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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.
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CRAPTER 1 

INTRODUCTION 

A knowledge of the temperature of surfaces is desirable in fields 

ranging from medicine to metallurgy. The purpose to which this Imowledge 

is put, of course, depends upon the particular type of surface involved. 

Por example, in metallurgy the metallurgical and mechanical properties 

of a specimen are usually dependent upon the temperature to which it has 

been elevated, thus a knowledge of the temperature is necessary for 

controlling these properties. 

In the extrusion of aluminium and its alloys, the surface tem 

perature increases with extrusion speed and surface damage results if 

this tempereture exceeds a critical value. A continuous measurement of 

the tempereture would permit maximum production rates to be achieved 

conSistent with no surface damage(12) | 

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. 

Tais vork is particularly applicable to breast cancer. Tne technique 

employed for this purpose is called medical thermography and involves 

measuring 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 diamostic 

applicaticns20!s3) . 

Other requirements for temperature measurement are found in the 

menufacturing and processing of such materials as wood, plastics, paper, 

textiles, rubber and glass, this list being by no means 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 falls broadly into two 

categories: 

(1) Contact temperature measurement. 

(2) Non-contact temperature measurencnt. 

Apart from a few general comments on methods falling within the 

former category, no further consideration will be given to contact 

temperature measurement. 

Contact Temperature Measurenent 

Various contact methods are available to measure surface ten- 

perature. They differ in principle usually in the particular ten- 

perature dependent parameter they exploit. 

One of the commonest methods, the thermocouple, exploits the thermo- 

electric e.m.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 example of 

which is platinum, as well as thernistors. 

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 filn. 

Certain materials suddenly melt at accurately predictable 

temperatures, (within 1% of nominal value). ixamples of these 

(6,7), Some naterials are certein crayons, paints, papers and pellets 

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

Other methods exploit the sudden change in colour of a substance 

CO), The range of such methods may be as large at a known temperature 

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

All the above methods involve contact with the surface whose 

ternperature is to be measured. Three undesirable effects arise fron 

(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 thermal conductivity of 

the test surface is hich, this effect is usually smell. 

A method of minimivinz the temperature profile distortion 

caused by the sensor is to use a thermally compensated device. 
This involves heating the sensor externally until no heat flow from 
the surface is detected. Clearly the procedure is not appropriate 
to all the nethods described above. 

(2) Unless an intimate 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. 

(3) In order to minimize the effect described in (2), surface danage 
by the sensor often results. 

For surfaces moving relative to the sensor, e.g. a rubbing therno- 

couple, (2) and (3) usually become nore significant. 

The techniques discussed so far have all involved extracting heat 

from the surface. Other methods exploit temperature dependent parameters 

within the material itself, e.s5. thermal expansion, resistivity, hardness 

elastic modulus. 

NON-CONTACT TEMPERATURE MEASUREMENT 

The main purpose of these methods is to avoid some of the undesirable



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 E.M.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 meres In general, these properties will vary with 

the temperature 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 

minimize 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, c, of a compressional sound wave in on 

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

given by: 

E(1<u) 3 

where E = Youngs modulus 

u = Poissons 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 becones: 

C= 2 ale w'S bone sive e slesisia ceo scses'e UeGssseesceeseciscce (2) 0. 

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 

temperature dependent. 

Experinents by the author have shown that when a 5 Mg Hz pulsed 

ultrasonic wave was propagated into the end of an accurately machined 

aluminium 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 wes 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 experinents described 

involved making contact between the transducer ?\ rtconate titanateand 

the surface, it has been found possible to generate ultrasonic waves 

(9) in metal solids by electromagnetic induction’”’, thus making it a 

true non-contact method. 

Another interesting application of this technique, although not 

strictly non-contact surface temperature measurement is in ultrasonic 

thernonmetry 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’! 

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 are 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 diagram of the natural convection 

maehod’ 1) .
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Fig. 1. Natural Convection Method 

In this case heat trensfer is by natural convection and to a lesser 

extent radiation (because of the reflective coating). 

If A and B ere very close, i.e. of the order of 2 mn and a 

temperature differential exists between then, then a finite heat flow 

will be indicated. By changing the teuperature of A in such a direction 

to reduce the heat flow a balance condition can be achieved when A = B 

in which case the heat flow will be zero. 

For separetions much greater than 2 mm radiation effects are bound 

to manifest themselves due to extraneous sources and a departure from 

almost pure black body conditions at balance. Also for those wider 

separations free convective air currents become very turbulent resulting 

in a certain amount of air cooling and considerable instability of heat 

transfer. The net result of the above is to introduce large errors into 

the measurements. Nevertheless in applications where close proximity 

is permissible this is a very useful technique. 

Other Techniques 

If a ‘Molecular bean’ of potassium or rubidium atoms is made to 

impinge on a surface then the velocity distribution of the reflected 

ators will be a function of the surface cemperaturescc) «



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°C. 

The technique is fairly elaborate, making 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 epateica 2 

This technique could have other applications where the thermal 

expansion 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 a few of the fundamental expressions 

on which all these methods are based. 

The emissive power of a black boc:r is a unique function of tem- 

perature and is given by: 

Ey = OD) seceseccccvecscccscecccccceccecccesseseseseees (3) 

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

This is known as Stefan Boltzman's Law. In general the emissive 

power of a real emitter is less that thet of a black body at the same 

temperature and is given by; 

HS ECL FU ataveseeseiesctaevecssccssesecevavectedsseose oC) 
R 

where € is a constant of the emitting surface called the emissivity



and always lies between 0 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: 

  

BianvevC Av laxn(co\= 1) Ake fh ce etewsenuetnee se 
A - TT 

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 ea function of wavelength, the temperature and the nature 

(14) 
of the surface involved 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 The Tote. 2233.6 

This method measures the radiation received over the complete 

range of wavelengths. 

Neglecting any re-emission or reflection of radiation from the 

detector the net rate of energy collection for a black body is at" 

and for a non-black body of emissivity « is cat! 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. c=1) the apparent (indicated) temperature Ty, of the non-black 

body will be related to the true temperature T by: 

ty! = ett sesseseeseseeeesceescssessssensseeneeencenerecsee (6) 

giving a fractional error in temperature measurement of: 

T-T 
aptei-e - a) 

showing that the error varies as the fourth root of the total emissivity. 
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Partial Rediation Pyrometers 

As the nane suggests these methods measure radiation from a limited 

range of wavelengths, Rewriting equation (5) gives: 

2yah = 00°? fomp (C2) - LIEN Gable Seoae bapa seedy ee cue Mone) 
AT 

The variation of Ey 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 

happen if the response Ry is constant for ell wavelengths. 

In general the output is given by: 

2 

s=o{ RB AA ecelacecereecesh saeacecsessoysnesveeaeees ECC) 
o KA 

(> = constant), providod S is linearly related +o detected energye 

A typical spectral response is shown in Fig. 5 for a Mullard 615V 

lead sulphide photoconductive cell. 

(16) 
It has been shown experimentally by Harner and Watts that 5 can 

be expressed in the following form for this type of detector: 

  

s= et" seeeee 

where c is constant and n, which varies with temperature lies between 

8 and 12. 

If the pyrometer is again calibrated against a black body and 

subsequently used to measure the terperature of a surface of 

emissivity « at temperature T then the apparent temperature Ty, will 

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

ae: AT = Causes Ob Act's oivia anaietie aie seen svseebeoseseeseeer 1 (10) 
A 

giving a fractional error in temperature measurement of: 

LUNECS Soa caeeRe een eae ses souesenate erate eam rt) 
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1/n Since e<l then € 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. 

fn 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 values 

of n. 

A similar result to the above can be obtained using filters with 

@ 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 a temperature range 500-750°c'29) , 

TABLE 1 

———— ee 

A max. | 500°C } 600°C ; 700°c | 750°C 
  

5.0 | Tob | 6.4 | 6.0 
  

bug) (07.6 |wrso ll 62 

ho | 8b | 7.6 | 6.8 | 66 | 
  

  

3.5 9.8 8.2 Toh Tod 
    3.0 11.2 9.0 8.2 8.0 
  

  

1 

2.5 10.6 9.6 94 

| 2.0           112.4 {12.4 {11.4 
  

Monochromatic ‘Brightness' Radiation Pyrometer 

This technique measures the radiant energy in a very narrow band
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of wavelengths defined by filters and the spectral response of the 

detector. 

The emissivity errors can be determined in a similar manner to those 

in the total and partial radiation pyrometers when the device is 

calibrated against a black body. 

Rewriting once again Plank's equation: 

sya = 01°? [exp ( Za) - a] an EGE eeE U shes Su eeee ee) 

Now in the normal wavelength and temperature ranges encountered in 

radiation pyrometry, exp & >> 1 and equation (5) reduces to Wein's law: 
AT 

meee ey C,7-1 
Bad = CN lex 2 AN Esa Shleyot ewes Sele Swick et Res eee eseisien ide) 

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 wit area in a wavelength 

renge A-A+dA from 2 body at temperature T but with emissivity en ist 

oho 5 C,9-1 
eB ,ah = €,0) Cex 21 GN ss csv aces cece cbieceesveisseesseiae (13) 

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

temperature T ‘A thus: 

  

Geka exp a = ChAT exp A eee evevecee (14) 
AT. AT 

on simplifying and taking logs (14) becomes: 

eee B-mF log ec eBeisioiseGiceenbwinceciceceeyesineieescsseeel (15) 
iz tT) cy ‘eA 

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 making uncertainties in emissivity estimates



1 

less significant than in the other cases discussed. Also the error again 

decreases as A decreases. 

If in PlanWs equation (5) log, E, is plotted against log, 7, for 
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: 

Bre ccish,s Melee dees sete ss oveuweestecereecvcetarenetese (CLO) 

where n is the slope of these curves and varies with A. 

The corresponding fractional error in temperature measurement is 

thus: 

Sie Se (17) Some meee nce n eran sense ences eeessenesseeesees 
. 

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 valuesof n than a monochromatic 

pyrometer operating at A max. The former is also more sensitive of 

course because it gathers more radiation. 

The Iwo Colour Pyrometer 

This is a further attempt to reduce emissivity errors by measuring 

(are 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 

temperature, 

Consider two adjacent wavelengths Ay and Ag with band widths 

and spectral emissivities Ey and ey respectively, then ah, and dA, 
1 2 

2
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the ratio of the spectral intensities will be given by: 

waiieedccwscssciesseveevasivce (10) 

  

ae - 
7 lexray - 1] an, 

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

€ 
Me 

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

» (19) 

  

Using (19) the value off - = may again be easily obtained giving 
A 

en indication of the error in apparent temperature when the pyrometer 

is calibrated against 2 black body. 

Writing the right-hand side of (19) in terms of the apparent 

temperature T, the following relationship results: 

Cc 2 [ “25 [em =] exp —= 
TT, AjT 

  

  
  < Routan weave acnegsreeeousel ul COl 

  

  

2 2 
(exp at ‘| hy Lexp rr! 

which on simplifying and taking logs of both sides gives: 

nae peo ot 7h = Tyna) let, ZS Neen@eceseciecsusiesseeiccenee a (al) 

(18) It has been found by Reynolds thet for aluminium at 700°% the 

errors of a two colour pyrometer would be less than 13°K for a typical 

rough surface for almost any choice of the pair of operating wavelengths. 

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

30°. Thus the surface roushness 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 

emissivity independent than a suitably chosen monochromatic instrument. 

However, more experimental results would be desirable to confirm this 

assumption. 

Acke rman) has inade a comparison between a two-colour pyrometer 

operating at Ay = 0.65 p and Ay = 0.51 u, a monochromatic brightness 

pyrometer operating at 0.65 y and a‘total radiation pyroneter 0-10 y 

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 THREE RADIATION PYROMETERS USED TO 
MEASURE THE TEMPERATURE OF INDUCTION HEATED BRASS 

  

  

  

  

Errors 

ion Two | Total | Monochromatic] 
Alloy “* | colour | radn. | ‘brightness! 

Tse °C 9¢ 20 
+ve -ve =-ve 

Cartridge Brass 750-880] 85/55 |1170/133 /10 

Trumpet Brass 800-900} 31/17 |175/113 /8 

Phosphorised Admiralty Brass| 750-800} 682/62 | 190/140 /1T 

Arsenical Admiralty Brass 750-830] 95/81 |127/92 /23 

10% Cupro-ifickel Brass 760-1000] 14/4 10/10 /h 

Aluniniun Brass 760-920 | 70/130]170/200 /33               
The left-hand figure in each colum 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 

measurenent being made after 3 minutes 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, @ somewhat different approach to overcoming these emissivity 

errors will now be made. 

Multiple Reflection Methods 

It has been indicated that a black body emitter hes an emissivity 

of unity and will emit radiation at rate given by: 

E = oat" Stee necerccccccecercscrccscsccscessonscerscsceeee (22) 

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 methods 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 e 

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. 

Assume each surface to act as a specular reflector. Let &. be the 

enissivity of the emitter, r, the specular reflectivity of the enitter 

and R, the specular reflectivity of the reflector. Then the effective 

enissivity after n reflection is given by: 

S n Cope 7 Sg lbtrgRgt(rgkg)” ceeeeeeee(t RY] ceceeceeeeeeeeee (23)



  

  

to detector 

4 
/ 

/ 

(Of reflector 
/ s vy A 

ae Ne ea 
/ er Ve jus 

4 Aen wl 2 t 
wel v a os (so 

wo op 18% 
7 / eo 2 we 

i, Nae Noe 
\v vv enitter 

Fig. 7. Principle of reflection methods 
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Tf n is lerge then: 

Cleat ae og 5 (2h) 

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

  

are assumed perfectly diffuse thus: 

Tae aay oe 
{2-r, ‘a al 

where rg, Ry end €, are the diffuse reflection and emission coefficients. 

> 

  

"eft 

Despite the formulae for specular and diffuse reflections being 

mathematically identical their effective emissivities will in general 

differ, 

Usually ao real surface will reflect both specularly and diffusely 

but the relative significance of each is often mcertain, thus meking 

an estimate of effective emissivity difficult. 

Nevertheless the nett effect of these reflections is to augment the 

totel emissivity of the emitter such that the radiation finally 

emerging 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 above 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 Peroncens 20) is a 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 a 

result of internal reflections emission through 0 is almost black body 

radiation. 

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

Errors in measurement for enissivities of 0.9 and 0.5 have been 

found to be 1°C and 8° respectively for a surface at 1100°¢, 

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. and 2 in. have been observed. 

The Reflecting Wedge Radiation Pyrometer 

The multiple reflection method may be exploited in a 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.9 ). 

(21) describes such a system with a reflector consisting Reynolds 

of highly polished aluminium plate inclined at an angle of 10° to the 

emitter surface. The radiation wdergoes a series of reflections 

before entering the aperture of a total radiation pyrometer. 

It can be shown that black body conditions can be epproximated 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 

specinens of total emissivity, 0.89, 0.28 and0.17 coincided within 

*y°c 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 

the erecimen (=>). Fig. 10 shows the principles on which the method
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Fig. 10. Principle of Kelsall's method



is based. ‘The nomenclature used in the simplified discussion to follow 

is defined in the diagran. 

A black body reference heater ewits radiant energy %, part of which 

passes through the right-hand optical systex Oo). However part is 

speculerly reflected from the sample, so augmenting the direct emitted 

radiation from the sample end the resultant radiation Beth r, passes 

through the left-hand optical system 05+ 

By adjusting yy until the direct emission from the reference source 

becomes equal to the combined enitted and reflected radiation from the 

semple, the temperature of the gample may be determined by measuring Ty. 

This is shown in the following relationships: 

E,rytEye, TB ce eec ees eeeeeecenceneeearteeeeeereererecenes (26) 
1s 2°83 

Now from Kireshoff's law: 

rife 1 (for specular reflectionS) .secccccescereseoscees (27) 

thus B,[1-e, Hoe, = BL 

giving EL = Sy 

  

thus when an energy balence occurs the tempereture of the rofercnes 

source will be equal to the sample temperature. 

This comparison between reference end sample signals is nade oy 

suvjecting the signals alternatively to a lead sulphide detector. 

It has been assuned that the reflected radiation is purely specular 

put in practice there will be a diffusely reflected component. Kelsall 

considers the error arising from this effect to be small however. His 

argument is that a surface which reflects feirly diffusely usually has 

a high emissivity and vice-versa. 

fests on many surfaces at 200° gave an accuracy of S10°C, but for 

gluminium and bress with emissivities less than 0.2 errors of up to 30°C 

were observed.
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A Method Employing Polarized Radiation 

The main disadvantage of Kelsall's method described above was that 

it could not accommodate diffusely reflected radiation from the sample. 

Murry (23) hes 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. 

(2h) found that the light emitted in an oblique direction 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.11). Since Kirchhoff's laws still apply to separate 

components of polarization, the reflected radiation will be polarized 

with the dominant component Ey perpendicular to the plane of incidence 

and the lesser component Ey parallel to this plane. 

If the beam now passes through a rotating analyzer then the 

emergent radiation will consist of an alternating component and 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 Ey will be 

greater than the sum of those perpendiculer to this plane Ky. If the 

black body is heated until the sum of the two values of BE, equels the 

sum of the two values of Ey : then the alternating component will 

disappear leaving a steady radiation level.



Blackbody    
reflected —— > 

<+——-enl tted 
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Section A — A through plane of incidence 

Fig. 11. The polarization of emitted and reflected radiation
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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 0.05-0.47 the difference between sample and reference 

temperatures at balance was found to lie within tog with no emissivity 

corrections. 

The theory indicated that for out of balance conditions the device 

becomes sensitive to once where o5 is the emissivity of the sample 

corresponding to the radiation polarized parallel to the plane of 

incidence and fe, 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 Disappearing Filament Brightness Pyrometer 

No discussion of radiation pyrometry would be complete without a 

brief mention of the disappearing filament pyromater’27°°5) , 

In this type of pyrometer the operator compares the brightness 

of the surface with that of an electrically heated filament. This 

comparison can be made manually with the aid of the human eye or 

automatically with the aid of photondetectors. A simplified schemetic 

diagram of an arrangement with which to perform this comparison 

manually is shown in Fig. 12. 

S = surface whose temperature is to be measured. 

= objective lens. J
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L = pyrometer lamp. 

0,= eye piece lens, 

G = red filter. 

& a eye. 

A = ammeter. 

R = rheostat. 

In most instruments a comparison is made in a narrow wavelength 

band at about 0.65 » 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 dow the source 

intensity). 

In operation 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 adjusting the observed brightness of the surface by means of a 

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 enissivity 

errors will be correspondingly reduced. 

The disappearing filament pyrometer operated manually as indicated
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above has a range from about 760°C upwards. Below this temperature 

there is insufficient emission of visible light for satisfactory 

measurements. 

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 developea'27+28) | 

(16) have developed a device employing a lead Harmer and Watts 

sulphide cell as a null detector. Radiation from the specimen is 

chopped at 800 Hz and passes through a 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 

sample signal. 

If the sample and reference signals are unequal resulting from a 

difference in brightness, then an alternating signal will result from 

the photocell. This will be passed into an amplifier followed by a 

phase sensitive detector which automatically adjusts the lamp current 

uitil the error signal disappears. 

From a knowledge of the lamp current et balance the temperature 

of the specimen may be deduced. 

Various ranges are available in this instrument, the lowest one 

being 150°c-400°C 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 

enissivity 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



form: 

set 

where n is of the order of 10-12 eat low temperatures, Thus any 

emissivity errors that do exist will be low for this cell. 

However one advantage the comparison method 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. 

7% 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 stabilize 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 spectral 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 

cannot 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 example 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 MBASUREMENT EMPLOYING FORCED ALR 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 blow 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 T, being greater than Ty. 

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 decrease. 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 making contact. 

This phenomenon was exploited in the temperature measurement
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of 9 mm diameter metal rod. 

The device constructed for this purpose is show in Fig. 14 together 

with the experimental arrangement used for assessing its performance. 

The device fabricated from aluminium consistec of an annular 

cavity sealed at both ends with an inner diameter 40 mm, an outer 

diameter 60 mm and a length of 230 m. 

Lying concentric with the device was a 9 mm diameter copper rod, 

(chosen for its high thermal conductivity), the temperature of which 

was to be measured. The rod was heated by two small cylindrical ovens 

placed at either end and the temperatures T and Ty, at two different 

locations along its length, were measured with the aid of thermocouples 

Cc 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 m 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 3 placed at different 

locations along the length of this tube indicated respective tem- 

peratures Ty and Toe 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, Ty was greater than T, (if the 

air had been hotter than the rod, then Ty would have been greater 

than T,). 

On reducing the temperature differential between the rod and 

the sir, e smaller value of (,-T,) resulted, until when the rod and 

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

2 

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 T, and T,, and 

hence between the air 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 1, and under these zero nett heat transfer conditions 

the rod temperature was inferred directly from a measurement of either 

Ty or Ts 

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 air 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 DIAMETER CYLINDRICAL 
‘COPPER ROD 

t q T3 ty, ™%-T 

48.0 40,0 200.0 195.5 8.0 

56.0 48.5 203.0 198.0 1.5 

62.0 | 55.0 202.0 195.5 7.0 

13.0 67.0 196.0 194.0 6.0 

80.0 | 7Th.0 195.0 192.0 6.0 

91.0 85.5 203.0 200.0 5.5 

100.0 95.0 205.0 200.0 5.0 

110.0 105.3 203.0 198.0 4.7 

120.0 115.5 204.0 201.0 4.5 

132.0 128.0 204.0 201.0 4.0 

140.0 | 136.2 204.0 200.5 3.8 

151.0 148.0 202.5 199.5 3.0 

160.0 157.2 202.0 199.0 2.8 

166.0 | 164.0 201.0 199.5 2.0 

170.0 | 168.1 201.0 199.5 1.9 

176.0 | 174.5 201.0 200.0 1.5 

180.0 178.8 201.0 200.0 1.2 

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 ° 

205.0 205.0 204.5 206.0 ° 

206.0 206.0 204.8 206.0 ° 

206.9 207.0 204.8 206.1 -0.1 

207.5 207.8 204.2 205.9 -0.3           
  

Sf,
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continuously cast 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 measurement 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 a 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. 

THE WALL JET 

In 1956 Glauert published a paper which dealt with the theory of 

flow resulting from a jet, consisting of a fluid similar to that of its 

surroundings, impinging normally onto a plane auxfacete?) 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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(stagnation 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! 20), 

The vertical axis indicates the velocity, U, expressed in terms 

of the maximum, Ul. The horizontal axis indicates the displacement, 

Y» normal to the surface expressed in terms of 6 where § is the value 

of y at which U =n. 

Theory meen that exact similarity of flow does not exist at 

all distances fron the origin, i.e. if U,«R® and é=R”, then a and b 

vary slightly. However, the variation of a and b was so small as to 

be undetectable experimentally. 

Figs. 16 and 17show a plot of Log. 6 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 temperature differential exists between the impinging free 

jet and the surface then the two thermal sensors 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 characteristics. 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 cm and 10cm. UExtrapolating Bakke's best 

fit plot back to these values of R (see Fig.16) 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 a 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 sensors 

would have to be placed very close 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! 31) . (This gradient, of course, depends upon the surface 

and 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.e. 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 locetions 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 new 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 oO, and 05 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 0, ab and O, ad. If 

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. 18. The impingement of two identical wall jets 
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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 

ad and O,ab. 

If now the latter fluid elements are considered in situ, i.e. 

these were in isolation), adjacent to 0 

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 an 

almost identical manner. 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 0,00, the flow after impinge- 

ment would be away from the surface in the z direction. 

Consider the fluid elements O,cd and 050d at an angle 6 to 0,00, . 
a 

In this case there is a significant residual y component of flow. If 

the maximum wall jet velocity just prior to impingement is UL then 

this component will be proportional to Usin @. ‘The corresponding x 

component will be proportional to U cos 6. If the elements 0,4 and 

O,ed 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 a y component, which would have the effect of deflecting 

this resultant from the vertical. 

Let the resultant velocity vector make an angle a with the 

vertical. Then as y increases ®@ will increase and hence Ursin 6 will 

increase relative to U,cos 6. The result of this is that o will
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a 
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 as it moved eway from the surface. Furthermore, since the 

maximum wall jet velocity varies almost linearly with = the WIS jet 

should broaden as y increases. 

It can be seen from the above 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 WIS 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 examination of the latter will first be made.
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CHAPTER 4 

THEORY 

PREDICTION OF THE RADIAL VARIATION OF TEMPERATURE IN A WALL JET 

Consider a round jet of air impinging normally onto a surface and 

forming a wall jet, (see section on tne ‘Wall Jet") and Figs. 22 and 23, 

it will be assumed that the wall jet is manifest at a radial 

distance Ry 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 neat balance over an annular element of width ér and 

radius r, 

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

= me. == .ér Saesiseie Sus coe selseisiewe cess sesesscoe se) 1120) 

where m = mass flow rate at the beginning of the wall jet region. 

c_ ™ specific heat of the air at const. pressure (assumed constant '°*)) 

T = mean temperature of the wall jet at a radial distance r. 

Let qT be the temperature of the surface, Then the heat flow rate 

from the surface within the element of width sr at r is given by: 

h,@nrér(T,-T ) cence ceseccccecccecccsssccesescesercecscesss (29) 

where hy is the local heat transfer coefficient at r. 

Equating (28) and (29) gives: 

aT 
r me ar ° oF = h 2nrér(£_-T ) ae soey sels sueceeses eewisesisceese! 1.30) 

Integrating (30) between Ry and Ps 

a 

ve, eo = axft Pit dy wince ses sweteescseeticesscesias MUS) 
Pp x
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Fig. 22. Section through free jet and wall jet axis 

  
Fig. 23. Plan view of wall jet
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e sc i Thus: Log (t,-1,) -2n Be Hedi win sito wtctenr shreataee ay (aoe) 
T.-T, me. - 

R, 

The right-hand integral cannot be integrated directly without a 

knowledge of the functional relationship between hy and {33934 35) | 

Two relationships will be considered: 

(zy) h_ = K where K is constant. 

t 
(yen. © were K' is a different constant. 

performing the integration for each case gives: 

for hh =K 
r 

(T_-T) Log s -1K 2 we aecees sticoecesslseteccacwee ve | (33) 
° Rt aoe od! 

Be 

me and for 4 * > 

(t,t) -2nK! (34) 

  

PS e (aeats) a me, [R-R,] 
2 

be the value of TR corresponding to h_ = K ES r 
and xR be the value of Tt corresponding to h 

then solving for from (33): KR 

= “tk pr pen xia = Ts > (Ty~e) exp mo, CF Ryo] teeeeeeceeseeeeeeeeeee (35) 

and for ,;Tp from (34): 

a -2nK! city ly > (BpatS) exp uc, [ReRy]  teeeeeeeeeeeeeeereeees (36) 

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

K'R = Ty = xl also when R approaches © then both KOR and xt™p 

approach Ty 

Without a knowledge of K and K' the exact relationship between 

KR and R, and that between kttR and R cannot be deduced.
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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 < Rye 

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 

(yt+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.21 ). 

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 

temperature characteristics of the constituent wall jets.
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THE VARIATION OF WIS JET TEMPHRATURE IN THE y DIPECTION 

Equations (35) and (36) express the dependence of wall jet 

temperature on R for hy = « and hy = So feerec tare: 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 a xay? 

For the moment x will be assumed constant. 

Thus (35) becomes: 

aly 7 Ty ~ (Ty-Ty) exp i [xP ay’ BRS Ligon ue ecutanee (GT) 

and (36) becomes 

BUEE ExPay?)? Ry] ceevseceneene’ (88) xrly = o< (T,-1,) exp D 

differentiating (37) w.r.t. y 

& (3) = aos (t, -, ) exp xy 23° weevevccses eye (0) 
P- 

differentiating (38) w.r.t. y a 

  

dea) = Bxpe (Parte) exp “SHE [(a?y®)?* ~ 2]... (0) 
e aa! P 

It can be seen from (39) and (40) that as x increases (y remaining 

constant) the gradients decrease. Thus 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 gradients approach 0 as y approaches 

QO and y approaches =, a result which is not surprising on purely 

physical grounés. 

THE THBORY OF SURFACE TEMPERATURE PREDICTION USING THE FORCED AIR 
CONVECTION 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 

t = T)s irrespective of the form of a heat transfer coefficient, h, 

chosen. 

The wall jet temperature at Ry 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,. 

Let Ty — Dy = 8T py se eeesecsseeeseeeseeesseessecerscesceeeseoes (41) 

then xR and Ktp 

replacing T, in (35) and (35) by T,- Stat 

inay be related to the free jet temperature by 

Methods of Surface Temperature Prediction Using Two Free Jets 

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

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

to as the horizontal plane. (Fiz. 26). Tho second pert will 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. 

MBTHOD INVOLVING AIR TEMPERATURE MEASUREMENTS IN THE HORIZONTAL PLANE 

Nomonelature 

T, = mean temperature of the wall jet at a radial distance 
: R from the origin. 

slp = axial free jet temperature close to the surface 8. 
s 

ofr = axial free jet temperature close to the orifice plate. 

st, i on r s'F 

T = WIS jet temperature at a point in the middle of the 
WIS jet close to the surface. 

7 = WIS jet temperature at a point in the middle of the 
WIS jet close to the orifice plate. 

cy = a 
é “w sie a 4 

oT = giv 7 SF 

qT, = surface temperature. 

a = surface (S) - orifice plate (P,) spacing. 

TS = 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 WIS jet midway between 

the two free jets. 

The following assumptions will be made at this stage: 

(1) tT 3 oT, > 2,



59 

vertical plane 

  

1 
horizontal 

plane 

free jet inpincenent zone 

Fig. 26. Horizontal and vertical planes 
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(2) Transverse temperature gradients in the free jets are negligible 

at locations close to P, and close to 8. 

(3) Radiation effects are negligible. 

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

(5) 1, is the same for the free and WIS 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: 

is Th = 6f, a + OT, = OL eseecereneeeeeetereeseeeenennes (42) 
F 

From (42) 

Mopeaeeenne a bposcrenscieas C43) eee (oT, + 60) «-   

Now it can be seen directly from equation (3%) that 

a oe 1K Cie 
xip 7 > * (ty - T,) [2 - exp me (R Ry | piolgice siate vie owen uIGHE) 

a similar expression may be obtained from equation (36). 

Since it has been assumed that transverse temperature gradients 

in the free jets close to S are zero it follows that ) will equal 

zero and hence T, = T, = T, F sor ‘2° Thus ote is in fact equal to 

xtr ~ Te (or ktlp 7 Ly) under these circumstances, i.e. 

ST, f (DyBy) OF (Byrg Tp) seeeseeceeeeceeeeeeceserceneneneens (45) 

(Note T, only equals eip when 62, 

were finite 67, vould still be a function of (2,-2,) or (t,-,7,) 

= 0 nevertheless even if §Tyo 

(see equation (41)). 

If temperature attenuation along the free and WIS jets were 

zero, i.e. 61, = 61, = 0 then (43) would become: 

Win i we On opens teeused es eseaheie Vecweresoumoagneseatacass OF) 
Ww oF sw
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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 Tr olp becomes 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 

or, and 6. 

In general 61, and 67, will increase with 4d, éT, will increase 
r 

: pet - will i ; 7 with (tp T,) and 6T will increase with Cr T)- 

If free jets at temperature T, are used, i.e of > = T then 

ST, = 0 end (40) becomes: 

Dyrolp = STyyroDy, vererereserercneeereresercncsercteeeseees — (47) 

Now Sow is proportional to olr as well as qT, thus by decreasing 

olr’s lw will also be reduced resulting in smaller value of (1-7) 

and hence 6, ‘Thus the value of 61, in (47) will ve 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 6T, and 67, in equation (43). An 

important consequence of this is that 1, becomes less sensitive 

to d. 

The use of cold air of course, increases the temperature 

differential T- ot and hence Tnot the result being that surface 
¥ ¥ 

temperature predictions based on Ter olp will be more sensitive to 

T, than if heated free jets (still cooler than T,) had been employed. 

Method Using Heated 'Free' Jets 

Assuming, for the moment, 6T, and ét, to be zero then: 

2 won p TOD tt eeeeeeeeereneererseseceneeeereeeeneenenenes (48 ) 
sw
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Lf olF is increased until op = 3, then ory will equal zero, i.e. a 

state of zero nett heat transfer (Z.N.H.T.) between the wall jet and 

S will exist. 

The implication of this is that the temperature of the free jets 

will be equal to Ty. 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 or, and or, will not be zero and it is appropriate 

to examine, therefore, the accuracy of prediction in this case. 

From (43): 

T-T = 6T,,, - (ST,+6T,) es coh sevecveese. (43) 

  

Suppose 61, = OT pHOT tenet acne eeeeaeesencereetneeeescereeeene (49) 

then Tole and a balance will be indicated between thermal sensors 

placed at A and D, However, 6t, and or, are finite and additive, 

thus 6T_ must be finite. 
sw 

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 ofp and will not equal toe 

So long as s oF < a then sow will never reach T, (for practical 

free jet spacing, i.e. R < ™) and since T, < 50, by an amount én, 

then t, will always be less than T° 

Thus the temperatures of the free and WIS jets measured under 

balance conditions will be less than qT. 

A true Z.N.H.T. condition would require ofp tw to equal 

ST, +67, (resulting from a zero value of 6T,). 

It can be seen therefore that the difference between tT, and 

oF or T, at balance will increase with ét,, and ST +
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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 67, 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 oly 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 sip < T,). Entrainment 

from adjacent cooler regions would oppose this increase, resulting in 

a@ reduced value of oto? Let the value with entrainment be en? ee” 

New OD © (LU = TL) ce eeeeeeseeeeeeeeeecseeceeeseeeeeseeeees (50) 
sw 

thus if _T -T >> 67. - 67. then the effect of wall jet entrainment 
sw e sw sw en 

on 67 will be negligible. 

e+ (51) 

  

Let olay - Py = ono . 

from (43) 

eveevoee (52) 

  

aly - oF = Pee - (sT,+62,,) tae eeceeee 

where ey. corresponds to the WIS jet temperature with wall jet 

entrainment. 

Substituting from (51): 

T= Tp = (6TL, = 6,52) ~ OT, ~ 6D, oe eveserie (53) 
ev © F 

  

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 WIS jets. en®= will increase with or and 7, but is net likely 

to be as sensitive to d as st, and én, (note if or = T, then 

ot, = 0). 

Entrainment Effects in the Heated Free Jet Mode 

It must be remembered that in (53) éT,,, is not the actual 

temperature difference between siF and Sow but is the difference 

which would exist in the absence of wall jet entrainment. It can be 

seen from (53) that if: 

(82. ~ gp5T) = STEtOT, 

a balance will be indicated between thermal sensors placed at A and 

D (see Fig. 27). However, under these conditions (st, - en®?) would 

be finite and positive thus ely would be less than T, and so also 

would be T.. 
oF 

If it were possible to reduce ét, and 6T,, to zero and yet still 

keep eno! finite and positive, it would be necessary to reduce  T,, 

to a value less than T, in order to achieve a balance betwen oP and 

ew . 

It is interesting to note that if R approaches ~ in equations (35) 

and (36) iy ond , rT, approach T.. However, these equations were 

derived neglecting wall jet entrainment effects and if these effects 

are included then neither KR nor x'lR would reach T, as R approached ~, 

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(?.c,) 

in the free jets and point D(T.C,) 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 indicate that T.C, will receive direct 

and multiply reflected radiation from S in an angle 0 Since T.C 
Ae A 

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.Cye 

The angle subtended by S at D, i.e. 0, will be greater than 0, 
D 

thus T.G, will receive more direct and multiply reflected radiation from 

S than T.C,. Furthermore T.C, lies directly over a reflector, the 

orifice plate, and will thus receive radiation reflected from the 

orifice plate. 

The nett effect of the above is, therefore, to make T.C) more 

sensitive to radiation than T.Cye Thus the temperature differential 

  

* This assumption is not completely justified since it is likely that 
the convective heat transfer 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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surface, S 

  

  

  

peers Eis G 
orifice Baffle plate 

Fig. 28. Geometrical radiation effects in the two free jet method 
involving air temperature measurements in the horizontal plane
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between T.C, and T.C, 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 sane general conclusions as above will be drawn. 

Heated Free Jets (Under 2.0.4.7, 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. 

TC, will receive almost black body radiation from the orifice 
together with direct and multiply reflected radiation from $ contained 

in the angle 8. 

T.C) will receive a little more direct and multiply reflected 

radiation from S contained in an angle 8) together with direct and 

multiply reflected radiation fron the orifice plate over which T.Cy 

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.C, will receive slightly less total radiation than T.Cys 

Suppose ols or, and en*= are zero then without radiation 

effects the temperature of the WIS and free jets at balance would be 

equal to Te However, with radiation effects the temperature of 

T.c, would probably be less than that of TC, under these zero nett 

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

balance between TC, end tT.) the free jet temperature oF must be 

reduced, civing rise to a value of olp (or a) at balance less 

than qT, .



METHOD INVOLVING AIR 

Nomenclature: 

7 = e wis jet 
WIS jet 
orifice 

= WIS jet T 
ua WIS jet 
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TEMPERATURE MEASUREMENTS IN THE VERTICAL PLANE 

temperature at a point'a'in the middle of the 
in the horizontal plane and close to the 
plate, 

temperature at a point’b'in the middle of the 
in the vertical plane close to the orifice 

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

ysty = WIS jet temperature at a point,'c',in the middle of 
y the WIS jet in the vertical plane close to 5 and 

displaced from the horizontal plane by a distance y. 

sty 7 Wis jet temperature at a point, 'd',in the middle of the 
WIS jet close to S and lying in the horizontal plane. 

Oo, Set ei 
yow ysw yw 

oo sw eS ys'w - s'F 

oly ei sow - s'F 

Any other nomenclature used in this section has been defined 

previously or will be defined in the text. 

It has been showm in equations (37) and (38) that if i> Tt 

(the air temperature at the start of the wall jet) ey and Kly will 

increase with y (neglecting entrainment and radiation effects) and 

also with Ty. 

Using the nomenclature of Fig.29 the temperature differential 

between c and d will be equal to: 

yslw 7 sly ‘tittssseeceeeceeseseceeceeeceencescsescesecee ses (54) 

Assuming again no transverse temperature gradients in the free 

jets close to S and the orifice plate then: 

Ty = Tp teetecseeseccecrencceceecceseeceeesesencessseecenes (55) 

and reference to (39) and (40) will show that the temperature 

gradient in the y direction in the WIS jets will decrease as sop
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approaches c this gradient becoming zero for sir = To. 

It can be seen, therefore, that yew - aé is proportional to 

a - s oP 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 fecb 

yiv 7 op ~ oly + Siew 7 poly Thtteeeeaseeeaeecnateseueeenns (56) 

Or Tym oly = Stroy ~ STp ~ ySN, cereeeeeeeecsseecscerceseeeees (57) 

Path feda 

Ty lp ~ Ep + Ty, — OR, corte cesceeceeeeceeseeeseecens (58) 

or T - Qty = 6T,,, - Ot, - of, « (59) 

  

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

6S TOT RSP se +. (60) 
sw WwW yow ~ STroy * yw Ww   

ora r= (en, ~ ot) + UE = yoy) Wa ols eeains chen aelenmi CO) 

It can be seen fron (61) that the 61, and op terms heve 

disappeared. Reference to (37) and (38) however will indicate that 

i ‘ apie - 8t Toy and or, are both exponential functions of 7. (ole éf,) 

where ((t) - 6t,) = T, under the assumptions made. Thus ae - 

is dependent upon oF and oT ye 

It can also be seen from (61) that yiw - 2, involves the 

difference between the WIS jet attenuations along cb and da, thus 

the effect of these attenuations should be reduced. If ér, = ot, y 

then the sensitivity of yw - T, to WIS jet attenuation would disappear.
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Unheated Free Jets 

For unheated jets at a temperature Ths 6T,, will be zero as was 

the case for measurements in the horizontal plane. 

if éq, - oe is finite implying that the WIS jet attenuations along 

da and cb are unequal then for a given value of T - T, T -T 
5), “a Faye Ww 

will be dependent on d. (i.e. 6n, and ow are proportional to d). 

The extent of this dependence will increase with ér, - youw' 

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

Reference to equation (61) will indicate that if 

(ote - 6.) = (8%, - 60) 

a balance will exist between ye and T,. 

If, at balance, oe - 6T, # O then a state of Z.N.H.T. will not 

exist between the wall jet and the surface since to maintain a balance 

ola ew - ae would have to be finite, implying that heat transfer 

between the wall jet and S had taken place, 

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

(provided te ofp: The departure from a Z.N.H.T. condition at 

balance will be proportional to Léa, - [62 }- It nust be stressed that 

even if yew = oT, in which case « balance would correspond to a 

: g wi if state of Z.N.H.T., the value of yw and Ty, will only equal tT at or, 

and or, are both zero. 

kntrainment 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 distance from the origin 

(see Fig. 30 and Fig. 31). 

Suppose curve A in Tig.30 corresponds to the case of no wall 

jet entrainment. This curve will become asymptotic as R approaches © 

with a value of TR = Tye
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Fig. 31. The variation of T with R showing the possible influence 
of flow direction



If entrainment effects become evident then curve A will be 

suppressed to some curve B with q approaching some value T, for 

large values of R where Ty < TS. 

It will be seen that the effect of entrainment is to reduce the 

differential between sty 4 ,,7,+ It can be seen that if % is 
ysw 

increased (see dotted curve) this differential is further reduced until 

vhen T, = Tf, a balance will exist between séy and yelw these 

temperatures being lower than T+ 

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 t) 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 T, there would result two curves each having a 

different asymptotic value (see Pig. 31). It is likely, for example, 

that flow along ec (see Fig. 29) will be subject to greater entrainnent 

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 

along ec. 

It can be seen from Fig.31 that if Tt, is increased to some 

valuc T 4 balance can now be obtained at some temperature less than 

T, and coinciding with neither of the asymptotic temperatures T) and 

2 ‘2° 

Suppose ene Hey represents the increase in wall jet temperature
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along ec with wall jet entrainment and en®!, ss the increase in wall 
Ss’ 

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

becomes: 

ete (cot nae > enotee) 7 hole = yoty) ein velalsieisla oa steeains (OS) 

jet OTe ey ~ en®tRew ~ en®7R 

also ee - ene aw = oe 

thus ee, - qT, = (6 OT ah 2 + en®”) + (st, - 
“Rsw ~ en sw st) yx 

or Toe T= (60 
Ww yw Rsw Ren 

= on) = (on = 60) = (8%, = got) 22 (63) 

which show that wall jet entrainment again serves to exaggerate the 

effect of WIS jet entrainment. 

Thus taking both effects into account, i.e. wall jet and WIS jet 

entrainment it is found that a balance will occur between yw and T 

when: 

(6 =6r-) = (62, - 6) + (38 — on ST) — teeeeeeeeeee (64) 
Te sw RK. sen: 

Note in equations (62) ~ (6h) the values of 67, and 6 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). 

Assuxing, therefore, that ot, = a 

Then at balance ST. - 62 Rao Dam 2 OS. 
Rew sw en R en 

and since $7 = OF increases with T_, - T, (or= 5) 
- Rsw sy s Za s F 

en 1 m. wi i wi Tl, - éT. then By will increase with en°-R en’. 

  

Radiation Effects 

It can 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,
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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 TC, receiving slightly more reflected 

radiation than T.C,. 

Unheated Free Jets 

It can be seen from Fig. 33 that because o > 8 T.C, will 

receive more direct and multiply reflected radiation than T.Cy 

Only reflected radiation will emerge from the orifice plate and as 

has been seen above this will favour slightly T.C,- The nett effect 

is therefore, that T,C, will receive a larger radiation contribution 

than T.C,. 

This would have the effect of reducing the differential between 

T.C, and T.C, as well as making the predictions of temperature 

dependent upon radiation and hence emissivity. 

Heated Free Jets 

The effects described for mheated 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.C, and T.C.y thus any 

difference between contributionsto 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.C, becoming greater than T.C)+
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In order to regain the balance a greater heat transfer due to 

convection from the surface would be required implying that o'r must 

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

Ty, - ofp 

Thus the effect of radiation would be the same as attenuation in 

the free WIS and wall jets, it would increase a olP at balance. 

THE PREDICTICN OF SURFACE TEMPERATURE USING THREE FREE JETS WITH ATR 

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: 

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

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

ey = temperature in small WIS jet close to S. 

Pe = temperature in small WIS jet close to the orifice plate. 

- y= 61 fo het eae 
xohy 4 sX'w X*w3 ow sXiw 8s F 

ini) see eee 
oh, = sx4y > xiv; xotew = ex'y ~ oF 

Assumptions to be made in this enalysis at this stage are: 

ot 2, 4 te 

(2) All the free jets are identical. 

(3) Transverse temperature gradients in the free jets at regions 
close to 5 and Ee are negligible. 

(4) Radiation effeets are negligible. 

(5) Wall jet entrainment is negligible.
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The significance of (4) and (5) will be discussed later. 

The variation in temperature along the path abed and abef in Fig. 

35 will now be examined. 

for path abcd: 

s 
Ke 

sly = op — 8Tp t xOlgy 7 Oty cree ecer eee eetceseeeeeeeecees (65) 

for path abef: 

iy Boal Oat On eatin ot RAC ry a eee 
x 'sw x w 

Subtracting (66) from (65) gives: 

ew abe = (8B ey — xSBew) — Cx8%e — Sly) cetteeceeeeeeees (67) 

It can be seen from (67) that olp and ST, are absent from this 

equation. However, ore and eae) are both exponential functions 

- = i 6 of T, (oly ét,,) see equations (35) and (36), 

thus (62, - ry) is a function of oP and oT, 

resulting in a we xe being dependent upon oly and 6Tpe 

Adthy xo8, and oly rill be finite their difference will be 

  

i thus the influence cr 

  

- .6T ) on yD - 2 will be small. 
sow OW we 

  

if ,62, = 61, then the dependence of Cas oe) on WIS jet 

attenuation disappears and (67) becomes: 

(68) Xow 7 xl (885. — 5Tore) Hae ieaiseeetnecertsevavevesosgnes 

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 a calibration of the 

appropriate parameter (i.e. the difference between two temperatures ) 

ageinst Ts .
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Prediction Using Heated Free Jets (Z. Mode) 

It has been mentioned above that xty - ee, was dependent upon 

olp and 61. Reference to (35) and (36) will show, however, that as 

To, ieee (oy - 6t,,) approaches T, the exponential 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 

xony = oT, then xy x lw 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 xo, = xo ty = 0 the value of xly (or x) 

at balance will in general be less than T If a finite differential 

WIS jet temperature attenuation existed then this balance would be 

upset. If, for example aay < xo, when 2.N.H.T. conditions existed 

then in order to regain a balance between xow end oe it would be 

necessary to reduce (Tso making (,6T,, - xo sw) > 0. Thus under 

these conditions the air temperature xow or se at balance would 

again be less than TS. 

If ot, 7 x64, when Z.N.H.T. conditions existed then a balance 

could be regained by increasing o'r so making (oT, - got) <0. 

This could give a WIS jet temperature x w or te at balance 

greater than Toe depending on the magnitudes of xoly and xoT,° 

The Effects of Wall Jet Entrainment 

It will be assumed, for the moment, that the temperature 

gradients xoh, and xony along the two WIS jets are equal, in which 

case equation (68) may be used: 

xly - a 3 xoT oy - sew oe eccecenececccsvensccccccccccces (00) 

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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Fig. 36. Variation of TR with R showing the effects of wall jet 
entrainment



to R = be, see Fig. 35. 

In Fig. 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 eatyainment 

effects the differential vanishes when Ty = Teen but in the absence of 

such effects the differential becomes zero when T = TS. T, being 

greater than 7 on? 

It can be seen therefore, that the effect of cooling by entrainment 

is to reduce the WIS jet temperature, at balance, to a level less than 

Tye 

If a finite differential temperature existed between xo0, and x 

xoT, then the balance indicated above would of course be modified. 

Radiation Effects in the System Using Three Free Jets 

Reference to Figs. 34, 35 and 37 will show that the therso-couple at 

a,(2.C,) is farther from the periphery of the orifice plate than the 

one at £,(7.C>) making &, > 8p. 

For the unheated free jet mode, therefore T.C, will receive 

slightly more direct and multiply reflected radiation from 5 than 

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

the amount will be negligible), but T.Cy will again receive slightly 

more reflected radiation from the orifice plate than T.Cry (assuming 

the emissivity of the orifice plate to be constant across its width). 

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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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 again favour T.Cae 

The nett effect of radiation in the Z.N.H.T. mode, therefore, 

would be to make T.C, slightly greater than T.C, and in order to 

regain a balence (assuming one already existed), it would be necessary 

to increase o'r slightly. ‘This would have the effect of making 

(,6T_ = 67 _ ) < 0 and would compensate for the increased radiation 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 y 

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 a function of 

1,» thus the difference in the large and small 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 
Ci q 

  
  
  

These effects will be dealt with in greater depth in the results
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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 h, and the convective heat transfer coefficient hy. It 

will be shown later that h . 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 

heat transfer coefficients, resulting in a variation in the significance 

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

applies). Note, 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 mean and turbulent velocity in the horizontal 

plane. 

(2) The variation of mean and turbulent velocity in the vertical 
plane and planes parallel to the horizontal one but displaced 

in a vertical, y, direction. 

It is also important to examine the influence of the orifice 

plate - impingement surface displacement, a, 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 

When 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 (36037, 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 

appropriate to examine how ane a with d. 

These characteristics will also depend upon the free jet 

velocity 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 a simple Pitot 

tube or similar device was found to be inadequate and it was 

necessary to employ a hot wire annemometry technique. Details of this 

(40,42) peritia 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 meen square 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 ea 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 making
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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 major 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 operation 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 a plane 

normal to its axis and this limitation must be borne in mind when 

interpreting the results of flow studies. 

In the C.1.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 

(v.m.s.) value of the turbulent component of velocity. 

When considering the turbulent velocity in relation to the 

corresponding mean velocity, 0, the percentage turbulence is an 

appropriate parameter to use and is defined as:- 

turbulence intensity x 100 

b 

In order to obtain some quantitative measure of turbulence 

therefore it is necessary to process the signal such that the mean 

square or r.m.s. value of the fluctuating component may 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 Mean 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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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 above. 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 sauare 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 calibration 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. 40) 

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 gnemometers,
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Wind tunnel 6 metres long with section 0,5 metres square 

to manoneter 

      

   
   

to anemometer 
input 

Ss Pitot tube 

ante a ot wire sensor 
|i 

  
Stand       

Fig. 40. Schematic diagram of calibration rig.
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a DISA type 55DO1CTA and Fig.49 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 a 17.7=cm diameter 

plate finally 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. 41. 

Since all flow studies were performed under isothermal 

conditions it would appear that the heater in Fig. 42 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
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Plan view of 

ori fice plate - 

        

    

  

Diameter 19.65cn 

    
Free jet orifice diameters 2,2 cm \ 

{ 

14,85 ca 

Flange with 

fiberfrax gasket 

Saffle plate 17.7 ca 

  

  

  

  

\ Side elevation 

\ 

| pee Air inlet tube 
| ae ee 1-6 cx long 

' ' 

| 13.7 ca | 
—>   

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 Plow Characteristics 

In order to obtain an adequate knowledge of the flow characteris- 

tics within the region bounded by the orifice plate eS and the test 

surface 5 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 a carriage 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 

‘locity 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 PS 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 E 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 ¥. 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. 

Bach 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 general flow characteristics. 

All the scans discussed so far were performed using two different 

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 Velocity and Mean Velocity Devices 

The sensor was displaced manually, in 2 mm steps, and 10 seconds 

was allowed to elapse between consecutive positions. The time for 4 

single scan was approximately 17 minutes. 

The frequency response of the annemometer (a type DISA55DO1 for 

these horizontal scans) and hot wire sensor was such as to follow 

fairly 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 enough scanning 

speed been employed. However, this would have involved a very 

lengthy research programme. A method was therefore developed to 

correct for these tine-constant errors. (see Appendix 1) 

Scans in the y anx z Directions 

As well as the horizontal, x, scans described above, a number
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of y and zscans were performed in order to assess the degree of mean 

velocity attenuation in these directions. 

In these scans 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 letter, 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 P. a end S in order to 

assess whether they may be successfully exploited in non-contact 

temperature measurement. 

The variables involved in these studies were as follows: 

(1) Surface temperature T+
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(2) Free jet temperature. 

(3) Location of thermal sensor within the region bounded by S and Eis 

(4) The displacement, d, of S from Poe 

(5) The free jet velocity expressed in terms of blower motor 
voltage Vy+ 

All temperatures were measured with respect to ambient (23 z 3°c) 

by zeroing the recorder at ambient. 

All air temperatures were measured with a 36 s.w.g. chromel 

alumel thermo-couple since, within the limits which were to apply, 

ise. 23°C + 270° approximately, this had e nearly linear thermal 

e.m.f. vs temperature characteristic. The small thermo-couple bead 

size (0,8 mm average diameter) was chosen in order to keep the thermal 

inertia and radiation effects down to a minimun. 

The thermo-couple was mounted in a ceramic tube which acted as a 

support, the bead protruding about 1 cm. 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 support. 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 Ee 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 S 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
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1 mm of the front (test) surface of 5. 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. 24) 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 temperatures ranging 

from ambient to greater 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 approximately 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 much signal amplitude degredation. Scans were 

still performed manually in the x, y, and 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 scan time of approximately 7 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 

temperature characteristics betiuen Ee and S end to discover whether 

any IS jet characteristics would be particularly suitable for therno- 

couple location in the x direction in subsequent y and 2 scens employing 

heated free jets. Such e characteristic might be the consistent 

occurrence of a broad temperature peak under conditions of verying 

ee - S separation, d, and blower motor voltage V., 

All these exploratory scans were performed with S hot but the 

free jets umhectcd. Three different blower motor voltages, ian were 

used and for each value of US different temperatures of S ranging from 

approximately 270°C dom to 30°C were employed with tne tiermo-couple 

always 0.5 em from Po: The scans were performed for values of d 

ranging from 1 em to 4 cm. 

  Althougl   jet temperature peak did occur its size, shape   

and definition varied, the peak being most pronounced for small values 

of a. In some cases a small dimple occurred in the middle of the 

  

Any practical temperature measuring device vould require that the 

therno-couple in a WIS jet be located in a region of low temperature 

gradient and furthermore that this locetion be fixed with respect 

to Poe 

The x locations of those regions in the WIS 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 involved, one corresponding te 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 WIS jets respectively, 

Temperature Scans Using Heated Free Jets 

Having selected the optimum x locations of the air thermo-couple 

in the two WIS jets a series of scans was performed using free jets 

with temperatures ranging from enbient (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 

view to exploiting the average temperature gradient (or temperature 

difference between two selected vertical locations) in temperature 

measurement. 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., da, T, B 

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

s 

plane parallel to S and Pos and displaced from PRY, 0.6 cm. The y 

scan range was 10 cn. 

The 2 scans employed a relatively high surface temperature, Ts 

of approximately 270°C throughout but varying values of free jet 

temperature were used and both d and Vy were allowed to vary 

independently, 

Let x, and Xg denote the selected x locations of the large end 

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 sccnning schedule is included in 

Appendix A5. 

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

scans performed 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 

L.V. King and geuers oie? 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: 

< 
R 

= a+ gue? 

where V = bridge voltage 

U mean flow velocity 

R hot wire operating resistance 

a and 8 are two constants. 

Collis and Widens)! 2) have derived a similar type of expression 

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 < 4h, 

Even with the above type of expressions available uncertainties 

in fluid and flow properties usually necessitate an experimental 

calibration of annemometer output vs 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 undereemphasigzed for high 
flow velocities. 

(2) A certain amoumt of amplitude distortion will occur for 
fluctuating velocities (i,e. turbulent velocities), the extent of 
which will increase with the magnitude of the velocity excursions 
about the mean, 

A figure of 5% turbulence intensity is often quoted as a limit 

beyond which the above amplitude distortion becomes significant, i.e. 

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

neglected. 

an
en
on
et
er
 

ou
tp
ut
 

(V
) 

  4 4 L ee My 

flow velocity ft min. 

Fig. 43. Typical anemometer calibration curve 

R.M.S. Turbulence Calibration 

Ideally any turbulence measuring device (whether it measures the



Y.m.s. or meat square 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 meen square velocity device developed for these 

experinents. 

Fig.44 shows the variation of the output from this device with 

input sine wave peak te peak voltcze auplitude for « number of input 

frequencies within the range 15 Hz to 50 kiz. 

Fig. 45 shows the variation of output with sine wave input 

frequency for a number of input peak voltages. 

It can be seen from these characteristics that the low frequency 

3 db point lies at a frequency of about 50 Ilz and ebove avout 1 kiz 

the gain is almost independent of frequency. 

Figs. 4 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. 46. 

Fig. 47 indicates the turvulent fluctuations in tne small 

WIS jet «rith 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 wes 4 cm. These figures are in fact copies of polaroid 

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 above 50 Hz, the 3 db point. 

Nevertheless there will still be some frequency components lying 

below 50 Hz and these will undergo amplitude degredation the extent
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Fig. 46. Sine wave peak to peak voltage versus corresponding 

Yrem.s. voltage.
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of which will depend upon the actual frequencies involved. 

An inspection of Figs. 4} and 45 will indicate that 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 frequency 

discrimination against very low frequency components and 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 STUDIES 

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 WIS jet was of the form predicted in the theory and second the 

depree 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 A5.
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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. 

2 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 0. 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, a is very high at the 'edge' of the free 

jets but almost zero at axial positions in these jets. Since any 

estimate of turbulenteintensity requires a knowledge of 0 (see later) 

considerable 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
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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 made with the aid of the 

appropriate calibration curves. (See Figs. 48 and 49 ) A method of 

determining the turbulence intensity 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. uy 

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 TurbulenteIntensity 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 may be expressed in 

terms of, the turbulence intensity waich is defined as: 

r.m.s. value of tue turbulent component of velocity 

or,the percentage turbulente intensity: 

turbulenceintensity 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 a typical calibration curve. Any voltage amplitude 

aistortion caused by non-linearity of the curve will be neglected 

for the moment. Suppose 4U represents the r.m.s. value of the
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Mean velocity calibration for type 55001 anemometer
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Fig. 49. Mean velocity calibration for type 55005 anemometer 

with sensor element transverse to flow direction.
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turbulent component of velocity (i.e. the turbulenteintensity) 

corresponding to a mean velocity 0 and 6V represents the corresponding 

Y.m.S. Voltage from the ennemometer. 
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Fig. 50. Calculation of turbulent intensity 

The average slope of the curve at U is a 

thus the turbulence intensity 6U = 6V + a 

and the % turbulente intensity = SU 100 

éV_x 100 
av, 
dau 

% turbulence intensity = 

Now 6V may be derived from the recorded turbulence traces 

(shown dotted in the figures to be presented) together with Figs dike 46 

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

An example of this calculation procedure follows. 

One of the hishest WIS jet mean square turbulent velocity levels is 

shown for the small Is 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: 

0.2 vmin.ee7t 
150 

Qe19 x 100 = 42% 
* % turbulence intensity = (O2h)x 675 

150 

This represents a high level of turbulence intensity and since 

ne linearizing network was 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 

magnitude. 

In order to achieve some qualitative idea of the turbulence 

intensities encountered in the subsequent scens without actually 

calculating the values, reference to the appropriate calibration 

curve, é.¢. Fig. 48, will show that for a given r.m.s. voltage the 

turbulente intensity will increase with 0 although the % turbulence 

intensity will in fact decrease. 

These points are illustrated in Table 4 for an r.m.s. voltage
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of 0.2 V and values of 0 of 500, 1000 and 2000 ft/min. ‘The calibration 

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

Fig. 48. TABLE 

  

ft/min. turbulence intensity % turbulente intensity 
  

500 250 ft/min. 50 

1000 420 ft/min. he 

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 he ea 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 

axis,



122 

Examination of Scens Performed in the Horizontal Plane 

Although velocity scans were performed using a number of 

different values of d examples of flow characteristics will only be 

drawn from those for which d = 4 cm, 

Scans 1, 4 and 7 (see Figs.51,52 and 53) correspond to a blower 

motor voltage V3 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- 

tics are well defined and the turbulence intensity and % turbulence 

intensity is small at the centre of the jets. However, 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 ea minimum turbulence 

near the centre of the jet the WIS jets mean and turbulent velocity 

profiles have their maxima lying in the middle of the jet epproximately 

mid-way between the constituent-free jets. 

As z decreases, see scans 4 and 7 in Figs.52 and 53, the free 

jet mean velocity peak amplitudes decrease the jet itself broadening 

with a more rounded profile. At the same time the average turbulence 

intensity increases and the narrow peaks at the outside of the jets 

broaden. This degredetion 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 narrower 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 withV, = 70 V and scans 21, 27 and 30 in Figs.57, 

58 & 59 with V,, = 40 V are similar in shape to those of 1, 4 and 7 

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 Vg = 100 V scans this being particularly clear 

for the V, = 40 V scans. 

The mean velocity calibration curve for all the horizontal scans is 

in Pig. 48 (curve with sensor wire transverse to the flow direction). 

Fig. 60 shows the variation, for y = 0 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 55D05 

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 = ken, y = Oco 

sensor wire transverse to free jet axes 

(use calibration curve in Fig. 49) 

\5 = 100V 

ee ne Yo = 70V 

ee en Ye = 40V 

  
  
  

0.27 

O.1+t 

0 mee = J 

0 0.5 1.5 2.5 305 
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 Vz» 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 Vg = 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 = O cm and 

Z2=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 cm 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 cm, d = 4 cm and 

z= 2 cm and 3.5 cm. 

Scans 3 end 6 (Fig. 64) with Vz = 100 V have respective z values 

of 3.5 and 2 cm. As would be expected, there is no evidence of free 

jet flow in either trace, the two peaks corresponding to the two WIS 

jets. The turbulent and meen velocity maxima again tend to lie close 

together but decrease in amplitude with increasing z. As for the 

y = 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 V, = 70 V end 

respective z values of 3.5 cm and 2 cm, and scans 23 and 29 (Fig. 66) 

with Va = 40 V and respective 2 values of 3.5 cm and 2 cm, will show 

that the general flow characteristics are similar to those for 

Vz = 100 V, The mean velocities, turbulenwintensities and % turbulence 

intensities, however, are smaller, and for ie: 40 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 cm at a point in the large 

WIS jet approximately mid-way between the two constituent-free jets.
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d= 4cn, z = 3,5 ca 

Sensor wire transverse to free jet axes 

    

ee cae ee see 
~ 

a. Siles 

a aes te a 

— ~ 
L ~ 

i ee ul EK 

(use calibration curve in Fig. 49) 

Vg = 100V 

REE = 70V SS \y 

eee ea 

oO 5 : 10 
y om 

Fig. 67. Variation of mean velocity (expressed in mean velocity device 
output voltage) with y at a point in the large WIS jet midway 
between the two constituent free jets.
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Sensor elenent transverse to free jet axes 
{use calibration curve in Fig. 49) 

Vg = 100V 

ae eae want eee wee ane oe Va = 70V 

Vy = 40V 

  

  + v + = + + 
2 5 aan 10 

Fig. 68. Variation of mean velocity (expressed in mean velocity device 
output voltage) with y at a point in the large WIS jet midway 
between the two constituent free jets.
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Plots for V3 = 100 V, 70 V and 40 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 = 0 cm, however, 

for z = 3.5 cm which corresponds to a sensor displacement of 0.5 cm 

from Poe the maxima occur at y values away from the zero. For example, 

the maximum for V, = 100 V has ay displacement of almost 7 cn. 

The exact cause of this shift in maxima 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 = 0 cm the y 

component of velocity, Uy, is zero. As y increases so also will Uy and 

since Uy is normal to the axis of the sensor a greater sensitivity to 

flow will be experienced, resulting in the observed shift away fron 

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 cm and z = 2 cm, see 

Figs.69-71. Scans 38 and 39 with V3 = 100 V had y displacements of 

5 end 10 cm respectively. Scans 48 and 49 with Vn = TOV again had 

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

with V, = ho Vv. 

For all three values of V,, the mean velocities and 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 

peaks broaden. 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 V, = 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 7 

RESULTS AND ANALYSIS OF THE TEMPERATURE SCANS 

Introduction 

The purpose of these scans was to derive those temperature 

characteristics existing between the orifice plate, Poe 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 Pes - S displacement, 

d, on these parameters will also be investigated. 

As well as being fairly readily exploitable practically, the 

temperature dependent parameter finally chosen must ideally exhibit a 

low sensitivity to the following variables: 

(1) PS - S displacement, 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 4, 

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 = 0 em) but the following parameters 

were allowed to vary: Vas d, z and T+ 

The upper scale in these scans represents thermo-couple 

displacement in the x direction measured from the start of the scan 

and the lower scale represents time. 

All temperatures have been measured with respect to ambient and 

have been expressed in terms of thermal e.m.f. generated by the 

thermo-couple, ‘hey may be transformed directly into temperatures, 

however,with the aid of the thermal e.n.f. vs temperature 

calibration curve (see Fig. 72 ). 

Scans 1, 7 and 12 in Pigs. 73,74 & 75 have d= 1 cm and z = 0.5 cm 

with V,'s of 100 V, 7O V and 40 V respectively. Ips J, md J, represent 

the unheated free jets and Wy end We the small and large WIS jets 

respectively. It can be seen that these latter are fairly well defined 

for all three values of V,. For the 40 V and 70 V values a dip appears 

in the lerge WIS 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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Fig. 72. Calibration curve for the Cr-Al thermocouple used in the 
temperature scans
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hy 

of U less then mmiepit » a8 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 increase in convective heat transfer coefficient. 

Consider now the 40 V scan 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 70 V scan 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 

40 V scan and an increase in the convective heat transfer coefficient 

for the 70 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 away 

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, 7 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, ho 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 but 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 air temperatures will, in general, be less than the 
thermo-couple temperatures for these unheated free jets the 
thermo-couple temperatures will increase with decreasing V.,, 

An examination of the unheated free jet temperatures will indicate 

that for the lowest velocity (Vg = 40 V) these free jets have 

temperatures higher than those of the 70 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 ad 40 V must be 

due to one 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 cm and d = 4 cm with respective z values of 2 cm and 3.5 cm 

(see Figs. 76 to 81) show that the free jet temperatures
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do in fact decrease with z when V, = 40 V and V,, = 100 V. 

However, the trend is not the same for V, = 70 V and the minimum 

indicated free jet temperature corresponds to a velue of z = 2 cm with 

d = 2.5 em and not z = 3.5 em with d = 4 cm as might be expected. It 

can be seen that there are 4 competing effects, the relative 

significance of which are not known. 

(1) Radiative 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. 

(4) 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 78 with 

Vg = 100 V, 70 V and 40 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 peak is probably a result of 

efficient mixing due to high turbulence in the WIS jet and its surrounds. 

The same effect is observed in scans 62, 67 and 72 (see Figs.79, 80, 81) 

with respective V, values of 100 V, 70 V, and 4o 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



161 

coefficients. This latter, it has been seen, increases with flow 

velocity, as well as the degree of turbulence. low 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 = 40 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 78 

with Vy = 40 V shows that the average thermo-couple temperature between 

Jy and Jo (including the large WIS jet) is considerably higher for the 

d = 2.5 cm scan than for the d = 1 cm 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 radiation significance for the larger value of z. The average 

temperature of the thermo-couple between Jp and Jog 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 flatter temperature profile the average 

temperature in the small WIS jet (i.e. between Jy and Jy) for 

Vz = 40 V varies little with d (and hence z). (See scans in the 2 

direction later.) This may be due to the fact that the average 

turbulence intensity and mean velocity are a little higher between 

Jy and J, than between J, and Joe 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. 

fn examination of scans 7, 37 and 67 with V,, = 70 V end scans 1, 32 

and 62 with V,, = 100 V (in Pigs. 74, 77 and 60) show similer variations 

with d as the 40 V scans with the suppression of the well defined peaks 

for values of d > lcm. 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 

levels in these higher velocity scans. 

The Temperature Gradients in the WIS Jets 

It is clear that in order to successfully exploit any of the above 

characteristics in temperature measurement, certain criteria must be 

met. An examination of scans for which d = 1 cm (z = 0.5 cm) indicate 

very large temperature 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 hand, for values of d approaching 4 om 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 plane, i.e. the 

plane normal to the horizontal plane and perallel to the free jet 

axes, Regions 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 

locations of 11.4 com 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 fod 

for scans with d = 1 cm for which the WIS jet peaks were relatively 

narrow, 

For a given value of d and V, three pairs of scans are 

presented in the vertical scan diagrams. The left-hand scans 

correspond to the small WIS jet and the right-hend scans to the large 

WIS jet. Three scans with progressively hisher 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 
(BS sucyace ne.) 

highest free jet temperatures 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 which will be drawn from the vertical scans (a few examples of 

which will be shown in this section). 

Relationships 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*:- 

Pg = 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 et this 
stage.
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Ph = time mean surface temperature corresponding to vertical 

scans in the large WIS jet. 

These new definitions will replace plo used in the horizontal scans. 

Each scan was performed in an upward direction, from y = 0 cm to y = 

10 cm and a dowmward direction, from y = 10 em to y = O cn, giving a 

scan renge 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 e unidirectional scan was 50 sec. 

Consider first the scans for which d = 1.1 cm shown in Figs. 82, 

83 and $4 with respective V,, values of 40, 70, and 100 V. 

For the unheated free jets corresponding to scans 954 and 579 

for Vz = 4o V, 729 and 354 for V, = 70 V and 604 and 229 for V,, = 100 V 

there exists e 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 and large WIS jets = increases 

with Vy implying that if a temperature dependent parameter based 

upon < were exploited V, = 100 V would be the most sensitive. This ay 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 = becomes 

negative. It is seen that an interpolation between the middle and 

highest free jet temperatures would reveal a = = 0 at a free jet 

temperature less than the surface temperature, i.e. a ‘premature 

valence' 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 

at 
difference between the free jet temperature when a O and the surface 

temperature diminishes as Vy increases. 

An examination of scans for which d = 2.6 com in Figs. 85, 86 and 87 

shows a similar trend to those for which d = 1.1 em except that 

corresponding average values of = are a little lower and the error in 

balance greater. In scan 533, however, = seems unexpectedly high, 

The above trends persist for the d = 4.1 cm scans in Figs. 63 to 90 

but with corresponding values of = further reduced and errors in 

balance larger. 

In general for the unheated free jets = remains positive but 

decreases with d, with the exception of the large WIS jet (scan 479) with 

d = 4.1 cm and Vy = 40 V where <= becomes slightly negative. 

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 associated 

with the heated free jets for large values of d, The small WIS jets 

appear to be more susceptible to turbulent mixing effects. This is 

probably due to the fact that they have a higher turbulenteintensity 

than the corresponding large WIS jet. 

An examination of the large WIS jet scans (404, 454, 529 in 

Figs. 86, 89 and 85 respectively shows that as y increases from 

© 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 decrease 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 vary 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 Vy = 100 V. This may be partly due to the 

lower overall temperatures associated with the small WIS jets and the 

large ones, for which Vz = 100 Vv, which could reduce the significance 

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 cm, 

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 2 = 5 mm to z = 35 mm 

giving a renge of 30 um, the scan time being 65 sec. (Scans were 

performed in both directions, i.e. 2 = 5 mm > 35 mm and 2 = 35 mm > 5 ma 

but only the latter have been presented.) 

Heated Free Jets 

Figs. 91 and 92 show variations of temperature with z along 

the axes of the free jets. Note since z is measured from § (the hot 

surface) z = 5 mm lies on the right-hand end of the abscissa ond 

z = 35 mm on the left-hand end. 

It can be seen that the attenuation along the free jets as z 

decreases (i.e. as S is approached) is highest for scens lz, 172 end 

19e in Fig. 91 for which Vi; = LO V and becomes progressively lower 

  

for increasing free jet velocities, the winimum attenuetions ccrresponding 

to V3 = 100 V, see Fig. 92. 

It may also be seen that the centre free jet corresponding to 

scans 32 (Vy = 100 Vv) 102 (Vy = 70 V) and 17z (V3 = 40 V) undergoes less 

attenuation than the corresponding outer free jets. This is due to the 

fact that they are furthest from the periphery of the orifice plate 

end also have a lower turbulence intensity thon the outer jets. The 

effect of the above is that the turbulent mixing efficiency is lover 

and in any event any mixing which does occur will be from regions of 

generally higher temperature. In contrast the higher turbulence 

intensity,perticularly on the outer edge of the outer free jets 

together, with the cooler air temperatures in these regions result is 

higher attenuations of these latter. This turbulence intensity 

increeses as z decreases (for a given a). ‘his is reflected in tue 

2 » for sual]. values of a. 

  

   
increased temperature rradient,
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WIS Jets (with heated free jets at temperatures close to ,) 

The horizontal, x, locations were the same ss those used for the 

vertical scans. Two values of y were selected one with y=O em lying in 

the horizontal plane and the other with y =5 cm. 4s with the free 

jets, scens were performed in both directions, i.e. 2 = 5 mm > 35 mm 

and z = 35 mm > 5 mm but only the latter have been indicated here since 

they are representative of either direction. Figs. 93 and 94 

show the variation of temperature with 2 in the smell WIS jet for the 

V3 = 100 V, 70 V and 40 V scans and y = 0 cm and 5 em. In these WIS 

jet scans the slope of course is in the opposite direction to thet of 

the free jets since the WIS jets originate at S whereas the free jets 

originate at the orifice plate. 

The Small Wis Jet 

Scans 2% (Vv, = 100 V), 92 (Vy = 70 V) end 162 (V3 = 4ov) in 

Wigs. 93 and 94 for which y = 0 cm show that the attenuation is 

inversely proportional to Vg: Note, because the WIS jets lie away 

fron the periphery of the orifice plate, although they are 

characterized by high turbulence intensities because the air in the 

immediate surrounds is considerably higher than ambient, the cooling 

of these jets is not as high as may be expected (these surrounds of 

course include the heated free jets themselves for y = 0 em). 

The general trend appropriate to the y = 0 cm scans 2lso applies 

to the y = 5 cm scans. In this latter case the jet has become 

broader, and 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 (vy, = hOV, y = 0 em) undergoes « little more 

attenuation than scan 212 (Vy = lov, y = 5 cm).
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The Large WIS Jet 

The behaviour of these jets is similar to that of the small WIS 

jet with tempereture attenuation decreasing as Vy increases for both 

y = 0 cm and y = 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 WIS 

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 noticable for the Vy, = 70 V and 

100 V scans but is easily detectable for the V, = 4O V scans.
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CHAPTER 8 

THE TEMPERATURE DEPENDENT PARAMETERS 

It has been shown in the theory that 2 device may employ 2 or 3 

free jets, which may be either heated or unheated and air temperature 

measurements may be made in either the vertical or horizontal planes, 

or in some cases both. It is the purpose of this section tc derive 

temperature 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 Jas Jy and Jo 

respectively, measured close to their respective exes 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. 98 end 99 represent typical vertical, y, scans (i.e. scans 

for fixed values of x and z but variable y), for the small and large 

WIS jets respectively. 

In Figs. 98 end 99 the upward scan involves moving the thermo- 

couple bead from y = 0 cm to y = 10 om (the vertical range) and the 

downward scan moving the bead from y = 10 cm back to y =O cm. ‘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 

Dy = WIS jet temperature at y = 0 cm at start of upward scan. 

D5 = WIS jet temperature at y = 0 cm at end of downward scan.
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em at the midpoint of the vAy = WIS jet temperature at y = 5 
upward scan. 

vio = WIS jet temperature at y = 5 cm at the midpoint of the 
downward scan. 

Large WIS Jet 

Ey = WIS jet temperature at y = 0 cm at start of upward scan. 

E, = WIS jet temperature at y = 0 cm at end of downward scan. 

WIS jet temperature at y cm at the midpoint of the 
upward scan. 

t wa
 » 

WIS jet temperature at y = 5 cm at the midpoint of the 
downward scan. 

v'2 

It can be seen from Figs. 97-99 that Dy and D3 correspond to D and Ey 

and E, correspond to E. Thus any temperature dependent parameters 

generated 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 Be and D replaced by D3) 

together with the corresponding values of free jet ees where 

appropriate. 

To avoid repetition, therefore, although temperature dependent 

parameters were generated using deta from the horizontal scans they 

will not be presented in this thesis. It is helpful however, to 

derive the general form of these parameters in order to demonstrate 

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 surface 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: 

D Sipe peg we ce ce ccccececsccccenesevcessscpeseesesvecas (09) 

and that associated with the large WIS jet is: 

Beppe = ray, asces Sats Cam eeeeien agrees tetas cemet neececeriee enrol) 

combining (69) and (70) 

Home's) 2H (1-8) 

or E-D = = = 2 w(t-s) * F  vececcvccccsevcccccsscccecsecess (12) 

note, if C-A approaches zero, i.e. Jo and Jy have the same 

temperature then: 

  

F approaches H® (1-8) 

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: 

(yay = Dy) + Gy = Po) sia s clates area 
2 

  

  

  EV
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(D, + D,) = (A + B) 

2 

and = yOg ctecceceecccccsscecesceccessecces (TH)   

For the Large WIS Jet: 

eee Rd yh ketndnnetarcinssnaseia tent aah CIS) 

  

oie lemn ele ae Roce, + (76) 
ie 

For Both WIS Jets: 

vig ~ vr = v'(s-L) eee ve (TT) 

  

von ~ vos # yO(qug) tttteeteeeeeeeeeceeencesceseecesseeeaes (78) 

(8, +E) - (D, + D,) 

2 
1 2 
  

= Fegan) treet eeeeeesereneeeeeeees (79) 

Note if A=o¢ 

then a Vv seecesees (80) 

  

f-3)) UP (solace 

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 ne The specific a° 

forms of Tos will be indicated below. 

Surface Temperature Measurement Corresponding to Small WIS Jet Scans 

Ps = measured time mean temperature of S w.r.t. ambient thus the 

surface temperature w.r.t. that of the corresponding free jets Sy and J3
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is defined by: 

Fons = ¥s 

  

  

where Ag and 8, are the temperatures of the free jets when the latter 

are unheated. (Hote: in the case of scans in the horizontal plane 

which employ unheated free jets throughout Ag = A and Bg = B.) 

Surface Temperature ‘feasurement Corresponding to the Large WIS Jet Scans 

P_ = measured time mean temperature of S w.r.t. ambient thus the 

surface temnerature w.r.t. that of the corresponding free jets Jy end 

Jog is defined by: 

Bat 
P. 2 (re Sees eiecsee CR? 
LBC L 3 

  

  

where the suoscript C has the same significance as above. 

For relationships between temperature dependent parameters 

involving both WIS jets and surface temperature it is appropriate 

to use the following definition of surface temperature: 

A, +BO+C 

  

  

3 

Pa + 
where P,, = Fs ay 

SL 3   

In practice the values of A, B and C, corresponding to unheated 

free jets, i.e. Age By and Cy are only 2 little higher than ambient 

tempernture, so the new definitions of surface temperature will be a 

little lower than those for which ambient temperature is used as a 

reference. 

   
3 

NORMALIZATION OF TRMPERATURE DEPENDENT PARADISE 

In this section the surfece temperature w.r,t. ambient will be 

denoted by P but will be representative of Py» Py and Pare
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In deriving a reletionship between the temperature dependent 

parameters and free jet temperature, it was desirable to keep Vago a 

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 encomtered in fixing V3 

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 thermal 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 temperature dependent parameters be normalized to the 

maximum surface temperature P, 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 small WIS jet with free jets J, and Jz. 

Then the value of X when normalized from P to Ee will be given 

by: 
A+B 

Fore 
A+B: sa. -» (85) 

Po- (=) 
Kare 
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(85) becomes P 
= «» (86)   

  

> 
P5aB 

The normalized temperature dependent parameter corresponding to 

the large WIS jet with free jets J. and Jy is: B 

BEC 
Pte) 

Frac 
KX vevccccecvesccccceccssevecescesossces (01)   

andfor both WIS jets with free jets Tas Jy end Jo the normalized 

temperature dependent parameter is: 

A+B+C 

mae 5, 

Fasc 

re 

Mn arslars scateie's's ele eieiv'b.¢ eleissls a's aip'e'es ov se else i (OO),   

Note: (86) is appropriate to ytg and 

(87) is appropriate to vip and yo, 

(88) is appropriate to vt (seb) v°(Les) and Forse)
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CHAPTER 9 

THE RELATIONSHIPS BETWEEN TEMPERATURE DEPENDENT PARAMETERS X AND THE 

MODIFIED SURFACE TEMPERATURE Ps a USING UNHEATED FREE JETS 

Having derived the different forms of X and Toa? the variations 

of X with Tod for different values of Vy and d will now be examined. 

Linear best fit plots involving these parameters and employing data 

derived from the temperature scans in the vertical, y, direction will 

be examined in the following sections. 

LINEAR BEST FIT PLOTS OF ,6. AND 8, vs T 
Vv vs mo! L id 

Before dealing with the individual curves in detail it is 

helpful to discuss a few relevant characteristics common to many of 

them. This will assist in assessing the significance of certain 

variables relating to these curves. Some of the comments emerging 

from this section will apply in later sections where other temperature 

dependent parameters are involved. 

4n inspection of Figs.100 to 102 will indicate that there are 

two characteristics common to all plots in this set. 

(1) There is a variation of = with d. 
mod 

(2) The interception of all lines on the Tog axis corresponds 
to i Oo. 

id 

The following section will suggest mechanisms which may be 

responsible for these effects. Fig.103 shows a typical plot of 

X vs Toa’
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(1-7) 

  — 

he GY 1) 

Fig. 103. Typical plot of X vs Prod 

Let Ty represent the WIS jet temperature and Ty represent some 

appropriate average free jet temperature, both measured w.r.t. ambient. 

For example, consider the large WIS jet temperature dependent paraneter 

aporopriate to measurements in the horizontal plane,i.e. X = ,6. then: 

    

  

ve 

aot 2 fanaa =)! 56 
‘ 2 2 

z 3 
thus in this case X=T, -T, = B te, Paice Kd ie 

end TO, =P-, 
B+ 

es pe 
L 2 

= Prac 

  

iation =ffects 

If T, 2 T, then P will be greater than T, and P > 7,, This 
A Jd J A 

letter st-tenent is true because for T, to be > Ty heat must have 
A 

been trensferred from S to the wall jets before the latter impinge.
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In general, for finite surface dimensions the wall jet will never 

reach P and 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 qT, has a greater radiation 

contribution than qT, 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 radiation depends on 

the convective heat transfer coefficient which is a function of flow 

velocity and turbulence intensity. 

As ad 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 dis 

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 small 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 Toa nd its 

effects here would be to reduce P ~ 'T, due to an increase in Tye This 

agein would result in an increased value of & . 
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 

Tod non-linear the value of coe increasing with X. A linear best 

fit line would, under these circumstances, intercept the Toa axis at 

some point to the right of the origin where Tho is positive. 
ad 

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 Trod axis and 

d. 

The Significance of Attenuation Along the WIS Jets 

Consider the situation when X = 0 (i.e. T) = T for yz, and vos) 

then P will be greater than T, (see the +ve intercept on the Tod 

axis). As well as the above radiation effects this may be explained 

as follows: 

It has been observed that the free jet temperature is a 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 qT < P the WIS jet close to S will be hotter than Ty 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 Tt, by the 

time it reaches the measuring thermo-couple. 

Note if the free jet were at ambient and P was greater then
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ambient then the equality between the free and WIS jet terperatures 

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 radiative heat transfer from 5 to Po Since the 

area of the latter is very much greater than that of the thermo-couple 

beads and the relative significance of radiative heat transfer 

increases with area it is possible that this preheating could have 

taken place in the absence of any significant radiative heat transfer 

to the thermocouples. 

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 rediation (which itself will be more significant for 

tuese hicher values of P) and tend to reduce _ . 

“nod 
The effect of increasing d will be to increase the WIS jet 

attenuation for a given P, and hence reduce & still further. 
mod 

Having discussed the possible causes of variations of = 
mod 

with d and ae) (for X = 0) with d, e closer examination of the 

individual curves involving yb and yes in Figs.l00 to 102 will 

now be made. 

In all cases the best fit line has the highest value of _ 

when d= 1.1 cm. It has been seen that a number of radiation ~ 

effects exist and the relative significance of each is not know. 

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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increase the effect of which will be to reduce the value of = . 
“nod 

Thus the high value of ae is probably due to the fact that these 
mod 

entrainment effects will be least significant for these small values 

of d. Radiation, although increasing & is likely to have e 
mod 

different significance for different values of d, and V,,, and will be 

partially responsible for the somewhat unpredictable variation of 

ce with d for values of d greater than 1.1 cm. 
mod 

The Influence of Free Jet Velocity on = 
mod 

In general the best fit lines are steepest for Vy 4o V for a 

given temperature dependent parameter. 

(45) Perry has shown for flow velocities up to 250 ft/sec. that 

for flow parallel to the surface (i.e. a free jet impingement angle 

yo of 0°) Nue end for flow perpendicular to the surface (i.e. 9 

O-T were Nu is the Nusselt free jet impingement angle of 90°) Nue« vu 

number - a dimensionless convective heat transfer coefficient. 

Now 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 heat 

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 of 4 for the 

lowest free jet velocity, V3 = ho Vv. 

It has been seen that the lower velocities are most vulnerable 

to radiation, thus assuming the radiation to be more significant for 

the WIS jet than the free jet, the curves for V., = 4o V will have a 

greater radiation contribution than the higher velocity ones, the 

effect of which will be to increase Tr 
mod
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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 small WIS jet, thus the 

temperature of the former will in general be higher for a given surface 

temperature P. 

LINEAR BEST FIT PLOTS OF v°(te8) AND Faso) VERSUS Tod 
  

Both these temperature dependent parameters involve three free 

jets and WIS jet tempereture measurements in the horizontal plane. 

Fig. 104 corresponds to and Fig. 105 corresponds to Fi v°(1e8) 142)* 
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 v° (1s) and F(a42) for a given Va 

and d. 

Comparison between the v3 = 100 V plots show them to be very 

similar. However, the similarity is less for the 70 V and 40 V plots. 

This is probably due to a small difference in convective heat transfer 

coefficient between Ty and Jo resulting from a small difference 

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 radiation contribution to ae the 
mod 

effect being to increase this gradient. 

Attenuation Effects in the Three Free Jet Systems 

As for radiation, the effect of attenuation should be lower than 

when two free jets are used since the temperature dependent paremeter 

involves the difference between the attenuations in the large and 

small WIS jets. This should be reflected in an intercept on the Dood 

axis closer to the origin which is indeed the case for most of the 

lines. ‘The spread in = for the three free jet parameters is less 

mod 
than 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 much between vo(tes)? 

F( 142) and von? However, 9c, indicates a slightly higher relative 

spread than the others. 

Table 4a shows the residual standard deviation RSD on maa for 

the linear best fit plots discussed so far In this Table, all values 

of d are expressed in terms of cm. The values of RSD are expressed 

in thermal e.m.f. in units of io mV.
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TABLE ha 

RESIDUAL STANDARD DEVIATIONS ON tod: FOR 

MEASUREMENTS MADE IN THE HORIZONTAL PLAN@ 

  

    

I 
Vy = 100 V |da=2.1 b=1.85,a=2.6 lan3. 3504 .2| 
    

  

    

Hi t T 
er | 247 | 87 | 16. | 394 | 323 

[fealhe By 
| ys | 295 | 753 | 639, 702 | 679 | 

} i i i | 

r Wes) | 468 450 | 454 ) 383 | 519 | 
I i 
  

L 4 
Foryo) | 374 | 287 | 337 | 43 | 569 | 

  

  

  
    
  

  

Vy = 70 V_ |art.2jae1.05)az2.6|4=3.35 24.1 
Pee 439 | 264 | 360 | 444 j 308 

r t am f 
ao | om | 102 | 690 | 899 | 176 

I L ! i 

: loa (1-8) 594 | 261 | 
| 

204 | 630, 505 

| Fase) | 674 | 135 | 336 | 515 | 439 | 

  

  

      
  

      

V, = 40 V a=1.114=1.85 =2 ,6l=3.351a=h 11 

as 234 | 254 | 205 | 249 | 300 
{ | i 

1 r 1 i 
Be 1 277, | 490 | 367 + 113 | 526 lows i | 

i ves) | 2641 234 | 340 | sig | 227 
u | , | 

| 1 | 
| F149) 555 | 236 , 280 653 | 244 | 

t ! ; } 
  

All values of d are in cm. 

AIL R.S.D's are in units of 107? mV.
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There seems to be no strong correlation between residual 

standard deviation and eny of the related parameters such as X, V3 

and d. Fig.106 shows the experimental points only for vox, YS Pye 

Note in this Figure the surface temperature has been related to 

ambient end not the unheated free jets as for the other plots 

discussed so far in this section. Nevertheless it will be 

representative of 2 plot of vob vs Prsot A comparison between 

Fig.106 and Table 4a will give some idea of the degree of 

scatter of the experimental points about the corresponding linear best 

fit plots. The cause of the above scatter is not certain but may be 

related to the ‘temperature turbulence’ associated with the temperature 

scans, see Tigs.107 to 112. These Figures show the tenperature 

turbulence in the large WIS jet with d = 4.1 cm, z = 3.5 cm and 

y =Ocm. Two plots are indicated for each value of Vas The upper 

corresponds to the unintegrated signal from the thermo-couple snd the 

lower to the corresponding integrated signal with a T.C. of 25 sec. 

It con be seen that the lowest free jet velocity V3 * 4o Vis most 

vulnereble to this temperature turbulence end the integrated signal 

shows that it is fairly long term in this case. 

These random temperature variations could be partly responsible 

oe for creating the somevhat unpredictable varietions of with d 
mod 

in some of the scans discussed. 

x BEST F B 7, LINEAR BEST FIT PLOTS OF vib AND v's VERSUS Tod 

An examination 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 predictable variation of & 

with d with the d = 4.1 em plot having the smallest slope (which Hi 

in fact is negative in some cases). The largest value of = 

corresponds to either d = 1.1 cm or d= 1.85 cm. For vb aan 

V3 = 70 V the trend is not quite as would be expected since here the 

a 1.1 cm plot has a smaller gradient than both the d = 1.85 cm and 

ad 2.6 cm plots. 

An attempt to explain these observations will now be nade. 

Radiation Effects 

The velocity scans for which d = 4.0 cm and 2 = 3.5 cm in 

Fir. 67 (Vz = 100 V, 70 V and 4o v), Figs. 51 and 64 Cie = 100 V), 

Figs. 54 and 65 (V, = 70 V) and Figs. 57 and 66 (v, = 40 V) are 

indicative of a reduction in convective heat transfer coefficient 

with increasing y for a given free. jet velocity Ve Although the 

above curves relate to d+ 4 em the trend persists for smaller 

values of d. 

The net effect of these velocity characteristics is to make the 

thermo-couple at y = 5 em more vulnerable to radiation incident upon 

it than when it is at y = 0 cn. However, the actual radiation flux 

intercepted by the thermo-couple et y = 5 em will be less than that 

at y = 0 cm, due to the geometry cf the system, thus this geometrical 

radiation effect will oppose the former. The geometrical effect will 

of course be highest for 4 = 4.1 em and will dininish with decreasing 

a (ise. the radiation leakage will increase with 4). 

The convective heat transfer coefficient will be smallest for 

the largest values of 4 (for a given value of y) since the mean 

velocity and turbulence intensity are smallest for this value. This
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will result in an increased radiation significance for a given 

radiation flux density. Any radiation effects will increase as V3 

decreases since the mean velocity and turbulence intensities decrease 

with V3 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 

significence of the convective and geometrical radiation effects. 

Radiation effects associated with the thermo-couple in the free jets 

their will only exist in the modified surface temperatures Toa? 

result being to steepen the curves She » since they will reduce the 
mod 

size of Tod* 

The Results of Turbulent Mixing in the WIS Jet 

The fairly high turbulence intensities associated with the WIS 

jet will have two effects. (lote this is reflected in a broadening 

of the jet as y and d increase.) 

(1) It will tend to reduce any temperature gradients especially 
along 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 and entrainment from these regions will be to cool the 

jet. 

Both the above effects will increase with d. An inspection of 

the vertical, y, scans corresponding to unheated free jets in Chapter 7 

shows that for a given free jet velocity and surface temperature the 

average WIS jet temperature decreases with d as does the temperature 

gradient in the y direction. 

4n examination of the v'L and v's best fit plots shows that the 

slope of the d = 4.1 cm plot is the lowest and indeed becomes 

negative in the large WIS jet for Vg = 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 

ax 
value of az. 

mod 

LINEAR BEST FIT PLOTS OF Vist Tod 
  

The temperature dependent parameter vy" (SL) in these plots, Tig. 116 

corresponds to the difference between vis and vb where the latter 

may be considered as the average, y, temperature gradients in the 

small and large WIS jets respectively within the limits y = 0 cm 

and y = 5 cm. 

It has been shown that v's should be greater than vb the values 

of each increasing with Thod® Thus v"(S-L) should increase with Tioa® 

However, the variation of = 4 with d is somewhat unpredictable and 

even becomes negative in shasteues The smaller values of d do tend 

to heve the steepest slopes however. 

Table 5 shows the residual standard deviation on asa for the 

vertical scans. 

As in Table 4athere are no strong correlations between residual 

standard deviations and Vas ad or X apart from the fact that the largest 

values of d tend to have high residual standard deviations. And for 

ytg the residual standard deviation tends to increase with d. For 

given values of ¢ and V,, the 2.S.D's in Table 5 tend to be higher than 

those in Table 4a(with a few exceptions) particularly for V,, = 40 V and 

a= 4.1 em. Fig.117 shows the experimental points for ytr VS Poe 

In this case the spread in ae for d = 1.1 cm and a = 4.1 cmis 

mod 

much too lerge to have arisen from temperature turbulence and it is
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RESIDUAL STANDARD DEVIATIONS ON te FOR 
de 

MEASUREMENT MADE IN THR VERTICAL PLANG 
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probable that the cooling of the WIS jet due to turbulent mixing has 

a major influence on the very large spreads of s 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 Ts. WHEN X = 0 

Introduction 

Before examining the individual curves in this set in detail it is 

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 snd 119 show the variation of normalized temperature 

dependent parareters vor and vb with free jet temperature for two 

values of d. It is seen that _ is negative, a result which is to be 
Jd 

expected on physical 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 cm in Fig. 118 both yoy, and vb 

intercept on the free jet temperature axis Ty at a point close to P. 

On the other hend for d = 4.1 cm in Fig. 119 the point of interception 

hes a value of free jet temperature considerably lower than P, as well 

as there being a much greater differential between — for ven, and for 
J 

vy? The value of Ty corresponding to this intercept will 

subsequently be denoted by Ts: 

The reasons for these characteristics will be discussed later. 

A small, but important, distinction must be made at this point 

when considering plots relating to ye and yogs and those relating to 
L
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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 temperature measured close to the orifice. 

The difference between qs and P in this case will be equal to the 

difference between the WIS jet temperature T, and P since when X = 0 
A 

qT, S Ty thus tT, = T 

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 at t,) will not necessarily 

imply that T, = the WIS jet temperature, and in fact, due to 

attenuation in the free and WIS jets, Tt, will usually be greater than 

the WIS jet temperature Tye 

In this section a ‘balance’ will imply a zero value of X and the 

‘error in balance’ will represent the difference between an appropriate 

average free jet temperature, Ty. 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 and Vy @ series of linear best fit 

plots of P vs Ty, were generated, 

Only those plots with a slope of unity, i.e. oe = 1 will have 
° 

a zero error in balance. A value of a > 1 will be indicative of a 
° 

free jet temperature less than the surface temperature at balance. 

Linear Best Fit Plots of P vs Tt for vn, and ves 

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. For small values of d this error is very small since a is 

close to unity but increases quite significently for values of a



  

  

  

  

  

  

  

        

Fig. 120. Linear best fit for PL vs ty for X= vt 
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appraching 4.1 cm. For vn the overall spread in = with dis least 

for V3 = 70 V. 

Por yo this spread increases as Vp decreases. 
S 

Linear Best Fit Plots of P vs T, for v°(tes) and Fase) 
  

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 apart from the Vg * 40 V plots is greatest for d = 4.1 cm. 

However, for these plots the value of r is not so simply related to 

das for vr and v9 where it increases with d. It is interesting to 

note the very small spread in slope for Vy = 70 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 oe in all 

these horizontsl plots are probably similar to those in tne unheated 

free jet plots. Thus it can be seen that e correlation exists between 

the error in balence and d. Since turbulent mixing resulting in jet 

cooling becomes more significant with d, 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 ss pronounced for the heated free jots.) These 

radiation effects are likely to be greatest in the temperature 

dependent parameters which involve the WIS jet and the free jets 

(8, and ys) since higher differential convective heat transfer 

coefficients will exist between these jets. For v9(1es) and Foran) 

the reference temperature is effectively the smell WIS jet temperature 

(apart from the slinht influence on of free jet temperatures v°(i-8) 
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 smaller. 

In one or tyvo cases for small valuss of d, particularly for 

in vt = a va. ores v° (ues) (142) n which Vy 100 V a value of at, slightly less 

than unity exists. This implies that T > P at balance. Because the 

and F 

effect does not persist for the lerger values of d (i.e. 3.5 cm and 

4,1 em) the likelihood of its being due solely to differential cooling 

in the lerge and smoll ‘15 jets, is smell. 

Table 6 shows the 2.8.D. on ey 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 Th. It is seen that the 

largest values of d tend to have relatively lerge values of 8.S.D. 

(with one or two exceptions) this being particularly evident for the 

case of V, = 4O VY. 

linear Best Fit Plots of P vs Tt, Employing Temperature Dependent 
  

Perameters Derived From Measurements in the Vertical Plane, 1.ce.   

  

The ebove plots are show in Figs. 124, 125 and 126. 

As for the parameters corresponding to measurements in the
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TABLE 6 

RESIDUAL STANDARD DEVIATIONS ON T FOR MEASUREMENTS 

MADE IN THE HORIZONTAR PLATE 

  

  

T 
V,=100 V | d=1.1 en a=1.85 om | d=2.6 ae cm | d=4.1 cm 

| 
4 

  

      
      

von 203 57 160 43 606 

y's 309 499 | «1077 | 420 865 

yest) aes ee id | 996 Bh6 

Fase) we 35 || 1095 611 | 583 
  

  

  

  

          

VgeT0 V | d=1.2 em | 421.85 om | d=2.6 om | d=3.35 em j d=4.1 em 
| 
i 

| ee 334 99 | 329 857 | 223 

T 
nue we | 207 | 621 | 520 ess 

8 { | I 

T 
v°(1e8) 693 1g2 330 417 | 229 

| 
T : | 

Pease) 201 | ED GERI EE) 612 

  

  

  

  

    

              
v,=40 V } a=1.2 om |d=1.85 om | d=2.6 cm | a=3.35 cm! dek.1 om 

wy aa 564 685 723 | «557 

v5 305 808 733 | 635 1522 

v°(tes) 129 476 | (576 | 1021 1338 | 

Poa42) 171 433 676 | 912 | aih 

  

All R.S.D's are expressed in tems of mV x 1073
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horizontal plane the error in balance is small for small values of d 

and =o is close to unity for d = 1.1 cm in all cases. Apart from 
° 

v"(S-L) in no case does = become less than unity implying that Ty, 

is either equal to or Hoserthen P (except for v'(gen))* 

None of these temperature dependent parameters have the free jet 

temperatures as a reference temperature and 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..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 radiation leekage from 

between the plates increases end the thermo-couple at y = 5 cm will 

intercept a smaller radiation flux then that at y = 0 cm. This will 

tend to reduce the temperature of the thermo-couple at y = 5 cm to 

below that at y = O cm. 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 

to decrease the average temperature of tusatet and also decrease the 

average value of 2 (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 

considerably higher then those of the unheated free jet scans (and 

because ee is lower for the higher free jet temperatures for e given 
ay
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value of P) tne effects of turbulent mixiag with cooler air vill be 

correspondingly more significant. 

‘fn inspection of the vertical scans with the free jet temperatures 

approaching P shows that = in fact becomes negetive. This negative 

gradient increeses slightly as Vg decreases. However, the significance 

of a is very much rsreater, with = increasing with d as vell as the 

temperature becoming very turbulent. 

This turbulent mixing effect is probably the most significant 

factor in influencing errors in balance. 

The plots for yt (s-L) show the same sort of trend of increasing 

error in balance with d as existed with v'L and vst 

Table 7 shows the residual standard deviation for these plots 

involving measurements mede in the vertical plane. 

  

As with the residual stendard tious associated with von   

x EF. i t nd 2 ves? v°(tes) and Foaeo)» for vine y's and yT(g_1)0 the lower 

residual stendard deviations tend to correspond with the low values 

of d, As @ is increased further, however, there is little 

correletion between residual standard deviation and a. This may 

partly be due to the effects of temperature turbulence. 

THE VARIATION OF WIS JET TEMPERATURE WITH CORRESPONDING FREE JET 

  

In the lest section errors in balance for the different forms 

of X and combinations of Vv, and d vere examined. The purpose of this 

heated free jet mode of operation was to predict surface temperature 

by measuring air temperature (in this case the free jet temperature) 

under balance conditions. Thus the smaller the error in balance, the 

more accurate the prediction.



TABLE 7 

RESIDUAL STANDARD DEVIATIONS ONT 
MADE i) ib VERTICAL P. 

    

  

  

  

    

! 
V,7100 V | d=1.1 cm | d=1.85 cm |d=2.6 om | d=3.35 cm | d=4.1 cm 

vine ene T2 STON BOT 3012 

v's 228 225 1057 | 287 1997 

v"(1-8) 728 848 3809 2156 | 1126     
  

  

          

Vy=70 V | d=1.1 cm a=1.85 cm | d#2.6 cm | d=3.35 cm | dek.1 om 

WE 51 152 229 632 835 

vis 26T 210 363 1631 1797 

v" (Les) 438 1418 3273 «| | 2h66 | 1301   
  

  

Vye40 Vj d=1.1 cm [d=1.85 cm | d=2.6 cm 4=3.35 om | d=4.1 cn | 
  

  

                
  

vb 237 133 1467 857 1871 

y's 165 311 hag 1165 962 

‘ 

Wie) 170 | 763 567 91 | 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 

last section for yr, and v's where the free jet temperature forms the 

reference temperature in X. 

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 

12 with corresponding free jet temperature for V, = 100 V, 70 V and 

4O V end values of d = 1.1 cm, 2.6 cm and 4.1 om. 

The surface temperature corresponding to each curve is denoted by 

averLs This relates to the large 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 PL 

within each set of five all lay within about 1% of the corresponding 

average Pea 
BS ave L 

An examination of Figs. 127-129 in conjunction with the linear 

best fit plot of P vs a6 for vp will show that for the values of 

aver 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 V3°
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For d = 2.6 cm and V, = 100 V and 40 V the free jet temperatures 

are higher than the corresponding WIS jet temperatures at balance but 

for V3 = 70 V this differential is negligible. 

For d = 4,1 cm and Vy = 70 V and 40 V the WIS jet temperatures 

at balance are lower than those of the corresponding free jets but 

for VB = 100 V the WIS jet temperatures are higher than the latter. 

The highest temperature differential observed corresponds to 

Vy = 100 V and d = 4,1 cm where the WIS jet has a temperature of 

about 10% greater than the corresponding free jet at balance. 

Since it is found in practice that the average free jet 

  

A+! . . : 
temperature, a ais approximately equal to the corresponding 

average eee the curves in Figs. 127-129 may be used to estimate the 
2 

trends in temperature differential between the free and WIS jets 

for y® (1-8) * 

Using these curves, therefore, in conjunction with the linear 

best fit plots of P vs Ty for it was found thet, once again, v°(1-8) 
the differentials, at balance were negligible ford = 1.1 cm. This 

differential was also negligible for V3 = 100 V and @ = 4.1 cm in 

contrast to for these values of V3 and d. VL 
All other combinations of V3 and d gave rise to free jet 

temperatures at balance higher than the corresponding WIS jet 

temperatures. For ye (1-8) the maximum temperature differential 

between the free and WIS jets at balance corresponded to Vg = hov 

and ad = 4.1 em where the free jet temperature was almost 20% 

higher than the corresponding WIS jet temperature. It is 

interesting to note that for this parameter with Va 100 V the 

maximum differential corresponded to a free jet temperature only 

3% higher than the WIS jet temperature at balance.



The trends observed for 8; 4) will be similar for Faso)* 

Although the curves of WIS jet temperature vs corresponding free 

jet temperature have not been shown for the smell 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 end 

WIS jets at balence in those temperature dependent parameters involving 

the small WIS jet,e,g. vig* 

To summarise, therefore, it may be concluded that negligible 

temperature differentials between the free and WIS jets et 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 v°(1s) apart 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 

vt spart 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 

radiation 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 the formor method gives rise to two 

modes 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 a 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 whereas the former mode involving initially unheated air 

does require a calibration. 

The mode invelving preheated air was successfully applied to 

the temperature measurement of 9-mm diameter 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-mm diameter 

aluminium rod though at the time of writing the rig has not yet been 

installed. A similar design but employing the initially umheeted air 

mode, is currently under construction for temperature necsurement of 

extruded aluminiun rod. Most of this thesis hes been devoted to 

applying the method to temperature measurement of plane surfaces. This 

necessitated a different system geometry and it was appropriate to 

deliver air to the test surface by means of free jets. 

It was found that the wall jet, i.e. the flow resulting from the 

impingement of a free jet directed normally onto 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, became potentially more 

suitable for exploitation in temperature measurement. 

A 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 hes been developed. 

It has been seen that a device may employ two or three free 

jets, these being heated or unheated and measurements may be made 

in either the horizontal or vertical planes. 

Bach of the above modes of operation gives rise to an 

associated temperature dependent parameter X with the aid of which



the surface temperature may be predicted. 

A series of isothermal velocity scans vas 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 asymmetrical 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 

(v5) and orifice plate - surface displacement (a) on these 

characteristics. For the unheated free jet mode a number of linear 

best fit plots of temperature dependent parameter X vs surface 

temperature ¥ were generated for different values of Vp and d using 

deta derived from the temperature characteristics. 

It was found that for those parameters associated with 

measurements in the horizontal plane (i.e. vozryog? yoz-g Bd Feaua)) 

the spread in & was less than that for those associated with 

measurements in the vertical plane (i.e. vin? vig and yi(sen))* 

It has been shown that, although eee ie the 

temperature dependent parameters involving the highest free jet 

velocity (v5 = 100 V) are the least vulnerable 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. v°(1s) and Faso) are 

less vulnerable to radiation effects than those involving two free 

jets, i.e. von? y8s° This is due to the smaller significence of 

differential convective heat trensfer coefficients between the air 

tempereture neesuring 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 0.1 

(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 vn when Vg = 100 V 

but less than 2% for both v°(ies) 4 Foa4o) when Vg = 100 V. These 

figures are 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) he 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 an increased convective heat transfer coefficient. 

Two surface velocity effects have been predicted to exist, 

one associated with a modification of the WIS jet flow characteristics 

end the other with a variation of convective heat transfer 

coefficient of the wall jet. 

Taking both effects into account it is suggested that v°(1e8) 

or F will be less vulnerable to surface velocity effects than 
(1+2) 

either yn or vest
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It is seen, therefore, that for the device to operate in the 

unheated free jet mode the most suitable parameters to employ are 

either Faso) or v°(tes) both with V3 = 100 V. Since the former 

only requires two air temperature measuring thermo-couples, one in 

each of the WIS jets as opposed to four for v°(r-s)? Fase) 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 approximately 0.01 in. its effect on temperature measurement 

will be insignificant. 

Since this unheated 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 above recommendations has been 

constructed and used successfully to measure the temperature of 

continuously annealed 0.01 in. aluminium strip, this latter moving 

at approximately 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%. Furthermore, 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 parameter 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 cperation 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 radiation 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 end 

the sensitivity to surface roughness even lower than the unheated 

free jet mode. 

All temperature dependent parameters, X, give rise to smell 

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 low 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 cm 

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 with V; = 100 V would provide a vb 
suiteble temperature dependent parameter 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. 

v°L has the advantage of simplicity in implementetion, it has 

the highest sensitivity to changes in surface temperature and its 

vulnerability to radiation from extraneous sources should be smeil. 

If larger values of d are anticipated then a three free jet mode 

such as F(,,,) with V, = 70 V is recommended, In this rode. the 

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 measurement 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, adaptions 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 Mean Square Velocity 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. AL1 and is 

built around an I.T.T. Type B54 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 heater 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 2 

which presents too high a load for the constant temperature 

annemometer, thus a certain amount of impedance changing 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 Fell Time 

The mean square velocity signal was derived by measuring the 

power associated with the random fluctuations of the turbulent 

velocity. In order to gain more control over the levels this signal 

was simulated with a sine wave signal. Frequencies ranging from 

15 Hz to 50 kHz were 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 a meen 

‘mean square’ 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. 

From a set of 36 step function inputs the mean 'meen' rise time 

was calculated to be 0.0994 minutes with a standard deviation of 

0.0041 minutes. A similar set of 36 measurements gave rise to mean 

‘moen' 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,
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scans were performed by displacing the hot wire sensor in 2-mm steps 

allowing 10 seconds to elapse between consecutive positions. Thus the 

annemometer output corresponding to e 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 2 

d.c. voltage level when considering device response time. 

Suppose a positive 'step' change in turbulent or mean velocity 

signal is applied to the eppropriate signal processing device for 

sufficient time to allow the output to stabilize at some value Aye 

Then if the same level is applied for some shorter time, t, (10 sec. 

in these experiments) then the device output A will be less than Ay 

by an amount depending upon the rise time constant of the device 

(see Fig.al.3). 

The value of A is given by: 

PE=Wilicerpin yee) (sseacusescecaqest-cteneccasseaeceemms(itet) 

where T, is the device rise time constant. 

Similarly if a negative 'step' change is applied between the 

same levels, see FigAl.4, the value of A after time t will be 

given by: 

A=A_ exp ey Raapstacasenes one esnes dambentce ease Chien) 

where Toy = device fall time constant. 

If in this latter case A is measured from Ay then its value
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Fig. Al.2. Possible change in mean and turbulent velocity 
due to sensor movement 
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negative step input 
Fig. Al.3. 

positive step input
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can be expressed in the same form as (Al.1), thus: 

t A= Ao (1-exp 7 ree gwaures +e Meseoncis ate tan( Aled) 
ft 

  

This form will be found useful in correcting negative going levels 

(see later). 

Thus for a given value of Ti, OF Tp, and t (10 sec.) A is 

directly proportional to Ay the constant of proportionality being 

the appropriate function in brackets. 

In the correction procedure to follow, equation(Al.1) (for the 

correction of positive going levels) and (A1.3)(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. Al.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.



nN 

> 

  
 
 

Si" 
edols 

12UL} 
[LEY 

PUe 
esta, 

euends 
uveW 

S
o
e
 

°F 
uATM 

¥ 
Zo 

woTZeTaEA 

 
 

igo 
edos 

1204} 
[Les 

pue 
asyu, 

uvow 

     

  
 



258 

SXOILO 
4UezSsuoo 

out, 
Jo 

uotyoerz09 
‘
O
W
 

S
t
a
 

 
 

 
 
 
 

@Aund 
pa}Ied40d 

@Aund 
peunsteu 

 
 

  

  

 
 

  
 
 

  
 
   

 
    

 

   
 

  
 
 

   
 

 
 

  
  

    

 



259 

(in this case it is found that 18 divisions are necessary, assuming 

each division corresponds to 10 seconds). 

Normals are drawn through each numbered position of such a 

length to pass through the measured (itees line) curve. The 

correction is started from position 1. 

The length of the normal, y,, from the base line to the point at 1 

which it intercepts the measured curve, will be smaller than it 

would have been had the rise time been 0 (i.e. instantaneous 

response). By referring to the mean square 'rise and fell time! 

plot in Fig. Al.5 the value of fg corresponding to A (i.e. y,) may 

be found. 4y will be the corrected signal amplitude at position 1 

and may be marked on the normal through position 1. (It is 

important to remember that the measured curve has been derived from 

a series of step velocities (in this case the turbulent component) 

giving rise to corresponding step voltages). 

The corrected amplitude corresponding to position 2 is obtained 

by first @rawing a horizontal line through the intercept of the 

normal through positicn 1 and the measured curve and the normal 

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 point of interception of the normal through 

position 2 and the measured curve de Yop: Then the corrected signal 

amplitude measured from the new base is again found from the mean 

square ‘rise and fall time'plot in Fig. Al.5. In this case A 

represents Yo and Ay the corrected value of Yo which may be 

marked off on the normal through position 2 as before. Note the 

corrected signal amplitude at position 2 with respect to the 

original base line will be Vi oe 
A
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This procedure is repeated for each position wtil 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.7 shows an actual turbulent velocity Beh (expressed in 

terms of turbulent mean square velocity device output voltage, V ) 

before and after time constent correction. It is seen that for small 

rates of change output voltage x (corresponding to velocity) the 

time constant error is smali. For example for each of the WIS jets 

av 
at is fairly small. However, for the narrow turbulent annular zone 

av 
surrounding the free jets ae 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 TEMPERATURE 

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. A2.1 shows a typical velocity profile normal to the surface 

in a wall jet (solid curve). 

Those regions of flow to the left of we will be decelerated 

due to the viscous drag by the wall, the effect becoming progressively 

ereater as the wall is approached. Those regions to the right of 

(eas will be decelerated due to turbulent mixing with the adjacent 

still air. 

Suppose now that the surface velocity is increased to some 

value UL 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 laminar boundary layer very 

close to the surface will have increased in velocity by an amount 

approaching un the average velocity u ove over the width of the 

wall jet will have increased by a much smaller amount SU ve* It 

is this average velocity increase which is significant when 

considering surface velocity and its effect on the WIS jet 

temperature and velocity characteristics.



velocity 

  
      

  

stationary 

surface 

  

    
0 

Fig. A2.1. 

dist. from surface 

Typical velocity profile normal to the surface in a 
wall jet 
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Note, 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 average 

flow velocity. 

Consider now the effect of accelerating the surface from a 

velocity of zero to a velocity US in a direction parallel to the 

orifice plate Py» but normal to 0, 0 0, (see Fig. A2.2). Then the 
a 

flow would acquire an average component of velocity OV ve 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 

positive direction at velocity ue (broken line). It is seen that 

the effect of this acceleration is to shift the line of symmetry of 

the velocity profile from 0 to 0'. 

Since the component of wall jet velocity parallel to 4 ° Oo, in 

Fig. A2.2 is unaffected by the addition of the component 68V ye normal 

to o) ° Oo, resulting from acceleration of the surface to velocity 

i the general shape of the WIS jet temperature profile in the y 

direction (shown with a continuous line for stationary surfaces 

and a broken line for the moving surface), should not alter. 

However, the line of symmetry will shift from 0 to some position 

in ay positive direction 0' (see Fig. A2.4). The effect of this 

on a thermal sensor located at O would be to increase its
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Fig. A2.2. Flow modification due to acceleration of surface from 0 to a, 

velocity (z) } 

    

   

  y-ve = y+ ve 

Fig. A2.3. Shift in mean velocity maximum due to acceleration of surface 
from 0 to U 

s 

Y= VO <tmm 

5 

| | lias 

0 

Fig. A2.4. Shift in temperature minimum due to acceleration of surface 
from 0 to a,
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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 4), 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 

u,) 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 em 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
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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 

Ov ee 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 lov, If the surface velocity 

were in the opposite direction (i.e. y-ve) then the parameter would 

indicate too hich a temperature. 

If the thermal sensor at y = O cm were re-located at some 

position y' in Fig. A2.5 such that it lay on e more linear part of 

the profile, even after the shift in minimum as indicated, 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 Measurement Involving Three 

Free 

  

S 
  

This mode of operation will be partially self—compensating, 

since a shift of the minima in both the small and large WIS jets will 

change both thermel sensor temperatures in the same sense. A 

at ay 

the small WIS jet is higher than that for the large one, i.e. the 

complete compensation will, however, not be achieved, because for 

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 = O cm where = 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).
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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 general 

comments will, however, be made. 

The significance 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 narrow 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 mheated free jet mode, 

hence any surface velocity effects will be correspondingly reduced. 

SURFACE VELOCITY EFFECTS ARISING FROM CHANGES IN CONVECTIVE 

HEAT TRANSFER COBFFICIENT 

If the relative velocity, U, between a wall jet and the surface 

over which it flows is increased by some velocity 6U by accelerating 

the flow (wer.t. some arbitrary zero, e.g. a jet orifice) by this 

amount a corresponding increase in Nusselt, Nu, (dimensionless
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convective heat transfer coefficient) will occur since Nu a 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 Nu. 

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 flow. 

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. 

Surface Velocity Effects Arising From Movement in a Direction 
Transverse to the Line Joining the Free Jet Axes 

Suppose the mean wall jet velocity to be U and the surface 

velocity US (see Tig. A2.6)then the resultant relative velocity Up 

between the surface and the wall jet will be (v?4u,2)4 : 

It can be seen that if US is small compared to U then because 

Up depends on the squares of these components the significance of 

Us 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 vu, 

because Nu is « U* where x is less than unity the corresponding 

increase in Nu will be less than /2 tines the value when Ly = 0. 

The net effect of this increase in convective heat transfer
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Fig. A2.6. Surface movement in direction transverse te the line 
joining the free jet axes 

     

  

— -—---— surface and wall jet 

velocity vectors 
anti-parallel 

a zero Surface velocity 

—— —- —— — 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 movement indicated 

that for Vz = 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 Movement in a Direction 

Parallel to the Line Joining the Free Jet Axes 

In this case the two wali 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 

relative velocity between the two and the upper curve corresponds to 

the wall 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 can 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 ley 

transverse to the surface velocity vector indicated an increase 

of 7% approximately in temperature.



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 concerned. 

All 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 COOLING EFFECT OF THE FLOW ASSOCIATED WITH THE TEMPERATURE 
MEASURING DEVICE ON A HEATED, LOVING SURFACE        

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 

approximate estimate of the average cooling effect by the wall jet on 

the surface. 

Since heat transfer rates will be small at those regions outside 

the periphery of the orifice plate, their effect on surface cooling 

will be neglected. 

It vill 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 4 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. 

Entrainment 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 é6t be the average 

temperature differential between the origin 0 and a point on the 

circumference at a radial distance r (see Fig. A3.1). 

Let V be the volume flow rate of the wall jet, Pa the density 

of air, 5 the specific heat of air at constant pressure.



eis 

8x VZZOTIT TT TOIT TTT TTT) st section through 
1 surface 

es ce em 

ee 
surface 

free jet =e 

  
Fig. A3.1. Cooling of the surface by the flow associated with the 

temperature measuring device 

Tnen the average rate of heat extraction by the wall jet from 

  
that area of the surface bounded by the circumference st radius r is 

given by: 

f 
Wg glp St cercecreercescccsccrserecescerscaceacereeess (43.1) 

Let C, represent the total thermel capacity associated with that 

erea of the surface which passes under the wall jet (within the 

specified limits) in mit time. Assuming the change in surface 

temperature, ST_, due to this wall jet perturbation to be smell 

compared to the absolute surface temperature then this change will 

be given by: 

Vo C. &t 
rete 

c 
Ss 

Suppose the surface concerned is that of a body of 

rectangular section normal to the plane of the surface. 

Then C, is given by: 

Pests Vachs vanivdannsat gaanveateseuken stan Ute! 2x $x05-.5%p u,



2th 

where 2r 6x = cross sectional area of that part of the body defined 
by the wall jet of diameter 2r, 6x being the thickness 
of the body. 

Un = surface velocity. 

Os = density of body. 

oc = specific heat of body. 

In this case én, is given by: 

Vo. C. &t 
St. So Ge GST AeeGbasegshshesseesrarsewenvnccas (Age4) 

8) Sp ~s 

This expression will be evaluated for a typical case of continuously 

annealed aluminium strip where: 

8x = 2.5 x 107° om 

U,= 150 cm/sec. 

for V,, = 100 v, % ~ 3000 ce/sec. 

For unheated free jets 6t = 170° corresponding to a strip 

temperature of approximately 500°C also from the dimensions of the 

sensing device. 

r=10 cn 

Using the standard values of density and specific heat for 

aluminium and air it is found that eauation (43.4) sives rise to a 

velue of éT, of spproxinately ou. 

Wote this figure of 2°C is a vorst case estimate corresponding 

to the highest free jet velocity (i.e. V,, = 100 V) employed in 

these experiments. 

If either the strip thickness and/or tne speed are increased 

then this velue of 2°C will decrease accordingly. Also if the free 

jet flow rate is reduced this 2°C surface temperature perturbation 

will be reduced. Note the above discussion has been appropriate to 

unheated free jets. If the heated free jet mode is used in which
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the free jet and wall jet temperatures are close to that of the 

surface then any surface temperature perturbation will be negligibie.
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APPENDIX Ab 

THE EFFECTS OF SURFACE ROUGHNESS OM THE TSP2RATURE AND VELOCITY 

CHARACTERISTICS OF THE WIS JET 

The temperature and velocity characteristics 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 appropriate 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 a thin laminar 

sub-layer close to the surface. 

So long as the surfece protuberances do nct penetrate the 

laminar sub-layer then they will not effect either the heat transfer 

or fluid flow an@ the surface will behave as though it were perfectly 

smooth. 

Schlichting (48s 47) hes found that the ‘admissible roughness! ka 

(i.e. the maximum height of the protuberances beyond which their 

existence becomes sipnificant as far as their effect on heat transfer 

and fluid flow is concerned) is a function of kinematic viscosity y Sxtsec" 

Sc Sex 
and flow velocity U_,where: 

oe 100v St 
ad ij 

This expression was derived for fluid flowing over a surface 
Asoc” 

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 Uae where ese is the maximum 

wall jet velocity (see section on "The Wall Jet', Chapter 3), then 

Schlichting's expression should give a good approximation to 

admissible roughness for wall jet flow. 

Now ue 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 io7# ft? sec.7+. Thus for 

the maximum velocities involved in these experiments corresponding 

tov, = 100 V: 

xo io inches 
ad 

Thus if the surface roughness gives rise to protuberances in 

excess of this value, their existence will be significant. 

Plots A¥.1 and Al.2 show electron microscope photographs of the 

surface which was involved in all the experiments in this thesis. 

It is difficult to deduce the exact height of the protuberances 

3 inches end from these plates but they are certainly less than 10" 

hence well within the ‘admissible roughness limit’ of approximately 

107? inches. 

Thus it can 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 i075 inches will not be significant.



x 50 

  

Plate Ah.l. Electron beam angle = 45° to surface. 

  
Plate Al.2. Electron beam angle = 45° to surface. 

Electron microscope photographs of replicas of the surface used for 

the velocity and temperature studies. 

278



279 

APPENDIX AD 

CATALOGUE OF VELOCITY SCANS PERFORMED IN THE HORIZONTAL, x, DIRECTION 

All scans indicated employed the asymmetrical free jet 

distribution. 

a=h4on 

Sensor element transverse to free jet axes 

  

  

      
  

  

  

  

    

Vz = 100 V Vv, = 10 V Vy 40 V 

Scan} y cm} z cm Scan] y cm/z cn Scan | y cm|z cm 

1 0 3.5 bal 0 3.5 21 O 3.5 

2 2 3.5 12 5 3.5 22 5 3.5 

3 10 3.5 13 10 3.5 23 1a 3.5 

4 ° 2 14 0 3 2h 0 3 

5 5 a 15 5 3 Po 3 

6 10 2 16 10 3 26" 1-20 3 

a ade 17 Oo 2 27 0 2 

8 3 18 2 28 2 

9: 3 19 10 2 29 10 2 

1o | 20 3 20 Out ileal Sor [On Nees 
j 

Sensor element parallel to free jet axes 

V3 = 100 V Na SION y = hov 

Scan | y cm} z cm Sean] y cm} z cm Scan} y em}z cn 

31 0 345 kl 0 3.5 51 0 3.5 

32 5 3.5 he 5 3.5 52 5 3.5 

33) } 10 3.5 43 10 3.5 53a} LO Bs5 

3h ° 3 4h oO 3 5k ° 3 

35 =) 45 5 3 55 2 

36 | 10 3 46 | 1o 3 56 | 10 3 

37 0 2 47 o 2 oT 0 2 

38 5 2 48 5 2 58 5 2 

39 10 2 49 10 2 59 10 2 

4o 0 z 50 0 Zz 60 0 z                      
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ga = 2.5 cm 

Sensor element transverse to free jet axes 

  

  

                            
  

  

  

  

V, = 100 V Vz = TOV V;, = u0¥ 

Scan] y cmj}z cm Scan}y cm]z cm Scan | y cm|{z cm 

61 0 2 ee 0 2 81 0 2 

62 5 2 72 5 2 82 5 2 

63 | lo 2 Ta% 238 2 83 | 10 2 

64 On Teie5 Th O [ANS 84 OP 25 

65 5 1.5 15 5 1.5 85 a 1.5 

66 10 1.5 76 lo 25 86 10 2S 

67 ° 1.25 ite 0 1.25 87 0 1.25 

68 5 1.25) 78 > aco 88 5 1.25 

69 10 1.25) 19 lo 1.25 89 10 1.25 

TO 0 1 80 0 a 90 0 z 

; 91 5 a] 

Sensor element parallel to free jet axes 

Vz = 100 V Vv, = 70 Vg = hov 

Scan | y cm | 2 cm Sean |y em |Z cn Sean |/y emjz cn | 

92 o | 2 102} 0 2 112 0 2 

93 5 2 103 2 23 he5 2 

94 10 | 2 lok | 10 2 114 | 1o 2 | 

951 |) Oltans 105 | o | 1.5 15} 0 | 1.5] 
96 C15 106 5 5) 116 5 1.5 | 

97 | 10 1.5 107 | 10 | 1.5 ALG} “20° | 265 

98 0 | 1.25 108 | o | 1.25) TG r On|) 1ees 
99 5 | 1.25: 109 5 1.25 119 5 1.25 

100 | 10 | 1.25) NO} 10) = |Na.a5 120 10 1.25 

101 0 | 2 aL {> ©o zr 123} 0 1                    



d=icm 

Sensor element transverse to free jet axes 

  

  

              

Vg = 100 V Vz = 10 V Vy = 40 ¥ 

T 
Scan} y en 2 om | Sean! y en} z on Scan y en} 2 en 

122} 0 0.5 125 0 0.5 128 0 | 0.5 

123 | 5 0.5 i 126} 5 0.5 129 | 5 0.5 

| lak} 10 | 0.5] | eT! lo | 0.5] + 130] 10 | 0.5 
t iu t sand     

Sensor element parallel to free jet axes 

  

  

        

Vz = 100 V Vz = 10 V Vz = 40 V 

: T T 

Scan | y on} 2 on | | Sean y en] 2 cn} ! Scan y em} 2 cm 
i | 

1 1 T r T 

is? | 0 | 0.5 | 13), 40 4 0.5 | 137, 0 | 0.5 
! { 

BBO TEED 11 10.5 | j 235} -5 | 0.5 | 18}. 54 10.5 

133; 10 | 0.5] | 2136] 20 } 0.5}. | 239] 30 | 0.5 
1 i 
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CATALOGUE OF TEMPERATURE SCANS PERFORMED IN THE z DIRECTION 

In this section the following nomenclature will be used: 

A’, B', C' correspond to the free jets J,, J, and J, 

respectively and represent the temperatures measured close to their 

respective axes. 

Do = Small WIS jet temperature 

Ds = Small WIS jet temperature 

Ey = Large WIS jet temperature 

E. = Large WIS jet temperature 
5 

aty 

at y 

at y = 

st y= 

0 

5 cme 

All seans employed surface temperatures, qT; 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,, 

(2) free jets heated to approximately T/2, Tos 

(3) free jets heated to approximately T,, T,. 

a= 4.1 cm 

  

  

  

  

  

Scan range 5_ mm $35 mm 

\ j 7p { 

| 3 Ty | 2 
| | V,, volts { V, volts q V, volts 

| |100] to ho | oo | To ; ho 100 | 70 40 
+ i ’ 

Av] is | 62 | 152 | 202 | 292 | 36z | uae { 502 | 572 
{ 

dD, 22 | 9z | 162 | 232 | 302 | 312 | dug | 512 | 58z 

B'| 32 | 10z | 17z | 2hz 3lz | 382 | 452 | 522 | 592 

B,! 4a ; liz | 182 | 252 | 322 | 392 Léz | 532 | 602 

ct| 52 | lez | 192 | 262 | 332 | hoz | W72 | She | 6lz 

Ey 6z | 132 | 202 | 272 | 3hz | baz | 482 | 552} 622 

Dg { Ta | ibe | eaz | 282 | 352; hex | hoz 562 | 632 |     
  

288



  

  

  

  

  

    

  

  
  

  

  

    
  

  

    

  

d= 2.6 cm 

Scan ran ie mm + 20 ma 

! ad 
| Ty | Tt, ty 
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