0 201.0 200.0 1.0
189,0 188.1 201.0 201.0 0.9
190.0 189.2 201.5 201.5 0.8
195.0 194.8 202.0 203.0 0.2
199.0 198.9 203.0 204.0 0.1
203.5 203.5 204,2 205.6 0
205.0 205.0 204,5 206.0 0
206.0 206.0 204 .8 206.0 0
206.9 207.0 204.8 206.1 -0.1
207.5 207.8 20k4.2 205.9 =0.3

37
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continuously cest aluminium rod as it emerged from the mill from which

it was formed. Since rod speeds of the order of 1500 ft per/min. were
involved during production, it was necessary to modify the design of
the original device slightly, as well as add some peripheral equipment
in order to accommodate the somewhat more demanding conditions under
which it was to operate.

Plates 1 and 2 show the final rig. In this case the device
was in two identical halves which swung away from the rod when the
temperature was not required to be measured and was replaced by two
grephite guides., The rod itself was restrained from moving in a plane
normal to its axis by means of two sets of roller guides placed at
either end of the device.

All the mechanical operations of the rig, e.g. closing and opening
the guides, or closing or opening the two halves of the device, were
performed with the aid of pneumatics. Interlocks were provided in
order to prevent certain operations being performed accidentally,

e.g. if the two halves of the device were closed, then without these
interlocks it would have been possible to swing the graphite guides
together, the result of which would have been to damage the device.

The air temperatures were measured with the aid of two sets of
four thermocouples, each set located symmetrically in a plane normal
to the axis of the device, the two planes lying at different positions
along the axis,

By measuring the temperature with four thermocouples instead
of one (as for the original design) at each of the two axial
locations, a more accurate average air temperature could be measured.
The effect of any slight lateral movement of the rod which might

occur would also be accommodated.



Plate 1.

\

\

Temperature measurcment of moving rod showing device in
open position.
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CHAPTER 3

THE APPLICATION OF THE FORCED AIR CONVECTION METHOD TO PLANE SURFACES

Having demonstrated the potential of the forced air convection
method for surfaces of cylindrical geometry the possibility of its
exploitation in the temperature measurement of plane surfaces will now
be examined.

Due to the different surface geometry a different geometrical
arrangement of the measuring system would have to be adopted for plane
surfaces, (unless their lateral dimensions were sufficiently small to
permit a design similar to the above to be used).

The forced air convection method necessarily involves the
measurement of air temperature after it has been in contact with the
surface whose temperature is to be measured. Since the most
convenient way of delivering air to a surface is by impinging e jet
onto the surface it is appropriate to examine whether any of the
characteristics of the subsequent flow patterns may be exploited in

temperature measurement.

TiHE WALL JET

In 1956 Glauert published a paper which dealt with the theory of
flow resulting from a jet, consisting of & fluid similar to that of its
surroundings, impinging normally onto a plane surface(ag). He termed
this flow pattern a 'Wall jet' and predicted various characteristics
of the jet in his paper.

When a round free jet impinges normally onto a plane surface the

fluid (eir in this case) moves out radially from the origin
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(stegnation point). Glauert showed that this flow condition had

characteristics similar to a boundary layer in the inner wall region,
and characteristics similar to a free jet in the outer regions.

Fig. 15 shows Glauert's predicted velocity profile through the
thickness of the wall jet together with that derived experimentally
by Bakke!3%,

The vertical axis indicates the velocity, U, expressed in terms
of the maximum, U . The horizontal axis indicates the displacement,
¥y, normal to the surface expressed in terms of § where § is the value
of y at which U =I_JE'._.

Theory prediits that exact similarity of flow does not exist at
all distances from the origin, i.e. if UmﬂRa and 6=Rb, then a and b
vary slightly. However, the variation of a and b was so small as to
be undetectable experimentally.

Figs. 16 and 17 show a plot of Log. 8§ vs. Log. R and Log. U, vs.

(30). Note in Bakke's

Log. R respectively as obtained by Bakke
experiments the peak velocity of the free jet as it emerged from the
pipe from which it originated was 34 m per second.

One possible way of exploiting this wall jet flow condition would
be to place two thermal sensors in the wall jet at different radial
distances from the origin. It will be shown in the theory section
that the temperature of the wall jet increases with R so long as the
temperature of the free jet at impingement is less than the surface
temperature, Assume for the moment, that heat transfer only takes
place between the wall jet and the surface and the effects of
entrainment of cooler air into the wall jet and free jet are negligible,

Then if e tewperature differential exists between the impinging free

jet and the surface then the two thermal semsors will indicate
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different temperatures. If the free jet temperature is adjusted until

it equals that of the surface then under the assumptions made there
will be zero nett heat transfer between the wall jet and surface and
the two thermal sensors will indicate the same temperature, this being
the free jet and surface temperature,

Bakke's experiments were performed for radial distances ranging
from 143 mm to 303 mm and wall jet thicknesses at these points were
found to be 11 and 23 mm respectively.

Consider a design exploiting these wall jet characteristices. In
order to keep its dimensions within practical limits the thermal
sensors may conceivably be placed at locations with radial distances
from the origin of say 5 em and 10 cm. Ixtrapolating Bakke's best
fit plot back to these values of R (see Fig.l16) the 10 cm wall jet
thickness would be approximately 7.9 mm and the 5 cm wall jet thickness
would be approximately 4.2 mm. This procedure assumes of course that
similarity exists for these smaller radial distances. Nevertheless
even if & departure from similarity did occur the results drawn from
this extrapolation will not be very different from the true values.
The main implication of these results is that the thermal senscrs
would have to be placed very clcse to the surface (for practical
radial distances) in order to exploit the wall jet temperature
characteristics.,

Another important characteristic relevant to the wall jet
exploitation is its steep temperature gradient normal to the
surface(3l). (This gradient, of course, depends upon the surface
end air temperatures involved.) The effect of this would be to make
the thermal sensor's location in this direction very critical.

Thus both these characteristics, i.c. very small wall jet
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thicknesses for practical values of R and steep temperature gradients

normal to the surface would make a temperature measuring method,
involving temperature measurements at different radial locations in
the wall jet, impracticable.

Note the increase of wall jet thickness and the decrease in
maximum velocity with R as well as the steep temperature gradient
normal to the surface are due mainly to the effects of turbulent
mixing with air in the regions adjacent to the wall jet. Thus the
original assumptions made at the beginning of this section have been
proved to be invalid, i.e. entrainment effects are significant.

In view of the somewhat unfavourable characteristics associated
with the wall jet it was decided to synthesize a different flow
condition involving two wall jets but with characteristics conceivably,
more suitable for exploitation in temperature measurement employing
forced air convection.

This nev flow condition will subsequently be referred to as a

WIS jet where WIS is an acronym for 'wall jet impingement synthesis'.

THE WIS JET - A FLOW CONDITION RESULTING FROM THE IMPINGEMENT OF TWO
IDENTICAL AXIALLY SYMMETRIC WALL JETS

Suppose two identical round free jets with axes Ol end 0, impinge
normally onto a surface (lying in the xy plane) forming their
respective wall jets (see Fig.18). The two wall jets will move out
radially from their respective origins and impinge along a line AA',
This line may be visualized as an imaginary barrier.

Consider two fluid elements in the wall jets Olab and 025.‘:). ifr
these elements were in isolation then a possible flow pattern (in the

yz plane) resulting from their impingement would be as indicated in
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Fig. 19. The vectors indicate the velocity and direction of flow.

They need not, and probably will not be equal in magnitude, but they
will form a symmetrical distribution. An almost identical flow pattern
would result from the impingement of corresponding fluid elements, (if
these were in isolation), adjacent to 0,ab and 0,ab,

If now the latter fluid elements are considered in situ, i.e.
bounded by fluid on both sides, then after impingement the fluid must
escape, but any tendency for escape in the y direction (+ve. or -ve.)
will be opposed since adjacent fluid elements would behave in en
almost identical menner. The only path which would not present this
type of opposition would be one in the vertical direction. Thus for
wall jet fluid elements lying close to 01002 the flow after impinge-
ment would be away from the surface in the z direction.

Consider the fluid elements O.cd and OEcd at an angle 8 to 01002.

i <
In this case there is a significant residual y component of flow. If
the maximum wall jet velocity just prior to impingement is U, then
this component will be proportional to Ursin 6. The corresponding x
component will be proportional to U.cos 8. If the elements 0,cd and
0,cd were in isolation, then after impingement an asymmetrical flow
pattern similar to that indicated in Fig.20 would result.

In situ these fluid elements will be bounded by almost identical
fluid elements. The resultant component of flow after impingement
would not in this case be normal to the surface in the z direction but
would have & y component, which would have the effect of deflecting
this resultant from the vertical,

Let the resultant velocity vector meke an angle o with the

vertical. Then as y increases 0 will increase and hence Ursin 8 will

increase relative to Urcos 8. The result of this is that o will



48
&
2

Fig. 21 indicates the general flow characteristics based on the

increase with y and approach = as y approaches ®,
above model,

It has been shown experimentally that the WIS jet is fairly
turbulent having a turbulent velocity profile similar to the mean
velocity profile (see results of flow studies). The effect of this
turbulence would be to modify the above characteristics, i.e. broaden
the WIS jet es it moved away from the surface. Furthermore, since the
maximum wall jet velocity varies almost linearly with é-the WIS jet
should broaden as y increases.

It can be seen from the asbove that because a large proportion of
fluid moves away from the surface after impingement the heat transfer
between the WIS jet and surface will be small. There will, of course,
be some diffusion and turbulent mixing.

It is likely that due to impingement, the fluid in the VIS jet
close to the surface will be partially stagnated resulting in a low
heat tronsfer rate between the WIS jet and surface under the jet.

It may be concluded, therefore, that because of the above and
also the fact that for practical values of free jet spacing and 6,
the surface area covered by the WIS jet will be much smaller than that
covered by the constituent wall jets, the heat transfer between the
WIS jet and surface will be much less than that between the
constituent wall jets and the surface.

Having made a prediction of the general flow structure of the
WIS jet on the basis of a simple model it is appropriate to consider
its temperature characteristics. ©Since these will be related to the
temperature characteristics of the constituent wall jets a theoret-

ical examinetion of the latter will first be made.
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CHAPTER 4

THEORY

PREDICTION OF THE RADIAL VARIATION OF TEMPLURATURE IN A WALL JET

Consider a round jet of air impinging normally onto a surface and
forming a wall jet, (see section on the 'Wall Jet') and Figs. 22 and 23,

It will be assumed that the wall jet is manifest at a radial
distance R, with its axis coinciding with the axis of the free jet.

For the moment the effects of entrainment and radiation will be
neglected.

Consider a heat balance over an annular element of width ér and
radius r,

Rate of heat gain by the air in moving across the element

=.me —'1;.51" LR R N I I A A A R R R T O A O B N O R A O A RN LA (28)

viere r = mass [low rate at the beginning of the wall jet region.
Rt oM . (32)
¢c_ = specific heat of the air at const. pressure (assumed constant )
P
Tr = mean temperature of the wall jet at a radial distance r.

Let Ts be the temperature of the surface, Then the heet flow rate

from the surface within the element of width &r at r is given by:
hrgﬂrﬁr(Ts-Tr) @8RS A AR E SRR (29)

where hr is the local heat transfer coeificient at r.

Equating (28) and (29) gives:

aT
I 5
S = T - R N N N R N N AR ) O
me, 3y o °F hr2nr6r(f3 Tr) ' (30)
Integrating (30) between R, and I
TH daT R
n"_c[ r = 21TI‘ r-hrdr AR T T N A R (31}
Plp_ 1T -% R
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Thus: Loge (TS-T ) = -2 R rohrdr TR e s s RERRERTERBES RS
ITS—ng mcp L

The right-hand integral cannot be integrated directly without a
(33,34,35)

knowledge of the functional relationship between hr and r
Two relationships will be considered:

(1) hr = K where K is constant.

1

(2) o, -I;{.-— where K' is a different constant.

performing the integration for each case gives:

for h_ =K
r
(T =T )
Log S R =K 2 2 SssaB st st eRBRERREIERNST O NS
¢1T -T,) mo_ LF =By ]
s 2
s
and for hr -
(T -T.)
g R | =2kt
Loge ﬁs_—'To) mcp [R—R2] R R N A R )

Let T, be the value of T, corresponding to h_ =K
Kl

r
and K'TR be the value of TR corresponding to hr .

then solving for from (33):

K'R
A -mK 2 , 2

KTH_TS_(TB_TE) exp —mCPER -R2] R R R N

and for K'TR from (34):

. -27K"'
K'TR—TS- (TE—TE) exp ne [R"R2] NN N NN S A AR N N O B

It can be seen from (35) and (36) that when R = R,, then

KTR = T2 = K'TR also when R approaches = then both KTH and K'TR

approach Ts'
Without a knowledge of K and X' the exact relationship between

KTR and R, and that between K'TR and R cannot be deduced.

52

(32)

(33)

(34)

(35)

(36)



23

For the purpose of this analysis, however, it is sufficient to
display their general trends. (See Fig.2h )

Note the wall jet ceases to exist for values of R < Re.

THE TEMPERATURE CHARACTERISTICS OF A WIS JET

Consider two identical round free jets impinging normally onto a
surface and forming their respective wall jets. When these wall jets
impinge they form a WIS jet. As has been shown in the section on WIS
jets this particular type of flow has a three dimensional structure.
It has also been shown that the proportion of fluid, within the WIS
jet, which actually flows along the surface in the y direction
(y+ve or y-ve) is small compared with the total flow of the WIS jet,
i.e. most of the flow is away from the surface, the actual flow
direction being a function of y (see Fig.2l ).

The area occupied by that part of the WIS jet in contact with
the surface is small compared with the total area covered by the
constituent~free jets (the relative areas are of course a function
of the free jet spacing but for practical spacings the above statement
is true).

From the above two statements it may be concluded that the heat
transferred from the surface to the WIS jet itself is negligible
compared with the heat transferred to the corresponding wall jets.

For this reason the temperature variation in the y direction .
along the WIS jet will be assumed to be solely a function of the

temperasture characteristics of the constituent wall jets.
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THE VARIATION OF WIS JET TE![PERATURE IN THE y DIPECTLON

Equations (35) and (36) express the dependence of wall jet
temperature on R for hr = X and hr = %:respectively. It is the purpose
of this section to derive relationships expressing the variation of
wall jet temperature in the y direction just prior to impingement.

Using the nomenclature of Fig.25 @

2 = Py

For the moment x will be assumed constant,
Thus (35) becomes:

K 2
KTY—TS-(T -T) exp ;p[x +Y -'Rz ].-o-olooalo-nloauo.oo (37)

and (36) becomes

< -2k e : -
K,TygTs—(ls—Tz) exp "'El"(":-’:[(x"'}' ) -REJ Beessossne s (30)

differentiating (37) w.r.t. ¥y

2ymK -7K 2.2
bb—y; (KTY) = mp (T "'T ) ex 'm—"%'[x +y —R22:I RN NN N (39)

differentiating (38) w.r.t. ¥y

) (o2, ) = = Spuic’ (2,-0) exp -EﬂK [Pw?)
gf Y mcn 2 9 ;
x ( x +y ) p

1

2- P‘2].llil... (ho)

It can be seen from (39) and (4Q) that as x increases (y remaining
constant) the gradients decrease. Taus it would be expected that a
close free jet spacing should give rise to a WIS jet with a steeper y
temperature gradient than a large free jet spacing.

It can also be seen that the gradienis approach 0 as y approaches
O and y approaches =, a result which is not surprising on purely

physicael grounds.,

THE THEQRY OF SURFACE TEMPERATURE PREDICTION USIHG THE FORCED AIR
COLVECTION METHOD

It is the purpose of this section to show how the temperature
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characteristics of the wall and WIS jets may be exploited in the
prediction of surface temperature.

It is more convenient to examine the processes involved in terms
of temperatures and temperature differences rather than energy
transfer since the latter approach would necessitate a comprehensive
knowledge of all the mechanisms involved, and the relative significance
of the individual variables.

All the methods of prediction to be examined will involve either
two or three free jets, these latter being either heated or unheated
depending on the mode of operation employed, i.e. a surface temperature
prediction need not necessarily involve identifying a state of zero
nett heat transfer between the surface and the air blowing over it.

In the last section relationships were derived expressing the
variation of wall jet temperature with radial distance from the
origin (centre of the free jet impingement area). It was shown that
the wall jet temperature increased with R (becoming asymptotic for
I, = TS), irrespective of the form of a heat transfer coefficient, h,
chosen.

The wall jet temperature at R2 will differ from the corresponding
free jet temperature (or some mean value) by an amount proportional
to the heat transfer coefficient of the free jet. Suppose the free
jet mean temperature at impingement is T..

I.rdt TF-.T2=6TF’2 LR L O B O B O O O B I B B R B R B R N B B A B A (hl)

then T, and may be related to the free jet temperature by

K K‘rI’.
replacing T, in (35) end (35) by Ty = 6Tppe

Methods of Surface Temperature Prediction Using Two Free -‘ets

This section will be divided into twec rarts. The first part will
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involve air temperature measurement in a plane drawn through the axes

of the free jets and parallel to these jets. This will be referred

to as the horizontal plane., (7iz. 25). T zecond port »ill involve air
temperature measurement in a plane normal to the latter, parallel to

the axes of the free jets and passing through a point midway betwecn

the free jet axes. This will be referred to as the vertical plane.

METHOD INVOLVING ATIR TEMPERATURE MEASUREMENTS IN THE HORIZONTAL PLANE

Nomcnelature
TP = mean temperature of the wall jet at a radial distance
: R from the origin.
Tp = axial free jet temperature close to the surface 3.
oTW = axial free jet temperature close to the orifice plate.
GTF 1 OT i STF
gL, = VIS jet temperature at a point in the middle of the
VIS jet close to the surface.
Tw = WIS jet temperature at a point in the middle of the
WIS jet close to the orifice plate.
m = -
G'u sTw Tw .
Tew = 8w = 8'F
TS = surface temperature.
a = surface (§) - orifice plate (PG} spacing.
Te = the air temperature in those regions surrounding the

jets.

Consider two identical round free jets impinging normally onto
a surface and forming corresponding well jets. These wall jets will
flow over the surface and impinge forming a VIS jet midway bLetween
the two free jets.

The following assumptions will be made at this stage:

(1) 'I's 3 STF > Te
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(2) Transverse temperature gradients in the free jets are negligible
at locations close to Po and close to 3.

(3) Radiation effects are negligibdle,

(4) Cooling of the wall jets by entrainment of cooler air is
negligible,

(5) T, is the same for the free and VIS jets.

The significance of (3) and (4) will be examined later,

The variation in air temperature from the point A just outside the
orifice from which it emerges, to a point D in the WIS jet close to
the orifice plate will now be examined.

Using the nomenclature in the Fig. 27:

Ty = oTp = 6T + 8T = 6T eeeveersrnnttecstananaaccaannnns (k2)
From (42)

TW-OTF'-éTsw—(GTF"’GTW) (R R NN NN NN RN RN (h3)

lNow it can be seen directly from equation (33) that

- e -1K Sl
;;.J-R— 12 (TS-Tg)Ll—'EXP mcp (H -‘Rz )] (AR AN NN (l"h)

a similer expression mey be obtained from equation (36).
Since it has been assumed that transverse temperature gradients
in the free jets close to § are zero it follows that GTFE will equal

zero and hence TF = s'1‘F = T2. Thus GTsw 1s 1n fact equal to

kTr = T (or kTR = Te) under these circumstances, i.e.
6Tswx (TS—TE) or (TS-STF) LI BB I B O O B B R B R BN B BB B <h5}

(Note T2 only equals STF when 5TF2 = 0 nevertheless even 1f 6TF2
)

were finite éTsw would still be a function of (TS-T2) or (TS—SJF

(see equation (41)).
If tempersture attenuation along the free and WIS jets were

z€ro, i.e. 6T, = 6T =0 then (43) would become:

T-T =6T 1 (R N N R RN R R R R ] (].‘6)
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Equation (46) is appropriate to conditions close to S, However,
it can be seen from (43) that in a practical situation where air
temperature must be measured at locations away from the surface,

i.e. A and D then Tw'oTF becores a function of the temperature

(36,37,38,39)

attentuation in the free jets and WIS jet.

It is important, therefore to examine which factors influence
GTF and GTW.

In general 6T, and 6T _will increase with d, 8Ty will increase

P

with (oxF-Te) and 5*w will increase with (sTw-le).

If free jets at temperature T are used, i.e oT

F = Te then

6TF = 0 and (LO) becomes:

TW-OTF-'GTSW-’GTw LU B B B O BB R R R B O B R N RN B R L B BB BN BRI N (hT)

Now sTw is proportional to oTI as well as Ts thus by decreasing

F

oTF'sTw will also be reduced resulting in smaller value of (sTw"Te}

end hence 6T . Thus the velue of §T_ in (47) will be somewhat lower
for unheated free jets than for heated ones.
The nett effect of using unheated free jets is therefore to

reduce the significance of §T, and 5T, in equation (43). An

F

important consequence of this is that Tw becomes less sensitive
to d.
The use of cold air of course, increases the temperature

differential TS—OT and hence Tw-oT the result being that surface

F F

temperature predictions based on T oTr

T3 than if heated free jets (still cooler than Ts) had been employed.

will be more sensitive to

Method Using Heated 'Free' Jets

Assuming, for the moment, GTF and GTw to be zero then:

T~ T (48)

FzéT R R NN N N N A N RN

sSwW
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If oTF is increased until olp = T, then GTSW will equal zero, i.e. a
state of zero nett heat transfer (Z.W.H.T.) between the wall jet end
S5 will exist.

The implication of this is that the temperature of the free jets
will be equal to Ts' Thus by measuring the temperature of the free
jets and/or the WIS jets at balance the value of T, may be obtained
directly.

In practice GTF and GTw will not be zero and it is appropriate
to examine, therefore, the accuracy of prediction in this case.

From (43):

Tw-OTF=:sTsw-(5TF+5Tw) Y T T SRRSO R €Tk
Suppose 8T = ST #6T_ ~ seueseeecncaressnsncascrnsrnccnassccaees (49)
then Tw=oTF and a balance will be indicated between thermal senscrs
placed at A and D, However, 6Ty, and 6T, are finite and additive,
thus GTSw must be finite.

Thus a balance under these conditions is not indicative of a
state of (Z.N.H.T.) between the surface and the air blowing over it
(the wall jet) and consequently oy and T will not equal T_.

So long as glp < Ty then T will never reach T (for practical
free jet spacing, i.e. R < =) and since T < 5T, by an amount 8T
then Tw will alweys be less than T e

Thus the temperatures of the free and WIS jets measured under
balance conditions will be less than T .

A true Z.N.H.T. condition would require olp~T, to equal
ST +6T (resulting from & zerc value of GTEw).

It can be seen therefore that the difference between Ts and

oTF or Tw at balance will increase with GTF and 6Tw‘
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Thus to implement a method of surface temperature prediction
using the Z.N.H.T. approach when two free jets are employed and
measurements are made in the horizontal plane, it is necessary to keep

6T, and 6T as low as possible.

Entrainment Effects in the Wall Jet

It was assumed at the beginning of this section that cooling of
the wall jet by entrainment of colder air from the adjacent regions
was negligible. It is appropriate to examine however, just what effect
entrainment would have if this assumption were not justified.

It has been seen that GTsw represents the increase in the
temperature of air flowing over the surface, this increase being due to
heat transfer from the surface to air (assuming gTp < TS). Entrainment
from adjacent cooler regions would oppose this increase, resulting in
a reduced value of 6T+ Let the value with entrainment be L
Now 6T, & ([T, = T.) ceaeversennsasenssnensccsnsssnensnncees (50)

5 W

thus if T - T >> §T = 48T _ then the effect of wall jet entrainment
S W e SW sW

en
on -STw will be negligible.

Let GTBw-enGTswcenGT (RN N N N NN (51)

from (L43)

ETU . OTF = enGTSH - (STF+6Tw) LR N I O N N A N R N A ] (52)

vhere eTW corresponds to the WIS jet temperature with wall jet
entrainment.
Substituting from (51):

ETH - OTF o (GTSW o enGT) - GTF i GTW A R R N ] (53)

which shows that the existence of wall jet entrainment tends to
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exaggerate the effect of finite temperature attenuation along the free
and VIS jets. enﬁT will increese with ol and T, but is nct likely
to be as sensitive to d a8 8T_ and 8T (note if T = T then

¥ W o'k e

T =
GLF 0).

Entrainment Effects in the Heated Free Jet Mode

It must be remembered that in (53) §T_, is not the actual
temperature difference between sTF and sTw but is the difference
which would exist in the absence of wall jet entrainment. It can be
seen from (53) that if:

(csTsw - ensT) = aTF+5Tw

a balance will be indicated between thermal sensors placed at A and
D (see Fig. 27). However, under these conditions (6'1'sw - enGT) would

be finite and positive thus o Ly, would be less than T, and so elso

would be T..
oF

If it were possible to reduce GTF end 6T  tc zero and yet still

keep 6T finite and positive, it would be necessary to reduce Tg
tc & value less than TS in order to achieve a balance betwen oTF and
eTw .
It is interesting to note that if R approaches = in equations (35)
and (36) Ty end T approach T . However, these equations were
derived neglecting wall jet entrainment effects and if these effects

are included then neither T, would reach T  as R approached =,

i

RADIATION EFFECTS IN A SYSTEM USING TWO FREE JETS

Up to now heat trensfer by radiation has been neglected. It is
appropriate, hovever, to discuss the effect it would have on surface

temperature prediction if it were significant compared to the
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convective heat transfer discussed so far.

In both the heated and unheated free jet modes of operation the
measuring sensors (thermo-couples) have been located at point A(T.Cﬂ)
in the free jets and point D(T.CD) in the WIS jet.

The following discussion will relate to the two dimensional
configuration indicated in Fig.28 .

It will be assumed throughout that gas radiation is negligible
and that the convective heat transfer to the thermo-couple is the same

for the WIS jets and free jets¥.

Unheated Free Jets

Reference to Fig.28 will indicete that T'CA will receive direct

and nultiply reflected radiation from S in an angle 6 Since T.C

A® Py
lies directly over the free jet orifice very little reflected radiation
from the orifice plate will be received. A small proportion of
radiation (direct and reflected) from S will pass through the orifice
and be reflected by the baffle plate in the device. However, very
little of this reflected radiation will be intercepted by T'CA‘

The angle subtended by S at D, i.e. 6, will be greater than 6,

D
thus T.Cb will receive more direct and multiply reflected radiation from
S than T.CA. Furthermore T.CD lies directly over a reflector, the
orifice plate, and will thus receive radietion reflected from the
orifice plate.

The nett effect of the above is, therefore, tc make T.Cp, more

sensitive to radiation than T.CA. Thus the temperature differential

¥ This assumption is not completely justified since it is likely that
the convective heat trausfer coefficient of the free jet is different
from the WIS jet. The significance of this effect will be dealt
with in a later section.
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between T.CA and T.CD will contain a radiation contribution and the
predicted temperature will thus be a function of emissivity. This
temperature differential will, of course, be higher than it would have
been in the absence of radiation effects.

By extending the above reasoning to the true three dimensional

configuration the same general conclusicns as above will be drawm.

Heated Tree Jets (Under Z.M.0.T., Conditions)

In this case partial black body conditions will prevail, the
departure from perfect black body conditions resulting from radiation
leakage from between the two plates.

T.q& will receive almost black body radiation from the orifice
together with direct and multiply reflected radiation from S contained
in the angle BA'

T.CD will receive a little more direct and multiply reflected
radiation from § conteined in an angle BD together with direct and
multiply reflected radietion from the orifice plate over which T.CD
lies., Since the surface emissivity of the orifice plate will be
somewhat less than 1 (maybe 0,1 it is possible and indeed likely that
T.CD will receive slightly less total radiation than T.CA.

Suppose 6TF, 6T, and en®T &re zero then without radiation
effects the temperature of the WIS and free jets at balance would be
equal to Ts‘ However, with radiation effects the temperature of
T.CD would probably be less than that of T.CA under these zero nett

heat transfer conditions at the surface and in order to regain a

balance between T.QA end T.C, the free jet temperature oTw must be

reduced, giving rise to a value of oTF (or TWJ at balance less

than TS.
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TEMPERATURE MEASUREMENTS IN THE VERTICAL PLANE

Nomenclature:
T, = WIS jet temperature st a point'a'in the middle of the
WIS jet in the horizontal plane and close to the
orifice plate,
T, = VIS jet temperature at a point’b'in the middle of the
v WIS jet in the vertical plane close to the orifice

plate and displaced from'a'by a distance y.

osT = WIS jet temperature at & point, 'c'yin the middle of
e the WIS jet in the vertical plane close to 5 and
displaced from the horizontal plane by a distance y.
(I = WIS jet temperature at a point, 'd',in the middle of the
WIS jet close to S and lying in the horizontal plane.
L & e
Yy W ys'w o yw
6Tst o ysTw g STF
OF. = T e
sw sw 8F

Any other nomenclature used in this section has been defined
previously or will be defined in the text.
It has been shown in equations (37) and (38) that if T2 'I'2

(the air temperature at the start of the wall jet) then T awnd krry will

Wy
increase with y (neglecting entrainment and radiation effects) and
also with TS.

Using the nomenclature of Fig.29 the temperature differential

between ¢ and 4 will be equal to:

yBTw-sTw CRCT U O U R R B B O B B B B N B BB B B B B A B BN B A I B R AR R RO BB N B BN ()l‘)

Assuming again no transverse temperature gradients in the free
jets close to 5 and the orifice plate then:

T2=STF LI RO B BB B O B B I B A O B BB I R R B B B B N O R B O B N BN BN B A R N {55)

end reference to (39} and (%0) will show that the temperature

gradient in the y direction in the WIS jets will decrease as STF
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Method involving two free jets and air temperature measure~
ments in the vertical plane
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approaches Ts this gradient becoming zero for sTF - Ta'

It can be seen, therefore, that ysTw — sTw is proportional to
T, - ¢Tp and is thus potentially capable of being exploited in surface
temperature prediction.

For the moment the effects of entrainment in the wall jet will be
neglected. Radiation effects will also be neglected.

The variation of air temperature round the paths fecb and feda

will now be examined,

Path fech

Ty = olp = OTp + S - 0Ty weerseenenaniieieiiinaiiienen (56)
o e ot Ty T 8Ty = yGTW sesessecsrsesssnscscessecsssss (57)
Path feda

z. = oTF b GTF + GTsw = 8T seeesiiieriiiinieitaaiitinieaans (56)
or T o= Tp = 8T, = 6Tp = 8T eeecesersrsciciiiiciciscnisaeees (59)

Corbining (57) and (59) the following relationship is obtained:

yT'.f - {STRSW + yﬁ}.w - T'i‘? - GTSW + GTW LR R R A R A O A A ) (60)

or YTU-TW=(6TRSW_GTSW) "'((STw"ytSTw} R R R R R I S R A N (61)

It can be seen from (61) that the GTF and OTF terms have
disappeared. Reference to (37) and (38) however will indicate that
ST and §T__ are both exponential functions of T =~ ( T_ - 8T.)

Row sw s oF r
where ( T_ = 8T.) = T, under the assumptions made. Thus T = T
o F P 2 yw W
is dependent upon oTF and GTF.

It can also be seen from (61) that yTw - T involves the
differance between the WIS jet attenuations along cb and da, thus
the effect of these attenuations should be reduced. If 6'1‘w = yGTw

then the sensitivity of YTW - Tw to WIS jet attenuation would disappear.
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Unheated Free Jets

For unheated jets at a temperature Te' 6T, will be zero as was
the case for measurements in the horizontal plane.
I et - yGTw is finite implying that the WIS jet attenuations along

da and cb are unequal then for a given value of T_ - T , T =T
s gr W W
will be dependent on d. (i.e. 6T, and yGTw are proportional to d).

The extent of this dependence will increase with 8T, = yGTw.

Heated Free Jets (In the Z.N.H,T. Mode)

Reference to equation (61) will indicate that if

(8T, = 6T,.) = (6T, - &T.)

a balance will exist between T and T .
yw W
If, at balance, yGTw - 8T, # O then a state of Z,N.H.T. will not
exist between the wall jet and the surface since to maintain a balance

GTPSW - GTBw would have to be finite, implying that heat transfer

between the wall jet and S had taken place,

It is clear that, at balance, T and Tw will be less than T,

¥y

(providea T_ > 0TF}. The departure from & Z.N.H.T. condition at

balance will be proportional to|v6Tw[-|£Tw|. It nust be stressed that
even if yGTW = 8T , in which case a balance would correspond to a

[ ] o Wi 1 £
state of Z.N.H.T., the value of yTw and Tw will only equal T5 if 3,_L’STW
and GTw are both zero.

bntreinment Effects in the Wall Jet

It is helpful to examine these effects with the &aid of a typical
curve of wall jet temperature versus radial distaence from the origin
(see Fig. 30 and Fig. 31).

Suppose curve A in "ig.30 corresponds to the case of no wall
jet entrainment. This curve will become asymptotic as R approaches «

with a wvalue of TB = Ts.
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Fig. 30. Variation of TR with R showing the effects of wall jet

entrainment
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Fig. 31. The variaﬁion Qf TR with R showing the possible influence
of flow direction



1f entrainment effects become evident then curve A will be
suppressed to some curve B with TR approaching some value TB for
large values of R where TB < Ts'

It will be seen that the effect of entrainment is to reduce the
differential between sTw and yBTw' It can be seen that if T2 is
increased (see dotted curve) this differential is further reduced until
when T2 = T, a balance will exist between g7, and ysTw these
temperatures being lower than Ts'

In the above it has been assumed that the rate of cooling due to
entrainment of cold air into the wall jet is proportional to the local
temperature of the wall jet (and hence proportional to R and TS) and
is independent of the flow direction of the wall jet.

If entrainment cooling depends on flow direction however, and if
the rate of cooling were allowed to persist till R approached «, then
for a given value of ’I'S there would result two curves each having a
different asymptotic value (see Pig. 31). It is likely, for example,
thet flow mlong ec (see Fig. 29) will be subject to greater entrainuent
cooling than flow along ed because in the former case flow approaches
the periphery of the orifice plate quicker than that along ed, In
practice, of course, the asymptotic temperatures will never be reached,
nevertheless, two independent curves could still exist, curve D
corresponding to flow along ed and curve E corresponding to flow
alcng ec.

It can be seen {rom Fig.31 that if T2 is increased to some
valuc T a balance can now be obtained at some temperature less than
Ts and coinciding with neither of the asymptotic tempersatures T, and

‘LE.

Suppose enaTHsﬂ represents the increase in wall jet temperature
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along ec with wall jet entrainment and enﬁT = the increase in wall

s

jet temperature along ed again with wall jet entrainment, then (61.)
becomes:

yTW-Tw= (endTst- enGTBw) 2 (GTV -y'ﬁT'J) DR R A I R A R ) (62’

1st 6TRaw & endTst % ensTB

also 6T = _ 67 = 5T
SW en svw en

thus yTw - Tw = (GLRSW - enGT - GTSW o enﬁT) + (GTW - yGTW)

R

or }_TW A L

- aTsw) - (yGTW - GTw) - (en:ST - enGT) ves UE3)

which show that wall jet entrainment again serves to exaggerate the
effect of WIS jet entrainment,

Thus teking both effects into account, i.e. wall jet and WIS jet
entrainment it is found that a balance will occur between yTw and T _
when:

(6T -GTSW)=(y6TW-GTw)+( 7 Mol N TR RS )|

Rsw en R en

Jote in equations (62) = (64) the values of 6T, and 8T, will be

Y
slightly less than if wall jet entrainment effects had been neglected.

If temperature attenuation in the WIS jet away from the surface

is the same along cb and da then the WIS jet term disappears from (64).

Assuzming, taerefore, that "6TW = 6TW.
»

Then ot balance 4§T. - 87 = 6T, - a7
Rew sW en R en

and since a7 R increases with T = T, (or T.)
JTRsw s 5 2 s'F

e T = T i 1 1 T T
tilon T, s will increase with enGLR ST

Radiation Effects

It cen be seen from Figs. 32 and 33 that both thermal sensors

T.C_ and T.C lie close to the orifice plate away from either orifice,

b
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Fig, 32. Geometrical radiation effects in the two
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thus the difference in contribution from reflected radiation from the
orifice plate will be much smaller than for the measurements made in
the horizontal plene, with T.C, receiving slightly more reflected

rediation than T.Cb.

Unheeated Free Jets

It can be seen from Fig. 33 that because 8 > By TeC, will
receive more direct and multiply reflected radiation than T.Cpp
Only reflected radiation will emerge from the orifice plate and as
has been seen sbove this will favour slightly T.Ca. The nett effect
is therefore, that T.C_ will receive a larger radiation contribution
than T.Cb.

This would have the effect of reducing the differential between
T.C, and T'Ca as well as making the predictions of temperature

dependent upon radiation and hence emissivity.

Heated Free Jets

The effects described for unheated free jets would also apply to
heated ones. However, in this latter case the orifice plate will be
hot and the space between this plate and S will represent a partial
black body with an overall greater radiation flux density than for the
unheated free jets. The direct radiation from the orifice plate will
provide an almost equal contribution to T.Cb and T'Ca' thus any
difference between contributions to these thermo-couples will result
from differences in direct and multiply reflected radiation from S
with T.C, receiving the greater contribution.

Consider a balance between T.C, and T.C, under non-radiation
conditions. Then the effect of radiation would be to upset this

balance T.Ca becoming greater than T.C, .
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In order to regain the balance a greater heat traasfer due to

convection from the surface would be required implying that ol must

be reduced, i.e. the convective heat transfer is proportional to

Thus the effect of radiation would be the same as attenuation in
the free WIS and wall jets, it would increase T, = oTp at balance.

THE PREDICTICH OF SURFACE TEMPERATURE USING THREE FREE JETS WITH AIR
TEMPERATURE MEASUREMENTS CONFINED TO THE HORIZONTAL PLANE

It is the purpose of this section to examine how the temperature
of a surface may be predicted using three free jets and what factors
influence the accuracy of such a prediction. See Figs. 34 and 35.

In the following analysis the nomenclature used will be as before

except where otherwise indicated and with the following additions:

sXTw = temperature in large WIS jet (i.e. the one corresponding
to the large free jet spacing) close to S.

VTW = temperature in large WIS jet close to the orifice plate.

sxTw = temperature in small WIC jet close to S.

xTw = temperature in small WIS jet close to the orifice plate.
= - Y 2 ) T

XGTW SXTw X w; AGTSW skTw s F

ST = extw T xTurs Tsw = exTw " &°F

Assumptions to be made in this enalysis st this stage are:
(1) Ts ’ STF 3 ‘e
(2) All1 the free jets are identical.,

(3) Transverse temperature gradients in the free jets at regions

-~

close to 5 and Po are negligible.
(4) Radiation effeets are negligible.

(5) Wall jet entrainment is negligible.
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Fig. 35. Method employing three free jet and air temperature
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The significance of (4) and (5) will be discussed later.

The veriation in temperature along the path abed and abef in Fig.
35 will now be examined.
for path abed:

- 4
}{T‘f el OTF — GTF + XGTSW - XGTW SRR R R R AN R (05)

for path gbef':

_OTF—ﬁTF+x5J.5w- GTW AN SRt sE IR ERRBINTERNRERNERDS (66)

T
Xw X

Subtracting (66) from (65) gives:

};Tw —xTw': (XSTBW— xGTSW) - (XGT“’—x(STw) PR R I RN A (6?)

It can be seen from (67) that OEF and 6TF are ebsent from this

equation., However, x0T and xﬁmsu are both exponential functions

6T
BW
of T = (OTF - GTF) see equations (35) and (30),

thus (XGTsw - xamaw) is a function of T and 8Tj

resulting in ..T

T = xTW being dependent upon OTF and ¢Tn.

¥

Althou:sh Xéi_ and xdTw #i11 be finite their difference will be

small thus the influence ¢f (Jéww - xGTW) on ch - xTw will be small.
If (6T = 6T then the dependence of (X'I'w - xTw) on WIS jet
attenuation Msappears and (67) becomes:

- = )y - 68
KTW xT‘}r {XGLS"T xGTSTJ) S LR R R E T E N E N N NI O O B O ( )

Surface Temperature Predictions Using Unheated Free Jets

In this case the temperature differential between the two WIS jets
is used as the parameter from which TS is to be predicted. As in all
unheated free jet modes of operation (i.e. 2 or 3 free jet methods) the
method adopted is not absolute end requires & calibration of the
appropriate parameter (i.e. the difference between two temperatures)

against Ts.
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Prediction Using Heated Free Jets (Z.N,H.T. Mode)

It has been mentioned above that XTw - xTw was dependent upon
olp and 6Ty, Reference to (35) and (36) will show, however, that as
Tye 1.es (oTF - GTF) approaches T_ the exponentiel term in these
equations approaches zero. (This condition will, of course, be ove
of Z.N,H.T., between the wall jet and S.) At the same time if
KGTw = XﬁTw then XTw - xTw will approach zero, i.e., a balance between
the thermal sensors in the WIS jet will correspond to a state of
Z.N,H.T. However, unless O " OT, = O the value of T (or xTw)
at balance will in general be less than Ts' If a finite differential
WIS jet temperature attenuation existed then this balance would be
upset. If, for example $T, < x0T, vhen Z.N.H.T. conditions existed
then in order to regain a balance between x5, end T it would be
necessary to reduce T _ so making (XGTsw - xGTsw) > 0, Thus under

these conditions the air temperature T, or xL, @t balance would

X
again be less than T, .

EE xéTw > XGTw when Z.N.H.T. conditions existed then a balance
could be regained by increasing oTp so making (XGTSw - xGTW) < 0,

This could give a WIS jet temperature XTw or xTw at balance

greater than Ts’ depending on the magnitudes of xﬁTw anc xGTw.

The Effects of Wall Jet Entrainment

It will be assumed, for the moment, that the temperature
gradients xﬁTw and x‘ST"‘r along the two WIS jets are equal, in which
case equation (68) mey be used:

xTw-xTw-_'xGTSw-xGTsw LE N R R R R RN R I N NN (@)

Fig. 36 shows the variation of wall jet temperature with radial

distance R, from the origin. x corresponds to R = be and X corresponds
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s - entrainnent eflects negligible

entrainnent effects significant
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Fig. 36. Variation of Tp with R showing the effects of wall jet
entrainment



to R = be, see Fig, 35 .

In Pig. 36 the solid curves correspond to negligible cooling due
to wall jet entrainment and the dotted curves correspond to finite
cooling due to this entrainment. It is seen that in both cases the
temperature differential corresponding to x and X decreases as T,
increases (this differential also decreases with R). With entrainmen£
effects the differential vanishes when R but in the absence of
such effects the differential becomes zero when T2 = TS, Tq being
greater than Tsen'

It can be seen therefore, that the effect of cocling by entrainment
is to reduce the WIS jet temperature, at balance, to a level less than
Ts'

If a finite differential temperature existed between 58T, end

xGTw then the balance indicated above would of course be modified.

Radiation Effects in the System Using Three Free Jets

Reference to Figs. 3%, 35 and 37 will show that the thermo-couple at
d,(T.Cd) is farther from the periphery of the orifice plate than the
one ati;(T.Cf) making Bs > 05

For the unheated free jet mode, therefore T.C; will receive
slightly more direct and multiply reflected radiation from S than

T.C There will be no direct radiation from the orifice plate (or

o
the amount will be negligible), but T.Cd will again receive slightly
more reflected radiation from the orifice plate than T.C, (assuming
the emissivity of the orifice plate to be constant across its widtk).
The nett effect of the above will be to increase the temperature
differential existing in the absence of radiation effects.

In the case of heated free jets operating under Z.N.H.T.

conditions the effects described above will still exist but an
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method involving air temperature measurements in the
horizontal plane
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additional contribution due to direct radiation from the orifice
plate will manifest itself., If there were no subsequent reflection
of this orifice plate direct radiation, then T.C4 would receive
slightly more radiation from this source. Also, the effect of
multiple reflections from S will agasin favour T'Cd'

The nett effect of radiation in the Z.N.H.T. mode, therefore,
would be to make T.Cd slightly greater than T.C, and in order to
regain a balance (assuming one already existed), it would be necessary
to incresase oTF slightly. This would have the effect of making
(,8T__ = 8T ) < O and would compensate for the increasedradiation

X “sw X “sw

contribution.

METHODS INVOLVING THREE FREE JETS AND MEASUREMENTS IN THE VERTICAL PLANE

It has been seen that the average temperature gradient in the Yy
direction (i.e. normal to the horizontal plane) decreases as the
corresponding free jet spacing increases. Thus for an asymmetrical
free jet spacing the WIS jet corresponding to the free jets with the
closest separation will have a larger average temperature gradient
in the y direction than that corresponding to the free jets with the
larger separation. The average gradient will also be & function of
Tgs thus the difference in the large and smell WIS jets average
gradient will provide a parameter from which to predict Ts‘

The theory of the method will not be given here but follows the

same lines of reasoning involved in the other methods discussed above.

RADIATION EFFECTS RESULTING FROM DIFFERENTIAL CONVECTIVE BEAT TRANSFER

COEFFICIENTS IN THE FLOW

These effects will be dealt with in greater depth in the results



section but it is appropriate to mention them at this stage.

The equilibrium temperature of the air temperature measuring
thermo~couple is a function of both the radiative heat transfer
coefficient hR and the convective heat transfer coefficient hc. It
will be shown later that hc increases with flow velocity thus the

relative significance of h_ will decrease with flow velocity. Thus

R
it can be seen that if the flow velocity at different thermo-couple

locations differs then so also will the corresponding convective

85

heat transfer coefficients, resulting in a variation in the significance

of radiation at these locations, (inasmuch as this particular mechanism

applies). Wote, any geometrical radiation effects will still exist
but may be modified by the above effect depending on the velocities

involved.,

It will be demonstrated in the results section that the WIS jets

have, in general, a lower velocity than their constituent-free jets,

hence for a given radiation flux the significance of the latter will

be higher for the WIS jets than for the free jets.
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CHAPTER 5

EXPERIMENTAL SECTION

This section will be divided into two parts, the first concerned

with isothermal flow studies and the second with temperature studies.

ISOTHERMAL FLOW STUDIES

The purpose of these studies was to identify the existence of the
WIS jet and examine those flow characteristics appropriate to its
subsequent exploitation in non-contact temperature measurement.

The flow characteristics of particular importance are:

(1) The variation of mesn and turbulent velocity in the horizontal
plane.

(2) The variation of mean and turbulent velocity in the vertical
plene and planes parallel to the horizontal one but displaced
in e vertical, y, direction.

It is also important to examine the influence of the orifice
plate - impingement surface displacement, d, and free jet velocity on
these characteristics.

A knowledge of (1) and (2) is necessary in defining the general

structure of the WIS jet.

The Turbulence Characteristics of an Axially Symmetric Jet
VWhen an axially symmetric jet is propagated, say from an

orifice into a fluid of the same nature then turbulent mixing will
take place in those regions adjacent to the jet.

If the jet is initially non-turbulent with a flat mean velocity
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profile then on moving away from the orifice an annular turbulent zone
will gradually manifest itself the width of the annulus increasing with
axial distance from the orifice. At the same time the mean velocity
profile will acquire rounded edges until when the turbulent zone
reaches the axis of the jet the mean velocity will have assumed a
'normal' type profile with a general broadening of the jet(36'37'38’39).
It is this turbulent mixing which is responsible for the
degredation of the initial flat mean velocity profile and if the jet
is heated the subsequent thermal gradients in a direction parallel to

the axis and across the jet, (assuming a temperature differential exists

between the jet and the surrounding fluid),

The Turbulent Characteristics of a WIS Jet

Although of a different geometrical structure the WIS jet is still
likely to be subject to the same type of turbulent mixing or entrainment
effects discussed above. It is therefore important to examine the
turbulent characteristics of the WIS jet since its breadth and
integrity will be profoundly influenced by these characteristics,

A desirable characteristic of any non-contact temperature
measuring system is that the particular temperature dependent parameter
exploited should exhibit a low sensitivity to d within the limits
selected.

Since the temperature characteristics of the WIS jet will be
related to the mean and turbulent velocity characteristics it is

Latter k
appropriate to examine hov the , vary with d.
These characteristics will also depend upon the free jet

veloeity and it is therefore appropriate to examine its effect.

Apparatus for Flow Studies

The design of apparatus and the experimental procedure adopted
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was based upon the requirements discussed in the last section. Since
turbulent as well as mean velocities were involved & simple Pitot

tube or similer device was found to be inadequete and it was
necessary to employ a hot vire annemometry technique. Details of this

technique have been given in some depth by Bradshaw
convenient at this stage, however, to discuss briefly the general
principles on which the hot wire annemometry technique is based
together with its limitations. The design (by the author) of a piece
of peripheral electronic equipment to measure the mean

square value of the turbulent component of velocity (subsequently
referred to as the turbulent mean squere velocity device) together

with the mean value of velocity (subsequently referred to as the mean

velocity device) will be described in Appendix Al.,

The Hot Wire Annemometer

When a current is passed through a wire it will heat up and since,
in general, it will have a finite temperature coefficient of
resistance (materials are chosen which give a large but consistent
temperature coefficient of resistance) its resistance will change
accordingly. If now the wire is placed in a fluid stream at a lower
temperature (typically ambient) then the wire will cool, its
resistance changing as a result. The efficiency of this cooling will
be a function of the fluid velocity, the wire orientation with respect
to the flow direction and the dimensions and thermal properties of
the wire, together with the temperature differential between the wire
and the fluid and the pressure, density and thermal properties of
this latter.

The resistance of the wire sensor is usually measured by meking
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it one arm of a Wheatstone bridge. Two modes of operation may be
employed:-—

(1) The constant current mode.

(2) The constant temperature mode.

In the former case the wire sensor current is fixed and the effect
of changing the fluid velocity and hence its cooling efficiency would
be to alter the out of balance bridge current, Although this mode of
operation has certain advantages its mgjor disadvantage lies in the
finite thermal inertia of the sensor in changing temperature and it
is this which puts a limit on its ability to measure fast varying
(turbulent) velocities accurately.

The alternative mode of operstion is the constant temperature
mode. As the name suggests the sensor temperature and hence its
resistance is kept almost constant and it is the bridge voltage which
becomes a function of heat transfer and hence fluid velocity.

The advantage of this method is that because of the small wire
sensor temperature excursions the thermal inertia is correspondingly
reduced and it is therefore capable of following faster time varying
velocities. It is therefore, more suited to measurements of turbulent
velocities than the constant current mode of operation.

Because of the complexity of the appropriate heat transfer
equations a theoretical prediction of fluid velocity is not usually
performed and in practice a calibration curve of annemometer output
against fluid velocity is derived experimentally.

All the velocity studies performed in these investigations
employed the constant temperature mode (C.T.M.) of operation.

A typical general purpose hot wire sensor (and one which was

used in these experiments) would consist of a platinum coated
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tungsten wire 5 u diameter and 3 mm long and welded to two prongs as
indicated in Fig. 38 .

The heat transfer and sensitivity will be a maximum when the wire
is placed with its axis transverse to the direction of flow. However,
due to its symmetry it is insensitive to direction of flow in & plane
normal to its axis end this limitation must be borne in mind when
interpreting the results of flow studies.

In the C.T.M. of operation the annemometer will provide a
voltage proportional (not linearly) to flow velocity. If flow is in
any way turbulent then there will be a varying component superimposed
on a mean component U. (See Fig.39)

The degree of turbulence in flow may be expressed in terms of
the turbulence intensity which is defined as:- the root mean square
(r.m.s.) value of the turbulent component of velocity.

When considering the turbulent velocity in relation to the
corresponding mean velocity, U, the percentage turbulence is an
appropriate parameter to use and is defined as:-

turbulence intensity
0

In order to obtain some gquantitative measure of turbulence

x - 100

therefore it is necessary to process the signal such that the mean
squere or r.m.s. value of the fluctuating component mey be measured
together with the corresponding mean component 0 (for % turbulence).

The equipment to perform these operatious is described in Appendix Al.

Calibration of Turbulent lean Square Velocity Device

Since no instrument was available to measure the mean square
value of the turbulent velocity (from which the r.m.s. value may be

obtained) and thus act as a standard against which the author's
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Fig. 38. Typical hot wire sensor
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Fig. 39. Anemometer output corresponding to turbulent flow
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device for this measurement could be calibrated, it was necessary to
adopt a somewhat different calibration approach.

Now it would be be very difficult, if not impossible to predict,
analytically, the mean square voltage of a randomly varying voltage of
the type discussed sbove. On the other hand it is fairly simple to
predict the mean square voltage of a sine wave and hence its r.m.s.
value from a knowledge of the peak voltage. The calibration procedure
adopted was therefore as follows:

A sine wave signal was injected into the input of the device and
the output, which was proportional to the mean square value of the
input, fed into a Honeywell chart recorder. Various peak input
voltages (to cover the turbulence range encountered in the flow studies)
were applied. To estimate the frequency response of the device
frequencies ranging from 15 Hz to 50 kHz were employed. The results

of this calibration are given in Chapter 6.

Mean Velocity Calibration

The mean velocity celibration was performed with the aid of a
Pitot tube, an 'Air Flow Developments' manometer and a wind tunnel
capable of producing controlled flow rates with low turbulence levels.
(See Fig. L0)

The hot wire sensor, which was mounted vertically on a support was
located close to the opening of the Pitot tube., The tube was
orientated so that the cross section of the opening lay in a plane
normal to the direction of flow.

During the course of these studies two different anemometers
were employed thus two different calibration curves were necessary.

Fig. 48 shows the calibration curve for one of these qnemometers,
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Fig. 40. Schematic diagram of calibration rig.



a DISA type 55DO1CTA and Fig.4L9 the curve for the other a DISA type

55DO5CTA. (See Pages 117 and 118)

DESCRIPTION OF THE TEMPERATURE MEASURING DEVICE AND THE ASSOCIATED
FLOW MEASURING RIG

The general principles on which the operation of the device is
based have been given in the 'Theory' section. Some of the practical
details of the device itself will now be given together with the
experimental method adopted to measure the appropriate flow

characteristics.

The Device

This was built around an aluminium dish of the dimensions shown
in Fig.41 .

Air from a blower was introduced into the device (see Fig. 42)
through a 5-cm diameter tube and was baffled by & 17.T-cm diameter
plate finelly emerging through three 2.2-cm diameter holes
asymmetrically displaced along a diameter in the orifice plate. The
line joining the axes of the free jets was horizontal.

Apart from a series of preliminary scans employing a symmetrical
hole distribution, the diameter again being 2.2 cm, all the flow
studies and subsequent temperature studies employed the asymmetrical
distribution shown in Fig. Ll.

Since all flow studies were performed under isothermal
conditions it would appear that the heater in Fig. L2 was
superfluous. However, it was often convenient to express free jet
velocities in terms of the corresponding blower motor voltages thus

if the heater had been omitted during the flow studies then, because

ok
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Plan vieu of
orifice plate Pﬂ

Diameter 19,85c

Free jet orifice dianeters 2,2 cn \

b

14,85 ¢n

Flange with
fiberfrax gasket

/
\.

Gaffle plate 17,7 ca

Side elevation
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Air inlet tube
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Y
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Fig. 41. Dimensioned drawing of sensing head.
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it presented a finite resistance to flow, the free jet velocities would
have been slightly higher for a given blower motor voltage than if the

heater were present.

The Measurement of Flow Characteristics

In order to obtain an adequate knowledge of the flow characteris-
tics within the region bounded by the orifice plate PO and the test
surface 8 it was necessary to scan the hot wire sensor within this
region.

Plate 3 shows the rig constructed for this purpose. The probe
support was mounted vertically on & carriasge and facilities were
provided to allow for sensor movement in three mutually perpendicular
directions, x, y, and z. The processed signals, one corresponding to
the mean velocity and the other the mean square of the turbulent
elocity components of flow, were fed into a Honeywell two-channel
chart recorder, the mean velocity signal on one channel and the mean

square of the turbulent velocity signal on the other.

Horizontal Scans

The scanning procedure adopted in this set of experiments was as
follows: The sensor was acanned in a horizontal, x, direction parallel
to the planes of Po and S which were, themselves, parallel.

The scen range was 20 cm and corresponded to a complete traverse,

in the horizontal direction, of the region bounded by P0 and S.
Scans were performed at different normal displacements, y, from the
horizontal plane, (i.e. the plane through the axes of the free jets)
as well as at different normal displacements, z, from S.

In order to assess the influence of d on the flow characteristics

between P and S, sets of horizontel, x, scans described above were



Plate 3.

Scanning rig set up for flow studies.
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performed for different values of d and appropriate values of y and z.
fach of these sets of scans was repeated for three different

free jet mean velocities in order to determine the influence of these

velocities on the seneral flow characteristics.

All the scans discussed so far were performed using two diffeorent
sensor wire orientations, one with its axis transverse to the axis of
the free jets and the other with its axis parallel to the free jet
axis.

Scanning Speed and the Effects of Finite Time Constants Associated
with the Turbulent Mean Square Velocitx and Mean Valooitx Devices

The sensor was displaced manually, in 2 mm steps, and 10 seconds
was allowed to elapse between consecutive positions. The time for &
single scan was approximately 17 minutes.

The frequency response of the annemometer (a type DISA55DOL1 for
these horizontal scans) and hot wire sensor was such as to follow
feirly accurately any turbulent velocity changes to which the sensor
was subject, a corresponding voltage change appearing at the
annemometer output. However, the signal processing equipment, i.e.
the turbulent mean square and mean velocity devices had time constants
somewhat longer than the annemometer and sensor and a certain amount
of signal amplitude degredation resulted.

This effect could have been minimized had a slow enocugh scanning
speed been employed. However, this would have involved a very
lengthy research programme. A method was therefore developed to

correct for these time—constant errors. (see Appendix 1)

Scans in the y anx z Directions

As well as the horizontal, x, scans described above, 2 number
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of y and zscans were performed in order to essess the degree of mean
velocity attenuation in these directions.

In these scaons the sensor element was again parallel to the
horizontal plane but transverse to the free jet axes. The sensor was
displaced in small steps as for the horizontal scans, but since the
total number of y and z scans was considerably less than the number of
horizontal scans, as well as the scanning range of the former being
smaller than that of the latter, it was found possible to allow the
mean velocity measuring device output to reach equilibrium between
consecutive steps in the scans. This avoided the signal amplitude
degredation to which the horizontal scans were subject.

These y and z scans employed the same hot wire sensor as was
used in the horizontal scans but a different type of annemometer - a
DISA55D05, was used though it still operated in the constant
temperature mode. A different calibration curve was necessary

however.

PART 2

TEMPERATURE STUDIES

Having identified the existence and general characteristics of
the WIS jet (see results of flow studies) it was necessary to examine
the temperature characteristics of flow between P0 and S in order to
assess whether they may be successfully exploited in non-contact
temperature measurement.

The variebles involved in these studies were as follows:

(1) Surface temperature Tg «
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(2) Free jet temperature.
(3) Location of thermal sensor within the region bounded by S and P
(4) The displacement, d, of S from P .

(5) The free jet velocity expressed in terms of blower motor
voltage VB.

All temperatures were measured with respect to ambient (23  3%)
by zeroing the recorder st ambient.,

All eir temperatures were measured with a2 36 s.w.g. chromel
alumel thermo-couple since, within the limits which were to apply,
i.e. 23°% + 270% approximately, this had & nearly linear thermal
e.n.f. vs temperature characteristic. The smell thermo-couple bead
size (0.8 mm average diameter) was chosen in order to keep the thermal
inertia and radiation effects down to & minimum.

The thermo-couple was mounted in a ceramic tube which acted as a
support, the bead protruding about 1 em. The same scanning rig as
that used for the flow measurements was employed and the thermo-
couple support dimensions were as close as could be obtained to
those of the hot wire sensor suppert. The thermo-couple was mounted
vertically on the carriage in the same manner as the hot wire support.

The above precautions were taken to ensure that there would be no
significant modification of the flow characteristics by the thermo=-
couple support within the region bounded by P and S,

S was heated by means of two steel sheathed 1.5 kW heaters
embedded in aluminium bars and bolted to the back of the plate.

(See Fig. 42)

The temperature of £ was measured by means of three Pyrotenax

chromel-alumel thermo-couples inserted into closely fitting holes

drilled at an oblique angle into the back of S and extending to within



102

*(8ta Suruueos Surpnioxs) jusweSuexse Tejuswrigedxe JO wexSeTp OT}BWAYOS

(setpnys mo|4 Butanp pajoeuucasyp)

: ' ~
Y9B3 py G°| swajeay payjcays |ae}g L\ Has JESY
;fzfzzzflzsr ~

e 1) )] ————T

It
\

~3

o I —

] |

S 40 oBq Ojul pajJasu}
sa|dnoJowJay} Xeuajoddy

0
d.238(d @31y 1ug “A

e

TV *Itd

(2]

g 99BLUNS 159 ..

f
(#1 1) wemo|g
J1B 2| Bpujjuey

\

J0}28UU0D B|qiXa|y

(saipnys moy Ouunp pPa3dauu0ds ip)
TXEw ¥y g7 Jeyeay

Salpnis Mo|4 J0) JajsuOUaUR
J0 $2|pn}s eunjedodua} JO4 JopJoded 0]

83 [Aaq it

juoddns Josuag

2

(satpnys

RO |4 JOj BJLA JOY

‘saipnys aJnjesadua)

04 8|dnodouuay))
| Josuag

_—l

(29 59°0)
*ul I ssawyd iy}
ejeld wnjuiunyy



103

1 mm of the front (test) surface of S. This was to minimize conduction
losses down the sheathing from the thermo-courle junction,

The temperature difference between the three thermo-couples under
equilibrium conditions was found to be sufficiently small (max.
difference approx. 2%) to permit the recording of the thermal e.m.f.
from just one of them, this being the centre thermo-couple.

Fig. 42 =and Plate 4 show the general experimental arrangement.

The air was heated by a 2.6 kW heater. Air temperaturesranging
from ambient to grester than 300°C could be obtained with the
appropriate adjustment of heater voltage even under conditions of

highest flow rate.

Temperature Scanning Procedure

In view of the long time constants associated with the turbulent
mean square and mean velocity processing equipment it was necessary
to employ a fairly slow scanning speed which resulted in a single
horizontal scan time of eapproximately 17 minutes.

In the temperature studies, however, because of the much shorter
response time of the thermo-couple faster scan speeds could be
employed without too mucih signal amplitude degredation. Scans were
still performed manually in the x, y, end z, directions. Those in
the x and y, directions were continuous but in the z direction the
thermo-couple was displaced in small steps.

For the horizontal, x, scans, speeds of 0.5 mm/second were used
giving a scen time of approximately T minutes., The y scans employed
a speed of 2 mm per second which for the 10 cm y scan range represented
a scan time of 50 seconds. The z scans employed an average speed of

approximately 0.5 mm per second,
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A series of exploratory horizontal, x, and vertical, y, scans
were first performed to derive a general picture of the appropriate
tenmperature charscteristics betiraen Po and 5 and to discover winether
any IS jet characteristics would be particularly suitable for thermo-
courle location in the x direction in subseguent y and z scens erploying
heated free jets, Such & characteristic might be the consistent
oceurrence of o broad terperature peak under conditions of verying
Pus B separation, d, and blower motor voltage V.,

All these exploratory scans were performed with S hot but the
free jets unhested. Three different blower motor veltages, Qé, were
used and for each value of YS difterent temperatures of S ranging from
approximately QTOOC down to 3u°C were emrlored with the tuermo-couple
always 0.5 cm fronm ?o. The scans were performed for velues of d
ranging from 1 em to 4 em,

Althougl: o WIZ jet temperature peak did occur its size, shepe
and definition varied, the peak being most pronounced for small values
of @&. In scme cases a small dimple occurred in the middle of the
‘neak'.

Any practical terpersturs measuring device would require that the
therno-couple in a WIS jet be located in a region of low temperature
gradient and furthermore that this location be fixed with respect
to Po'

The x locations of those regions in the VIS jets with low
temperature gradients were, therefore, noted and the most frequently
recurring values used as the thermo-couple x locations in all
subsequent WIS jet scans in the y and z directions. Note there are
two WIS jets invelved, one corresponding tc the large hole separation

and the other to the small hole separation. These will be referred to
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as the large and small VIS jets respectively,

Temperature Scans Using Heated Free Jets

Having selected the optimun x locations of the air thermo-couple
in the two WIS jets a series of scans was performed using free jets
vith temperatures renging from smbient (approx.) to 270°C (approx.).

This series involved scans in the y direction (y scans) and scans
in the z direction (z scans). The purpose of the y scans was to
examine the variation of WIS jet temperature in this direction with a
viewv to exploiting the average tempereture gradient (or temperature
difference between two selected vertical locations) in temperature
neasurement. The purpose of the z scans was to assess the degree of
temperature attenuation in the free end WIS jets,

In the case of the y scans the variebles involved were V_, d, T

B’
and free jet temperature, the thermo-couple bead always lying in a

8

fu)

plane parsllel to 5 and Po' and displaced from P, by 0.6 cm. The y
scan range weas 10 com.

The 2z scans employed a relatively high surface temperature, Tos
of approximately 270°C throughout but varying values of free jet
temperature were used and both d and Vh'were allowed to vary
independently,

Let X, and X denote the selected x locations of the large and
small WIS jet peaks respectively. The y scans were confined to these

two x locations. The z scans were performed at x. and Xg with y

L
locations of y =0 cm and ¥y = 5 em. They were also performed at x
locations close to the axes of the free jets.

The overall temper: ture scinning schedule is included in
Appendix A5.

Included, also, in this Appendix is a catulogue of the velocity

scans perforrmed in the horizontal, x direction.
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CHAPTER 6

RESULTS OF FLOW STUDIES

Before presenting the results of the flow studies it is important
to examine some of the characteristics of the hot wire sensor and
annemometer, since these will affect the interpretation of the

recorded signals.

Sensor Calibration

(42)

L.V. King and others have verified that a linear relationship
exists between the electrical power input to the sensor and the square

root of the flow velocity. King's law states:

%f_ S e
where V = bridge voltage
U = mean flow velocity
R = hot wire operating resistance

o and B are two constants.

(43) have derived a similar type of expression

Collis and Williams
to King's but with a velocity exponent of 0.45 instead of 0.5. This
appears to produce a better correlation than King's law within the
normal annemometer operating range of Reynolds numbers - 0.02 < Re < kb,

Even with the above type of expressions available uncertainties
in fluid and flow properties usually necessitate an experimental
calibration of annemometer output wvs flow velocity, a typical
example of which is shown in Fig. 43 overleaf.

It can be seen from Fig. 43 that as U increases the slope

becomes progressively smaller, i.e. the sensitivity of the
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annemometer and sensor decreases, The effect of this non-linearity is

two=-fold.

(1) The recorded mean velocity signals are underwemphasized for high
flow velocities.

(2) A certain amownt of emplitude distortion will occur for
fluctuating velocities (i,e., turbulent velocities), the extent of

wvhich will increase with the magnitude of the veloc1ty excursions
about the mean,

A figure of 5% turbulence intensity is often quoted as a limit
beyond which the above amplitude distortion becomes significent, i.e.

below this value the effect of non-linearity of the curve may be

neglected.

anemometer output (V)

1 L} L 1

—

flow velocity ft min._l

Fig. 43. Typical anemometer calibration curve

R.M.S. Turbulence Calibration

Ideally any turbulence measuring device (whether it measures the
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r.n.s. or mean sguare value) should have a constant gain over the range
of frequencies associated with the randomly varying voltages
corresponding to the turbulent velocity fluctuations.

It is appropriate, therefore, to examine the freauency response
of the turbulent nmesn square velocity device developed for these
experiments.,

Fig. M4 shows the variation of the output from this device with
input sine wave peak tc peak voluciae auplitude for s number of input
frequencies within the range 15 Hz to 50 kiz.

Fiz. 45 shows the variation of output with sine wave input
frequency for a number of input peak voltages.

It can be seen from these cnaracteristics that the low frequency
3 db point lies at a frequency of about 50 Iz and ebove about 1 kiz
the gain is almost independent of frequency.

Figs, Ly and 45 involve input sine wave voltages expressed in
terms of peak to peak values. The equivalent r.m.s. voltage may be
derived directly by multiplying the input voltage by 0.353 or by
consulting Fig. L6 .

Fig. 47 indicates the turbulent Tluctuations in the small
WIS jet with the hot wire sensor transverse to the free jet axes,
lying on a line joining these axes and at a position 3 cm from S.

The value of d was 4 em. These figures are in Tact copies of polarcid
photographs of waveforms displaced on a storage oscilloscope.

Although a frequency analysis of these signals has not been made
it is clear that a large proportion of the frequency components
associated with these waveforms lies atove 50 Hz, the 3 db point.
Nevertheless there will still be some frequency components lying

below 50 lz and these will underzo amplitude degredation the extent
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Fig. 46. Sine wave peak to peak voltage versus corresponding
r.M.8. voltage. ;
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Fig. 47. Turbulent velocity in small WIS jei midway
between the constituent free jet with the
gensor wire transverse 1o the free jet axes
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of which will depend upon the actual frequencies involved.

An inspection of Figs. 44 and 45 will indicate thet no such
amplitude degredation will occur for the higher frequencies.

Thus it can be seen that the chart recordings of mean square
signals will have experienced a certain amount of freauency
discrimination ageinst very low frequency components end will, in
fact, be a little lower than they would have been had the true mean

square value been measured.

ANALYSIS OF THE RESULTS OF FLOW STUDILS

Having examined the characteristics and limitations of the
equipment employed for deriving mean velocity and the mean square
value of the turbulent component of velocity some of the results of
the flow studies will now be examined.

As a preliminary to the velocity scans employing an asymmetrical
orifice distribution a number of scans using a symmetrical orifice
distribution were performed. This was to determine first, whether
the VIS jet was of the form predicted in the theory and second the
degree of interaction of the WIS jet with the corresponding free jets.
A knowledge of this latter would assist in choosing an appropriate
orifice separation in the final asymmetrical distribution, i.e. if the
interaction is such that the WIS jet loses its identity then it
would be desirable to increase the orifice separation until the WIS

Jet's identity is regained.

Scans Performed using the Asymmetrical Free Jet Orifice Distribution

The horizontal X scans

A catalogue of these scans is included in Appendix AS.
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The following parameters are appropriate to all scans in this
set:

Scan range = 20 cm (which covers completely the three free jets
and two WIS jets);

Scan speed = 2 mm/10 seconds (in 2 mm steps), and

Chart speed = 1 inch per minute,

For each location scans were performed with the hot wire sensor
axis both transverse and parallel to the free jet axis. In the latter
case the y and z values were measured from the middle of the sensor
element.

y values indicate the displacement of the sensor in this
direction from the horizontal plane.

z values indicate the displacement of the sensor in this
direction from S.

All scans are presented in terms of the processing equipment
output voltages. The reason for this procedure is as follows. For
a given turbulence intensity the output from the turbulent mean
square velocity device will depend upon the corresponding mean
velocity U. Most of the velocity scans in the x direction involve a
considerable variation of mean velocity with x. For example, for
small values of d and z, %E-is very high at the 'edge' of the free
Jjets but almost zero at axial positions in these jets. Since any
estimate of turbulenceintensity requires & knowledge of U (see later)
considereble errors would be incurred in transforming the turbulent
mean square velocity device recorded output into absolute turbulence
intensity. Thus it was considered appropriate to present these
velocity turbulence levels in terms of the device output voltage and

in order to maintain dimensionally consistent scales the mean



16

velocity was also presented in terms of the the mean velocity device
output voltage.

These device output voltage profiles will still reveal the same
general trends as the corresponding mean and turbulent mean square
velocities and in particular the locations of the WIS jets with
respect to their free jets will remain unaltered. A direct conversion
into mean velocity (continuous line) may be mede with the aid of the
appropriate calibration curves. (See Figs. 48 and 49 ) A method of
determining the turbulenceintensity and percentage turbulence will be
given in the next section. Since a turbulent frequency spectrum is
not available for the flow under study the choice of curve in Fig, b4
is to a certain extent arbitrary. The 500 Hz curve was finally
chosen on the assumption that it represented an approximate weighted

average.

The Determination of TurbuleneceIntensity and Percentage Turbulence

During these investigations two of the flow characteristics which
have been considered are (a) the mean velocity and (b) the turbulent
velocity. It has been shown that this latter mey be expressed in
terms of,the turbulenw intensity waich is defined as:

r.m.s. value of t.e turbulent component of velocity

or,the percentage turbulenw intensity:

turbulence intensity x 100
mean velocity

Before presenting some of the flow study results it is helpful
to discuss a method of obtaining the turbulent intensity.

Fig. 50 shows & typical calibration curve. Any voltage amplitude
distortion caused by non-linearity of the curve will be neglected

for the moment. Suppose SU represents the r.m.s. value of the
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Fig., 48, Mean velocity calibration for type 55001 anemometer
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turbulent component of velocity (i.e. the turbulenteintensity)
corresponding to & mean velocity U and ¢V represents the corresponding

r.m.8. voltage from the annemometer.

=
=4
5
%
e e o e
I :
SRS S = |
|
(romes.) F I I
s
' i
i | !
[
| [
I ! i
l /U
I‘ L L i _h
-t : 2 =
&U (r.u.s.) flow velocity ft min,
Fig. 50. Calculation of turbulen® intensity
The average slope of the curve at U is %[Yf
thus the turbulence intensity 68U = 6V # %

end the % turbulente intensity = U x 100

]

oV . x 100
dav
T x 7]

% turbulence intensity =

Now 8V may be derived from the recorded turbulcnce traces

(shown dotted in the figures to be presented) together with Figs JlLg %6

% may be measured directly from the appropriate calibration curve
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and % turbulenceintensity calculated directly.

An example of this calculation procedure follovs.
One of the highest WIS jet mean square turbulent velocity levels is
shown for the small VIS jet in scan 4, Tig, 52,

The measured voltage (broken line) = 9.8 nV
Reference to the 500 Hz curve in Fig, 44 will show that the equivalent
peak to peak sine wave amplitude is approximately 0.53 volts, Using
Fig. 46 the corresponding r.m.s. voltage is found to be 0,19 V.

From scan 4 the voltage corresponding to the mean velocity is
0.86 V and from Fig. 48 the corresponding meen velocity is found to
be 675 ft/min.

At this velocity the slope & is approximately:

du

Ouihe . ¥ nin. ot >

150

0.19 x 100 =~ 42%
& % turbulence intensity = (Qéédx 675

150

This represents a high level of turbulence intensity and since
nc linearizing network weas employed in these studies the value will
certainly be in error due to amplitude distortion resulting from the
curves non-linearity, nevertheless it will be of the correct order of
nagnitude.

In order tc achieve some gualitative idea of the turbulence
intensities encountered in the subsequent scens without actually
celculating the values, refercnce to the appropriate calibration
curve, e.7. Fig, 48, will show that for a given r.m.s. voltage the
turbulente intensity will increase with U although the % turbulence
intensity will in fact decrease.

These yoints are illustrated in Table L4 for an r.m.s. voltage
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of 0.2 V and values of U of 500, 1000 and 2000 ft/min. The calibration

curve is that for the sensor wire transverse to the flow direction in

Fig. l&8. TABLE ’-l

ft/min. turbulence intensity % turbulenteintensity

500 250 ft/min. 50
1000 420 ft/min. L2
2000 700 ft/min. 35

Before examining these scans in detail a few points relating to
their interpretation are appropriate,

It has been stated that the hot wire sensor is insensitive to
direction of flow in a plane normal to its axis. Assuming free
convective and radiative heat transfer from the sensor to be negligible,
so long as there is flow at all, be it turbulent or steady or a
combination of the two, there will be forced convective heat transfer
from the hot wire irrespective of the flow direction. Thus in order
to deduce flow directions it is necessary to accompany the annemometer
processed data with a certain amount of physical reasoning,

It must also be noted that even if there exists a condition of
complete isotropic turbulence (so that the true time and space means
are zero) because the hot wire is sensitive only to /ﬂé a finite 'mean'
value will be indicated.

The calibration curve Fig.48 for the sensor axis parallel to the
flow shows that although not as sensitive as if it were transverse to
this flow,it still responds quite significantly. Thus it must not be
concluded that the sensor is completely insensitive to flow along its

exis.
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Examination of Scens Performed in the liorizontal Plane

Although velocity scans were performed using a number of
different values of d examples of flow characteristies will only be
droewn from those for which d = 4 cm,

Scans 1, 4 and T (se= Figs.51,52 and 53) correspond to a blower
motor voltage VB of 100 V with respective z values 3.5 cm, 2 cm and
1 cm and the sensor element transverse to the free jet axes.

As has been stated the continuous lines correspond to the mean
velocity and the broken lines the turbulent velocity.

For z = 3.5 cm in Fig. 51 the mean velocity free jet characteris-
tiecs are well defined and the turbulence intensity and 7 turbulence
intensity is small at the centre of the jets. Hovever, both these
parameters increase as the periphery of the jet is approached. The
two outside jets have a fairly narrow but high amplitude turbulent
peak on the side away from the centre free jet.

Both the small and large WIS jets can be identified though their
amplitude is fairly low and their definition poor.

Unlike the free jet characteristicswhich have a minimum turbulence
near the centre of the jet the WIS jets mean and turbulent velocity
profiles have their maxime lying in the middle of the jet approximately
mid-way batween the constituent-free jets.

As z decreases, see scans 4 and T in Figs.52 and 53, the free
jet mesn velocity peak amplitudes decrease the jet itself broadening
with a more rounded profile. At the same time the average turbulence
intensity incresses and the narrow peaks at the outside of the jets
broaden. This degredation of the mean velocity profiles is most
pronounced in the outer jets for which the turbulence is in general

higher thus reflecting the fact that turbulent mixing with surrounding
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air is mainly responsible for mean velocity attenuation (and as will be
seen later, temperature attenuation of the jets if these are hotter
than the surrounding air).

Despite these high turbulence levels the free jets never become
fully turbulent within the spatial limits investigated.

The WIS jets, themselves, become narrover and the mean velocity
amplitudes and turbulenteintensities increase as z decreases. The
high turbulence levels in these WIS jets will give rise to a
considerable amount of interaction with their adjacent free jets. This
will have a profound effect on the temperature characteristics of the
WIS jets.

The flow characteristics appropriate to the scans 11, 17 and 20
in Figs.54,55 and 56 withVy; = 70 V and scans 21, 27 and 30 in Figs.5T,
58 & 59 with V= L0 V are similar in shape to those of 1, 4 and T
but in general have reduced mean and turbulent velocity amplitudes as
would be expected. The turbulent velocity peaks, are not as

pronounced as for the V, = 100 V scans this being particularly clear

B
for the Vg = 40 V scans.
The mean velocity calibration curve for all the horizontal scans is
in Tig. 48 (curve with sensor wire transverse to the flow direction).
Fig. 60 shows the variation, for y = O cm and d = 4 cm, of mean
velocity (expressed in terms of mean velocity device output volts) with
z at a point in the large WIS jet mid-way between the two constituent
free jets. These scans were peformed with the sensor again transverse
to the free jet axis. Since a different annemometer (a DISA type 55DO05
CTA) was used it was necessary to derive a different calibration curve

for these Z scans and this is shown in Fig, 49.

One interesting characteristic of these Z scans is that for all
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d «» ben, y = Ocn

sensor wire transverse to free jet axes
(use calibration curve in Fig, 49)

0.4+
] VB = 100V
- L e AN s a \'B = 70V
- - VB = 40V

o
°
(O]

0.2.-
Ool T
0 , . : A : S B
0 O.S 1-5 205 3.5
Z.cm

Fig., 60. Variation of mean velocity (expressed in mean velocity
device output voltage) with z at a point in the large
WIS jet midway between the two constituent free jets.
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three values of VB' 100 V, 70 V and 40 V the peak does not lie at the
smallest value of Z, i.e. Z = 0.5 cm.

This could be due to the fact that this point probably lies within
the wall jet impingement zone where the flow is in the process of
changing direction but is not yet normal to the surface. Thus there
would exist a velocity component parallel to the axis of tne wire sensor
resulting in a reduced sensitivity (see Fig. 48 - calibration curve for
55D01 annemometer with sensor wire parallel to flow direction).

The progressive reduction in velocity with Z for points to the
right of the peak will be due to mean velocity attenuation in the jet
due to turbulent mixing with the surrounding air - a phenomenon
consistent with the horizontal scans.

Scans 37, 47, and 57 (Figs. 61, 62, and 63) correspond to values
of V; = 100 V, 70 V and 40 V respectively with the sensor axis
parallel to the free jet axis, and d again 4 cm with y = 0 cm end
Z =2 cm,

A comparison between these 'parallel' scans and the corresponding
'transverse' scans yields a certain similarity particularly between the
turbulent components. For example the free jet axial turbulent minima
is still present in the parallel scans though their amplitudes are
higher than those of corresponding transverse scans. The WIS jets
turbulent maxima are still evident but somewhat ill-defined.

The amplitudes of the free jet mean velocity profiles are such
that it may be assumed that radial flow is small compared to axial
flow. Any radial flow would be lowest at the centre of the jet due
to symmetry. Since a small dimple tends to appear close to the centre
of each free jet in these 'parallel' scans it would imply that radial
flow will probably not be zero at locations in the jet away from the axis.

This observation is not unexpected on physical grounds since it
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is clear that the jet will broaden as it moves away from the orifice
from which it originated.

Although only scans for d = 4 em in the horizontal plane have been
examined the scans for smaller values of d exhibit similar flow

characteristics with the two WIS jets always present.

Examination of x Scans with Non Zero Values of y

All the scans to be considered in this section will involve a
sensor wire orientation transverse to the axes of the free jets.
Scans will only be presented with y values of 10 em, d = 4 cm and
2 =2 cm and 3.5 cm.

Scans 3 and 6 (Fig, 64) with Vg = 100 V have respective z values
of 3.5 and 2 cm. As would be expected, there is no evidence of free
Jjet flow in either trace, the two peaks corresponding to the two WIS
jets. The turbulent and measn velocity maxima again tend to lie close
together but decrease in amplitude with increasing z. As for the
¥ = 0 scans the WIS jet widths increase with z as a result of
turbulent mixing with the air surrounding the jets.

An examination of scans 13 and 19 (Fig. 65) with Vg = 70 V and
respective z values of 3.5 cm and 2 cm, and scans 23 and 29 (Fig. 66)
with V, = 40 V and respective z values of 3.5 cm and 2 cm, will show
that the general flow characteristics are similar to those for
Vi = 100 V., The mean velocities, turbulenw intensities and % turbulence
intensities, however, are smaller, and for ¥ 4O V the turbulence
intensity and % turbulence intensity are very small,

Figs. 67 and 68 show the variation of mean velocity with y

with respective z values of 3.5 cm and 2 ecm at a point in the large

WIS jet spproximately mid-way between the two constituent-free jets.
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d = bcmy, z = 3,5cn

Sensor wire transverse to free jet axes

E - wa - -“-"‘5“
g “.."“--
E -
3
8
S r
3
4
—-—_—---""‘\.
\
s
0.1 4 e
\_____________
(use calibration curve in Fig, 49)
: VB = 100V
: e = 70V
______ VB
- = V. = &0V
8 40
O L LS - v L . . A 3 'I A
0 5 - 10
¥y cm

Fig. 6;.

Variation of mean velocity (expressed in mean velocity device
output voltage) with y at a point in the large WIS jet midway
beilween the two constituent free jets.
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d = bcn, z = Zcn

Sensor elenent transverse to free jet axes
(use calibration curve in Fig. 49)

&
2
E]
3 VB = 100V
:
ey
"g b < ) \’B = 40V
>
§ e
=
0.3 4
0.2
)
O T T T T T - T Ll a
0 5 L 10
Fig., 68. Variation of mean velocity (expressed in mean velocity device

output voltage) with y at a point in the large WIS jet mldwag,r
between the two constituent free jets.
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Plots for V, = 100 V, 70 V and 4O V have been made with the sensor
always transverse to the free jet axes.

For z = 2 cm the maxima occur close to or at y = O cm, however,
for z = 3.5 cm which corresponds to a sensor displacement of 0.5 cm
from Po, the maxima occur at y values away from the zero. For example,
the maximum for VB = 100 V has a y displacement of almost T cm.

The exact cause of this shift in maxime is not certain, but is
probably related to the fact that the sensor is close enough to Po to
experience the effect of WIS jet impingement on this surface.

One possible explanation for this phenomenon is as follows. Just
prior to impingement on P, the flow is in the process of changing
direction and in so doing acquires an x component of velocity. This
component lies parallel to the sensor axis resulting in a reduced
sensitivity and hence output. Note reasoning similar to that used in
the theory of the WIS jet will indicate that for y = O cm the y
component of velocity, Uy, is zero. A4S y increases so also will Uy and
since Uy is normal to the axis of the sensor a greater sensitivity to
flow will Le experienced, resulting in the observed shift away from

¥y = 0 cm of the mean velocity maxime.

Scans with the Sensor Parallel to the Free Jet Axis

These scans again employed a value of d = 4 cn and z = 2 cm, see

Figs .69-T1, Scans 38 and 39 with V_ = 100 V had y displacements of

B
5 end 10 cm respectively. Scans 48 and 49 with Vg =T0V again had

respective y displacements of 5 and 10 cm as did scans 58 and 59

with VB = Lo V.

For all three values of VB the mean velocities end turbulence

intensities decrease with y the turbulenteintensity for scan 59
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being very low. Also as y increases the mean and turbulent velocity
peeks broeden. This is another example of jet degredation resulting
from turbulent mixing.

It must be remembered that for non-zero values of y according to
the theory presented earlier there will be a finite y component of
velocity Uy and this fact is reflected in the mean velocity peak
amplitudes corresponding to Vy = 100 V, 70 V and 40 V, which are in
fact not very different from those for which the sensor element lay

transverse to the free jet axes.
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CHAPTER T

RESULTS AND ANALYSIS OF THE TEMPERATURE SCANS

Introduction

The purpose of these scans was to derive those temperature
characteristics existing between the orifice plate, Po' and test
surface S which could conceivebly be exploited in non-contact
temperature measurement.

Several different temperature dependent parameters will be
exemined and their accuracy in surface temperature prediction together
with their sensitivity to changes in this temperature will be assessed.
The influence of free jet temperature, velocity and P, -8 displacement,
d, on these parameters will also be investigated.

As well as being fairly readily exploitable practically, the
temperature dependent parameter finally chosen must ideelly exhibit a
low sensitivity to the following variables:

(1) P = § displacenment, d
(2) Radiation

(3) Surface roughness

(4) Surface velocity.

Low sensitivity to radiation is important since it also implies
a low sensitivity to surface emissivity.

The influence of radiation has been dealt with in the theory
section but a few further comments will emerge from this section.
However, no experiments were designed specifically to investigate
this effect.

The effect of surface roughness and velocity together with the
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extent of any perturbation of the surface temperature by the impinging

jets will be discussed in Appendices 2, 3 and L.

RESULTS OF TEMPERATURE STUDIES

Horizontal Scans

The purpose of these scans was to measure the variation of
temperature in the x direction. All scans in this set were performed
in the horizontal plene, (i.e. y = O ecm) but the following parameters
were allowed to vary: VB' d, z and Ts.

The upper scale in these scans represents thermo-couple
displacement in the x direction measured from the start of the scen
and the lower scale represents time,

All temperatures have been measured with respect to ambient and
have been expressed in terms of thermal e.n.f. generated by the
thermo-couple, They may be transformed directly into temperatures,
however,with the aid of the thermal e.n.f. vs temperature
calibration curve (see Fig. T2 ).

Seans 1, 7 end 12 in Tigs. 73,74 & 75 have d = 1 cm and z = 0.5 cm
with Vy's of 100 V, 70 V and 40 V respectively. Tpo J md J, represent
the unheated free jets and WD end W, the small and large WIS jets
respectively. It can be seen that these latter are fairly well defined
for all three values of Vy. For the 40 V and 70 V values a dip appears
in the lerge VWIS jet, a possible explanation for which is described
below.

The temperature of the thermo-couple bead is a function of both
the radiative and convective heat transfer coefficients. It has been

shown that the latter increases with gas velocity, U, by some power
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Celd junction at 23°C (anbient).

When thernal e.n,f. E is expressed in
nV the corresponding temperature T in
% w.r.t. 0°C is given by:-

Te23e25E%

1 1 L L L i

23 50 100 150 200 j 250 300
temp. °c

Fig., 72. Calibration curve for the Cr-Al thermocouple used in the

temperature scans
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Fig, 74. Horizontal temperature scan 7
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Fig. 73 Horizontal temperature scan 1
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X cm
mV 2 4 6 8 10 12 14 16 18
VB « L0V #E
d=1cn
y =0 cn
3-1 z = 0.5 ca
Ts (average) = 9,65 aV
w.r.t. recorder zero
2 - q
D
\
1s
J; Jé Jb
scan nid point
0 T T TV T L ] oy

Time (1 min/div.)

Figs, 75. Horizontal temperature scan 12
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(1)

of U less than unity , 25 well as with the degree of turbulence in
the flow. Although the wall jet impingement zone is not very well
defined (see horizontal velocity scans) it can be seen that the flow
velocity increases as the line of symmetry between the constituent-
free jets is approached and at the same time the flow will be changing
direction®*. This increase in velocity (mean and turbulent) will manifest
itself as an incresse in convective heat transfer coefficient,
Consider now the 40 V scen for which this dip is most pronounced.
If it is assumed that radiative heat transfer is significant compared
to convective heat transfer in those regions away from the line of
symmetry in the impingement zone then the actual thermo-couple
temperature will be higher than the temperature of the gas flowing
over it, As this line of symmetry is approached the temperature of
the thermo-couple will decrease due to the increase in convective heat
transfer coefficient (note the air temperature is less than the thermo-
couple temperature)., For the TO V scen the convective heat transfer
coefficient will be greater in those regions away from the impingement
zone ,therefore radiation effects will not be as significant as for the
4O V scan and an increase in the convective heat transfer coefficient
for the TO V scan will not show as pronounced a dip in the WIS jet.
For the 100 V scans the dip has completely disappeared implying
that the convective heat transfer coefficient is very much higher
than the radiative heat transfer coefficient for regions on and away

from the line of symmetry in the impingement zone.

¥ Note in some cases it is seen from the horizontal scans that there
is a slight displacement of turbulent and mean velocity maxima in
the WIS jets. This is probably due to the differential time constants
associated with the mean velocity and turbulent mean square velocity
devices.
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There is no evidence of the dip in the middle of the small WIS jet.
This is probably due to the fact that there is less variation in
convective heat transfer coefficient between those regions in and awey
from the impingement zone. Also the velocity of the small WIS jet is
a little higher than the corresponding large WIS jet.

A further examination of scans 1, T and 12 will reveal a reducing
sensitivity with increasing free jet velocity (expressed in terms of
V,). The reason for this is twofold.

(1) If the convective heat transfer coefficient, h , were independent
of velocity then the air temperature would vary inversely with
velocity. However, h_ does vary with velocity in the opposite
sense to the above buf at a lower rate thus the net effect will
be that the air temperature will increase with decreasing
velocity.

(2) The radiative heat transfer coefficient will be more significant
for the lower free jet velocities than the higher ones, Thus
since the eir temperatures will, in general, be less than the
thermo-couple temperatures for these unheated free je;s the
thermo-couple temperatures will increase with decreasing Vg
An examination of the unheated free jet temperatures will indicate

that for the lowest velocity (VB = L0 V) these free jets have

terperetures higher than those of the 7O V and 100 V ones. Experiments
to assess the significance of adiabatic cooling of the free jets as
they emerged from their respective orifice showed that no such cooling
existed. This increased free jet temperature for V" LO V must be

due to ome or both of the following: (a) interaction of the WIS jets

with the orifice plate, (b) radiation from S increasing the

temperatures of both the orifice plate and free jet thermo-couples.

The magnitude of these effects should diminish with increasing
z. An inspection of the free jet temperatures corresponding to

d = 2,5 cmand d = 4 cm with respective z values of 2 cm and 3.5 cnm

(see Figs. 76 to 81) show that the free jet temperatures
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do in fact decrease with z when Vy = 4O V and vy = 100 V.,

However, the trend is not the same for V; = 70 V and the minimum
indicated free jet temperature corresponds to a value of z = 2 cm with
d =2.,5 cn and not z = 3.5 em with d = 4 cm as might be expected., It
can be seen that there are U competing effects, the relative
significance of which are not known.

(1) Rediative heat transfer to the free jet thermo-couples.

(2) Convective heat transfer from the free jets to their thermo-
couples.

(3) Radiative heat transfer to the orifice plate.
(L) WIS jet convective heat transfer to the orifice plate.

The effect of (3) and (4) would be to pre-heat the free jet air
since it must pass over the orifice plate before emerging.

An examination of scans 32, 37 and 42 in Figs. 76, 77 and T8 with
Vg = 100 V, 70 V and 4O V respectively and d = 2.5 cm shows that the
well defined WIS jet peaks have disappeared and given way to a
flatter temperature profile extending throughout the regions between
the free jets. Note a significant temperature differential still
exists between the small and large WIS jets. The variation in
temperature across the region correspondong to the large WIS jets is
very small., This disappearance of the WIS jet pesk is probably a result of
efficient mixing due to high turbulence in the WIS jet and its surrounds.,
The seme effect is observed in scans 62, 67 end 72 (see Figs.T9, 80, 81)
with respective V, values of 100 V, 70 V, end 40 V but with d = 4 em,
In this latter case, however, temperature turbulence is somewhat
higher,

It has been indicated that the temperature of the thermo-couple

bead is a function of both radiative and convective heat transfer
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coefficients. This latter, it has been seen, increases with flow
velocity, as well as the degree of turbulence. liow both of these vary
with z and thus so also will the convective heat transfer coefficient.
It is possible, therefore, that the highest value of thermo-couple
temperature need not necessarily correspond to the smallest value of
z. Since the convective heat transfer coefficient is generally lower
for the VB = L0 V scans the significance of radiative heat transfer for
these low velocities will be most pronounced.

An inspection of the scans 12 and 42 in Figs. 75 and T8
with VB = 40 V shows that the average thermo-couple temperature between
Jy and J, (including the large WIS jet) is considerably higher for the
d = 2.5 cm scan than for the d = 1 ecm scan although the maximum, WIS
jet, temperatures differ very little, This may be due to a fall off
with z of average convective heat transfer coefficient resulting in an
enhanced radietion significance for the larger value of z. The average
temperature of the thermo-couple between Jp and JC decreases as d
increases further. This is probably due to the fact that the
significance of entrainment cooling increases with d resulting in a
reduced WIS jet temperature and hence thermo-couple temperature.

Apart from acquiring a Tlatter temperature profile the average
temperature in the small WIS jet (i.e. between JA and JB) for
Vg = 4O V varies little with d (and hence z). (See scans in the =z
direction later.) This may be due to the fact that the average
turbulence intensity and mean velocity are a little higher between
JA and J than between Jy and J,, thus the significance of radiation
for a given d and z will be slightly lower for the former case than
the latter. As d (and hence z) increases the relative average

radiative contribution will probably increase. There is, of course,
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an opposing mechanism resulting from entrainment cooling which could
conceivably balance this radiation effect.

Mn examination of scans T, 37 end 67 with vV, = 70 V and scans 1, 32
and 62 with V, = 100 V (in Tigs. T4, 77 and 80) shov similar variations
vith d as the 4O V scans with the suppression of the well defined peaks
for velues of d > 1 cm. The radiative contribution will of course be
less significant with these higher velocities, perticularly, for the

V, = 100 V scans. This is partly reflected in the overall reduced

B

levels in these higher velocity scans.

The Tempersture Gradients in the WIS Jets

It is clear that in order to successfully exploit any of the above
characteristies in temperature measurement, certain criteria nust be
met. An examination of scans for which d = 1 em (2 = 0.5 cm) indicate
very large terperature gradients in the vicinity of the peaks, This
would meke thermo-couple location very critical. For this reason
therefore, it would be appropriate when exploiting these characteristics
in temperature measurement to employ values of d greater than about 2 cm.

On the other hend, for velues of d approaching 4 cm a certain
amount of temperature turbulence appears. This latter may be removed

with an appropriate smoothing circuit at the expense of response time.

VERTICAL SCANS

Introduction

These scans were performed in the vertical plene, i.e. the
plane normal to the horizontal plane and perallel to the free jet
axes. Reglons with small values of temperature gradient in the x

direction, were desirable for the WIS jet thermo-couple locations.
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It was found from the set of exploratory horizontal scans that x
locaticns of 1l.4 cm and 5.6 cm represented regions of low temperature
gradient in the large and small WIS jets respectively. Unfortunately
exceptions to these low temperature gradient x locations were found
for scans with 4 = 1 em for which the WIS jet peaks were relatively
narrov,

For a given value of d and Vg three pairs of scans are
presented in the vertical scan dicgrams. The left-hand scans
correspond to the small WIS jet and the right-hand scans to the large
WIS jet. Three scans with progressively higher free jet temperatures
are indicated for each WIS jet, the scans at the foot of the page
corresponding to 'unheated' free jets and those at the top the

(2 surduce eep))
highest free jet temperaturesn Those in the middle had free jet
temperatures lying between these two extremes. In a later section a
number of temperature dependent parameters will be generated the data
for vhich will be drawn from the vertical scans (a few examples of
wvihich will be shown in this section).

Eelationships between these parameters and surface temperature
will be derived and it will be appropriate, in these cases, to
distinguish between the surface temperature corresponding to scans in
the small WIS jet and that corresponding to scans in the large WIS jet.
To be consistent, therefore, with the nomenclature to be used in these
later sections the following definitions of surface temperature will be
adopted in this section®*:-

PS = time mean surface temperature corresponding to vertical
scans in the small WIS jet.

¥  Certain other definitions of surface temperature will emerge in the
later sections but it would be inappropriate to introduce them at this
stage.
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PL = time mean surface temperature correspending to vertical
scans in the large WIS jet.

These new definitions will replace 'Ts' used in the horizontal scans.

Each scan was performed in an upward direction, from y = O cm to y =

10 cm and a downward direction, fromy = 10 en to y = O cm, giving a
scan range of 10 cm in each direction. This range is defined by the
vertical broken lines. The scan speed was 2 mm per sec. so the time
to perform o unidirectional scan was 50 sec.

Consider first the scans for which 4@ = 1.1 cm shown in Figs. 82,
83 and 8L with respective V, values of 40, 70, and 100 V.

For the unheated free jets corresponding to scans 954 and 579
for Vg = 4o vV, 729 and 354 for V; = 70 V and 604 end 229 for V, = 100 V
there exists o positive value of temperature gradient %. As was
predicted in the theory this 'gradient' is steeper for the small WIS
jets. However, for both the small ond large WIS jets % increases
with Vg implying that if a temperature dependent parameter based

upon % were exploited V, = 100 V would be the nost sensitive., This

dy B
is due to the higher temperature differential between the WIS jet and
surface at the start of the scan when these higher free jet velocities
are used.

As the free jet temperatures are increased, this gradient
diminishes as a result of the reduced temperature differential between
the surface and the free jets. When the free jet temperature is
close to that of the surface then the average value of %-5}_'1-‘ becomes
negative. It is seen that an interpolation between the middle and
highest free jet temperatures would reveal a %I-I; = 0 at a free jet
temperature less than the surface temperature, i.e. a "premature

balence' exists, the causes of which have been dealt with in the

theory section.,
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It is interesting to note that the error in balance, i.e. the

difference between the free jet tempersture when-%% = 0 and the surface
temperature diminishes as VB increases.

An examination of scans for which d = 2.6 em in Figs. 85, 86 and 87
shows a similar trend to those for which d = 1.1 cm except that
corresponding average values of %% are a little lower and the error in
balance greater. In scan 533, however, %-3- seems unexpectedly high,

The above trends persist for the d = 4.1 cm scans in Figs. 68 to 90
but with corresponding values of %g-further reduced and errors in
balance larger.

In general for the unheated free jets %g remains positive but
decreases with d, with the exception of the large WIS jet (scan 479) with

m

d = 4.1 e and Vy = 4O V where ggvbecomes slightly nepative.

As the free jet temperatures and d increase the significance of
turbulent mixing with cooler air in the immediate environment,
increases resulting in the erratic temperature profiles associeated
with the heated free jets for large values of d, The small WIS jets
appeer to be more susceptible to turbulent mixing effects. This is
probably due to the fact that they have a higher turbulenceintensity
than the corresponding larsge WIS jet.,

An examination of the large WIS jet scans (40L, 45k, 529 in
Figs. 86, 89 and 85 respectively shows that as y increases from
0 to 10 cm the temperature profile passes through a minimum before it
starts to climb, The temperature of the thermo-couple in the WIS jet
is a function of a number of competing mechanisms including:

(1) The convective heat transfer coefficient.

(2) The temperature differential between the WIS jet and the
surrounding air.

(3) Radiative heat transfer coefficient.
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This temperature minimum is most pronounced for the lowest free
Jet velocity for which any variation in convective heat transfer
coefficient is likely to have the greatest effect. As y increases the
WIS jet velocity decreases and the jet becomes more susceptible to
cooling by turbulent mixing with the surrounding air. At the same
time the convective heat transfer coefficient will decresse giving rise
to increased radiation effects which will tend to oppose the above
turbulent cooling effects. There will of course be heat transfer from
the surface to the WIS jet which will augment any radiative heat
transfer from the surface. It is conceivable that the relative
significance of the above mechanisms will very in such a way as to
give rise to the observed temperature minimum.

Note the small WIS jets seem less vulnerable to this effect as do
the large WIS jets for which vﬁ = 100 V. This may be partly due to the
lowver overall temperatures associated with the small WIS jets and the
large ones, for which VB = 100 V, which could reduce the significeance

of entrainment cooling.

SCANS TO SHOW THE VARIATION OF TEMPERATURE WITH z IN THE FREE JETS AND
WIS JETS

Introduction

Although these scans were performed for values of d = 4,1 em,
2.6 cm and 1.6 cm only those for which d = 4,1 cm will be presented
here, since for this value the effects of jet cooling due to
turbulent mixing with the surrounding air will be most pronounced.
Since none of the temperature dependent parameters to be examined in
later sections drew data from these z scans the original definition

of surface temperature, T,, will be used throughout this section.



The thermo-couple bead was displaced from z =5 mn to z = 35 mn
giving a renge of 30 mm, the scon time being 65 sec. (Scans were

performed in both directions, i.e. z = 5 mn > 35 mm and z = 35 mn > 5

but only the latter have been presented.)

Heatad Free Jets

Figs. 91 and 92 show variations of temperature with z along
thie axes of the free jets. IHote since z is neasured from 5 (the hot
surface) z = 5 mm lies on the right-hand end of the abscissa end
z = 35 mm on the left-hand end.

It can be seen thet the attenuation along the free jets as z
decreases (i.e. as S is epproached) is highest for scens 17z, 17z and
19¢ in Mig. 91 for wihich Vj = LO V and vecomes progressively lower
for increasing free jet velocities, the minimum attenuctions ccrres onding
to V3 = 100 V, sce Fig. 92.

It moy also be seen that the centre free jet corresponding to
scans 3z (?3 = 100 V) 103(\{B = 70 V) and 17z UQ;= LO V) underzcees less
ttenuaticn than the corresponding outer free jets. This is due to the
Tfect that they are furthest from the periphery of the orifice plate
and also have & lower turbulence intensity thon the outer jets, The
effect of the sbove is thet the turbulent mixing efficiency is lover
and in any event any mixing which does oceur will be from regions of
generally higher temperature. In contrast the higher turbulence
intensity,particularly on the outer edge of the outer free jets
togother with the cooler air temperatures in these regions,result in
higher attenuctions of these latter. This turbulence intensity
incrceses as z decreeses (for o riven d). This is reflected in the

. ; aif &
increased temperature rradient, L for snnll values of 4.
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T

IS Jets (with neated free jJets at teuperstures close to TS)

The horizontal, x, locations were the same =3 those used for the
vertical scans., Two values of y were selected ocne with y=C cm lying in
the horizontal plane and the other with y = 5 cm. £Ls with the free
jets, scoans were performed in both directions, i.e. 2 =5 mn » 35 mm
and z = 35 mm > 5 mm but only the latter have been indicated here since
they are rcpresentative of either direction, Figs. 93 and 94
show the variation of temperature with z in the smell VIO jet for the
VB = 100 V, 7O V and 40 V scans and y = O cm and 5 cm. In these VIS
jet scans the slope of course is in the opposite direction to that of
the free jets since the WIS jets originate at S vhereas the frse jets

originete at the orifice plate.

The Small WIS Jet

Scans 2z (VB

"igs. 93 and 9%  for which y = O cm show that the attenuation is

= 100 V), 9z (‘IB = 70 V) and 16z (V; = 4O V) in

inverscly proportional to Vh. Note, becsuse the VIS jets lie away
fron the neriphery of the orifice plate, although they are
characterized by hign turbulence intensities because the air in the
immediate surrounds is considerably hisher than ambient, the cooling
of these jets is not as high as may be expectcd (these surrounds of
course include the heated fres jets themselves for y = 0 cm).

The general trend appropriate to the y = O om scans nlso opplies
to the y = 5 cm scans. In this latter case the jet has become
brocder, ond its turbulence intensity decreased. As a result, although
the heated free jets no longer lie in the immediate environment
the turbulent mixing efficiency of the WIS jets will be lower, It can
be seen that scan 16z (VB = 40 V, v = 0 en) undergoes & litile more

attenuation than scan 2lz (VB =40V, y =5 cn).



179

8ol eaxy pPegeoy JI0OF UOT3O9ITP

2y weog

Uz
S 0l S¢
0°L E
0°8—+
s
AW 08°6 = |
wg= 4
0°6
AU
2 ), ueog
uw 2
5 0 e
§°L -
i s
AU CL°6 = |
wg= £
0°6
e

Z ~y3 ur su=os eanjeagadus) 3ol SIM TreRWS ° *ITd
Z§ UBOg
wuW Z
S 174 gt
. =
oA oy B
AL = m>
s
AV BL°6 = |
wg= £
Zg ueog
u 2z
G 02 Gt
W [°y=p T
a0l = 5

A® 8L°6 =
u Q=

1
A

:\\11\1:\1\\\t\1:rt\1\:|;[|\Jf;}r;ﬂ\:r||||:|11r||t\i

0°6
AU

0°6
AU



180

s30f 9047 DPOIEOY JOJ UOTLOSITD Z oYl UT Sueos eanyeredwel 2ol SIM TTRWS °*76 °*ord

uz

o

w

Z2Tg ueog Z91 ueog
u z
cw. Gt q 0Z GE
J g*g
uw "4 =p -
10% = &
s

AR 06°6 = | AU £6°6 = mh

w g= £ w g = 4
g'e

=

==

AY



181

The Large WIS Jet

The behaviour of these jets is similar to that of the small WIS
jet with temperature attenuation decreasing as Vg increases for both
y=0cmand vy =5 cm (see Figs. 95 and 96). There appears to be
a slightly higher temperature turbulence associated with the large
WIS jet however.

For these heated free jet scans where the free jet temperature
is close to T, there is little heat transfer from S to the wall jets,
However, because the wall jets corresponding to the large WIS jet move
further before impingement than those corresponding to the small VIS
jet, the cooling effect of turbulent mixing in the outer layers of
the wall jet becomes more significant for the large WIS jet than the

small one. The effect is hardly noticeble for the VB = TO V end

100 V scans but is easily detectable for the Vj = 40 V scans.
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CHAPTER 8

THE TEMPERATURE DEPENDENT PARAMETERS

It has been shown in the theory that = device may employ 2 or 3
free jets, which moy be either heated or unheated and air temperature
neasurements may be made in either the vertical or horizontal planes,
or in some cases both. It is the purpose of this section tc derive
tenperature dependent parameters appropriate to each of the above modes
of operation.

Fig. 97 shows the general form of temperature scan in the
horizontal plane parallel to the surface S. A, B and C represent the
free jet temperatures corresponding to free jets JA' JB and JC
respectively, measured close to their respective axes and orifices.

D and E represent the small and large WIS jet temperatures respectively
measured at the x locations employed forscans in the y and z directions.

Figs. 90 end 99 represent typical vertical, y, scans (i.e. scans
for fixed values of x and z but varisble y), for the small and large
WIS jets respectively.

In Figs. 98 and 99 the upward scan involves moving the thermo-
couple bead fromy = O em to y = 10 en (the vertical range) and the
downward scen moving the bead from y = 10 cm back to y = O em. The
various symbols in these Figures represent temperatures or temperature
differences at/or between the locations indicated.

Definitions of these symbols will now be given.,

Small WIS Jet

Dl = WIS jet temperature at y = 0 cm at start of upward scan.

32 = WIS jet temperature at y = 0 cm at end of downward scan.
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VA = WIS jet temperature at y = 5 cm at the midpoint of the
upwvard scan.

VAQ = WIS jet temperature at y = 5 cm at the midpoint of the
downward scan.

Large WIS Jet

at start of upward scan.

‘;
8

E1 = WIS jet temperature at y

E WIS jet temperature at y = O cm at end of downward scean.

2

vP1
vo2

cm at the midpoint of the

"
wn

WIS jet temperature at y
upward scan.

WIS jet temperature at y = 5 cm at the midpoint of the
downward scan.

It can be seen from Figs., 97-99 that Dl and D2 correspond to D and El
and E2 correspond to E., Thus any temperature dependent parameters
genereted from the horizontal scans and using the above temperatures
(i.e. E or D or both) could equally well have been generated from the
vertical scans (with E replaced by E;:fg and D replaced by El:Eg)
together with the corresponding valueg of free jet temperaturz where
approorisate.

To avoid repetition, therefore, although temperature dependent
parameters were generated using data from the horizontal scans they
will not be presented in this thesis, It is helpful however, to
derive the pgeneral form of these parameters in order to demonstrete
the similarities between these and the equivalent ones generated from
the vertical scans.

The last two Chapters indicated the origin of the variables from
which the temperature dependent parameters will be derived, Since the
temperature of a WIS jet is a function of both the temperature of

the surfece over which the constituent wall jets flow, and the

corresponding free jet temperatures, it is appropriate to take these
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latter into consideration when deriving the temperature dependent

parameters.

PARAMETERS ASSOCIATED WITH SCANS IN THE HORIZONTAL PLANE

Using the nomenclature in Fig. 97 the parameter associated with
the small WIS jet is:

A+B  _
D‘- i HGS l.ll....n..ll..ll'....llll.ll....lll..-lll..(69)

2

and that associsted with the large WIS jet is:

E - -3-' = HBL lllli..'l.'.l.ll.l-ll..l.lla....lit....l.ll.(TO)

combining (69) and (70)

HGL - HGS = HB(L—S) ..-noununol-o-o..o-no-on-c.-o-to-o.-tl..(Tl)

+ C-J‘x - F -

> nl.ll!.'..l.tll.l...ll..........(TL)

or E=-D= He(L—S)

note, if C-A approaches zero, i.e. JC and JA have the same
temperature then:

F approaches HB(LFS)

Thus any difference between (71) and (72) will arise from a

differential outer free jet temperature.

PARAMETERS ASSOCIATED WITH SCANS IN THE VERTICAL PLANE

Using the nomencleture in Figs. 98 and 99 the following parameter

definitions follow:

For the Small WIS Jet:

(VA1 = D,) + (gfg_f De) ;o R R P
2




(D +D2)-(A+B)

2

and 1

Ves LA R R R N N NN (Th)

=

For the Large WIS Jet:

(vBl-El) +(VB2-E2) T ..l......l.....l......ll..'l (Ts)
5 = VL
(E1+E2) -(B+C) P e LR N I N I I Y I R e {76)
= V'L
2
For Both WIS Jets:
VTS_VTL=VT(S-L) (R N N N NN N N N NN ) (TT)

vaL-vas .va(Il-s) LA AR N N N N N N N NN (78)

)

E :
( 2 - F(l+2) LR LB L B B B B B B B B O B kT9)

+ Eg) - (Dl +D
2

1

llote A A= (

then VB(L—S) = F(l"’E) N N N R R R R R R R R (GO)

Parameters Associated with the Test Surface Temperature

Although the temperature of S has been measured with respect to
ambient temperature, it is appropriate when deriving relationships
between WIS jet temperature dependent parameters involving unheated
free jets and surface temperature to relate the surface temperature
to the corresponding free jet temperatures. (Note: for the zero net
heat transfer studies using heated free jets the surface temperatures
will be related to ambient, i.e. recorder zero.) The general form of
this modified surface temperature will be denoted by Tmod' The specific

forms of Tmod will be indicated below,

Surface Temperature lleasurement Corresponding to Small WIS Jet Scans

PS = measured time mean temperasture of S w.r.t. ambient thus the

surface temperature w.r.t. that of the corresponding free jets Jq and JB
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is defined by:
AC o+ BC
2

PSAﬁ + IJS 5

R R I AR B B R A S U U B N B A BB L (61)

where A, and 8, are the temperatures of the free jets vhen the latter
are unheated., (Note: in the case of scans in the horizontal plane

which employ unheated free jets throughout A, = A and BC = B,)

Surface Temperature 'leasurement Corresponding to the Large VIS Jet Scans

PL = peasured time mean temperature of 8 w.r.t. ambient thus the

surfoce temperature w.r.t. that of the corresponding free jets JB and

Jg is defined by:

3 B, + C
PLBC = PL - c C R A N R (02)

e

where the subscript C has the same significance as above,

I'or relationships between temperature dependent paraneters
involving both WIS jets and surface temperature it is appropriate
to use the following definition of surface temperature:

A, + B #C

I:,’:;LI‘C=PS.{J- c C C IR N T T O A A (G3)

3
: Po 4P o
waere F" = 5 L s E et s eEs I Bt eSS s ENERBINNANENOEIRBERAEERISE £d4)

=L )

In practice the values oi A, B and ¢, corresponding to unheated
P ] » T

free jets, i.e. AC' B, snd C, are only = little higher than ambient

iJ C
tempernture, so the new definitions of surface temperature will be a
little lover than those for which ambient temperature is used as a

reference,

HORVALIZATION OF TE!PUDATURE DEPENDENT PARAITITRRS

Ta this section the surfece temperature w.r,t. ambient will be

denoted by P but will be representative of PL' P, and PSL'



In deriving a relationship between the temperature dependent
parameters and free jet temperature, it was desirable to keep VB' d
and P constant throughout the range of free jet temperatures selected.
This latter consisted of five levels ranging from a little above
ambient to approx. P. No difficulty was encountered in fixing Vg
and d, but it was found that P was influenced a little by the free jets,
particularly for the lowest temperatures of these latter. This
perturbation of P by the free jets could be eliminated by an
appropriate adjustment of the heaters in S, but due to the high thermal
capacity (and hence thermsl inertia) of S this was found to be a very
time consuming and tedious procedure. It was therefore decided to
accept these small variations in P and normalize the temperature
dependent parameter to the maximum within each set of five.

Normalization Procedure for Plots of Temperature Dependent Parameter
vs Corresponding Free Jet Temperature

Let all terperature dependent parameters be normalized to the
maxirur surface temperature Pm in each set of five.

Since the size of each temperature dependent parameter is
proportional to the temperature difference between the corresponding
free jets and the surface temperature it is appropriate to adopt the
following procedure.

Let the temperature dependent parameter be X units corresponding
to the smnll WIS jet with free jets J, and Jge

Then the value of X when normalized from P to PP will be given

A+B
Pm_(E

X ........'......I..‘..l........l..I...I.....l.-(85)

ro- (2R
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(85) becomes Pm

X @ 8 8 98 888 EEE S AR AE R N R AR e (86)

The normalized temperature dependent parameter corresponding to

the large WIS jet with free jets J, and JC ise

B

B+C
Pm.- ( 2

PLaC

% | nhsakveansensdaniecushanassnesseseses Lo

and for both WIS jets with free jets Jps Jg end JC the normelized

temperature dependent parameter is:

S A+B+C
m 3

PABC

X L R I O I A I A I I A O B AN A ) (88)

llote: (86) is appropriate to yTg and 0

and _.©

(87) is appropriate to VL voL

(88) is appropriate to v (5-L) Ve(L-S) and F(]_+2)
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CHAPTER 9

THE RELATIONSHIPS BETWEEN TEMPERATURE DEPENDENT PARAMETERS X AND THE

MODIFIED SURFACE TEMPERATURE Tmo a USING UNHEATED FREE JETS

Having derived the different forms of X and Tmo s the variations

d

a for different values of VB end d will now be examined.

Linear best fit plots involving these parameters and employing data

of X with T
mo

derived from the temperature scans in the vertical, y, direction will

be examined in the following sections,

LINEAR BEST FIT PLOTS OF VB AND .8, Vs Tmo

L Vs d

Before desling with the individual curves in detail it is
helpful to discuss & few relevant characteristics common to many of
then., This will assist in assessing the significance of certain
variables relating to these curves. Some of the comments emerging
from this section will epply in later sections where other temperature
dependent parameters are involved.

An inspection of Figs.l00 to 102 will indicate that there are
two characteristies common to all plots in this set,

(1) There is a variation of %%- with d.
mod

(2) The interception of all lines on the T o axis corresponds

to aTmod> 0.

d

The following section will suggest mechanisms which may be
responsible for these effects. Fig.l03 shows a typical plot of

X vs lmod'
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(= 7,7

o
T

Tmad (-P -TJ]

Fig. 103, Typical plot of X vs Tmod

Let TA represent the WIS jet temperature and TJ represent some
appropriate average free jet temperature, both measured w.r.t. ambient.,

For example, consider the large VIS jet temperature dependent parcmeter

arpropriate tc messurements in the horizontal plane, i.e, X = _6_ then:

i V L
v, 1'% and x. = 5¢*%
4 2 2
f w *
thus in this case X =T, -« T, = Bl+“2 J'C"'CC
] 3% J ) -
2 2
end Lood P - Ty
B _+C
B e
L 2!
* Prac

Uadiotion Effects

it T, 2 Ty then P will be greater than T; end P > T, This
letter strterent is true becsuse for T, to be > T, heat nust have

been trensferred from S to the wall jets before the latter impinge.
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In generel, for finite surface dimensions the wall jet will never
reach P end on leaving S, in the form of a WIS jet, it is likely to
undergo attenuation as has been indicated earlier.

Now in general the convective heat transfer coefficients
associated with the thermo-couple in the free jets will be greater than
if it were in the WIS jets because the velocity of the former is
greater than that of the latter. Thus eny radiation effects will be
more pronounced in the WIS jet than the free jet.

If it is assumed that ?A has a greater radiation

contribution than TJ then X will be greater than it would have

been had radiation effects been absent, thus %%— will be
mod

correspondingly larger,

It has been seen that the significance of radiastion depends on
the convective heat transfer coefficient which is a function of flow
velocity and turbulence intensity.

As d increases the convective heat transfer coefficient associated
with the thermo-couple in the WIS jet will probably decrease, (see
velocity scans earlier) for a given (d - z), i.e. thermo-couple
displacement from the orifice plate. This radiation effect will be
greater for this reason. However, a competing effect exists. As d is
increased the radiation leakage from between the plates is increased.
Note, the convective heat transfer coefficient associated with the
thermo-couple in the free jets will remain constant except maybe
for very smeall values of d where the thermo.couple could possibly lie
in a partial stagnation region, giving rise to increased radiation
effects in the free jets. However, for small values of d the WIS jet
thermo~couple may also lie in a region of partial stagnation, so the

enhanced free jet radiation contribution would conceivably be
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compensated for to a certain extent in the temperature dependent

parameter (X)., It would still exist, however, in Tooq &0d its

effects here would be to reduce P = TJ due to an inecrease in TJ. This

agein would result in an increased value of g%— .
mod

It can be seen, therefore, that there are two competing radiation
effects, both of which vary with d in an opposite sense.
Another effect of radiation is to make the plot of X versus

T non-linear the value of & inereasing with X, A linear best
nod dTmod
fit line would, under these circumstances, intercept the Tmod axis at

some polnt tc the right of the origin where Tmo is positive.

d

It is seen from the above comments therefore, that as far as
radiation effects are concerned, no simple trend is likely to exist
between both the slope and point of interception on the Thod axis and
d.

The Significance of Attenuation Along the WIS Jets

Consider the situation when X = 0 (i.e. TA = TJ for VGL and Ves),

(see the +ve intercept on the T

then P will be grester than T
mod

J
axis). As well as the above radiation effects this may be explained
as follows:

It has been observed that the free jet tempersture is & little
above ambient and this is probably due to the interaction of the
heated WIS jet with the orifice plate together with radiation from S.
Thus since ?J < P the WIS jet close to S will be hotter than T& but
will cool as it moves away from S. It is conceivable, therefore,
that the WIS jet will have cooled to a temperature equal to TJ by the

time it reaches the measuring thermo-couple.

Note if the free jet were at ambient and P was greater than
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ambient then the equality between the free and VIS jet temperatures
could not have arisen from the WIS jet attenuation effect described
above since the WIS jet could not have cooled to ambient within the
spatial limits involved in these experiments.

It was noted above that preheating of the free jets could have
arisen partly from rediative heat transfer from S to P . Since the
erea of the latter is very much greater than that of the thermo-courle
beads and the relative significance of radiative heat transfer
increases with aren it is possible that this preheating could have
taken place in the absence of any significant radiative heat transfer
to the thermo-couples,

For higher values of P the WIS jet temperature will be higher
and will undergo correspondingly greater attenuation. The net
effect of this is to make X lower than it would have been had
attenuation not been present. Thus the effect of attenuation is to
oppose that of radiastion (which itself will be more significant for

: 0% dX
tuese higher values of P) and tend to reduce — .

dT
mod
The effect of increasing d will be to increase the WIS jet
attenuation for a given P, and hence reduce %%? still further.
nod
Having discussed the possible causes of variations of %E

nod
with d and Trod (for X = 0) with d, & closer examination of the

individuel curves involving v9, end Ves in Figs,1l00 to 102 will
now ve nade.

In all cases the best fit line has the highest value of~%§
vhen 4 = 1.1 em, It has been seen that a nunber of radiation e
effects exist and the relative significance of each is not known,

However, it can be said that as d increases the significance of

WIS jet cooling due to entrainment of ccoler surrounding air will
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Ar

increase the effect of which will be to reduce the value of =
“mod
Thus the high value of‘éﬁ? is probably due to the fact that these
mod

entreinment effects will be least significant for these small values

of d. Radiation, although increasing ﬁ%? is likely to have 2
mod
different significance for different values of d, and V., and will be

partially responsible for the somewhat unpredicteble variation of

%XT- with 4 for values of d greater than 1.l cm.
mod

The Influence of Free Jet Velocity on %%?
mod

In general the best fit lines are steepest for VB = 4O V for a
given temperature dependent parameter.

(45) for flow velocities up to 250 ft/sec. that

Perry has shown
for flow parallel to the surface (i.e. a free jet impingement angle
of 0°) Nu = UO"3 end for flow perpendicular to the surface (i.c. =

0.7 where Nu is the Nusselt

free jet impingement angle of 90°) Nu « U
nurber - a dimensionless convective heat transfer coefficient.

llow the temperature of the air will be proportional to the time
it hes been exposed to the surface and this time will vary inversely
as the flow velocity but at a greater rate than the convective hest
transfer coefficient. Thus, as has been indicated earlier, the net
effect of the above is to cause the air temperature to increase with
decreasing velocity resulting in the steepest value af%%;md for the
lowest free jet velocity, Vg, = Lo v. .

It has been seen that the lower velocities are most vulnerable
to radiantion, thus assuming the radiation to be more significent for
the WIS jet than the free jet, the curves for V, = 4O V will have a
greater radietion contribution than the higher velocity ones, the

L)

effect of which will be to increase-af .
moa



201

It is seen that those curves involving the small WIS jet are in
general not as steep as those involving the large WIS jet, This follows
directly from the fact that the wall jets corresponding to the large
WIS jet move a greater distance from their origins (free jet axes)
than the wall jets corresponding to the smell WIS jet, thus the
temperature of the former will in general be higher for a given surface

temperature P.

LINEAR BEST FIT PLOTS OF VB(L-S) AND F(l+2) VERSUS Tmod

Both these temperature dependent parameters involve three free
jets and WIS jet temperature measurements in the horizontal plane.

Fig. 104 corresponds to and Fig. 105 corresponds to F(

VG(L-S) 1+2)°

If the free jet temperatures A and C are equal then the two
parameters should be identical,but any difference between A and C will
be manifest in a difference between VB(L—S) and F(l+2) for a given vy
and d.

Comparison between the VB = 100 V plots show them to be very
similar. However, the similarity is less for the 7O V and LO V plots.
This is probably due to a2 small difference in convective heat transfer
and J

coefficient between J resulting from a small difference

A c
between both mean and turbulent components of velocity in these free
jets. Note, these effects will increase in significance as the jet

velocities decreases due to the corresponding increased significance

of radiative heat transfer coefficient.

Radiation Effects

One of the radiation effects in scans involving two free jets
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resulted from different relative contributions to the free and WIS jets
however these effects should be very much smaller for the three free jet
systems.

It is seen in the velocity studies that in general the small WIS
jet hes e slightly higher velocity and turbulence intensity than the
corresponding lerge one. Thus the convective heat transfer coefficient
for the small WIS jet will be slightly higher. The effect of this
will be to make the relative radiation contribution to the thermo-
couple in the large WIS jet slightly higher than that in the small
WIS jet, resulting in a slight rediation contribution to %ﬁr the

mod
effect being to incresse this gradient.

Attenuation Effects in the Three TFree Jet Systems

As for radiation, the effect of attenuetion should be lower than
when two free jets are used since the tempereture dependent paremeter
involves the difference between the sttenuations in the large and
small VIS jets. This should be reflected in an intercept on the Tmod

cxis closer to the origin which is indeed the case for most of the

lines, The spread in %%- for the three free jet paremeters is less
mod

then for the two free jet ones, as would be expected. However, the
relative spread in each set of 5 (i.e. the spread divided by the
corresponding meen of each set) does not vary nuch between VS(L-S)'
F(l+2) and (6, However, VE}S,indicates a slightly higher relative
spread than the others.

Teble 4o shows the residuel standard deviation RSD on T od for
the linear best fit plots discussed so fan In this Table, all values
of d are expressed in terms of cm. The values of RSD are expressed

in thermel e.m.f. in units of 10-3 mV.
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TABLE bo.

RESIDUAL STANDARD DEVIATIONS ON Tnod FOR
MELSUREMENTS MADE IN THE HORIZONTAL PLANI

Vy =100 V 1a=1,1g=1.85/d=2.6 d=3.35£=h.1
| voL 247 87 | 161 { 394 ?3234
By ] 295 17531 8391, 102 [ 619 |

v°(1-5) 468 f 450 L 454 ? 383 | 519 |

Fli,p) | 314 | 287 | 337 | 43L | 569 |

Vg = 70V |asl.lla=1.05a=2.6/4=3.350sk 1
L 439 | 264 | 360 444 | 300

] i
Bs | 397 | 402 | 890 ' 899 | 776

| |
> [ (=9 i {rj : ! | =
VG(L-—S) l 594 261 ‘ 204 . 630 | 505

| Traaz) | 674} 135 | 336 | 515 | 439

Vy =40V d=l.lh=1.85 =2.6/a=3.35/a=k .1
voL 2%? 254 | 205 ! 249 | 300
3 £ 3 1
. b 217 | 490 | 367 | 113 | 526
| 70 (-s) 284 i 134 | 340 | 519 | 227

555 | 236 | 280 | 653 | 244

1

f Fliv2)

411 velues of d are in cm.

A11 E.B.0'% ‘are in onitha of 10 > mV.
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There seens to be no strong correlation between residual
standard deviastion and eny of the related purameters such as X, Vg
and d. TFig.l06 shows the experimental points only for vy Vs Fpe
ITfote in this Figure the surface temperature has been relaved to
ambient and not the unheated free jets as for the other plots
discussed so far in this section, WNevertheless it will be

representative of a plot of SL vs P.. A comparison between

v 1742 e
Pipg. 106 and Table 4o will give some idea of the degree of
scatter of the experimentcl points about the corresponding linesr best
fit plots. The cause of the above scatter is not certain but nay de
related to the "temperature turbulence' associated with the tempersture
scans, see Tigs.107 to 112. These Figures show the tenperature
turbulence in the lerge WIS jet with d = 4.1 em, z = 3.5 cn and
y = 0 cm. Two plots are indicated for esach value of VB' The upper
corresponds to the unintegrated signal from the thermo~-couple snd the
lower to the corresponding integreted signel with a T.C. of @35 sec.
It can be seen that the lowest free jet velocity Ve 4O V is mest
vulnerscble to this tenperature turbulence ond the integrated signal
shows that it is feirly long ternm in this case.

These random temperature varistions could be pertly responsible
for creating the somevhat unpredictable varietions of‘%%T with d

“mod
in some of the scans discussed.

TIHNE! BEST FIT A NT 2 T
LINEAR BEST FIT PLOTS OF vTL AND v's VERSUS Tod

An exanination of Figs.113 to 115 indicates a much greater spread

in %%; then existed in any of the best fit plots involving
mod
measurenents in the horizontal plane.
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These plots give a slightly more predicteble variation of %
mod
with d with the d = 4,1 cn plot having the smallest slope (which

-

in fact is negative in some cases). The largest value of %—%
mod

corresponds to either d = 1.1 cm or & = 1.85 cm. For v'L with

Vg = TO V the trend is not quite as would be expected since here the
d = 1.1 cn plot has a smaller gradient than both the d = 1.85 cm end
d = 2.6 cn plots.

An stterpt to explain these observetions will now be made,

Radiation Effects

The velocity scans for which d = 4.0 cm and z = 3.5 cm in

Fig. 67 (VB

Figs. 54 and €5 (vB = 70 V) and Figs. 57 and 66 (vb = 40 V) are

= 100 V, 70 V and 40 V), Figs. 51 and 64 (V= 100 V),

b
indicative of a reduction in convective heat transfer coefficient
with increasing y for a given free. jet velocity Vye Although the
above curves relate to d = 4 cm the trend persists for smallecr

vaelues of d.

The net effect of these velocity characteristics is to make the
thermo-couple &t v = 5 cm more vulnersble to radiation incident wupon
it than when it is at y = O cm. However, the actual radiation flux
intercepted by the thermo-couple ot y = 5 cm will be less than that
at y = 0 cm, due to the geometry cf the system, thus this geometrical
rediation effect will oppose the former. The geometrical effect will
of course be highest for @ = 4.l cm and will diminish with decreasing
d (i.e., the radistion leakage will increase with d).

The convective heat transfer coefficient will be snallest for
the largest values of d (for a given velue of y) since the rmean

velocity and turbulence intensity are smellest for this value. This
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will result in an increased radiation significence for a given
radiation flux density. aAny radiation effects will increase as Vg
decreases since the mean velocity and turbulence intensities decrease
with VB resulting in a decreased convective heat transfer coefficient.

It is seen, therefore, that as far as the temperature dependent
parameter is concerned, its size will depend upon the relative
significance of the convective and geometrical radiation effects.
Radiation effects associated with the thermo-couple in the free jets
will only exist in the modified surface temperatures Tmod,.their

result being to steepen the curves %ﬁ; » since they will reduce the
mod

size of Tmod'

The Results of Turbulent Mixing in the WIS Jet

The fairly high turbulence intensities associated with the WIS
jet will have two effects. (liote this is reflected in & broadening
of the jet as y and d increase.)

(1) It will tend to reduce any temperature gradients especially
alonz the y direction.

(2) Because the jet extends to the periphery of the orifice plate
where the surrounding air is cooler, the effect of turbulent
mixing end entrainment from these regions will be to cool the
jet.

Both the sbove effects will increase with d. An inspection of

the vertical, y, scans corresponding to unheated free jets in Chapter T

shows that for a given free jet velocity and surface temperature the

average WIS jet temperature decreases with d as does the tempersature
gradient in the y direction.

An examinetion of the yTy and best fit plots shows that the

v's
slope of the d = 4,1 cm plot is the lowest and indeed becomes

negative in the large WIS jet for VB = 70 V and 40 V, implying that
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in these cases the turbulent mixing effect swamps the effect of
increasing WIS jet temperature with y due to heat transfer from S.
The radiation effects discussed earlier may or may not influence the

val fﬂ'X
ue o a7 »
mod

LINEAR BEST FIT PLOTS OF vT(S_L)VERSUS Tmod

The temperature dependent parameter VT(S—L) in these plots, Fig. 116
corresponds to the difference between v's and V'L where the latter
mey be considered as the average, y, temperature gradients in the
small and large WIS jets respectively within the limits y = O cm
and y = 5 cm.

the values

It has been shown that should be greater than

v's V'L
of each increasing with Tmod' Thus v'(8-L) should increase with Tmod'
However, the variation of —da-x,f- A with d is somewhat unpredictable and
even becomes negative in somiocases. The smaller values of d do tend
to heove thie steepest slopes however.,

Table 5 shows the residual standard deviation on 'I'mod for the
vertical scans.

As in Table bLathere are no strong correlations between residual
standard deviations and VB’ d or X apart from the fact that the largest
values of d tend to have high residual standard deviations. And for
yTg the residual stendard deviation tends to increase with d. For
given values of d and Vg the 1.S.D's in Table 5 tend to be higher than
those in Table M4a(with a few exceptions) particulerly for V, = 40 V and
d=4.1 eme Tig.1l7 shows the experimental points for viy VS P .

In this case the spread in g%— for d = 1,1 cm and d = 4,1 cm is

mod
much too large to have arisen from temperature turbulence and it is
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{LSTDUAL STANDARD DEVIATICONS ON Tﬂo

TABLE 5

I'OR

d

MPASUREMENT MADE IN THE VIRTICAL PLANE

V, = 100 V la=1.1f=1.85/a=2.6 la=3. 39ab .1
' B | 507 | 82 | 403 | 1366 2965
{ |
e | 202 | 105 | 741 | 911 | 1330
5 [
, f 8 :
(L) | 843 | 914 | 26 | 3176 | 1721
! Vg = 70V d=l.lEd=l.89! d=2.6 d=3.3§|c1=1+.1
i e 1486 | 371 425 | 3118 | 205!
i_ | { : I :_ ¥ 1
S | 2141 151 858 1 664 ' 683
L ! | | |
! V'E(S—L) ;. 607 3557 : 2086 2662 ' 12680 |
Vg = 407 d=1.11d=1.8§ a=2.6/a=3.35/a=l .1
z — -
Lo 1173 | 248 | 3192 | 3163 | 2134
| |
it | 158 | 211 | 706| 868 | 3390
‘ V'G(S-L) 1009 281 | 463 270 '[ 2197i
! . fle o .'
All values of d are in cm.
A1l R.S8.D's are in units of 10—3 mV .
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probeble that the cooling of the WIS jet due to turbulent mixing has

a major influence on the very large spreads of % in these plots
mod

and others examined in this section.
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CHAPTER 10

ANALYSIS OF LINEAR BEST FIT PLOTS OF SURFACE TEMPERATURE, P, VERSUS
HEATED FREE JET TEMPERATURE T. WHEN X = O

Introduction

Before examining the individual curves in this set in detail it 1is
helpful, in assisting in their interpretation, to discuss a few general
characteristics and to examine the way in which the curves were
derived.

The primary purpose of this mode of operationwas to predict
surface temperature P by identifying a state of zero nett heat transfer
between the surface, S, and the air flowing over it in the form of a
wall jet.

Figs. 118 and 119 show the variation of normalized temperature

dependent parameters with free jet temperature for two

i a3 0

values of d. It is seen that T is negative, a result which is to be
J

expected on physicael grounds, since the heat transfer from S to the
wall jets will de proportional to the temperature differential between

the two. It is seen that for d = 1.1 em in Pig. 118 both VeL and VL

intercept on the free jet temperature axis TJ at a point close to P.
On the other hend for d = 4.1 em in Fig. 119 the point of interception

has & value of free jet temperature considerably lower than P, as well

as there being a much greater differential between %%— for VBL and for
J

The value of T. corresponding to this intercept will

v J
subsecuently be denoted by To.
The reassons for these characteristics will be discussed later.
A small, but important, distinction must be made at this point

when considering plots relating to vi, end By, and those relating to
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the remaining temperature dependent parameters. In the former case
the reference temperature involved in the temperature dependent
parameters is the free jet tempersture measured close to the orifice.
The difference between To and P in this case will be equal to the
difference between the WIS jet temperature T, and P since when X = O

A
:A = ?J thus TA = To'

For the other temperature dependent parameters, however, the free
jet does not form the reference temperature and a value of X = 0
(giving an intercept on the free jet axes st To) will not necessarily
imply that T = the WIS jet temperature, and in fact, due to
attenuation in the free and WIS jets, To will usually be greater than
the WIS jet temperature TA'

In this section a 'balance' will imply & zero value of X and the
'error in balance' will represent the difference between an appropriate
average free jet temperature, T;, end the surface, P, under balance
conditions.

In order to compare the errors in balance for different forms of
X and with different values of d end Vy & series of linear best fit

plots of P vs To were generated.

Only those plots with a slope of unity, i.e. %%— = 1 will have
o)

a zZzero error in balance. A value of'gg— > 1 will be indicative of a
o

free jet temperature less than the surface temperature at balance.

Linear Best Fit Plots of P vs 'I'o for 0. and VB

V'L S

An examination of the above best fit plots shown in Figs, 120
and 121 will indicate that in all cases the error in balance increases
with d. TFor small values of d this error is very small since %%}-is
o

close to unity but increases quite significently for values of d
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appraching 4.1 em. For VeL the overall spread in g%— with d is least
0

for v

5 * TO V.

For VBS this spread increases as VB decreases.

Linear Best Fit Plots of P vs To for VB(L-S) and F(l+2)

These plots are shown in Figs. 122 and 123,

As for the above parameters the error in balance is smallest for
d = 1.1 cm and epart from the Vy = 4O V plots is greatest for d = 4.1 em.
However, for these plots the value of-%%— is not so simply related to
d as for VBL and VBS where it increases :ith d. It is interesting to
note the very small spread in slope for VB = T0 V. Note both these
paremeters give rise to very similar best fit plots.

This is not surprising since any variation only arises from a
difference in free jet temperatures A and C and in general this
difference is small.

The mechanisms responsible for the variations of %—g— in 2ll
these horizontsl plots are probably similar to those in the unheated
free jet plots. Thus it can be seen that a correlation exists between
the error in balence and d. Since turbulent mixing resulting in jet
cooling becomes more significant with 4, it is likely that this has
a strong influence on the errors in balance,

Under true Z.N.H.T. conditions as d decreases perfect black body
conditions are approached end radiation effects become less significant,
this is partly reflected in the small error associated with the
d = 1.1 cm plots. As d increases the departure from perfect black
body conditions increases and the significance of radiation effects
similar to those discussed for the unheated free jets increases,

i.e. geometrical and convective heat transfer effects. (The latter,
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however, will not be as pronounced for the heated free jots.) These
radiation effects are likely to be greatest in the temperature
dependent paremeters which involve the WIS jet and the free jets

(v L oend g ), since higher differential convective heat transfer
coefficients will exist between these jets. For B{IFS) and F(l+q)
the refercnce temperature is effectively the small WIS jet temperature

(apurt from the slirht influence on 9 of free jet temperatures

vV (L-3)
if a difference exists between A and C). The result of this is that
the convective heat transfer coefficients will be closer thus any
differential radiation effects will be smuller

In one or two cases for small vsluzs of d, particularly for

and T ) in vhich V, = 100 V a value of slightly less

ar_
vo(1-8 (1+2 B dT_
than unity exists, This implies that S P at balance. Because the
effect does not persist for the larger values of d (i.e. 3.5 cm and
4.1 er) the likelihood of its being due solcly to differentiel cooling
in the lerge and smell IS jets, is smcll,

Table 6 shows the R.8.D. on o associated with these linear best
fit plots. It must be noted that as well as absorbing any
experimental scatter they also absorb ony non-linearity which may
exist in the relationship between P and To' It is seen that the
largest velues of d tend to have relatively lerge values of R.3.D.

(with one or two excentions) this being particularly evident for the

case of Vy = 4o v,

Linear Best Fit Plots of P vs T, Employing Temperature Dependent

Perametors Derived From Heasuremgnts in the Vertical Plane, 1.e.

Y. Y3 and v (5-1)

The ebove plots are shown in Figs. 12k, 125 and 126.

- As for the parameters corresponding to measurements in the



TABLE 6
RESIDUAL STANDARD DEVIATIONS O T TOR MEASUREMELTS

YADE IN Thi HORIZONTAL

PLANE

All R.S.D's are expressed in tems of nV x 10~

V=100 V | é=1.1 cn | d=1.85 cm | d=2.6 cm |d=3.35 em | d=4.1 cm

iy 203 57 180 | bb3 606
1|

v3 309 499 1077 i k20 865
Bircey | Ao 235 957 ] 996 846
Pl 142) 115 345 1095 i 611 583

| Vg=T0 V ' 4=1.1 cm |d=1.85 cm | d=2.6 cm ;d=3.35 em | d=h.l em
o 33k 99 329 ! 857 | 223
i 122 207 621 i 520 ; 1335
vO(1-8) 693 192 330 k17 229
F(142) | 201 219 493 | 593 | 612

Vy=h0 V |a=1.1 cm |a=1.85 cm |d=2.6 cm | d=3.35 em l@=h.1 cm
voL 11k 564 665 723 557
o2 305 808 733 635 1522
vo(L-5) 129 476 576 | 1021 1338
F(142) 171 | L33 676 I 912 g b1k

3
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Fig. 124, Linear best fit for PL vs To for X = v"L
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horizontal plane the error in balance is small for small values of d

and-%%— is close to unity for d = 1.1 cm in all cases. Apart from
o

V'(S-L) in no cese does %%— become less than unity implying that T0
is either equal to or 1eas°than P (except for VT(S_L)).

lione of these temperature dependent parameters have the lree jet
temperatures as a reference temperature snd the convective heat
transfer coefficients between the two thermo-couples in the WIS jet
(displaced in the y direction) are likely to be closer than between
either thermo-couple and one in the free jet. Thus any radiation
effects will be small for this reason but there could still be a
geometrical effect which would increase with d. If perfect black body
conditions prevailed then under true Z.N,H.T, conditions, i.e. when
the free and WIS jets were both equal to P, the radiation effects
would disappear.

As d increases the significance of rediation leakage from
between the plates increases end the thermo-couple at y = 5 cm will
intercept a smaller radiation flux than that at y = O em. This will
tend to reduce the temperature of the thermo-couple at y =5 cnm to
below thet at y = 0 em. The effect will be compensated for to a
certain extent in the smaller convective heat transfer coefficient
associated with the thermo-couple at y = 5 cm.

As for the unheated free jets the effect of increesing d will be

WS
to decrease the average temperature of the,jet and also decrease the

average value of %g-(i.e. the temperature gradient along the WIS jet
in the y direction).
Because the air temperatures involved in these Z.N.H.T. scans are

considersbly hisher then those of the unheated free jet scans (and

because = is lower for the higher free jet temperatures for a given

ay
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value of P) the effects of turbulent mixias with cooler air will be
correspondingly more significant.

’n inspection of the vertical scans with the freec jet temperatures
approaching P shows that _d_:l’: in fact becomes negetive. This negative

gradient increeses slightly as V, decrczuscs. However, the significence

of d is very much greater, with g increasing with d as well as the

dy

temverature becoming very turbulent.
This turbulent mixing effect is probably the most significant
factor in influencing errors in balance.

The plots for ofY show the same sort of trend of increasing

V(s

error in balance with 4 as existed with V1L and V;S'

Table 7 shows the residual standard deviation for these plots
involving measurements mede in the vertical plane,
As with the residual strndard devieticus associated with viLe

and F( y Tor ot

¢t vis and v (5-1) " the lower

voge VG(L~SJ 142) 5

residual stendard deviations tend to correspond with the low values
of &, 4s ¢ is incressed further, however, there is little
corr:lation between residual standard deviation and d. This may

pvartly be due to the effects of temperature turbulence.

THE VARIATION OF WIS JET TEIPLZRATURL WITH CORRESPONDING FREE JET
TEMPERATURE

In the lest section errors in balance for the different forms
of X and combinations of Vy and d were examined. The purpose of this
heated free jet mode of operation was te predict surface temperature
by measuring air temperature (in this case the free jet temperature)

under balence conditions., Thus the smaller the error in balance, the

more accurate the prediction.



RESIDUAL STANDARD DEVIATIONS ON T

TABLE T

I'OR MEASUREMENTS

MADE Iil TUE VERTICAL PLANE

V=100 V | d=1.1 cm d=1.85 cm |d=2.6 cm 1d=3.35 cm [d=b.1l em
V'L 206 T2 270 807 3012
Vs 228 225 1057 2817 1997

Vi (1-5) 728 848 3809 2156 * 1126

Va=T0 Vv d=1.1 cm | d=1.85 en |d=2.6 cm | d=3.35 cn 'a;h.l cm
V1 51 152 229 632 835
wle 26T 210 363 1631 1797

v (L-5) 438 1418 3273 E 2466 1301

V=0 V {d=1.1 cm |d=1.85 cm | d=2.6 cm | d=3.35 cm | d=h.1 em
VL 237 133 1467 857 1871
v's 165 311 L29 1165 962

v (1-5) 170 763 567 1291 876
All R.S.D's are expressed in terms of mV x 1073
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An alternative procedure would have been to measure WIS jet
temperature under balance conditions and predict surface temperature
from this measurement. In fact this has been effectively done in the
d VSS where the free jet temperature forms the

reference temperature in X.

last section for VSL an

It has been indicated, however, that for the other temperature
dependent parameters a balance does not necessarily imply an equality
between the free and WIS jet temperatures. The temperature
differential between the free and corresponding WIS jets at balance
will therefore be examined for one or two of the temperature dependent
parameters. Since any such temperature differentials are likely to
increase with surface temperature P the following discussion will be
confined to relatively large measured values of P.

Figs. 127-129 show the variation of large WIS jet temperature

E 4 - - -
1+L2 with corresponding free jet temperature for VB = 100 V, TO V and

2

40 V end values of d = 1.1 cm, 2.6 cm and 4.1 cm.
The surface temperature corresponding to each curve is denoted by

2

sve LY This relates to the larpge WIS jet and represents the average

of five nominally equal surface temperatures each corresponding to a
specific plot point for a given value of d and V. The values of P
within each set of five all lay within about 1% of the corresponding

average P
&% ave L°

An examination of Figs. 127-129 in conjunction with the linear

best fit plot of P vs T0 for will show that for the values of

VTL
avePL dealt with the temperature differentials between the free and

WIS jets at balance are negligible when d = 1.1 cm for all three

values of VB.
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E,+E, (mv) L PL » 9,44 aV for d = 1.1 ca
5 P = 9,60 aV for d = 2.6 ca
16 ave L
: PL = 9,42 nV for d = 4,1 cn (d = 1.1 cn

0 L 74 1 1 ]
0 2 4 6 8 10
B+C (mV)

2

Fig. 127. Variation of El+E2 with B+C for VB = 100V
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E,+E, (mV)

ls_ aye P = 986 0V for d = 1.1 ca
ave P = 9.96 aV for d = 2.6 ca d =1, ca
o PL = 3,89 nV for d = 4,1 cn /:;r. 2.6 ca

2 ]
0 2 4 6 8 10
BC (nV)
2

Fig. 128. Variation of I‘]]_+E2 with _I}_+ég for VB = 70V
2
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Fig. 129. Variation of 1'1]_+E2 with B+C for VB = 40V
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For d = 2.6 cm and Vg

= 100 V and 40 V the free jet temperatures

241

are higher than the corresponding WIS jet temperatures at balance but

for V, = T0 V this differential is negligible,

B
For d = 4,1 cm and Vg = 70 V and 4O V the WIS jet temperatures
at balance are lower than those of the corresponding free jets but
for Vg = 100 V the WIS jet temperatures are higher than the latter.
The highest temperature differential observed corresponds to
V, = 100 V and d = 4.1 cm where the WIS jet has a temperature of

sbout 10% greater than the corresponding free jet at balance.

Since it is found in practice that the average free jet

A+B+C., : :
temperature, & Cls approximately equal to the corresponding

3

average E%E the curves in Figs. 127-129 may be used to estimate the

trends in temperature differential between the free and WIS jets

for VG(L-S)'

Using these curves, therefore, in conjunction with the linear

best fit plots of P vs To for it was found that, once again,

vO(1-8)
the differentials, at balance were negligible for & = 1.1 cm. This
differential was also negligible for V; = 100 V and d = 4,1 em in
v'L for these values of VB end d.

All other combinations of V

contrast to
B and d gave rise to free jet
temperatures at balance higher than the corresponding WIS jet
temperatures. For VB(L-S) the maximum temperature differential
between the free eand WIS jets at balance corresponded to VB = LOV
and d = 4,1 cm where the free jet temperature was almost 20%
higher then the corresponding WIS jet temperature. It is
interesting to note that for this parameter with Vp = 100 V the

meximum differentisl corresponded to a free jet temperature only

3% higher then the WIS jet temperature at balance.



The trends observed for VB(L-S) will be similar for F(1+2).

Although the curves of WIS jet temperature vs corresponding free
jet temperature have not been shown for the small WIS jet the
general trends of these curves are similar to those for the large WIS
jet. Thus it would be expected that the small values of d will again
represent negligible temperature differentials between the free and
WIS jets at balence in those temperature dependent parameters involving
the small WIS jet,e,g. vis®

To summarise, therefore, it may be concluded that negligible
temperature differentials between the free end WIS jets at balance
will exist for the small values of d irrespective of the value of V,
and the form of X. This of course, is consistent with the small
temperature attenuation in the free and WIS jets for small values
of d. For Ve(L-S) apert from those instances when this differential
was negligible the free jet temperature at balance was always higher
than the corresponding WIS jet tempereture. This was also true for
V'L epart from the two exceptions where the WIS jet had a higher

temperature than the corresponding free jet.
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CHAPTER 11

DISCUSSION AND CONCLUSIONS

The principles underlying various non-contact temperature
measuring methods have been examined, emphasis being placed on
rediation pyrometry. Such methods are vulnerable to emissivity errors
and various ways (some very sophisticated) of minimizing these errors
have been discussed.

An attempt has been made by the author to eliminate these
errors, or at least reduce their significance appreciably, by
exploiting forced air convection instead of radiation in temperature
measurement.

It has been seen that thc formcr method gives rise to two
nodes of operation both involving passing air over the test surface.
In one mode the air is initially unheated and the surface temperature
is predicted from & measurement of the increase in air temperature
due to heat transfer from the surface. The alternative mode involves
preheating the air in order to effect a state of zero net heat
transfer between the air and surface and predicting the latter's
temperature from a measurement of the corresponding air temperature
under these conditions.

The latter mode is absolute in that it does not require a
calibration vhereas the former mode involving initially unheated air
does reguire a calibration.

The mode invelving preheated air was successfully applied to
the temperature measurement of 9-mm diesmeter stationary copper rod.

Based on the original design a rig was constructed for the purpose
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of measuring the temperature of continuously cast 9-rm diameter
aluminium rod though at the time of writing the rig has not yet been
installed. A similar design but employing the initially unhested air
mode, is currently under comnstruction for temperature recsurement of
extruded aluminiun rod. lost of this thesis has been devoted to
applying the method to temperature measurement of plane surfaces. Tuis
necessitated a different system geometry and it was approprieste to
deliver air to the test surface by meens of free jets.

It was found that the wall jet, i.e. the flow resulting from the
impingement of a free jet directed normally ontc a plane surface, was
not, in itself amenable to exploitation in temperature measurement.
This was due to the wall jet's small thickness and steep temperature
gradients normal to the surface.

A different flow condition had to be synthesized therefore and
it was found that when two wall jets were made to impinge the
resulting flow condition the WIS jet, beceme potentially more
suitable for exploitation in temperature measurement.

L simple theory was derived to describe the general structure
of the WIS jet and from this a somewhat more rigorous theory was
developed from which the WIS jet temperature characteristics were
derived. These characteristics gave rise to several possible modes
of operation of a temperature measuring device based on this forced
air convection method and a theory underlying each has been developed.

It has been seen that a device may employ two or three free
jets, these being hested or unheated and meesurements mey be made
in either the horizontal or vertical planes.

Bach of the above modes of operation gives rise to an

essociated temperature dependent parameter X with the aid of which



the surface temperature may be predicted.

A series of isothermal velocity scans was conducted involving
three parallel, co-linear, asymmetrically displaced round free Jets
impinging normally onto a plane surface. The purpose of these was to
derive the velocity characteristics approvriate to the above modes of
operation and to assess the influence on these characteristics of a
number of related variables.

This series of velocity scans was followed by & series of
corresponding temperature scans using the same asymmetricel free jet
distribution and system geometry.

The purpose of these was to derive the temperature characteristics
existing between the free jet orifice plate and test surface and to
assess again the influence of such variables as free jet velocity
(VB) and orifice plate - surface displacement (d) on these
characteristics. For the unhested free jet mode a number of linear
best fit plots of temperature dependent parameter X vs surface
terperature ¥ were generated for different values of Vg and d using
dete derived from the temperature characteristics.

It was found thet for those parameters associated with
measurements in the horizontal plane (i.e. (6. ,,64, 0; o and F(1+2)}
the spread in gé»was less than that for those associated with

ar
measurenents in the vertical plane (i.e. v yTg and VT(S_L)).
usuaity
It has been shown that, although not,as sensitive the
temperature dependent parameters involving the highest free jet
velocity (VB = 100 V) are the least vulnersble to radiation effects
since the convective heat transfer coefficient associated with the

air temperature measuring thermo-couple is highest for this free jet

velocity. Furthermore it hes also been indicated that for these
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measurements in the horizontal plane the temperature dependent

parameters involving three free jets, i.e. VB(L—S) and F(l+2) are

less vulnersble to radiation effects than those involving two free
jets, i.e. VeL' vise This is due to the smaller significence of
differential convective heat trensfer coefficients between the sair
terpersture nersuring thermo-couples in the former case.

It has been estimated that for thermo-couples of bead diameter
0.025 in. and emissivity 0.5 and a test surface of emissivity 0.l
(typical of oxidized aluminium) at a temperature 300°C the maximum
radiation error (i.e. the radiation contribution to the temperature
dependent parameter) is of the order of 15% for 9y, Vhen Vg = 100 V
but less than 2% for both Ve(L—S) end F(q o) when Vg = 100 V. These
figures ere only approximate and are probably pessimistic but they do
indicate the relative sensitivities of each parameter to radiation.
These radiation effects may be further reduced by any of the following
techniques:

(1) A reduction in the size of the thermo-couple bead.

(2) The inclusion of radiation shields.

(3) The measurement of air temperature with a suction pyrometer,
this latter accelerating the flow round the thermo-couple
resulting in sn increased convective heat transfer coefficient.
Two surface velocity effects have been predicted to exist,

one sssociated with a modification of the WIS jet flow characteristics

and the other with a variation of convective heat transfer

coefficient of the wall jet.

Taking both effects into account it is suggested that VB(LPS)

or F will be less vulnerable to surface velocity effects than

(1+2)

elther VGL or VBS'
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It is seen, therefore, that for the device to operate in the
unheated free jet mode the most suitable perameters to employ are
either F(l+2) or VG(L-S) both with Vp = 100 V., Since the former
only requires two air temperature messuring thermo-couples, one in
each of the WIS jets as opposed to four for VS(IFS)’ F(l+2) is
clearly the optimum parameter for the unheated free jet mode of
operation.

It has been shown that so long as the surface roughness does not
exceed approximetely 0,01 in., its effect on temperature measurement
will be insignificant.

Since this wnheated free jet mode involves a certain amount of
surface cooling it is best suited to measurement of moving surfaces
or surfaces of fairly high thermal capacity.

A device based on the sbove recommendations has been
constructed and used successfully to measure the temperature of
continuously annealed 0,01l in. aluminium strip, this latter moving
at approximetely 300 ft per minute. It has been estimated that in
this case the cooling effect of the device represents a reduction of
strip temperature of less than 0,5%. Furtherxore, the device was
calibrated on a stationary surface and the effects of surface
velocity of the strip have been estimated to give rise to an error
in prediction of the order of 1%. This error is always positive,
thus it can be easily calibrated out.

One point of caution is appropriate at this stage. It has been
shown that the size of the temperature dependent perameter is
proportional to the temperature differential between the impinging
free jets end the surface,thus it is necessary to ensure that the

free jet temperature is stabilized otherwise errors in surface



temperature prediction may arise.

The alternative mode of operation is that involving heated free
jets. In this case the purpose of the air temperature measuring
thermo~-couples is twofold:

(1) To predict a condition of zero net heat transfer between the
surface and air flowing over it.

(2) To predict surface temperature under these conditions.

In this mode, because the air and thermo-couple temperatures
are close to those of the test surface and free jet orifice plate the
effects of radistion will be very much lower than in the unheated
free jet mode.

Any surface velocity effects arise from finite heat transfer
from the surface to the wall jets. Since this heat transfer is
negligible (and ideally should be zero) in this heated free jet
mode these velocity effects will also be negligible.

The cooling of the surface will be negligible in this mode and
the sensitivity to surface roughness even lower than the unheated
free jet mode.

All temperature dependent parameters, X, give rise to small
errors in belance (i.e. temperature differential between the surface
and free jets when X = 0) for small values of d. This is consistent
with the lov temperature attenuation in the free end WIS jets for
small values of d. In most cases the large values of d, i.e. 3.5 cnm
end 4.1 em give rise to relatively large errors in balance.

It is recommended that if small values of d of the order of
1 cm are involved, then voL with Vg = 100 V would provide a
suiteble temperature dependent parsmeter to exploit in surface

temperature measurement. In this case it would be appropriate
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to locate the free jet orifices symmetrically about the centre of
the orifice plate.

VsL has the adventage of simplicity in implementetion, it has
the highest sensitivity to chenges in surface temperature and its
vulnerability to radiation from extraneous sources should be small,

If larger values of d are anticipated then a three free jet mode

such as with Vg=T0V is recommended., In thiswmode the

F(142)
error in balence is relatively small for all values of d. Note it
is preferable in this case when large values of d are involved, i.e.
of the order of 3 or 4 cm, to measure the free jet temperature rather
than the WIS jet temperature at balance since this will give rise to
higher accuracies in surface temperature prediction.

It has been seen, therefore, that the heated free jet mode of
operation has several advantages over the unheated free jet mode.
It is less sensitive to the effects of radiation, surface velocity
and surface roughness and also produces negligible cooling of the
test surface. It has the disadvantages, however, of requiring
more peripheral equipment and because of the necessity to heat the

free jets the measurement response time will be longer than that for

the unheated free jet mode.

FUTURE WORK

More detailed experimental work is desirable to assess the
exact significance on temperature rmeasurement of the surface
velocity in the unheated free jet mode with all forms of
temperature dependent parameter considered.

The greatest scope for future work lies in examining
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different types and configurations of free jets with the object of
reducing still further the sensitivity of the predicted surface
temperature to radiation and variations in d and also reducing

the low frequency 'temperature turbulence' which gives rise to a
relatively long measurement response time if the signal is
integrated to remove this 'turbulence'.

It is hoped that this thesis has sown the seeds of a new method
of non-contact temperature measurement exploiting forced air convection
and guided by the results of these investigations it is anticipated
that modifications, adeptions and improvements to the original

designs will be made by myself and others.
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APPENDIX Al

HOT WIRE ANNEMOMETER SIGNAL PROCESSING EQUIPMENT

Turbulent lMean Square Velocitx Device for Measurement of Mean Square

Value of the Fluctuating Component of the Annemometer Output
(Corresponding to the Turbulent Component of Velocity)

The circuit for these measurements is shown in Fig. ALl and is
built around an I.T.T. Type BS4 indirectly heated thermistor,

This device consists of a thermistor bead surrounded by a small
heater, both being contained in an evacuated glass capsule. When
power is supplied to the heater (which is electrically insuleted from
the thermistor bead) it will heat up and reduce the thermistor
resistance. The bead forms the active arm of a Wheatstone bridge, an
inactive arm being formed by a matched thermistor of the same type,
but with the hester disconnected. This latter is to minimize zero
drift,

The bridge is initially balanced and when current flows in the
heater of the active arm, an imoalance occurs proportional to the
power dissipated in the heater. The heater resistance is only 100 Q
which presents too high a load for the constant terperature
annemometer, thus a certain amount of impedance chenging circuitry is
included.

Mean Velocity Device for Measurement of the Mean Value of the
Annemometer Output Signal Corresponding to the Mean Component of

Velocity

This consists of a simple R.C. integrator followed by an

emitter follower, see Fig. Al.l.
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THE DETERMINATION OF THE RISE AND FALL TIMES OF THE MEAN SQUARE AND
MEAN VELOCITY PROCESSED SIGNALS

The Mean Square Velocity Rise Time and Fall Time

The mean square velocity signal was derived by measuring the
power associated with the rendom fluctuations of the turbulent
veloeity. In order to gain more control over the levels this signal
wes simulated with a sine wave signal. Frequencies ranging from
15 Hz to 50 kHz werc employed and the outputs corresponding to a
renge of step function inputs wes recorded.

From a total of 52 measurements of the recorded output from the
turbulent mean square measuring device a mean 'mean square' rise time
was calculated to be 0.2775 minutes with a standard deviation of
0.0198 minutes,

From a total of 57 measurements of the recorded output & mean
'mean squere' fall time was calculated to be 0.,2812 minutes with a

standard deviation of 0.0145 minutes.

The Mean Velocity Rise Time and Fall Time

The mean velocity signal was simulated with d.c. voltage levels
of differing amplitude.

Trom a set of 36 step function inputs the mean 'meen' rise time
was caleulated to be 0.0994 minutes with a standard deviation of
0.0041 minutes. A similar set of 36 measurements gave rise to mean
‘mean! fall time of 0.0994 minutes with a standard deviation of
0.0033 minutes.

A Method of Correcting Time Constant Errors Incurred in the
Velocity Scans

As was indicated in the experimental section the horizontal, x,

253
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scans were performed by displecing the hot wire sensor in 2-mm steps
allowing 10 seconds to elapse between consecutive positions. Thus the
annemometer output corresponding to & single displacement would take
the form of a voltage step function, the amplitude of which would be
proportional to the velocity difference between the two adjacent
locations. This output voltage will, of course, have a fluctuating
component if the flow is turbulent, see Fig.al.2 for typical example.

The turbulent mean square velocity device, however, will isolate
this component end it may be treated in exactly the same way as @
d.c. voltage level when considering device response time.

Suppose a positive 'step' change in turbulent or mean velocity
signal is apnlied to the gppropriate signal processing device for
sufficient time to allow the output to stabilize at some value A
Then if the seame level is applied for some shorter time, t, (10 sec.
in these experiments) then the device output A will be less than Ao
by an amount depending upon the rise time constant of the device
(see Fig.al.3).

The value of A is given by:

ﬂ=Ao(l-exp—-;' ) R N N RN (L}ol)
rt

where Trt is the device rise time constant.
Similarly if a negative 'step' change is epplied between the

same levels, see Figuil.h, the value of A after time t will be

given by:

ot

R R 7 R ) 2 9

=
i
=
11
s
I
3

't

where.Tft = device fall time constant.

If in this latter case A is measured from Ao then its value
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Figs Al.2. Possible change in mean and turbulent velocity
due to sensor movement

=
=

o

Volts
Volts

e e s — o —— — -

|
|
l
l
l
t
. I
0 t tine 0 time
Fig. Al.3. Application of Fig. Al.4. Application of

positive step input negative step input
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can be expressed in the same form as (Al.l), thus:

Aon(l-exP-% ) AR R RN N BN O BB BB B B (All3)
£t

This form will be found useful in correcting negative going levels
(see later).

Thus for a given value of T, or T, and t (10 sec.) A is
directly proportional to Ao the constant of proportionality being
the appropriate function in brackets.

In the correction procedure to follow, equation(Al.l) (for the
correction of positive going levels) and (Al.3) (for the correction of
negative going levels) will be used.

The values of the constants of proportionality in these equations
have been calculated with the aid of the measured time constants. As
would be expected these constants appropriate to the mean velocity
rise and fall times are equal, their value being 0.81 (correct to
second decimal place). For the mean square rise and fall times the
corresponding proportionality constants are approximately equal with
a value of 0.45 (correct to second decimal place). With the aid of
these constants, corresponding straight line plots of A vs A  have

been drawn (see Fig. Al.5).

Time Constant Correction Procedure

Having provided the raw data from which to make these corrections,
the actual procedure will now be examined.

Suppose the broken line curve shown in Fig. Al.6 corresponds to
the measured mean square value of the turbulent component of velocity.
Then with the appropriate choice of curve for the rise and fall times
in Fig. A1.5 (the same curve with a slope of 0.45 will be used in
this case) the procedure is as follows:

First the abscissa is divided up, so that each division

corresponds to 10 seconds. These divisions are numbered consecutively.



(3]

% ustm v Jo woryeraEp

=]

¥
]

G¥°p 8doys
SUL} LB} puB esid; aJenbs ueau

.

1g*0 edoys
(SU1} [1B4 puB asid, utom




258

SIOIIO QURLSUOO SWT3 JO UOTI00IIO) °*Q° 1V °*old

gl A gL 51 ¥l sy UL oL 6 Bl aeuih 9 S ki £ 4 l

—_rT—r— — =
ﬁ[rrui;”.// - S

8AJN2 pajoeJddod

8AJND POJNSERY === == — = — —



259

(in this case it is found that 18 divisicus are necessary, assuning
each division corresponds to 10 seconds).

Normals are drawn through each numbered position of such a
length to pass through the measured (broken line) curve. The
correction is started from position 1.

The length of the normal, Yy from the base line to the point at
which it intercepts the measured curve, will be smaller than it
would have been had the rise time been O (i.e. instantaneous
response). By referring to the mean souare 'rise and fall time!
plot in Fig. Al.5 the value of fy corresponding to A (i.e. yl) may
be found. Ay will be the corrected signal amplitude at position 1
and mey be marked on the normel through position 1. (It is
important to remember that the measured curve has been derived from
a series of step velccities (in this case the turbulent component)
giving rise to corresponding step voltages).

The corrected amplitude corresponding to positicn 2 is obtained
by first drawing e horizontal line through the intercept of the
normal thrcugh positicn 1 and the measured curve and the ncimal
through position 2. This horizontal line provides the new base from
which to correct the signal at position 2. Let the distance between
this new base and the voint of interception of the normal through
position 2 and the measured curve be ¥+ Then the corrected signal
amplitude meesured from the new base is again found from the mean
square 'rise and fall time'plot in Fig. A1.5. In this cese 4
represents y, end A the corrected velue of Yo rhich may be
marked off on the normel through position 2 as before. Note the
corrected signal amplitude at position 2 with respect +o the

original base line will be y1¥, fg.
A
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This procedure is repeated for each position until a corrected
maximum is reached, From this point on corrections will be made in a
similar way but in the negative going direction resulting in
corrected signal amplitudes less than the corresponding uncorrected
ones. The continuous curve in Fig. Al.6 shows the corrected curve
resulting from the above procedure.

The correction procedure is exactly the same for the mean
velocity signal profiles except that the mean 'rise and fall time'
plot in Fig. Al.5 must be used in this case.

Fig. Al.T shows an actual turbulent velocity écan (expressed in
terms of turbulent mean square velocity device output voltage, V )
before and after time constant correction. It is seen that for small
rates of change output voltage %% (corresponding to velocity) the
time constant error is smali. For example for each of the WIS jets
av

Ef’is fairly small, However, for the narrow turbulent annular zone

surrounding the free jets~%% is large, giving rise to corrected

amplitudes considerably higher than the uncorrected peaks.
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APPENDIX A2

THE EFFECT OF SURFACE VELOCITY ON THE FLOW AND TE!MPERATURE
CHARACTERISTICS OF THE WIS JET

Effects Arising From a Modification of Flow Characteristics

No experimental work was carried out specifically to investigate
this effect. However, this section will deal with, in a
qualitative manner, a proposal (made by the author) of the possible
influence of a modification of the flow characteristics (due to
surface velocity effects) on the corresponding temperature
characteristics.

Fig. A2.l1 shows a typical velocity profile normal to the surface
in a wall jet (solid curve).

Those regions of flow to the left of Umax will be decelerated
due to the viscous drag by the wall, the effect becoming progressively
creater as the wall is approached. Those regions to the right of
R will be decelerated due to turbulent mixing with the adjacent
still eir.

Suppose now that the surface velocity is increased to some
value Us in the direction of flow. Then a velocity profile similar
to the dotted curve in Fig. A2.1, will probably result. It can be
seen that, although those regions in the laminarboundary layer very
close to the surface will have increased in velocity by an amount
approaching US the average velocity Uave over the width of the
wall jet will have increased Ly a much smaller amount ﬁuave' It
is this average velocity increase which is significant when

congidering surface velocity and its effect on the WIS jet

temperature and velocity characteristics.
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velocity A
noving surface
0 ‘-----“‘/
max
stationary
surface
u
s
'
0 =1

0 dist. frem surface

Fig, A2.1. Typical velocity profile normal to the surface in a
wall jet



llote, because of the small influence of viscous drag by the
surface on the outer, turbulent, layers of the wall jet, no
significant increase in entrainment effects from the still air would
be expected for surface velocities of the same order as the sverage
flow velocity.

Consider now the effect of accelerating the surface from a
velocity of zero to a velocity Ug in a direction parallel to the

orifice plate P_, but normal to 0, O 0, (see Fig. A2.2). Then the

X
flow would acquire an average component of velocity STLEs in this
direction, the effect of which would be to deflect the flow along
the solid lines to the dotted lines., (The non-linearity of these
latter is due to the decrease in wall jet velocity with distance,
from its origin,)

Fig. A2.3 shows the variation in the y direction of resolved
component of WIS jet mean velocity in the z direction for a
stationary surface (continuous line), and surface moving in the y
vositive direction at velocity Us (broken line). It is seen that
the effect of this acceleration is to shift the line of symmetry of
the velocity profile from O to 0°F,.

2
Fig. A2.2 is unaffected by the addition of the component 6V, pormal

Since the component of wall jet velocity parallel to Ol ¢ 0, in

to 01 0 02 resulting from acceleration of the surface to velocity
Us the general shape of the WIS jet temperature profile in the y
direction (shown with a continuous line for staticnary surfaces
and & broken line for the moving surface), should not alter.
However, the line of symmetry will shift from O to some position
in a y positive direction O' (see Fig, A2.4), The effect of this

on g thermal sensor located at 0 would be to increase its
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Fige, A2.2. Flow modification due to acceleration of surface from O to UB

velocity (2) T

y - ve =& o1 -y sve
Fig, A2.,3. ©Shift in mean velocity maximum due to acceleration of surface

from 0 to Us

y = ve == S )+ V8

Fig, A2.4. ©Shift in temperature minimum due to acceleration of surface
from O to Us



temperature since it would now lie off the minimum of the dotted
curve.

Because the rate of change of temperature with y is small for
small values of y (see Theory, Chapter L4), it is expected that for
surface velocities of the same order or less than the average flow
velocity, the shift in minimum due to the addition of the component
will represent a negligible change in thermal sensor temperature.

If this shift in mimimum is such that the change in sensor
temperature is significant (corresponding to very high surface
velocities compared to the flow velocity) then the following
velocity compensating procedure may be adapted.

Two thermal sensors are located at 'a' and 'b' such that the
two minima (one corresponding to zero velocity and the other velocity
Us) lie well within the normals through 'a' and 'b', By averaging
the signal from each sensor (assuming them to have linear
characteristics) a partial velocity compensation may be achieved
since the shift in temperature minimum will increase the temperature
of one thermal sensor but decrease the temperature of the other.

The errors in compensation still remaining after the application
of the above procedure will increase with the departure from
linearity of each profile at the points where the normals through 'a'
and 'b' intercept.

Surface Velocity Effects on Temperature Measurements made in the
Vertical Plane

In this case the thermal sensors are placed at two different
locations, one at y = O cm and the other at y = 5 cm.
It can be seen from Fig. A2.5 that this system will tend to

be even more vulnerable to surface velocity effects. Since a

265
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0! y! 5 yen

Fig. A2.5. Surface velocity effects on air temperature measurements
made in the vertical plane
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shift in temperature minima due to the addition of the component
Gvave will increase the temperature of one sensor but decrease the
temperature of the other, since the temperature dependent parameter
is based on the difference between these two temperatures, this
shift will represent an error in measurement, the parameter
indicating a temperature which is too low, If the surface velocity
were in the opposite direction (i.e. y=ve) then the parameter would
indicate too high a temperature.

If the thermal sensor at y = 0 cm were re-located at sone
position y' in Fig. A2.5 such that it ley on 2 more linear part of
the profile, even after the shift in minimum as indiceted, then the
temperature dependent parameter would be more independent of
velocity, since a shift in minimum would affect both thermal sensors
in the same sense and by about the same amount (depending on the
linearity of the characteristic).

Surface Velocity Effects on Temperature Measurerment Involving Three
Free Jets

This mode of operation will be partielly self-compensating,

since a shift of the minima in both the small and large WIS jets will

r

change both thermel sensor temperatures in the same sense. A

m

conplete compensation will, however, not be achieved, because %?-for
the small WIS jet is higher than that for the large one, i.e. the
temperature in the small WIS jet will vary more rapidly with y than
that in the large WIS jet. However, since both thermal sensors are
located at y = 0 cm where %g-is zero for zero surface velocity,

velocity effects should be small in this mode of operation (in as

much as they are due to a modification of flow characteristics).



267

Effects Arising From Surface Velocity Parallel to the Line Joining
the Free Jet Axes

Up to now the effects of surface velocity in a direction trans-
verse to the line joining the free jet axes (i.e. the y direction)
have been considered. However, if the surface velocity is parallel
to this line (the x direction) then a different situation exists.

The same general lines of reasoning used above will apply to
this case thus a detailed examination of the effects of surface
velocity in the x direction will not be given here, A few seneral
comments will, however, be made.

The significence of any velocity effects associated with a
modification of the flow characteristics tends to increase with
temperature gradient in a direction parallel to the velocity vector
(i.e. %%-in this case). Thus it would be expected that these
velocity effects will decrease as d (hence z) increases since in

general the value of %% in the WIS jets will decrease as z increases.

(ef. the narrov WIS jet temperature peeks for small values of Ze)

Surface Velocity Effects Using Heated Free Jets in the Z.N.H.T. Mode

In this case all temperature gradients and temperature
differences are very much less than in the unheated free jet mode,

hence any surface velocity effects will be correspondingly reduced.

SURFACE VELOCLTY EFFECTE ARISING FROM CHANGES IN CONVECTIVE
HEAT TRANSFER COEFFICIENT

If the relative velocity, U, between a wall jet and the surface
over which it flows is increased by some velocity SU by accelerating
the flow (W.r.t. some arbitrary zero, e.g. & jet orifice) by this

amount a corresponding increase in Nusselt, Nu, (dimensionless
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convective heat transfer coefficient) will oceur since Nu o U* where
X is positive but less than unity. One of the effects of accelerating
the wall jet flow is to increase its turbulence. This increased
turbulence will be partly responsible for the increased value of Hu.
Suppose now that the above increase in relative velocity, 6U, is
created by accelerating the surface in the opposite sense to the flow
velocity this latter remaining unchanged. In this case since the
influence of the surface, arising from viscous drag on the fluid in
contact with it, is small in the outer turbulent regions of flow
then the corresponding increase in turbulence in these regions
would be expected to be small. This would result in a smaller
variation of Nu with velocity than was indicated above when the
increase in relative velocity arose from an acceleration of the rlow.
On the assumption that this modification of convective heat
transfer coefficient due to surface velocity changes is significant
its effect on temperature measurement will now be examined.

Surrace Velocity Effects Arising From !lovement in a Direction
Transverse to tiie Line Joining the Free Jet Axes

Suppese the mean wall jet velocity to be U and the surface
velocity Us (see I'ig. 4A2.6)then the resultant relative velocity UR
between the surface and the wall jet will be (UZ+U52)§.

It can be seen that if U is small compared to U then because
Up depends on the squares of these components the signifieance of
Ug will be small as far as affecting, Nu, is concerned. Note even
if U, were equal to U which would increase the resultant to V2 U,
because Nu is = U™ where x is less than unity the corresponding

increase in Wu will be less than V2 times the value when U3 = 0,

The net effect of this increase in convective heat transfer
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U u

Fig, A2.6. Surface movement in direction transverse tc the line
joining the free jet axes

surface and wall jet
velocity vectors
anti-parallel

zero surface velocity

—— e = == surface and wall jet velocity
vectors parallel

Fig. A2.7. Surface velocity effects arising from a change in
convective heat transfer coefficient
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coefficient is to increase the WIS jet temperature as well as the
temperature gradient in the y (surface velocity) direction.

Measurements in the large WIS jet with the line joining the free
jet axes transverse to the direction of surface novement indicated
that for Vy = 100 V and a surface velocity increase from 500 ft/min.
to 1200 ft/min. the corresponding increase in WIS jet temperature was
approximately 3%.

Surface Velocity Effects Arising From liovement in a Direction
Parallel to the Line Joining the Free Jet Axes

In this case the two wall jets from which the WIS jet is
synthesized will give rise to different rates of heat transfer from
the surface.

It can be seen from Fig. A2.7 that three curves are indicated.
The middle curve corresponds to zero surface velocity, the lower curve
corresponds to the surface and wall jet (as the latter approaches the
impingement zone) moving in the same direction resulting in a reduced
reletive velocity between the two and the upper curve corresponds to
the vall jet and surface moving in opposite directions resulting in
an increased relative velocity between the two.

Since the WIS jet temperature depends on the average temperature
of the corresponding wall jets just prior to impingement it cen be
seen from Fig. A2.7 that a certain amount of surface velocity
compensation will result in this case.

Measurements made in the large WIS jet under the same
conditions as existedwhen the line joining the free jet axes lay
transverse to the surface velocity vector indicated an increase

of 1% approximately in temperature.
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It is likely that the small and large WIS jets will behave in
a similar manner thus no significant improvement in surface velocity
compensation would be expected when three free jets are employed as
far as this 'convective heat transfer' effect is concermed.

A1l these surface velocity effects arise from a temperature
differential between the surface and wall jets thus no significant
effects would be expected under zero net heat transfer conditions
where the free jets are heated to temperatures close to those of the

surface.



APPENDIX A3

THE COOLILG EFFECT OF THE FLOW ASSOCIATED WITH TilE TEIIPERATURE

TARASURLIG DEVICE O J. HBATED, JOVLNG OURFACE

Since the heat transfer to the WIS jet from the surface will be

negligible compared with that to the corresponding wall jet, the
effect of the former will be neglected in the following discussion.
It is not intended to examine any subtle variations in heet

transfer coefficient of the wall jet, but rather to obtain an
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approximate estimate of the average cooling effect by the wall jet on

the surface.

Since heat transfer rates will be small et those regions outside

the periphery of the orifice plate, their effect on surface cooling
will be neglected.

It will be assumed that the surface moves in a direction
parallel to the orifice plate and is continuous in this direction.
The surface will also be assumed to move in such a manner that any
one part of it, having once passed under the wall jet, will not be
exposed to the latter's cooling influence subsequently unless that
part is reheated.

Entreinment cooling in the wall jet will be neglected and
equilibrium conditions will be assumed to prevail throughout.

Consider a single round free jet impinging normally onto the
surface and forming a radial wall jet. Let 6t be the average
temperature differential between the origin O and a point on the
circumference at o radisl distance r (see Fig. A3.1).

Let V be the volume flow rate of the wall jet, P, the density

of air, an the specific heat of air at constant pressure.
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surface
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free jet e

Fig, A3.l. Cooling of the surface by the flow associated with the
temperature measuring device

Then the average rate of heat extraction by the wall jet from
that area cof the surface bounded by the circumference at radius r is
given by:

k
Vpa acp ﬁt S8 PP RSB S AANEBESATANNTREIBIESANBIERYABRAN (Aa.l)

Let C, represent the total thermal caopacity associated with that
erea of the surface which passes under the wall jet (within the
specified‘limits) in unit time. Assuming the change in surface
temperature,éTs, due to this wall jet perturbation to be smell
compared to the absolute surface temperature then this change will

be given by:

Vpa C_ 6t
GTS = """‘"‘"c':'R'—_ S B0 45 BES SN ITANNBTONNDNINAINNDNAND NS (iﬂ".3¢2)
]
Suppose the surface concerned is that of a body of
rectongular section normal to the plane of the surface.
Then Cg is given by:
2r pr U ....llI.......l.......................... (4‘13.3)

.'EI';.SCp s
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cross secticnal area of that part of the body defined
by the wall jet of diametur 2r, &x being the thickness
of the body.

H

where 2r éx

]

U surface velocity.

5
Pq = density of body.
sCp = specific heat of body.
In this case 6T, is given by:
Vo c, 8t
GTS :er 6;:‘3 C U LU B B B B B B L T IR BN BB O B BN O AR R A ] (As.h)
s 8p 8

This expression will be evaluated for a typical case of continuously
annealed aluminium strip where:

8x = 2.5 x 107° em

U = 150 cm/sec,

for v, = 100 v, ¥ ~ 3000 cc/sec.

B
For unheated free jets 8t = 170°%¢ corresponding to a strip
temperature of approximately 500°C also from the dimensions of the
sensing device.

r =10 en

Using the standard values of density and specific heat for
rlurinium and air it is found that egquation (43.4) gives rise to a
velue of GTS of gpproximately 2%¢.

Hote this fipure of 2°C is a worst case estimate corresponding
to the highest free jet velocity (i.e. VB = 100 V) employed in
these experiments,

If either the strip thickness and/or the speed are increased
then this value of 2°C will decrease accordingly. Also if the free
jet flow rete is reduced this 2°C surface termperature perturbetion

will be reduced. Note the above discussion has been appropriate to

unhzated free jets. If the heated free jet mode is used in which
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the free jet and well jet temperatures are close to that of the

surface then any surface temperature perturbation will be negligible.
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APPLNDIX Al

THE EFFECTS OF SURFACE POUGHNESS ON THE TSPoRATURE AND VELOCITY
CHARACTERIQTICS OF THE WIS JET

The temperature and velocity cheracteristics of the WIS jet are
dependent upon those of the constituent wall jets. Thus any
modification of the latter will influence the WIS jet characteristics.

It is therefore appropriete to examine the effects of surface
roughness on the wall jet,

It has been indicated that a wall jet has a two-component
structure in thet it has similar characteristics to a free jet in the
outer turbulent regions, but in the inner regions its characteristics
are similar to those of a boundary layer, there being & thin laminar
sub=layer close to the surface.

So long as the surface protuberesnces do nct penetrate the
laminer sub-layer then they will not cffect either the heat transfer
or fluid flov and the surface will behave as though it were perfectly
smooth.

Schlichting (455 47) hes found that the 'admissible roughness' kad
(i.e. the maximum height of the protuberances beyond which their
existence becomes sigmificant as far as their effect on heat transfer
and fluid flow is concerned) is a function of kinumatic viscosity u%FIS&S

S Sec™
and flow velocity U_,where:

k

= 100v S
ad U

This ex?re331on was derived for fluid flowing over a surface
Leane”
where U_ represents the free stream velocity, i.e. the velocity at
a distance from the surface where the effects of viscous drag by

the latter becomes negligible,
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However, if U_ is replaced by s where U is the maximum
wall jet velocity (see section on 'The Wall Jet', Chapter 3), then
Schlichting's expression should give a good approximaticn to
admissible roughness for wall jet flow.

Now Umax for free jet velocities of the order of 2000 ft per min,
(the maximum involved in these experiments) will probably be of the
order of 1000 ft per min. Also v = 1.6 x lO-h £t2 sec.™l, Taus for

the meximum velocities involved in these experiments corresponding

to V

g 100 V:

ey 10-2 inches
ad
Thus if the surface roughness gives rise to protuberances in
excess of this value, their existence will be significant.
Plots A4.l and Al.2 show electron microscope photographs of the
surface which was involved in all the experiments in this thesis.
It ig difficult to deduce the exact height of the protuberances

3

from these plates but they are certainly less than 10"~ inches and
hence well within the 'admissible roughness limit' of approximately
1072 inches.

Thus it cen be seen that there were no surface roughness
effects prevailing in these experiments, i.e. the surfaces may be

regarded as perfectly smooth and any variations in roughness below

the calculated value of lO-2 inches will not be significant.
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x 50

Plate Ah.1. Electron beam angle = 45° to surface.

“;Jf_ e e s e ' x 2000
o - ~ - S
Plate AL.,2. Electron beam angle = 45° to surface.

Electron microscope photographs of replicas of the surface used for
the velocity and temperature studies.
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APPENDIX A5

CATALOGUE OF VELOCITY SCANS PERFORMED INl THE HORIZONTAL, x, DIRECTION

All scans indicated employed the asymmetrical free jet

distribution.
gzl em

Sensor element transverse to free igt axes

VB = 100 V VE = TOo V VB =40V
Scanjy cm| z cm Scan| y em |z cm Scan {y cm |z cem
1 3.5 Xl 0 345 21 ¢] 3.5
2 5 3.5 12 bJ 3.5 22 5 3.5
3 10 3¢5 i3 10 3+5 23 10 3.5
L 0 2 1L 0 3 2k 0 3
5 5 2 15 5 3 25 3
6 10 2 16 10 3 26 10 3
] 1 17 0 2 27 0 2
8 z 18 2 28 2
£ 3 19 10 2 29 10 2
10 ] 10 3 20 0 & 30 0 &
Sensor element parallel to free jet axes
Va = 100 V VB =70V gb = 4o V
Scan |y em{ z cm Scan| y cm |z cm Scan |y en | z cm
31 0 345 L1 0 3.5 5% 0 3.5
32 5 3.5 L2 5 3.5 52 5 35
33 10 3.5 43 10 3.5 93 10 345
34 3 Ly 0 3 54 0 3
35 > 3 L5 5 3 55 3
36 10 3 46 10 3 56 10 3
37 0 2 LT 2 57 0 2
38 2 48 ) 2 58 5 2
39 10 2 s ] 10 2 59 10 2
Lo 0 1 50 1 0 1 60 0 1




d=2.5cm

Sensor element transverse to free jet axes

V, =100V V, =70V Vg = oV
Scan |y cm |z cm Scan |y cm |z cm Becan |y em | 2 cm
61 0 2 T1 0 2 81 2
62 2 72 82 5 2
63 10 2 73 10 2 83 10 2
6l 0 1.5 Th 1.5 8L 0 Ted
65 1.5 75 1.5 85 . 1.5
66 10 145 76 10 55 86 10 15
67 0 1:25 7 0 1.25 87 0 1.25
68 5 1.25 78 1.25 88 1.25
69 10 1.25 79 10 1.25 89 10 1.25
70 0 1 80 0 : i 90 0 1
91 il
Sensor element parsllel to free jet axes
Vg = 100 V Vp=T07V Vg = ko V
Scan |y cm T Z cm Scan |y en |2 on Scan |y em [z cm
92 0 2 102 0 2 112 0 2
93 2 103 2 113 2
ok 10 2 104 | 10 2 114 | 10 2
95 0 1.5 105 0 1.5 15 0 1.5
96 1.5 106 5 1.5 116 1.5
97 10 1.5 107 1 10 1:5 117 ] 10 1.5
98 0 1.25 108 0 1425 118 0 1,28
99 1.25 109 1.25 1191 - 5. 125
100 10 1.25] 110 | 10 1.25 120 | 10 125
101 0 1 31 0 1 121 0 1

280



d=1cm

Sensor element transverse to free jet axes

Vg = 100 V V=707 V, = b0 V
| ! |
Scan !y cm| z cm Scan! y cm 2z cm Scan 3,1'-::111I'z.cmJ
122 0.5 125 0 0.5 128 0 l 045
123 0.5 i 126 0.5 129 5 0.5
12k | 10 | 0.5 1274 10 .05 1113071 20" | 045
1 l . ey
Sensor element parallel to free jet axes
Vg =100 V Vg =70V V= ko v
T p— 1 ]
Scaniy cmiz en| |{Scan yeniz cn«.i !Scan |y en|z em
| l
131 o l 0.5 i) o | o] ! asr] o o
B 5§ 05| 23 B )05 ; 138 0.5
133 10 | 0,51 | 136} 10 | 0.5 i 139 10 | 0.5
" 1

g1
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CATALOGUE OF TEMPERATURE SCANS PERFORMED IN THE 2z DIRECTION

In this section the following nomenclature will be used:
A', B', C' correspond to the free jets J,, Jy and Jo

respectively and represent the temperatures measured close to their

respective axes,

DD = Small WIS jet temperature
D5 = Small WIS jet temperature
Eo = Large WIS jet temperature

E_ = Large WIS jet temperature

>

at y =0
at y = 5
at y =0
at y =5

Cri.

All scans employed surface temperatures, Ts of approximately

270°¢C.

Unlike the other temperature scans (i.e. horizontal and

vertical) the range in these z scans varied with d thus it is
appropriate to quote this range in the following Tables.
Three levels of free jet temperature were employed:

(1) Unheated free jets, T

li

(2) free jets heated to approximately T_/2, T,,

(3) free jets heated to epproximately T, T,

d=UL4,1lcn

-
Scan range - z = 5 mm > 35 mm

| I T3 I, i 1

| I Vs volt? V, volts i Vg, volts

| J10] 70! %0 100! 70| ko 200 | 70| 40
A'| 1z ! Bz | 15z | 222 | 29z | 36z | b3z | 50z ! 57Tz
D | 2z | 9z | 16z | 23z | 30z | 37z | bbz | 51z | 58z
B'| 32 1 10z | 17z | 24z | 31z | 38z | b5z | 522 | 59z
B, bz f 131z | 18z | 25z | 322 | 392 | 46z | 53z | 60z
c'| 5z 1 12z | 192 | 262 | 33z | boz | 4Tz | 5S4z | 6lz
E5 6z | 13z | 20z | 27z | 34z | 41z | 4Bz | 55z | 62z
Ds Tz ! lbz | 21z | 28z | 352 ; L2z | 4oz | 56z | 632
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d =2.6 cm

Scan range — z =5 mm ¥ 20 mn

'3 % #y |
TV, volts V, volts T, Volts 1
100f 70{ 4| 00; 70| % | 100! 70 | kO
A E6hz 7iz | T8z | 85z | 92z | 99z |106z | 113z | 120z
D, 652 | T2z | 79z | 86z | 93z | 100z | 107z | 11k4z | 121z
B* {66z | T3z | 80z | 87z | 9hz ! 101z } 108z | 115z | 122z
| {

o | 672 | Tha | 81z | 88z | 85z | 102z | 109z 116z | 123z
ct |68z 752 i 82z | 89z | 96z ! 103z 1110z ! 117z | 124z
Eg |69z | 76z | 83z | 90z | 97z | 10kz {111z | 118z | 1252
Dy | T0z | Tz ! 8uz | 91z | 98z | 105z | 112z | 1192 | 1262

boogdd ! : ! ! !

d =1.6 cm
Scan range - z = 5 mm:lOmm
t = '
' T3 T2 .Ll !
VB volts VB volts VB volts
100] 70 , b | 100} 70 | 40 | 100| 70 i ko
1 ‘ g

A' 1127z | 134z | 141z | 148z | 1552 | 162z | 169z l?ézl 183z
Dy 128z | 1352 142z | 149z | 156z | 163z ; 170z | 177z| 18Lz!
B' |129z | 1362 | 143z | 150z | 15Tz | 16bz | 171z | 1782 185z
E, {130z | 137z | 1bbz | 151z | 158z | 1652 | 172z | 1792 186z,
C' |131z {1382z ilhsz 152z | 159z 166z | 173z | 180z| 187z!
25 132z | 139z $1h6z 153z | 160z | 167z | 1Tz | 181z 188zi
l DS 133z | 140z | 147z | 15kz %161z 168z | 175z | 182z 189zi
: E ;
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(1)

(2)

(3)

(%)

(5)

(6)

(1)

(8)

(9)

(10)

(11)

(12)

(13)
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