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ABSTRACT 

", . The literature is reviewed and the effects of certain aerotherme-' 

,dynamic end geometrio paremeters on film effeotiveness and. looal heat trans-
• 

. fer ooefficient ilre assessed. A difference in form end. performance is 

recognised between the slots commonly used in research work end these 

used in practice. The developing film is modelled as a transition region 

preceeding a potential core and followed· by an asymptotic, main region. For 

practical slots, it is shoT.1l that B transition region always exists in the 

N.1III rege,rdless 01' the injeotion velocity ratio; also, that the range 01' ' 

interest consists 01' the potential cere end transition regions alone. A 

boundary layer theory for effectiveness is developed by tek1ng account of 

the potential core end the jet-like nature of the real film. The resulting 

blowing group is tested against eleven very different practical geometry 

slots and excellent correlation et data is achieved. "universal equation 

is obtained for practical geometriea 01' this general class. .. theory is, 

"--derived for film local heat transfer coefficient, in which potential core 

is acoounted for: _ COl!Iparison with experimental data is satisfactory. The 

key to film cooling theory is thus established as the potential oore. '" 

semi-8I!Ipirical theory for potential core length is developed, ,in whioh slot 

lip thickness and boundary layers ere accounted for. .t.leasurements 01' hydr0-

dynamic film development were made and the reality of the potential core 

established. The assumptions of the theory were -substantiated by these 

measurements. Good predictions wereobte.ined for most conditions. The 

theory is also tested against potential, cores measured from the experimental 
, , 
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data of ,several research workers, covering wide renges of inJection conditions, , 
slot height and, lip thickness. Excellent agreement is obtained. The degree 

1',-
of accuracy required of prediction for potential core is assessed by ~omparing 

,measurements of film hydrodynamic development with ~rediotions made using 

'predioted potent'ial core lengths aB tJ starting point. Excellent agreement 

is again obtained'. A final test is made by making predictions of film et'fect-

iveness and oomparing against measured data from several additional practioal 

" ,slots over wide ranges of injeotion conditions. Once again, remarkable agree-

ment is obtained. It is oonoluded that s~tisfactory predictions or potential 

core length and film effectiveness for ppactioal slot geometries can be made • 
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1.1. Historical E3ckground • 

.. ! There are two ways in which the life of· a high temperature 

component canfe increased to an acceptable level by keeping the experienced 

temperatures within the limits imposed by material properties I 

a) • c.o0ling, 
":. 

b). p'i'eventive methods such as coatings, linings etc·. 
r.-.• 

For many ',pplications the weight and bulk penalties associated with p"eventive 

methoas are unacceptable nnd aotive oooling must be adopted. , •. 
Film - 0001in5 was first deacriped by German rocket scientists 

- . . ~ . 

in 1939 8.'ld Ims sinoet'ound application Wlaer variouo p;uisElS in·a wide 

variety of.' engineering situations. The aerospace industry can· otTer mnny 

• 
examples of.' practical system3 ot' 1'1lm-cool1np; and its thermal inverse, rllm 

hcatin£P Rocket motor combustion chambers, Bas-turbine combustion ohambers 

and jet-pipes, airoraft anti-icing systems, rain det'leotors, windscreen 

heaters·- all~arEl exenples of ~he basic film-ooolinG! heating process. These 

applications however, ot'rer such extremely diverse environmental and ge~ 

metrio situations that the commonreaturcs involveu in the process.become 
i 

submerged under dominating local inf.'iuences peculiar to the par.io)llnr 
.?

problem under stuay" For this reason 'the present study is eonf'lneo.i to just 

one SUCh pro·Dlcm, that ·01' i'ilm-cooline; the aircr!l.I't Bas-turbine combustion 

ohmnocr. -- --

\ 
.1 , 

\ .' 
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• ... 
Air appears as the logioal coolant for gas-turbines'because there 

is always an excess of it ,available over the amount requirea to burn the 
' .. 

fuel in the combustion chamber primary zone, ana it is aVailable at a 
• 

, suitable pressure for injection. With air as a coolant it is not necessary 

to go to the expense of carrying a speoialised coolant ana associated tank-

age, pumps and delivery lines. The main aavantage of ,air however, is that 

no heat is lost from the working cyole of the engine. The, air cooling teoh-

nique commonly in use for flemetube is rUm-oooling; it oonsists of intra-

duoing through a series of discrete 'span-wise' slots, on and ,ungentially 

to the surt"aoe to be prct::cted, a thin t'ilm of relatively cool air which, 

nots as both coolant end shield between the hot gas-stream and the wall. 

In the early years of the aircraft gas-turbines, combustion chambers 

were uncooled and with peak metal temperatures 01' the order ot' 9000C, 

flametube life was correspcndingly short. However, since the sole Users at 

this time were the military to whom the short-lit'e philosophy is no stranger, 

this was for the time being, acoeptable although undesirable. Communist 

.souroes r.~ort th&t in 1955, 50 - 60 percent ot' aircraft engine troubles 

in the United states Air Force occured in flametubes due to excessive wall 

temperatures. With the advent of wall cooling by discrete injection of an 

air coolant on and along the heated wall surt'ace, peak wall temperaturos 

were reduced to the order of booOd with a very satisfactory improvement ih 

flametube life. The Rolls Royoe Dart turboprop engine entered servioe with 

unoooled flametubes which operated at a temperature of tl500C and had a 

service life of some 300 hours only. The addition of film cooling in later 

Marks of' engine reduced lIall temperatures to 500°C and service l11'e in-

, ,. 

----". 
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/creased by on order of' m!'gnitude .• ·· The et'f'ect. on t'lametube wall temperatures 

is shown in detail by figure 1.0, part a) which shows measured temperatures 

and. part, b) the layout 01' the flametube togeth'er with the thermocouple 

positions. The particular chamber is a tubular configuration of early 
• 

Soviet design typical of' engines, model M and B, which powered MlG-15 and 

early 1I1G-17, airorai't (lA). The gas-turbine became an airborne power-plant 

of' wide application in aeronautical engineering • 

• Engines must have more thrust"l~sB weight and ,?,onsume less tuel; 

these are the classic demands of the airora1't designer •. Such apparently 

insatiable demands require f'irat, an ever increasing thrust to weight ratiO . . 

from the engine. The speotacular improvements in thrust to weight ratios 

achieved to date are shown in figure 1.1, which is constructed f'rom data 

given by Lloyd (1.). Improvements in the 'techniques of' lightweight con-

struction and compressor design have contributed gre~tly to these improve-

ments, initially in fact more so than increases in peak working temperatures. 

However, improvements in conventional oonstruotion teohniques became less 

. and le88 with passing time and in order to maintain progress, high temp-

erature operation W&S dictated. It is worthwhile noting that the introDuotion 

of composite materials such as Iiyfil, ot'fers a step-change in light weight 

construction and. ~ana in hand with high temperature operation. possibilities 

of still f'urther increases in thrust-weight ratios. 

, ) 
./ 

• 

,< 

-.' ... 
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1.2. Benefits of High Te~eraturo Cberation. 

In figure 1.2 the increase in specific thrust with 

" inoreasing turbine entr,y temperature (T.R.T.), is shown for a simple turbo-

, 

, 
jet. It may be seen that an increase in operating temperature always results 

in more thrust per pound mass of air entering the engine. This gives a 

reduotion in enr;ine "eight, f'rontr.l area and henoe installed drag, f'or a 

given th,·ust. HoY/ever, if' really high temperatures are contemplated the 

improved specific thrust is obtained at the expense of inoreased fuel 

". oonsumption, partioularly at subsonic flight speeds and low pressure ratios. 

This adverse effect is mitigated by having the design point for subsonic 
• 

epplication at sea level static. the take -off oondition. Really high temp

eratures are encountered only for short periods at take-off' and the engine 

is throttled in the cruise to temperatures where fuel consumption is more 

economioal. 

tffeots on thrust / weight ratio are shown in figure 1.3 for a twin 

spooi by-pess engine for various 'r.F..T's. The additional advantages with 

·this type of engine cycle over that of the straight turbojet are that 

inoreasing the operating temperature for the S!lJJle installed thrust and size 

low-pressure compressor. enables the entire high pressure seotion to be 

smaller Wl~ lighter. The smaller high-pressure section results in a higher 

by-pass ratio ~hich gives a loY-er specifio fuel oonsumption. (S.P.C.). 

This is illustrated in fizure 1.4. 

note that for the particular engine oonsidered in figures 1.3 and 

1.4. there is little point" in increasing T.E.T. beyond about 1.bOO~. 

Halls (2;) illustrates that for.the by-paas eneine it is advantageous in 

,. 
" .• 
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~ecific fuel consumption to operate at oruise with temperatures almost· 

. as high as those at inkc-off. For both types of' eneine aj: a given T.~:.T., , 
increasing the pressure ratio decreases the S.F.C. and also the specific. 

thrust, but only slightly. 

\ The technical break-through which enabled high temperature operation 

to beoome possible was the introduotion of turbine blade coolin5. Figure 

1.5 is reproduoed from Hall's paper and shows the inoreasing T.E.T'e of 

. some Rolls Royce engines with time. Also shown on figures 1.2, 1.3 and 1.4 

are the temperature limits for unuoolcd turbine blades together with the 
• 

probable limit for conventional oooled blades(2), and, the stoichiometric 

mixture temperature for kerosine fuel. 

It may be seen by referenoe to figure 1.4 that from about 1960 

onwards, large inoreases in operating temperature have been achieved due 

. to· the development of cooled turbine blades, together with some improvements 

in material properties, These elevations in temperature are discernable in 

-figure 1.1 as a firm and steady improvement in thrust I weight ratio from 

1900. . Reductions in specifio fuel oonsumption have als·o been demonstrated. 

It is clear that both pressure ~atios and turbine entry temperatures will in 

the future increase over todays already high values, (3.). 

i 

Conseouenoes of High Temperature Ooeration. -..-----
- ~ .. --". /:.---

As a result of the improvements in engine performance from 

increased pressure ratios· and turbine entry temperatures as described above, 

together with the appearanoe of a supersonio cruise design-point, oooling·the 

oombustion chruP.ber flnmetube to aooeptable material levels has beoome a major 

problem. 
! 

IDespite 
\ 

filc-oooling,wall temperatures have again· risen to around 
.4 



6 • 

• .. 
8500C and a considerable proportion 01" the gas-generator airflow is re-

quired as ooolant. This is beoause the f'lametube environment, . always adverse 

ie now an, extremely severe one and the "oooling potential" availa'Dle has been 

rapidly reduced. The dif'ficultics of" inoreasin3 severity of' environmental 

oonditions have been hiehlighted by Roudebush (3A). Trends in oombustion 

ohamber operating conditions have been desoribed by Jackson and Odgers (4) 

end figure 1.6 whioh shows the increase with time ~f' combustion ohamber 

inlet temperature, Is reproduoed trom their paper. Flametube. mata rial. for 
. . 

many years has been sheet Nimonio 75 alloy for ~hich a desirablo maximum 

temperature is about UOOOC. For this material then ,1 t is possible to work 
• 

out the available rtoooling potential" -'the difference in tem~erature 

between the coolant and the wall - and this is shown in f"igure 1.7 for pre-

dominantly British engines. The net result is an inorease in the amount of 

air required as a coolant, which is. illustrated in tigure 1.8, again taken 

from Jaokson and Odgers. 

The amount of air required tor oombustion ohamber oooling purposes 

is .shown to be increasing with the more demanding oonditions or operation 

now becoming standard. Does this constitute a problem and it' so, w~at is 

the natUre 01" the problem? 

The tlametube for the present purpose may be orudely divided into 

two main regions - the primary zone (P.l..) where the flame is 8tabili~ed, 

and, the dilution zone (D.Z.) where turbine entry temperature ia determined. 

The overall fuel/air ratio 01" the ohamber will be determined by the basic 

engine speoifioation at design point and. is fixed therefore. The primary 

zone fuel/air ratio is ohosen" depending on the exaot application of the 

.0 
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sngine, to satisfy all or some of the following main raquire6cnts: 

(l) relight at altitude, .. 
(u) Tiide range of stability limits, 

(111) low smoke produotion. 
. . 

For an ideal, well-designed film-cooling system the coolant should 

remain on the wall as virtually a discrete layer and the air 50·used 

therefore should not b~ counted in the P.Z. effective fuel I air ratio • 

. Any inc.rease in. fuel I air ratio as a result of satisfying a film-cooling 

demand with air initially assigned to the primary zone will a<1vorsely affect 

to a greater or lesser degree all three of. the main design requirements of 
• 

this zone and would not in general, be p.ossible. Primary zone fuel/air 

ratio must thus be regarded as fixed and air for cooling purposes debited 

to the dilution zone. 

To avoid mechanical failures in the flarnetube the film oooling system 

must be made to work re~ardloss of ~~l other considerations outside those 

outlined above. Thus, with the premises above, success of the chamber 

as a whole is seen to depend upon the design of the dilution zone •. The 

dilution" zone problem is to design a hish-rate mixing system·toy!eld the 

temperature profiles required by the ~urbine in as short an axial length as 

possible under the lowest possible pressure loss. If this oannot be done 

in a given length and pressure drop beoause most of the dilution air is 

taken·for oooling purposes, the whole performanoe of the ohamber ha~-to be 
,--:-~-" 

oompromised in vnrious ways acoording to the severity of the probleJll: 

(iv) . 
(v) 

(vi) 

\ 
'\ 

pressure loss increased, and I or, 

dilution zone length increased, and I or, 

some primary zone air used for cooling purposes, or, 

." 

--

... , 
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(v) reduced flnmetube life. 

Consideration of figures 1.2 - 1.4 showing the effeots of turbine entr,y 
• 

temperature on various aspects of engine performance, suggests that these , . 
temperatures will become ver,y high, approaohing values appropriate to 

stoichiol:1etrio overall t'uei I air ratios. When this "cours it might be 

oonoluded that the fill:1 cooling problem will oease to bea problem ae there 

will then be plenty of air available for oooling purposes. Figure 1.5 

shows that this situation will almost oertainly be enoountered within the 

·next 5-7 years, in researoh end devolopment work at least. It does not mean 

however, the end of the film cooling problem but merely a ohange in its . . 
nature. -The problem then will be the heavily loaded (thermally) turbine 

which will preclude the addition of any large amounts of air necessary to 

0001 the turbine entry duot regions-. 

It has been argued that the overall f'ilm cooling system can adversely 

affect the whole performance of a combustion chamber if the coolant flow 

becomes too large a proportion of the total chamber airflow. However, 

-even if the system is so designed as not to upset the dilution zone, and 

hence th~ rest of the chamber, problems of a local nature can still arise • 
• 

If the performance of the individual injeotion devioe used is poor it may 

be necessary to inject locally, very large amounts of coolant so that: 

( Vii) in the primary zone, chilling of combustion reactions 

ocours oausing blue smoke and also contributing to the --?-.--_. 
presenoe of obnoxious substanoes in the exhaust,_ -

(viii) in the turbine entr,y duot, bad radial temperature profiles 

\ 
\ 

\ 

-- _. 
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at the chamber exit are produced with d~literious effects 

upon turbine life. 

Small ~as turbine engines have their own special dIfficulties end the 

problems of smell size combustors have been c~~ldered by Bell (5) who 

showed that well cooling problems can beoome extremely diffiou1t as 

advanoed V/STOL airoraft demand higher specific shaft-horse power with 

reduoed weight. volume c.~d speoific fuel oonsumption. 

1.4. The Purposes of the Present Study. 

The broad outlines of the problem to be stUdied have been given 
• 

in section 1.3 above. The precise steps required to be taken in the study 

may be stated as follows: (1) To survey the available film-cooling literature 

and in particular, to ascertain ~aps in knowledee,where additional experi

mental work is neoessary. (2). To use the information colleoted·to bring 

order into the experimental data obtained from practioal ooolin~ devices. 

0). To use this oollated information to study practical systews ill.Oom

'bustion chambers. (4). To establish design and prediotion procedures for 
". 

praotical systems of film cooling. 

In any study of this applied nature it is diffioult to deoide 

preoisely hO?T fer situations should be idealised to render them amenable 

to theorectical treatment. ,'To leM too muoh to either side is unsatillf'aotory • 
. . 

,In view of thll topicelity of the subject, the epproach in the present oase . 
.. ~-

is a reasonable balance between practical enllineering and msthmatical 

development. This at any rate, was the aim. 'In this manner. it was hoped 

that the study would provide directly useful information for those 

engineers ,concerned with oombustion 
. \ . 

I 
\ 

chamber film cooling systems. 

.. 
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LI'l'1':RATURE SURVEY • 

(unless otherwise stated, t~e following remarks apply for zero pressure 

gradient, incompressible, two-dimensional, turbulent flows). 

Introduction. 

A considerable number ofs.~u;lies of t:", film cooling process 

ha~e been made and often the mode of injeotion has varied wideley. It is 

therefore useful ,to olassify film oooling flow systems and this is done in 

figure 2.1: From this figure the position of practioal systems in oommon 

useage may be seen. The majority of the published literature desoribes 

devioes whioh fall into the two-dimensional, disorete slot oategory of film 

oooling. This should be borne in mind when considering the recommendations 

made throughout this ohapter. 

Early in film cooling researoh it was found bY,Scesa (6) that the 

standard impermeable wall, turbulent heat transfer relations could be used 

for the estimation of heat fluxes provided the heat transfer coefficient . ' 

was based on the difference between aotual wall temperature and the adiabatio 

wall temperature whioh would prevail under flow conditions identioal to those 

under study, • 

i.e. = 2.1. ' 

'-

, ) 
This pr~osition was subsequently confirmed by Seban, Chan Cnd Scesa (7) and, 

Hartnett, Birkebak and Eckert (8) for both normal IlJld tangential injeotion 

in regions remote from 

where M _ 
eA Llc; 

... , 

the inj,eoti.on plllJle and for maSd velooity ratios M, 

, less than unity.' 
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// If the blown wall is made adiabatic, the effects ofinjeotion are 

oompletelY'described by the ratio between the exoess of ~ainstream' over 

wall temperature to the excess 01" ,mainstream over inJeoted-air temperature, 

provided the fluid property variations between the two streams are not . 
. signif'icant and, th" maes flow rate of coolant is small compared with that 

of the mainstream. This ratio, the no~nlised adiabatio-wal1 temperature 

distribution, is termed the film et'feotivenflss, 

1 •. e. 2.2. 

Use.fuL relationships between temperature, conoentration and, enthalpy . ' 

based definitions of effeotiveness have been derived by Stol1ery and 

F.l-~:h'l3.ny (?),~lO). Rquality ot' these definitions for e1'feotivenes8 depends 

on the equality of Sohmidt, LeVlis and: ?rendtl numbers with unity. 

For low i'low stagnation enthalpies and constant 1'luid properties, 

film oooling can be oonsidered as equivalent to film heating, provided 

there is no radiation heat souroe to acoount for. For oonvenience, mos~ 

film oooling studies have dealt with this thermal inverse problem of film 

heating; the definitions given above are not affeoted, 

r-hen the variation of effectiveness over a film-cooled surface is 

known the wall tem!lerature distribution may apparontly be caloulated for 

a prescribed heat flux using equations 2.1 and 2.2 , together with a 

suitable known relationship for heat transfer ooeffioient. 

2.2. Heat Trp..Ilsfer Coefficient 
, ) ., 

Investigation ot' heat transfer ooefficients over a. wide .. , 

range of mass velooity ratio, 0.17 ~ }.1 (. 20.5, was made by Seban (11) 
.' 

, ,. 
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;-ho ~ouna a situat10n rather more complex than was ~uggested by the 

earlier work. For 14 < 1.0, measured heat transfer coefficients~ de1'ined by 

equation ,2.1, were oompared with values calculated i'or the appropriate 

. conditions i'rem the usual Colburn equation 

" It X. -0.';1. 
_-",-5"... = o.o?7 ( ; ) 
e~~ / 2., 

Values o~ .... «/"5 equal to unity Vlere only encounter~d at distances 

greater than about 70 slot heights downstream from the injection plene. 
, 

l!:xactly hov, the local heat transfer coe1't'icients cpproached those pre-

dioted by the Colburn equation was found to depend on the magnitude 01' the 

injeotion valoo!ty arid also, the nature e~ the flow within the slot. The 

earlier work had not deteoted these variations beoause'minimum x- length 

Reynolds numbers had been rather large, being for Hartnett et a1 (8), 
(, 

about 10 ,representing a olosest approachtoinjeotionof something 

over 8 inches or about b5 slct heights. 

, For U > 1.0, Seban obtained empirical correlations .. hieh can be 

. arranged in the 

for .~ < 40 
.S 

for ~ >,,40 

-0-$ 
convenient forms, 

0'3, 

O,I~S4 (~) St. R.e., -. .. 
and, 0-3 
SI-. Res = 0,'''' 

• 

The constant given in equation 2.4 is that obtained by fitting 

equation 2.5. which agrees well v:ith other data to be presltnted. with 
. :le. 

Seban I s data at the point s: the constant given in the original . ) 
u 

paper wo~d seem to be incorreotly reproduced. The existance 01' two 

equations suggests the heat trans1'er is oontrolled by the slot fl~1 
' . 

. -
.. 



• 

._ /Illld is almost independent 01' mainstream eondi tions- i.H. wall jet-like. 

In a later puper by Sebun IUld Baok (12) the:!'e re!lults of Seban's 

were rec~nsidered. The exiatunce of' the. two equations was suegested to be 

perhaps due to an uncertuinty hi the measurement of' the x- distanoe from 

injection. It "'!le sugge,oted it would. be better to measure from an et'1'eotive 

origin of' the rilm 1'rom upstre!Ull of' the aotual injection point. A oorreotion 

was therefore incorporated for the positive distanoe between the injection 

point end the ef'feotive origin of' the 1'ilm to acoount 1'or its 1'inite thiok-

neas at injection und equations 2.4 and 2.5 were thus represented by the 

single expression. 

0-3 
St,~ = 0'-1/ 2.6 

for ~ > ... 30 where. 1 ,,::x. + ;:,co 
S 

C~1J, x O/$ = 12, 1'!/la taken 1'rom the data of Seban (11) • boing 

the distcnee upstrer.m of the effective origin of the film. 

Seban (11) also quoted an empirical correlation due to J"kob for 

l6 > 1.0, 1'!hich has been nrr&.nged as, 

The above three sets of equations. 2.4. 2.5, 2.6, 2.7, nre oompared 

in figure 2.2. to;:;ether with some impervious Vlall predictions from the 

Colburn e'lue.tion t'or four ot' Seban'a test runs. For equation 2.7 the slot 

Reynolds nunber was taken as 1,000 - 7,000, which range is appropriate for 

Sab-an' s (latao~ It cc.y be observed f'roll this figure that l'or distances groater 
, . 

than about 50 slot heighta downstream, the data indicate :3tanton nunber is 

oonsiderablY reduced over impervious wall values and normal turbulent 

bouridary lsyer rellitJ.ons'hips £re n6l applicable. 
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As unity mess. velocity ratio Was reachud ~eban (11) recorded an 

iCl1ediate transition to heat transfer values typical of ,impervious' f'lat-

plat e flO!'. 
~ ...•... 

Taking the Colburn analogy, 
h. . % 1:'s . . Pr 2. 

C ~ ... """,,. = e. lA-n,"-'IC 

as a syitable relationship between the heat transfer and friction coeff-

icients, and using empirical values for velocity decoy and shear stress 

ooeffioient, 

and, 
: '1:'5 . 

C ... :I. 

"'''''' 
= 

derived from Seban I s earlier data, Seban and Baok (12) derive for LI >1.0, 

a prediotion equation whioh I:ay be vlri tten, 
o-:~ o'oS" ~ -0·'-

St, Rc
co 

= O':l5 Res (OS) . 
~ 

2.8. 

. This serei- empiricd prediction is oompared with the empirical oorrelations 

in.i'ieure 2.2. 

A more General analysis was carried out by lAyers, Shauer and Eustis 

(13) 1'01' the pur'e wall-jet (J.! = 00 ), with an unheated starting length. The 

analysis Was v.pplied initially to the step-wall temperature case and later 

extended to arbitrary heating conditions throueh the use of superpositions. 

~'he hydrodynrunio solution (14) was linked to the thermodynamio through the 

ratio of eddy diffusivHies for heat and momentum. The chief difficulty 

comes in designating a suitable value to this ratio, ~.' Lambda is not 
i· 

uniform across the film and although the arguments advanced for combining 

the distribution of ~ for the free-jet together with that for the flat-

plate to give the v.c.ll-jet case are not unconvincing, this proble!ll should 

be investigated further before 'A may be. dealt with confidently. 
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,The assUmption was made that velooity ,and temperature profiles obeyed the 

usual l/7th. pOVler laws throughout the film end this is clearly unsupport-

able. However,'usin8 their theorectical result as a basis for oorrelation 

of data, they obtained the, semi-(~mpirical relationship for the well-jet 

which may be arranged 8S, 
, -~ ') -J.: 0-3, 0-. '.x.) l"r L'" ~Ol'(' 

Sf-. Res =O.1I8Res '(-S ' Lf-(r~) , 
for 45 ~ ~s ~ 19b to :!: 10% where, - ' 

, ' 
L = unheated starting length. 

Equation 2.9 is compared in 1'i8.2.2 \'Iith the other rolationships for the 

cnse of zero unheated stnrtin8 length 
?l 

and a Reynoldsnumber range 16.6 x 103 

~ Re" ~ 37- I') x I 0 , appropriate to - the tests of Myers et al. To extend 

the results to gases, other than nir, 

Stanton numbers be multiplied by the 

it was recommended that theccnlculated 

ratio r Pr _ /'P
r 

] 0·4 ,,' 
L Ihr c,,,~ 

A further correlation f'or the two-dimensional "all- jet Vias 

" obtainsd by Akfirat (15/ as, " o.s -0-., 
, ," "Nu = 0.097 Re " ( ~ ) 
_' S 

2.10 

which may be [rearranged in the same form as the others as, 

, , : " 0-3 0., =<. -0,(' 

St, Res = O.'~Sb ~ (s) 2.11 

if Prandtl number has the value of 0.7. Equation 2.11 is also shown'in 

figure 2.2. 

It may be seen l~om a consideration of' the oomparisons made in this 

figure that the agreom'ent between experimental data i8 good at large distances 

from the injeotion plane and that Sebsn and Back's predictions are reasonable. 
, 

Nearer the slot Stanton numbers become reduced and it woula appear normal 

boundnrylayer~values mi6ht be a,ppropriate. Seban and Baok's method does 

prediot the forn of' this but underestimates the heat ,ransl·er. 

, 
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Tne oaloulation o~ the rate of heat trans~er in filM cooling cen 

-involve as has been ahoIVn, two distinot steps. Firs~ the determination of 
• 

· the adiabatio wall temperature distribution and seoond. the determination 
• 

of the looal heat tronsfer ooeffioient aooording to equetion 2.1. The 
• 

solution of the seoond problem has been related direotly to that of' the 

· first by Spalding (16) by.oonneoting the heat transfer.·ooeffioient with 

film effeotiveness. Interpreting effeotiveness in items of the ooolant 

mass fraotion et the wall. assuminc the film is bounder.y layer-like in 

· ·velooity profile and therefore, thai; a similar relationship between Stanton 

and Reynolds numbers exists as tor nonnal. turbulent boundary layers, Spalding 

derives the relationship, (bw-') 

C~:! <f = A[I +(~~~')7]['+( ~-/)1]' (ec 14cS t 
on III m i"""7 

where, A = oonstant, 

2.12. 

.,. , 
Vi ~ exponent in temperature . visoosity relationship, 

b = oonstant. 

In·a study of the available data to do~ermine these oonstants Patel·(17) 

however, was unable to show suoh a relationship ~xisted, even for larGe 

., 

2.2.1. Su. .. nm~ry and C orJ1fien t s : 

Surprisingly little detailed work either theoreotioal 

or experimental, has appeared on heat transfer in film cooling. The 

majority of suoh work which has been publiahed iD related to the:::~~·iru.l:"jet 
/ 

typo of film cooling. 

It is established that the. looal heat trnnsf'er coeffioient shoul.cL- ba 

d.'fined by equation 2.1 o.nd if' this definition is used, Il~c('?tcd turbulent 
i 

boundary layer relationships may be us od under certain conditions. Those 
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conditions are that the mass velocity ratio i.! should be less than unity end, 

that the min.imum distence from injeotion for validity should not be less 

than -,0 slot heights. For distances closer to tho slot and with M < 1.0 

still. the heat transfer depends in a complicated manner on M, mainstream 

condi tions and, local flow perculiarities orie;i:,ating in the slot design. 

For M> 1.0, the heat transfer is controlled by the injeoteu flow and -is 

. almost independent of the mainstream for lleVf,ral hundred slot heights 

dO?IIll:treem. For large clistanoes from the injeotion plane, (~ > 40), 

Stantcn.number is a function ~f slot Re~~olda number and distance only; 

illpervious flat-plnte relationship::! <lo not apply. Rvidence on heat transfer 

very near the slot is vague and scanty bu~ the Seban and Baek (1961) emp-

irical correlation nppears acoeptable down .le. 
to S = 18. The Saban and Bs.ok 

semiempirical relntionship e.ppe~s to prediot the form of the data well 

but underestimates the heat transfer by up to 10;. 

The oomparison of the heat transfer data of Jakob, Seba"l and, L!yers 

et al is very satisfaotory oonsidering the ~ide range of Re~~olds numbers 

and mass velocity ratio covered. In addition, the data of Myors et al is 

fer constant ,:all temperature whilst the other data ar6 for oonstant heat , 
flux and th!..,; differenco in thermal boundary oonditions Vlould acoount· for 

Ilome small disagreement. 

2.2.2. Recommendations: 

1. For mess velocity retio 11 = 1, use equation 2.3. .......-.- . 
?-:--- .. 

2. For 11 > 1.0, use oquation 2.d. 

3. For lJ< 1.0, and x/s>770, use equation 2.3. 

4. When usins equution 2.3 base property vnlues for Stantonend 

Reynolds numbers on the referenoe t"repcraturc, 

" 
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2.13 • 

. 2.3 Adisbatic Wall 'l'em-oerllture Distribution •. 
• 

2.,hl. . Dimension"l Analysis. 

Dimensions.l· a~g:.tll1ents by Samuol and Joubert (18) yielded 

: the paramotric relation for'film effeotiveness, 

[ 

-I 1 'x = F 9 T", Re Re - ~e. ",:le. re. 14c }-I M Cp 
5) (T",.T,,)J r) x.) 5) s) SJ ~)Ik 

'" '" 
, 

"Mck(p fc J ~ (T -T,)!" J ~ (r: -I: \/" 12 •14• ) e '" c;(.T m G 'c. cLT'" C) Ij", 

which indioates the difficulties associated with RnY purely empirical 

npproach to the·problem. Suffioient experimental work could result in a 

'direct solution of this relo.tionship but deoJ.in(\ with each individual 

par~eter in turn would be a tiDe oonsuming prooess and the large Bot of 

resulting otlpiriosl relo.tions .;ould be extremely unwieldy. In addi ticn, 

as. with any purely empirical approach, application of the relations cut-

Bide the ranee of test conditions which yielded them would Q,l1,ays be 

doubtful. 

Uilford e.nd Spiors (19) qUGlte results of a dimensi"nal analysis by 
, 

Winter for film effectiveness. Winter (20) ass1llled that sinoe the prooesses 

of oonveotive heat and cass·trnnsfer,are alaost invariably governed by 

funotions of Reynolds, Pr;1ndtl and Sohnidt nwabers, that ei'fectiveness is 

also. He further PQstulated that for fila cooling, relative effeots rather 

---' th~ absolute maenitudes are important. Using the foru of th~s~ablished 
/ 

equations t .. correlltte.heat nnd mass transfer data, together lIith a data. 

eXlWination, the beot correlation Tias ebt:dned using, -- '-
Re 0·5. 5 0,-«' o·?' 0-8 

.n. =( R "') -(s CM) . ( ~) . ~o.2. 
I . ec c...... Prc. . 
i m~ 

"hera Reyn<lllds numbers' were defined, He E A- ,de being oquivalent 
. . )f"" 

din~etcr. \ This correlatinG parlU>eter Ylas applied to results froZl un un-

2.15 
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obotruoted I/.nnul:l.r gcp 0f hei£htn nnGi::;; from 0.075 to 0.20 inches Tlith . 
t"ngentjnl inJ{,..,Uon into a 6 inch dill.::leter axisY!l!lIletria duct, tested over 

a' wide ranGe .,r· experi:,ento.l conditions. It was found that the product of 

the Prnndtl and Sohnidt nUltoer terms was al""st constant 9.nd could be tnken 

, as unity without serious error. With this and the additifmal assU!!pti()n 

thnt visc"fiity is a function, of the square root of tem?er"ture, the 

simplifi~d correlation group W,,8 Ilrrived at: liS, ' _5:' 

[
. A ]o'S 1: o.b, o.S[ ']~' 

, X = :: A~~ . ( ~) . ( ~). ~: + o·~ 2.16 

0·8 

(~) 

The perferlllance of the slot Vias represented to ::: lo;io by, 

7 '" /·0& -0'0092 X 2.18 

Equation 2.17 ~ay be re-arranged if it is assQ~ed that visoosity is pro- ' 

pClrtional to teDperature raised to the' power, 0.6, as; 
0·8 -, 

X = (*5) . C~:-:) ,2.19 

t. It'.Ttie nU:lber or theorlttioa.l, "nalyses have been !:Iade to predict 

'film effectiveness and the majority <'Ir these fall conveniently inttf't,;o 
.'--:;:...-----

sruups: / 

s,) ~'h"3'e Ilhich consider the film t6 develep in a mllnner 

pred"tlinantly betmdary layer-like, 

b) "nd, thone ~:hich cQn~i:iel' film clcvclop::>cnt to be prc-

- dominently jet-like. 

'~ 
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'At large distanoes from the injeotion plane it is reasonable to 

. expeotthe film to attain the charaoteristios of a thiok but otherwise 

normal, _turbulent boundary layer, resarClless of the injeotion character-

istics. A number of such asymptotio solutions startinB with the energy 

equation (21), (22), (11), (b), (23), (24), (9}, (25), have been made 

and the final expression aohieved can usually be reduced to the form, 

~ ,,0( (~ s f (Res "~~) ~ 2.20 

In this equation the values of (l and ~ depend 

law taken; the oonstnnt of proportionality 0( , 

on the wall shear stress 

depends on the velocity and 

temperature profiles chosen. The values resulting from re-arrangement of 

the various versions obtained in these analyses are given in Table 2.1 and 

some of the various versions 01' 2.20 are compared in Figure 2.3. The 

agreement shown in this figure ~s good although this should not be sur·· 

prising sinoe the separate analyses have in common the energy balance 

equation, flat plate 1/7th power law profilos, pipe-flow wall-shear stress 

laws, and are similarity solutions. The di1"ferences in the values obtained 

for 0( arise from the assumptions made for temperaturo profile. The temp

.erature·profile chosen desoribes the degree of fluid mixing in the film

the greater the mixing, the lower the value or~. Referenoes (23), (9)' 

and (24) for example, have ~ssumed o'omplete mixing so that fluid temp-

erature is uniform acrOS8 the film at any X - station and a temporature 

.disoontinuity appears et the film free surfaoe. -----. .-::::::-.~~ ..• ' 

/ 

-- -
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TAB L E 2.1 

Ce:>parieon of' vo.lues in boundary Inyer ",odel prediction eguil.tion. 

Author Reference 0( (3 '0 
l"ieghardt . 21 5.1>4- -0.00 0.20 

Tribus & Klein ' 22 4.62 -0.80 0.20 
, 

" 

Sobon 11 3.10 -0.80 0.20 
" . 
, " 

Jlartnett et o.l 8 ,3,,3~ 
i -, 

-0.80 0.20 
, 

, 

Seben &, Baok 25 11.20 -0.85 0.15 

l<u ~ateludze & 

Leont 'ev 23 3.10 ,..0.80 0.20 

Stollery & £1-

Ebwany" ~ 3.09 -0.80 0.20 

Sturgess 24 - -0.80 0.20 

Att~mpts have been nnde to take aCOolmt ef the initial region 

of ,the fi1:> wher" a theI'lllDI and hydrodynmllic potential core regi"n night 

exist (25),(23), (26),(27). O1',thes,e attel:pts, Seban and Back (25) f'ound 

they were unable to predict potential core length and abandoned their 

Ilpproach, whilst Spaldine; et al (26), (27) found it necessary to nake a 

providenal ellpirical, recommendation. A prodiction for potential core length 

'throueh Abrt,,-,ovioh's jet-theory (28) was attempted by Kut"teladze and ' 

Leont'ev (23), but they finally reco=ended this reGion be neglected in the 

interests of.simplicity and advoc~ted the use of ~ si~plo interpoiation 

, f"Mlula to link the asynptotic solution to the point known by dei'ini ticn, 

that effectiveness is unitY,ll.t the injeotion plane. Their oquatil,", which 

was fer oonst~nt properties is, 

- , 
, .' 

'¥ 

'. 
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and may be seen in FiGure 2.j • 
• 

Attempts to correct 1'or the initial thickness ot' the rUm at the 

injection plene ror t~.nGen·tial injection have been made by Stollery an:1 

El- ThY/any (9), Seban and fuok (2!i) and Spalding et aI, (26). Seban (;Ild 

llack deoi<i.ed they were unable to o';ake a prediotion i'or a sui table correct-

Ion length. Stollery and El-r~wany's prediction, 

, 0.:1.5 -o·g 

3.09(4'/;- ~5·(Res·;'(..J J 2.22 

is also r,iven in }'ir,ure 2.3. 

Ii. oonsideration of 1>'igure 2.5 which compares BOme of' the theories 

base(t on the turbulent boundary layer raO<1el, roveals an ai;reement in l~inal 

slope which Vias to be, ex;>coted i'rOIll tho COllIJ;lOn power law a~sumptions. llut 

a wide diverGence in starting point. This ditTcrence arises beceuse 01' the 

dil'1'erent assumptions made i'or temperatura prorile~' The predictions 01' . 

Kutatelnd.zo and Leont 'ev nnd, Stollery.l'.nd f:I-J.:hVlanYi are dii'f'erent in i'orm 
:r. 

to the others for small values 01" -Ms' This is because or their attempts 

• to e.coount l'or the !'ilm initial regions, which represent a less crude. 

approach, than the others but are still not particularly satisfactory s·ince 

they do not really de'scribe the physic,il processes takinG place. 

2.3.3. ·,Th8oretiotU~08ches to ~'ilm F.f'f")ctivenos~ Based 

on the Jet &:odol. 

'fhe eecond 6roug 01' . theoretic"l models "'111ch must be 

considered is that "h.lch treats the f'ilm as behavinG predo::tinently jet-like. 



• ,. .. 
/Velocity maxima in profiles may be Ilxpected to exist only i'or 

end in reeions relatively near to tho injoction point.· ~ 

Seban end Back (12) e.gain uned the enorgy balllncc Il.S \'Iith their 

asyt:lptotic boundr.ry layer model, in analysis 01' film cooling by oonsidering 
. , 

the jet-mOdel for the 1'10". The enereY balance,· 

00 

S [-?,~, T .d(~)2 2' 
"X e U T 6",.' ;J. 
~ 0 ... """ S,Ad V;t 

.. here ~ny'2 is the distance from ~iall to point when velocity is eque! to 

helt' its mnxlmum value, "CS considerably simplit'ied bet'ore integr/;tion ono 

experimental tC::lperature prol'iles t08cther with Glnuert' 3 theoretic&!: 

velocity prot"iles (2.9) v;ere used to ennblo the inte(~rlil to be eVl1luntud. 

F.:npirieism Vias e:nploycd to deternine both Gle.ucrt' s veloei "y ;oro!'ilc 

po.re.:':1Cter and, tho distance (\J posl·lion of' m "xi:JU1t1 velocity rolation, 

y,llich automatice!ly therefore includes a correction for £'inite initial 

thickness of the l'ilm. 'i'heir f'inal result Vias, 

. e. S -o'b 

, :: 7·7 e:' ( s) , 2.24 

Previously, o'lu""tion 2.6, SeDan cnd Back were forced to use e"'piricnl 
. 

. values i'or Xo llecause of' thoir inability to prodict it, xo/s = 12 bei.ng 

taken. The empirical data used to obtain this value was ·1"or isotherrr,31 

conditions, as is Giaullrtls analysis, snu Ilcc:1.use 01' this, ~quntion 2.24· 

tends to overcstimete reessurod et't'aotiveness by 11;·'; or more. 

Analyses f'ur both jet-like Itc '> It... , and .,ake-like Uc < 1.1.", , 

, ' 

1'ilms I'Iere·dcrived by Spaldinc; et Il.l (27) from SpaldiL(;'s postulnte (30) 

.thnt the t"iltl entrains liko a jet Md, that e. jet local entrainment rata 

deponds only orl 100:>.1 flow ,Jropertics.Vimcnsional :' alysis v,as uDed to 

" 

• 
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determirie the runctional relationship between momentum dericit, pressure 

&radient and, velooity ratio, the constants Deing eveluntod from available 

experimen,tnl dnta. Tho analysis t'or et'i'ectivoness depends on the conditions 

f'or similarity 01' momentum and energy equations being rul1"illed. Th" 

basic relation 18 extended (20) to incorporate a correction t'or potential 

core length, althOUGh tho resulting equation does not 'then in itselt' i'om 

a complete solution nines it involvu5 potenti!tl core length XI' • as nn 

unknown. Spaldinr, et al recommended for solution, a const!lnt value ai' 14 

for non-dimensional potential core lenGth Xf/S • Tho expression obtained 

for zero pressure Ilradient, in terms of enthnlpy-basod oi'reotiveness is, 

'I} (~ -,)' =~'4['(x-~), C'" "-~ + { .(,4 It. ..... 11-0

'S' 

(h m 25 Lc"' ("" -1.1.",) . ("'c.-LL",)} 2.25 

In view at' their expectaticn that potential core length would be a function 

of velooity and density ratios, which il!lplios shear-mixing, ~;pl<lding et nI's 

Ilesumption 01' 11 constnnt " seems unrealistic. 

Based on Co",binations 01' the Bound;:>.ry Loyer-' nnd, 

Jet-l!.odels. 

The boundary Dyor model 1'or no\'! in the 1'ilo oan reasonably, 

be considered to epply 1'01' rC(,;ion5 very 1'nr dOlmstrerun i'rom the injection 

plane whatever the injection oonditions ond, t'or 40 < U.., t'or all 

distanoes outside the initial rel;ion. The jet-oode! ca.n reasonably !lo 

oonsidered to apply 1'or l.\c, >,. ~'" in reGions 1'nirly near to the injection 

plt1ll0 only, slncoll i'low oriGinally je t-likc can be expeo tcd to beoo'oe 



\\'cre t;;:.kcn ns d.o:ninr:nt nEel to 

used • 

. \ ~ O.;!<)'S CC_llC-;("~ - ;'liY\) I}~ ( ~ r + 0.180 (_e",:: S r:;l.( ~ r~ 
... i\'\ IYI ~ 

Por correlntion. ~.l!rpQ$~fJ, this Gqu"tion 

cm~relrtion ~;nr':;f:lIJtcr X (32) J ·:.hGrc 

X = 0.91. (~·~r~o,~ + "1{1(1-~,,)1 ~r'5 

x 

x 

< 0·75 

~. 0·75 • 
7 
1 

::: 1.0 

'" 7/X 

2.27 

2.211 

A. rnorc ~tdv~nced. ::.n·()~f.!(hirG fLU:,} been in the cour.a8 01" evulution by 
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jet: The 1'10-;: i'ield J.:c; then dur:cribcd by tho boun'i8.ry layer moJ.el. ~'~i th 

th(;::·o 

n. 1"ir..ita dit'l'of'ence procs-:1urc i'or :::,olvins tho pc.rt-it .. l (lilTGr(mti~tl 

1.\ heat 

theory is unioao of those nr!t.~lyGo3 reviewed pr(;)viou::;ly tIl th:1 t, it rU>H1.1ues 

i'il[l exists :u~ e. discrete J.<:yer. Thi~j is cle~rJ.y un::;C""ti~t·2.ctory in that 

, . 
are. purely e::!~)iriccl. usin(3 cinta of- Pap ell Hn·1 'fro ut (3i.d, lo;~other vii th 

SOIlO ;-;,ddi~ionr..1 aatu l'or hel5.lli.l injection, und the resultine i'orm is 

€XCced,ine1y cu:nbcrso!:!C to u~e. It is to be noted that Pr.pcll r:.-'1c .. 1\"out' s 

cxp8rit:w!ltel f,t8:rtin[~ (;tToc.#",ivo!w~a did. not havo .the vtlluc or unity, t:n 
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tr.nc;cntial. 'I'hc In.tter type F",~~y bo f!..l.r'thcr t~l.lb-dlvidcd into porouf.:i injccticn 

of injection gc:v:''lct.r.)r, t.!lO:.JC ~·;co!a(:tr~c:; .211 h~vc onc l"en.tul"G in ~o:;non;. 

"\'\hilst introducing r!. unit"or;n, t\':o-dinen2.ionnl .1"11tl on the cooled. sur.fuoo. 

111u:;tratnd 11;'1 thnt it ~p~ro:~ilZl.2.te:;-; 'Co t.hat or n likelY pr[~ctlcnl t,coootry 

inver~til~r~tin.r.;, t;.ncl the initittJ. parts 01' tho rcsult:i.ng film y,:cro th(Jrefor(; 

thrQo-ditnt)nsionr.ll in nature. 

A ?:r[:,ctic:.~l 1"ilt'. c.f.!oliil~ nlot i?> d.efiiJ::~nccj to 8uit its c.-pplic.9.tion 
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. 
t'::it'nU'" 

C~ln "llec O~i(, q:Jngl-tr, 0·~ciL';lCnsio!'1[:.1 l'"ounon[:,bly quickly (h!». 

It nny thcre1'orc be .. f:.ccn thlJ.t,o.lthct1!::h :Ci.l~uT'C 2ft}. (1003 in i"nct 

clasnen or ~;lot, the 6cTII..1ric nU!l0S tclc['~n' ~).lot:~· ~m(j,· 'Cil"ty slotg' c.ro in 

tu.rbine cooline; slots. 

The rr:ntiority 01- the d.ata reported in the oiJcn. litert!ture 2.ro ru:rerr-..::d 

to. clcp.n "lots. 

~;orrelHtion of 11.£1...::."","!-.-. 

'.rhe cxperirJ~nte.l dat~1. 01· the vttri.ous invest-i::;etors o.re 

chnrue,teri:-;cd. by their empirioal corrc~ntion 'for ert'ec-ti-vencss .. e..'1c1 SO]!lC of' 

the mnjor ot" theso nre contBinea. in r1'ablc ~.3; the re..nees 'ot the expcrir.1cntn 

are to be i'o'IDa in Table 2.2. 

8:t' these correlations, those auc "GO r'apol1 D..nrj; Trout (3 il) arc not 

consid.ered. f"urther becn.u~o it is inmad.iutcly D.,tJparent 1"rQr.l n. per-suR!. 01:' tholr 



in thi~~ corrcct~c!. f'ort:!. 

fo~ couplctcness fJ.1ci hi;-;tQrictll intc":"cot, 

cnd inef:{'octnai frn.'l..therinGt thiu io not; perhaps surpri_s1n~. In the present 

context. thcrero!"e, thE:ir correlc.tions are not consio.ered. relev:'-:.nt. 

lati~n3 nre i'or lC!'5e d1.st'e.ncos :i'ror.l the iIljection pleno, .1;hu~ re.?T8scntlI1t; 

concti tions suit(J,blo t"or co:npar1scn t,i th the fl sy~ptotl(; solutions ro.?rezentt-Hl 

,by oq:lation 2.20 nnd rrDulo 2.1, end, ~hono illustrate'l in l'igur.c 2.3. 
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'fhn f'orm of the correlo.tion cOD:nonly obtcdncu f'dl~ le,rC0,c/Ms 

10, 

) 

vrhich shoulli be co:!;.r)E~rcd 'f.'itl~ cqu:;.ticn 2 .. 1:;. 

expon~"':l·~t LiOC3 not hev~ too sit::nii"iccnt nn e1"i'(;ot cO).1pared Y:ith. thct 01' the 

tt 5 tul"'ting pointfl, 1.0 .. 
~ the ID-r~ast vf:llw 01' "Ms foY' which 1'ill1 ei'fcctiv(,-

nass 7 • is still unity. 1. fairly \';ide r~ ... '1GO 01' vc.lues has been. ,btainoa 

f'er this const.flnt of pro?ol"tionall.ty in oquatlon 2.~~J ~ Inde8 r.1 l.t hns been 

tluegczted that thi1; i:.> not n constEmt bu~ ct~pcnu5 011, 

(i) slot He;ynolas nU!.1ber G.eocrding to 50bcn et a1 ("I), 

displ~.cc:ncnt thi.clmeso [·.ccording to Guld.stoin et· al (1+3), 

the initial point at' injoction "coGrCling '~o Colastoin et c.l 

(iv) l!lags velocity ratio ftccording to Soban (ii) cn,d, Snl!~\Ucl vnd 

JeU-Dcrt, (lU), 

(v) velocity ratio according to Stur"ess (47). 
, 

It is to DO expected f'rom equ'ltion 2.20 that. slot Reynelds nW'lber would 

"ppoar in any" asyo;>totio correlation. With tho model .represented in tM.3 

eque-tion, Stollery [~d lU-Eh1<eny (9) usea the date 01' llartnctt et al (8) 

and Seb~.n (11) to dc;nonstrF.te that inclusion at' slot Reynolds nUl!lber did 

brin£; about a useful improvement in correlation ot' toes'f')' qate. for tho 

cia to er Ij'icshf'.rdt (21) l'm:.1 Scb3.n (11) t these ['_uthorH also tlhm)'cd. that 
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2.7 , cincc then f'or th83€ dut':t that the ·volocity r:ltio ccm(tit:i.Ga 

... , 1'" _ -"' ... " •• Ll.tn - ...... 6r. i·or th0 bO'Ul:'('~urJ' }J~~/cr'· mO;Jol :;0 cpply ig ';"·~)e1"'ox.J.8D.,""..:;.1'y /l-t ~ o. o. 
c 

?his \',R8 conX'irm(l·:i by 8tol1.e:ry r:nd la-E'h~·::i.l1'y (10) Yiho tound tflC.t the group 
-o.;?5 

( x -1'''1!> ) (P-e . /::""-) al [' ') 
CJ / J"fl1 

concen1:r:.:..ticn-br..ccu. 8i'i\!ctivcne~S(H3 for ~ 0.66. 

p!'o.ctic,~l EOOjH~tl"Y coolinG devices Qctu!~11y u[;cd it ... cC;:Ibustio!l chClmbors: 

. (J.'ho sourCG er the~:.c d;J.ta ,' .. :ill he d.iscu~;3ed i.n a ·later t">ection of t.his thesis. 

~'hese results r;cra initially reported. ·in r(~i·ercno.e (~.u) j.n the form or (l U<.'..ch 

l1tl~!lbcr ratio. J-Io"::cvcr, the t.ents v,ore ['11 C2.rl~iod .. "";-..;. ... at H. constr:_nt tem;J

Cl'"'t!turc rati{) Ic/T,.., $ ot· O.6S5 C!.!ld. ·the recul-i.:s h~trG been hero re~llctted 

in terms ef velocity ratio (J'o/ "c.. In !'e-fcrollce (!~b), the equstion rop-

roscntine; cf'f'ectivenc!3s \','[1.:: t.rl"D.uged. in tho form, 
. 'f-o.cs 

1 = {I - c[( ~~sX~s·~c;y-:<5'] 
From figure 2.tl, it can be noon thA.t 301; " veloci'Cy rlltio' 01' nrouna 0.6-0.7, 

the 'constent' <iOOS bocome a conet<mt Il!l<i t'elo\" thia value, the bouna~"ry 

layer moael <iOC8 not npply. 

It "could thus ~,pp,,"r thc,t opinion (V) above, is eont"irL'Ot\ beyond 

reasolloole doubt. 

It is inL!.ic::.ted by l'iCure 2.7 th[.:.t f"or LL '" _ ~ 0.66 and nll !less ,,(. 

vclc~ity ration, th,',t for cl"c.n clot glloOl"try in'jection, the fil,u ef't'0c',;ivencr,:; 
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is ::_cYl~pt.otio to the line given by,· 

-0.8 0-'" 
{ ::; j·hS ( ~S) . (r(eS' ~~) 

cont:-:.iuod in :"':::,b10 2 .1. 

frOl:)' this l"iL~urc that 5.t is th0ret'ore reasonr.bl0 to Bte.t'~ thr:ri; c9,llotion 2.,51 

adoquately reprosents &! 

Un, "'velocity ratios - /~ y.c,. , 

th,m a.hout 10. 

n!'::yj~~',)totic dsnc:t·iptio!1 of :ill c:l~P11-s1ot c!r!ta for' . . -- -_._'--
:x. -o-;tt; 

O.Gb v;hen t;ho i;rOU;1 Ms (Re .):;~- ) is Gl'catcr 
5 /t,rll 

, 
or, small , i.H. e. jet-lii:e 1'10"1:, o7tly :J\:.·;b.~ln, Che.!l c.nJ. ~)cesu ("l)rcport 

correlationf.:. rcd.icu.lly di.t"fercnt 1'rom equation 2.31. ConsidcTQtion 01' 
.x. 

l"iC;ure 2.9 indicr-tus that the delscrlptio!1, et' the i'low f'or small MS is 

it:lpOl'tc.:..nt since the :-"sY.G:;.>totic r..oluticn c~s re'pr~~;Jentcd by' nquation 2.51" i3 
"t 

not i?dequato in ·this rcSion. lror MS" < '--t,O and al.l M, they .suGgested the 

correlation -0·::(5 ). 

-'tJ = 0-11, ( ~s) . Res d 

R1:nmination ot' this or;uatton revcals a lioi tfltion on its use; it cennot be 

. usod. i'or slot Reynol<ls nu:~bcr'\ erentGr thtm 3.t)7;; x 105 togother with the 

condi tion 
:ll. Ms ~ 1,0 since by dofinition, 1 CUl1not be creater th!'n 

uni ty. 

ComiJurison of equation 2 .. 3~~ with tho d.f1to. 01" Y:hitcln.w (I,ll-) for 
--3 

Recx/o ~ /,<)5; shows. the ()Xistllnco oi' such 
" 



(.tit1 not rJrodicli tb:) 
~r -.. 

1 .i.c. l~.r[;e Ms , 

thi~, beins thD.t t;. 1'10'1:' y;h5 ch is orir;in:~lly jnt-like (;vc::ntuslly hCC0::1[;!;' 

Scb:).n (11) r[:?()t"t::, H jct-lil:~ corrolf .. tir.;n for ;·~:>l.O, 

'!'ho sound basis of ec;uation 2.31 would. !.~ceLl to b'~:: a :rCQso!l&.t)lc tltl'J'tinz; 

n likoly di.I'cotion to bG tEkcn by (;.cscribin2~ the Hconfi:'D.ntd (!qunl to .5.68 

"'m 
ilor tfaJ{e-like flo\i'r' J in tcr:ts o:r velocity rotio ~c. Jt ''rhen this X'tyt.io if.. 

lo~~s tl1cn O.b6. l'. sil!1,:.Jle line.cr relatiorlf.hip bet,,:veen 1j"el_coity ratio Hnd this 

. . . 
consta.."1t ot' ',t:>ro,?ortlona..1i:ty ";203 ~::.a$lS'lCd in 'PIec.e or the moro co~pl:icr~tr:d 

like data tc.kcn f·ro!n the experimentr:.l ~'1ork or S~b~n (il), ~oun~ end B:lck (12) $ 



Chin., S}::i~fvin, 

is i"or p.rtl"0n in.joctioc, the Gtl~ers ~:.rG i'or n.ir. rn-tero in no syste:natic 

vnriatil1n with velocit'y retio, r.!rlS$ velocity rr.tio Cl'" K(1ynolds nu~nb(;r. ~?iith 

the {joncrnl run in 1'i'gure 2.10··when Scb.')l1 's corl"olation l.~rovp \';l;.5 tested.. 

If the nwild!~ data ere d:isrogordcd. thfl remdning .d.o.t::~ ere c~cell·ently 

correlated. by i..!H: !'ele~tion8hip of· 2.34; to the :>l~Qe ocr:~ree c.s the w~.ke -like 

Sir.111nr" correctiono to that 01" rclntiOnghip ~.jh for jet-t·lo~, hD.ve 

been propor,ed by othm' c.uthcrs. ;'iintor (20) f'ur eu.nple,. nodU'icd his Cr'Otrp 

-r:hich \'i,~5 (lrrivcd ut by c11!:'lenf.ion.~~.1 r~.'"!.sonin0 hnd is shm,'n in oqun-tion 2.15, 
• .... -'..!l.5 

by the ~.ddi tion of en en.:pi"ricz.l. i·t.~c tor equnl to ( ;c. "t·o.~) i'or 

<0,8 , ns indicB.ted previously in oqun tion 2.1b. Tho uimilsrity of 

this i't.ctor wit.h thut arrived at in relationship 2.3Ji- n.bovo· is mYIlous. 

2.4.3. Concln~:io!1s. 

Some of' the ".thool'etiolll.l. correlation i;r()Up3 eiven &.bove to~othGr 

with the Brlpiricel ~rou;1s, b~'.v~ been tested, by thoir oriGirw.tors. v-eainst ,the 
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-- ,experimental data. T;easonable correlation, + 5-10/; has generally been 

obtainod when the data originating from only a single source aro used; but 
~ 

when ~ ~vnilable data are considered together overall correlation is 

seldo:!! better than ... 50;; of unity. 

The use of the boundary lll.yer mOdel and the correlation group based 

on it are suostontiated. The mOdel breaks dO',m as the i'low becomes pro-

gressivelY jet-like in nature, but use of correotio~ gr?UPS based on 'velooity 

retio, acoount satisl'cotorily for this. A 1'low whioh is originally jet-like 

• beoomes boundary layer-like et large distanoes rrolll the injeotion pl!l1le. 

(i) 

geometry slots, use: 

Reo orn..menClA.tions. 

For all values or M c.nd ~ ~ O.bb with clen..'l 
""co 

. for asymptotio solutions. 

(ii) For .. ..;1Ac. <,o.b6 ... ith olo:m geometry slots, 

( OC{(~'374 - \l%m-)'~~[ ~s (~s·~:. r'2.SJro.g 

• 
2.1 •• ,. Choice or Coolr.nt Injnction Velocity. 

It oan be intuitively nrgued thllt blowin/> hardor in a given 

oooling aituntion should result in increased el't'ectiveness at c:ny value ot' 

XI s. A more sophistioated line 01' arGument indioates that as mixing of' the 

mninatreOlll with the i'ilr.! ¥:ill I>e dominr.ted by velooity and te!!lpcrature 

d11':f'erenoes between the two, i.e. on 'less volocity rat.o ?,I for constant 

pressure mixinG, the film ef'feotiveness at any xis will be a maximum i'or U 

equal to unity. 

, 
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// Tht mixinG of" the two streams. is least end theret'ore et"f'eotivcnes3 

greatest, when velooity rntio is unity, \':/15 intuitively,arzued by Bayley (52). 

From a thooreti.al. study Spalding (53), \'las able to mako two important 

conclusions, .. 
(i) t'or the most effeotive cooling with a restricted quantity ot' 

coolant, the slot heisht should be chosen BO as to inject the 

coolant nt the velocity possessed b.f the mainstream. 

(ii) when the Blot height is t'ixed end it is dO sired to provide 

the most et'f"octive oooling at a given point on tho surt'ace 

irres~ective of coolnnt quantity, the optim~~ velooity of 

coolant is also equal to the mninstrorun velocity in most 

practioal circ~stance5. 

The .,rt'ect ot' tho paramoter l! en ct'f'cctivenass at various stations has 
, .. 
been elq>oriIDentally examined by Whitelaw(l>4), Vlho found an effectiveness 

maximum occuring for values 01' 11 betueen 1.0 flnd 1.2 with the peak becoming 

more pronounoed· with inoreasing xis ; for xis ot' 45, the peci.: was he.rdly per-

ceptablo. ~'h" experimental data 01' Pt<pell ana. 1'rout (.54) ene.bles a siroih..r 

cOlllparison to be made, as in l'i(;ure 2.12. Considerable dit·t'crenees between 

these plots nnd those of Whitelaw Illay bo Observed: for the 0.25 inoh slot at 

xis ot' lOO, tho f'orm of the curv~ is 31milar to that observed by \\hitelaw 

except that the et'1'eotiv~.ncs3 peak occurs at an 1.1 01' 2.27. For both dist-

Mecs \',ith the 0.125 ineh slot, no maximum appears Md cl't'ectiveness 

apparontly continuously increa36s "i th M. The only dit't'crenee between the 

results f'orx/S of' 100 is one of slot height, whioh i~dioate5 a possible 

importp.nco 01' this paramoter. A stUdy using the correlation equations 

obtp.ined above, indiontes that at 11 ·t;iven distancc o,-,_aido the filr.! initial 

.. 
, 
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.. 
re(;ion, ·the e1'f'ectiveness "" 11 relationship should bo of' the t'orm of en, 

et'f'ectiveneS3 maximum nround·M a 1, 1'ollo"'ed by a cinimum at some grenter . ' 

value <>1" J.! and then, !l. ste~dy increase or e1'rectivenes8 with M, assyrnptotio . , 

to a vlllue B.580ciated "i th choking of' the alot. 

The later work 01" WhitolsIY .,ith Kacker (4tJ) does show a sienif'ioant 

e1't'cot 01" slot heicht. For a slot height 01' 0.071, inohes, no maximum 

ei'i'ectiveness wan lleteo1;ed. 1:or values of'x/S up to 150,1"or 0.132 and 0.25 . 

inoh high slots a maximum 'I"SS observed whcnlf's was r.bout 50, p.nd i'or a 0.5 

inch slot, .a maximum hed. appeared as close to injection as en / of' 25. 

The value 01' M at which the maximum et'f'cctivcness occurs is aloo a i'unction 

of slot height as is shown by this data end that 01" Papell and Tr~ut (34), in 

f'ieuro 2.13. For slot heiGhts above a.bout 0.150 inches, increasing slot 

height reduces the va1uo of' I.! at ',hich mexir.lUl:l e1'1'cctiveness is attc.ined, 

towards unity, although th" two sets e1' data do not aSree on actual values • 

. This difference is most probably associated with the vcloci ty prot'Hes in the 

slot exits., !-Iobbs und Rice (bO) nhow an exactly dmilar 1'orm of' result for 

a practical 1'ilm coolin6 g.o:netry ot' the Rol13 Hoyce machined splash-

impinGement type, except that there is loss sensitivity to slot hoi3ht. 

Hartnott, llirkebnk and l~ckert (51.) state that in their opinion, the 

optimum mass veloe! ty ratio is clone' to O.b-I, but ,ID not olat>orato the peint. 

A study 01' combustor cooling by tho prosent author (55) indicates an 

.optimum mess velooity ratio ot' the order 01' 1.33. , 

2.4.6. Si"t'eots 01' ~·'dnstrep.n Turbulence. 

In the majority 01' the literature prior to 19btJ; turbulence -

values aro not· quoted._ For these earlior r"ports p.nd mast 01" the subsequent; 
I 
I 

. ' 
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reports':where values' are ouotee! tUrbulence intensi ties ~'" are appropriate 

to those 01' normal wind tunnels, I.e. 0.5 to 2.0 percent. Only one rot'erence 

Vii th systematic' variation 01' mainstream turbulence has been l'ound, that 01' 

Carlson and Talmor (!it). 

\11th both stremns 01' gaseous nitrogen, Carlson and Tulmor vt!ried. 
U2 

mainstream turbulence intensity ~'" l'rem ).2 to 22;0 peroent l'or a 

0.0625 inch slot in cylind.rical 1'low, where mainstream Mf>Ch number was 

14", 
vlOI'ied f'rom 0.1 to 0.5 to<;ether with velocity ratios, 1.4.92 ~ "Zc. ~ 5.l:ll:l. 

1'ho results obtained can be' f.nalyscd. to show two l'eatures as turbulence is 

increased i'irst, a considerable reduction in the length oi' the initial 

re(;ion 01' the file y!hero c1'f"ectivenoss :is at or near, unity, "-nd Second, a 

small inorease in downstream mixinG as evidencod in a decrease away t'rom 

zero in the exponent 'a' in equation 2.29 •. 'l'h",se results arc shown in 

lJ.so shown in 1'igure 2.14 are somo data derived t'rom the ,,;ork 01' 

Price (57), (Jl:l). 1'1'10 conf'igurations "'era exa.'lined: It r~I:l jet nozzle ,;.nd, 

a parallel, axisymmetric Quct., In cach case, a rrunjet colane!()r ilnd f'lLll!le-

tlolder 1'ere inserted in the duct upstream ot' the film coolinG slot •. 'rhe 

results of the turbulence induced by, the colcncier and flruneholdcr ~;ere the 

nruno 0.$ Vias observed from the Qata 01" CG.rlson ane! Talmor - a red.uction in 

ini tial r"OGiOl1 cnd a. decrease in exponent 'a'. Prico does not quote values 

of m&instreWli turbulence inteflsi ty so t:lese Were estimated for the particular 

ceometries l'rom the data ot' Meric (59). 

Also shol'.n in figure 2.14. ere " low turbulencc" data as represented 

by the d.ata 01' lIe.teh and PapeU'(33) and, Chin et nl (1+9). Th" agreement 

.' 
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01' the data is vary satisfactory. It is seen that mainstream turbulence can 
-, 

exert a. considerable inf'luence en ef'i'ectiveness, larc;ely, threuzh petential 

core length. 

Fig. 2.14i5 preduced by Il. "blnnket" consideration, er the data Md the 

effects 0.1' the turbulence nt different veloaity ratios for cxa~ple, 1s nct 

considered. 'fhi3 methOd is therof'cre, only a crude irtdicator of the mag-

ni tUde and direction 01' the 'ef'fect. 

W.t'i'ects of' Slet Turbulence. 

Very 11 ttla work IlflP ears to. h&.ve been carried out into. 

the effects of' slet-r,enerated turbulence. Ka.cker Ilnd 'Ihitelaw (4ti) varied 
,R2 ' 

slot 'turbulence intensi ty \.I,~c. ,f'rom ).0 to 10 .)er cent in a 0.<'5 inch 

high slct, ana "ere unable to uetect_ any. et't'eet et' sir;ni1'ic":lce. 

Seban (01) cdded v. 2 f't. upstre()J]J attcchoent to. hl.B 

standard test-sectien (11;, together VI,ith a s&ncipnper roue;hness-strip 'to 

investieate the effects ef' mninstre:lm initial 'oounaary layer. With this 

medit'ioation, boun<1ary layer thickness at the injection plane was ei' 'the 

erder et' O.bO inches w~th yelocity proi'il"3 of' the Genorally accep'ted 

turbulent term. 1'he' erlt;im"l bounua.ry layer thickness vl·as O.Ob inches; 

slot heit;hts \'Iere 0.Ob3 to. O.2~ inch~8 &nd 0.2j< l.! <O.bO. Sebo.n's 

'.i' ~'" .i' experiments "hus providt>d a. maximuIll range et' lot "S ~ 10.0, The Clla .. "l1;e3 

in el'1~cctivenoss renultine 

licated. For small values 

i'rom the initial bounc.ery layer proved cemp

ot'~")'S there was but El );linor reduction in 

eft'ectiveness e'!; lure" "'Is -, ':mlst fer Inrze values 01' ~/s , there .'ero 
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reductions at' 2.5 per cent ot' unity but ~!nall· increases in e1"1"ectivcn03s 

.at intermediate :xIs • This indicates enlarged initial :r:egions nna 11 

higher doy'nlltrorun rate 01' deoay. HOliever, it' ell the results are correlated 
. . 

usine; any ot' the !l?propriate correlation Sroups, then the effects of the 

increased boundary layer thickness are sU'omert\ed !llld the correlation of 

data rcmr.ins 1;000.. SliBht decreases in measured heat'trnnst'er coeffioient 

Tlere i'ound Ma 1:he roduotions epplied 1"or all x/s • :3oban notos that these 

small changes miBht be interpreted as en indication 01' a relatively un-

, altered l'ilm hydrodynemic behaviour. However. veloei ty prof'iles y~cre l'ouna 

to have boen sif,nif'icantly 01 tcred and po>7er-l/lw sil!lilari ty was not nttained 

until oueh greeter distrcnccs dO'I;nstream ccmpared to the' thin boundary layer 

Oo.SEl. 'temperature protiles were similar even cuite close to the injeotion 

plE:!10. This is interpreted as the thermal layer Grow1ng lcore quickly "hen 

the hyarodyn"-1l!io layer is thJ.cker, MCl'that the J.nvari"bility of ei'fcotive-

nass results from lower t,aJ.l veleoities !l3sooiMed with this layer. ",hen 

slot s1ze is reauccd below 0.25 inch 'this relationship between the two 

ef'foots apperentl,v failS" at large distances froin injection • 

. K~lcker antl Whi telaw (b2) rl.;port en investl.t:li:tion' '1;hero mainstrenJJ 

velocity \'/3S kept. constont at bU 1't./sec., ,as I',as the slot height at U.()74 

inches, 'j'hree values 01" PJalnstrearo in1'&io.1 oounClary layer Viore similer to 

·"hat of !;leoen. '?hose tests inaicated a General reduotion of ct'feotiveness 

of' loss than 5 per cent 01' unity in the rllnc;e 01' velooity ratio,. O.-j5'", .. ~<.oS 
, .,~___ rn 

In fiCure 2.15, the reduction in e1Tcctiveness as e nmction of' 

voloci ty rt'tio "c/I.I at throe downstream posi 'Cions is shown for an npprox
m 

imflte d-t'old inoreese in mainstream ini t1r~ boundary layer thickness ;""dutn 

i'rom Kackur Dno. '[, hi t"luw, Md, !;l'ebon are uzed. 'rhls 1'1,;ure is not very 
I 
I , , 
I 
\ 
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precise since vtiues had to be taken i'rom small-actio graphs and, i'or 

Scban's data a constant density rati~e"lp ,01'1.12 l"ss.,8.asu:ncd. , ~e 

'On!! other oxpcrimentti investiGation 01' this nature h~s boon reported; 

Jkirvin, Hayes and 
, , 

~"'IS ~ ~O rho boundal'Y layer thiclmess ranGe Yi as t1 ~ 

ana the slot heiGht O.lOj inohes. .\bsolute values 01' 'cft'cctiveness were 

generally hi$her than those ot' both Kacker and Whitelaw end, 3ebrui.. Age.in, 

a reduotion in orf'eotiveness was noted 'i':ith inoreasing initial boun<lary 

lay"r thickness, this ef'1'ect bein~ 01' the order 01' 5.0 pcr cent of unity 

at Xis 01' 200 i'or n. change in thic)me55 equal to about 16 slot hCillhts. 

The reduction tende~ to a maximum liS veloCity ratio tend.ed to unity; For 

~l/S > SO, Y.llcker and ~;'hi tels17 , s data in l'igure 2.1;' could be interprete<l 

us sho\":ing c similar tendency. 

Tha general indioation would thererore seel'l to be that mo,instreao 

boundnr.x layer cause5 an 11lmost neglir;ible Change in e1'1'ectiveness, 0. 

reduoti0t! by a 1'aw per cent 01' unity at worst. 

Papell cnd 1'rout (34) for a f'ixe.;l. mainstream J,!r-ch 

nwabcr 01' 0.5 plotted ei'i'ectivenes5 againstx/S i'or i'our slot heights 01" 

rati. 
0.5, 0.25, 0.125 Md 0.002;' inches, vlith mass velocitYA0t' tmity and 1'ixcd 

temperatur~ ra1;io ~fr", ,01',0.36. 'l'hey concluded that within th'c pre:

ci5ion 01' their measurements, no .eft'cot 01' slot hei6ht was prc,c.en-(.:':' ----
/ 

In the above Section 2.4.;,., und in figure 2.1}, it VlUS suegestcd 

that such un cJ:'1'cot did in 1'uct, exist. , A more detuiled stuuy 01' Pupall -- -

\ " 

\ 
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and Trout's data uOJ:1onstrates the existnnce 01" U pOlli tive ei"t'aj; <lue to. 

slot height and this is shown in i'igures 2.16 end 2.17 "'here as a i'unction 

01' dot heif:ht and mass velocity ratio, the ei"t"ectiveness at two 1'ixed points 

in the 1'low 1'ield. is shown, (The shapes 01' these curves agrees ';i~h that 

discussed in Seotion 2 ..... 5.). The detailed picture is, shown in l'iGure 2.18 

by cross-plotting. A1GO Ghown in this l'igure are some data due to 

VihHelaw (b3). :B'urther data i"rom Kacker B.l'ld Y;hitelew (M-S) 1'or l'ixod 

muinstren.'1l conditions also, are shown in fiGure 2.19. In 1'igure 2.20, the 

el'fect of' slot heic;ht at 1'ixed pOGitions 1'roLl injection i& &hown. , 

'l'he 1'ie;Ul:'os show the 1'ollowing important l"3tlturo3: 

(i) tor slot heights greater ,than 0.20 1nches there is no 

sie-niricent efl·cc tot'" slot heir,ht, 

(ii) slot heights less, than 0.1 inches operete at low values 01' 

(Ui) 

(iv) 

el'1'ectivenes8, and small variations in heiGht produce lert;(l 

ch~nGe3 in ef'fectivencss, 

there is an optimum slot heit.:ht ot' 0.125 to 0.150 inches, 

these ,oonclusions apply for v,ida ranges 01' mass velocity 

ratio, 0.5 ~ lJ ~ 3.0 and. pOSition in the 1'10\; 1'1eld, i.e. 

:x: 25 ~ -g ~ 100. They t.lso hold X'or t'ixed pOSitions in the 

f'llYiI l'ield., or, di:;tc.ncos 1'r0[.1 injection. 

'Athoeretica.l study by tho present author (;:;5) sho\l:$ the optimUll 

slot hei~ht also applies f'or the f'i1:n initial reGion and, 

e1Ticiency basis. 

on a ooollnt 
,-~.-

/ 

It is d11'i'icultto decide tho (:xact cause 01' these very sieniZ'icant 

ef'X'ccts. V,'hitolaw (03) h<!s diccu3sod this in some detail !!lHi concluded hc 

could not '!decido the exact cnuses. 'l'he pro"ent author i:; also unable to 
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• .. 
-- ,-decide the exact nature o~ the observed ert'ects (b4). 

Nobbs and Rice (bO) also report a similar pattern t'or their splash-

1mpingemont slot, although the smallest slot height tested was 0.3~ inches 

and theret'ore the results 'are not so dramatio. 
" 

2.4.9. Rt't'eots ot' Slot Lip Thiokness. ,/ 

The majority or re?orts in which a variation ot' the rat~o or 

lip thioJ{ness to slot height ~w Is ,e.g. (11), (54) and others, have 

obtained this variation through slot height changos ror t'iXOd lip thickness. 

Such data then oontain in addition to lip thiokness orf'eots, those et't'eots 

due to ohanges brou.,ht D.bout in the slot 1'101'1 by ohanGing slot hoi{,ht. 

Some insight into slot li;l thiokness el't'ects was unwittingly given by 

the pep,er or S(!fluel c..nd Joubert (lU) whose baclly designed slot geometry is 

illustrated in 1'ieure 2.4h). Slot lip thickness Vias O.l;'~ inches if' the 

1'esthering used is accepted a3 inei'fectual, as it almost oertainly WIlS, 

givinll 0.333 ~ ~ ~'I.O. Senuel and Joubert t'ound 1'or a cass velocity rati'o 

of o.etl, that velocity profiles showed the existance ot' an extensive velocity 

qet'ect associate,d "i th the le.rBe value 01' 8viJ Md hence, the presence 01' a 

velocity maximum in the t'ilm evon thouG~ mainstrerun velocity wa~ greater , 
than that of' the coolant. Thus, tho inner p~.rts or the coolant :rilo hllt1 the 

appearance 01' ,'nIl-jet 1'10\'1 for nOrlinnl wake-like injection conditions. 

This, jet-like ch~.rncteristic re(;ardloss or voloei ty ratio Vias con1·irr.led by 

the c"'pirical correlations obtllined when it \'Ias round that, 

i'or all Xis e.."ld l.l <1.0. 
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A more detailed appraisal 01' the problc!Il waa !:lade by S1Y&aet;area 
• 

and 'r.hitel(!vl (b5). "TTlo values 01' lip thickness, O.lb cnd 0.)4 inches were 
\~ ~ 

used, 011 th a constant slot height Of 0.20inohcs. F;t't'cotivonoss was plotted 

a.e;ainst Cl!lSS velocity rati~ .1'or:ll:./5 01' 25, ,0 and lOO, for ~'N/S of· 0.82 

and 1.60. These plots shvl'ied that en increase in t" reduced ert'ectiveness 

slightly for ell Xis and)J and that this effeot was Greatest close to the 

slot and t'or I ~ M.$.?' • Cross- plots \'Iere 0.150 prosented 1n the t'or.n 

or el'teotivencss azainst ~W/s for various distanoes and nass velocity 

ratios, t'or these results and also t'or those t'rom rei'crenoe (b3) t:here 

variation oooured due to slot heisht ohanses wit.h rixed lip thick-

ness. As pointed out above, this is not a valid procedure. 

A lip thiclmes5 variation 01' 0.20 ~ ~W/s ~ OtiC t'or a 0.52 inch 

slot at unity 1."e1ocity ratio 1>3a .ma.de by Hobbs and Hico (bO) for thoir slot 

eeometry, and n very SliGht deorease in c1'1'ectiveness with increasing lip 

thiokness was obaerved. It \'ias observed that tho eft'eot 01: a thick lip we.s 

similar to inoreasing the slot height and they proposed use of a mOdii'ied 

vlllue i'or slot height, ~ 

. . S/ = [s + (::~~"') ] 

Using this mOdified value lrith data t'or"";" "c > 1.0 with the bounacry 

layer-model oorrelation t:roup, Nobbs' and Rioo improved oorrelation ot' the 

data 1'rom + 10-" 
- I' 

to +5'·· .. - " o!~ \4"l.ity. 

Use 01' equation 2.3.6. I'or slot heights less tns..'l fI:oout 0.2 ir,ches--is not /:::.:-- . 

reoommended beeauae 01' the e1'f'~c'Cs shovm in l'ieure 2.19. / 

i ,:!..~ 

\ 
\ 

\ 

J-"",ort!'Ilce ot' Coolant In,iection' Angle. 

Scooa (0) produced the e:npirlcal correlation, 
", ;. " . 

x. 
2.20 ( -,:.j S ) 

-- -

", '<") •• 
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-i'or normal injection. It c= be renlined by comparing this equation 'l'i th 

equation 2 • .;1 that injection at 900 reduces et'rcctivenes8 consider~bly, thus 

confirming the intuitive i'celing that mixing of the two streams woulCl be 

" 
a oinil!lWl ror pt.rallel flo\!s. 

/I deta.iled study.b carried out· by Pap 011 (66) \.ho injeoted the 

coola."lt through slots with nominal I1ngles or 900. bOO 'end 300. He 1'ound 

the coolant was actually dischar",od into thc mainstream at 900 , UOO enc. 

450 respectively, r.nc1 suosequently rct'erred to thes9 l&·~ter values as the 

injection an&les. ?apell therefore postulateCl an e:i':i'cctive angle of injection 

6£ff v:hi.::h was Clef.ined by the vector sun of the lroass \'oloc1 ties of the 

two streams, relative to the ·test surf'ace in the d.irection 01' flow, 

_I [ Srn 6 ] 
i.e. ec(f -= r_ c.os e + YM . 2.3tl. 

v/here e is ·tho slot geometric cmgla. Ilo subsequently round. e1"l'ectiveness . 

was proportional to the cosine 01' ~£If • '1'he experimcnt:.tl results que:.lit

. atively conf:bmcd the conclusion drawn above f'rom eouations 2.31 and 2.37 

but un1'ortunately, the tMt conditions, involved. relatively large density 

variations due to COniprcss1bility :md it in not possible to separate ·the 

• 
two effect;s. 

Si.Va segare:n and I'Ihitclal'/ (05) reported some further measurements at 

slot geometry injection an"les or 300 , bOO :md 900 which supported Pap ell '5 

conclusion thnt effectiveness was reduced when coolnnt injoction d.evie.tcs 
• 

from tenf,cntial. }'igure 2.21 froIl Sivasegarem anCl' Vlhitelaw's curves i'or 

0.3 ~ M ~ 1.5; equation 2.31 is also plott;ed. to rcprpsent the zero 
u 

injection anglo CBse. f'or this equatton the slot Reynolus number \'as taken 

ao 5,000 \1l1ich :is representative 01' \nlitelD,,'s data (44) v,ith o.nominnl slot 

, 
. " 

",. 

.l .. 
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height 01' 0.25 inches f'or .which the ratio ~w/ s Vias' about 0.01,.; with these 

x 
conditiona the equstion is valid t;hen ~S ~ 50. This. Ugura shows 

drematic reductions in c!'feotivene~s for the range at' ~ /Ms ot' 8cneral 

" 
pro.ot1cnl interest. From ~his f'ic;ure a turther crossplot is maa.e. which 15 

sho"'n I).S tii;Uro 2.22. where. the in1'luenca 01' injection. angle is presented 

directly for unity mass velocity ratio at two distances trOIQ the injection 

plene. This' dic?,rnm indicates that the reduction of e!~ectiveness is' 

greatest in the re3ion 01' injection angles from 00 to bOO. This is O?posed 

.. to Pap ell , s (66) ccn::lusion that the reduction is greatest from cbout 600 

to 900, ((J - values). The rnagni tUlle c,f" the et'fect according to 

Sivascr;arem <:ne! \\'hitela.\'r is ereater th3.n that indicated by both Scesa' s (6) 

an~ P~pell's (66) data. 

Also shown in f'i(lure 2.21.nre ,lata of' Sivasegll.rem and \\hitelal'/'s f'or 

tangcntial injection frcm a 0.20 inch slot wi-;h a ~V¥S retia 01' 0.ts2. It 

is clear l'roI:! this plot that under certain geoJ:lctric ciroumstances, it cen 

be detri~ental to injeot the coolant tangentially and anglcd lnjoc~ion J:!ay 

be preferable. 

2.4.11 Trans'/crse Wall C~rvature. 

The work discussed above r<llates to pla.l'le-f'lol'i 1'iltl3. In 

many pr~.otical llpplications. however. the f'illl \'rill bo developing over a 
• 

\\all "lth transverse curvature at the least. Two CaStl3 CUD OXi81;:1'101l 
._-:-~M 

over concavo llnnaverne CU1"vaturo and, i-low over convex ,.trAIls'versa curyature, 

surt'!l.ces, (1'10'.'1 over inner Imu outer surl'D.ces 01" a cylinder.reSilectively). 

-- -

, 

.~., , 
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Ail investiGation ot' the 1'low ot' !l pure wall jet ( 1.(11\ '" 
,./'. 

over axisym!lletrio, convex tronsverse o'urvature surl'eoes 'I'Ias [)arri~,<l out oy 

Maninn, MoDonala ~~a Besnnt (b7). These authors report that Sineh ana, 

• Akatrov sho"ea no et't'eots ,01' curvature for oylinaers ranging in ai!lllleter 

f'rol!! 1 inch to 10 inches. 'They thomselves testea cylin,lers of 0.1,25 inch 

nnd 0.25 inch in aiemeter with aia:neter to slot heisht ratios of 2.0, 1.0, 

0.21:l~, 0.125, O.b66;mo.xiou.., slot tliroulonce intensities were !ile~surct! 11:1 

O./j per c,ent. ConsideraLionoi" the results given in this rei'erenee 

:indicates that there is a neGlieible et'fect 01' curvature on the hydrO

dynamic potential core, (sliGht ([ecrease), but a sit>Ilit'icent eff"ect on the 

deoay of' maximum velocity in the f"Um. TrIO limitinc oases bounainll the 

e~ect are r~oognised: 

(i) the i'ree, circular jet where IA.max oc::tdist:mco)-l 

(ii) the plone wall-jet ",here 

), 

. They also i'ound an e1"1"ect on heat t;rn1l81"er, (indicatea here i'or conveni~lIce) 

2.39 

The .magnituae is such that ford/S 01' 0.125, ::Jtanton nU!:lbers were i'ount! 

to be 1.7 times that 01' the plane Ylall-jet. ~'herc tho rntiod/s is 

large, the plane .wall~jct is approximetea to. 

Axisymmetric concevo sur1'Il.ces V/ith d/s values 1'r"", 50 to 00 wero 
• 

Uflec;t by OdGors lUld :iinter (btl). ?rice (57), useei. '8imilar surf'ccss with e 

d Is . value of 29.5. ln the asymptotic resion, these authors founa. no 
. l/ 

effoct of the curvature on film ef'fectiveness; there v,as GOllle reauction'in 

potential core lenGth which coula. be nttr1buteei.· to other' causes. 
/. 

" 

-
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For gas-turbine combustion chmtber coo11n(;, the,ourvature cian be of ." 
ei ther 01; the t~·o types doscribed. dependin(; "hether the outer or inner 

(annular) f'ln:wtube i!l considered. Values 01' ells will normally be cf the 

order 60 end above, so' tr.e assumption of' plone-flow oonditions WOuld seem 

reasono.ble. /' 

2.4.12. Compressibility Rrfects. 

The basic boundary layer analysis has been extended 

by Holland (b9) for compressible t'lOVlS. For an enthp-!py-based effeotiveness, 

he obtained, 

. 2. -0."''' -o·B o.si 
'h '" [O'~7 - O' o4li1 (/+0, S M",) 1[ *s] . ( ~s'.~: ) 2.40. 

This equation is easily related to the incompressible oase, equation 2.31: 

The i'irst term here inclUdes the effects 01' MGch nu.'1l0er on the sha.pe of the 

film tetlperature profiles. This equation "as so.tisl'uetorily used by Price 

(57), (5tl) for correlation of dato.. 

The effeots or oomprcssibili ty on l'ilm coolin~ were experimentt'.lly. 

investieated by Pap ell (md Trout (54) who varied llainstream Mach nU!llber . 
over-the rnnge 0.2 to 0.7 for constant slot heieh~ temperature ratio and 

mass velocity ratio. The Mltch number influence on ef'fectiveness over the 

limited range covered was observed to be quite small and "ithin the 

acourecy of' the (lata, VIas considered negligible. Thi.:l agrees with equation 

2.40-in which the compressibility term is very sr.lall f'or Mach numbers less 

thp.Jl unity. 

Carlson aM Talmor (50) derived a correlation perruneter for l'ilm 

eff'cctiveness, 0.11 

X... Re '" Pr", k", 
Res' Prc. k~ 

2.41. 

which benrs en obvious·reser.lblcnce to the much earlier n ~roup ot' ~\inter, '. 
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_This X-group is mOdifiod 1:0 account i'or oompressibility as £'ollows: 

where; _ , 

X. = K [( l"'/ps/;,,)A ] _.... 

A' = [-!i -('#r~T)( rr Xl+ ~ Np."L)2.~M:% 

. -

colleotively termed, 2.42. 

They obtained reasonable eti'ectiveness correlation with this group Xl , 

but it,nppeQrs to have little to commend it in comparison with equation 

2.40. 

2.4.13. The Int'luence of Pressure Gradient. 

Hollnnd (70) further extended his modincation (eQuation 

2.1.0) ot' the basic bounaary layer model to cover weak pressure gradients, 

i.e-. 
-0'+/ -I. -o-g - 0'2 

1" ::[o'37-o.O«(I-tO'~N::') ], ( ~) (Res' ~:) 

2-

x[ ;~J ' 
where the additional last two terms acoount i'or the erfects 01' pressure 
• 
gradient. 

I. similar extension l'or non- zero pressure gradient is also offered. 

by Stollery and r:l-!-;hwany (9). Thoir boundary layer mOdel analysis in-, 

corporates the 

f 
usual turbulent l'loV! 

- -0·2 
= 0.37 ~ Re -

)<-

relationship l'or'l'Urn thicknes.!J-_ 
,.~.---' 

/ 

They sUCGest that to accou!'lt l"or pressure Gradient, it can bo. modified .thus. 
-0.:1. f :0.37 X Re ---

\ 
\ 

- ' 

JC. 
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. Where, 
• 

.. 
2.44 . 

, . .. ...-... 
. This is a relD.tionship "1!h:lch Taay be renc1ily ~.);>licd to any theory emoOd.ying 

the basic relationship i'or 1'ilnt thickness. 

No dat~ are 'availaole to sU?port either of' ths"t\.o modifications 

given o.bove. 

The et'reots of 1'avourable (aocelerating flows) pressure gradients 

have been experimentally studied'by Scban and Baok (71) and, Hartnett et al 

(54). The r,racicnts imposed. by thes(!I workers are represented through the 

mainstream \'elocity distributions shov.n in t'iBUre 2.23.. Seban and Back 
.... 

i'ounei the et'fects were small, there beincr only a slight red.uction in eff'ect-

iveness and departura from linearity in logarithmio plots against distanoo, 

in the re"ion of ereatest nccolorntion. An 01'1'eot ot' slot height was .dis-

oernable in .he resul t3 also. When the bliaters were moved 1'orwar<1 into 

the initial mixing rCBion, it W(lS 1'oun<1 the effeotivenoss was 1'urthor re-

duced and this was. a. greater e1'1'ect than hitherto, the actual Emount 

Clepending un the blister size. Heat trans1'er coel'rioi~nts, (inolUde<1 here 

. i'or con'venienoe), showed an initial dependenoe on the slot t'low which was 

mainta1ne<1 up to. the end of the initial region; beyond this, "the int'luence 

or the ma.instre~J1 predominated. \a th the Inrsest blister, in the region 

• 
,ot' acceleration, heat. transt'cr was Greatly reduced and the approptiate 

.~-. 

velocity prot'ile Tlas linear near the \'Vdl, these in,iio.atin3/ a suppression 

ot' turbulenco cnd" relo!l1in::.risation" 01' the "'low. The results or lIartnett 

et Ill's investi(;ation broadly ogreed Y;i th those or Seban and Dack. ---
They 
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round that effectiveness decreased up te about 6 per cent with increasing 

velocity graaient, and obtained a new correlation to a.c~.unt for this ef'f'ect, 

• [ ... Lo,,",' ] o· 2. 
, '1. .. 1 (""').><.-=0 2.lt.5 

_ which correlate<i the dda -to + 5 per cent of unity. With unif'ora hee.tin~ it 

W&S f'ound that heat trnr.sf'er coeff'icients agreed with values for an imp era-

, eable flat plate to ~ 10 per cent provided the distance was greater than 

about 30 slot heights d01lnstrea. or injection and, Bass velocity ratio u~s less 

than unity. Above ':I(/S ef 30, the ccef'ficients were extremely suscetltable to 

mainstream velecity variations. Ferx/s less than 30, the coefficients were 

dominated by slot f'low and were reduced by just a few per cent. Per a mass 

velocity ratio greater than unity, the length te achieve impermeable f'lat-
- . 

plate coeffioients is consi4erably increased. These observations should be 

compared with thlse given under Section 2.2~ 

Measurements for Qoapressible f'low in a ramjet nozzle huve been aade 

by Price (5d) and the SaDe author also reports piailar .easur~.ents made in a 

parallel duct using the slll!le 1'acili ty and slet (57) _. As these two sets of' 

results sh.ul~ be rQuGhly compatiable, (with the exception .f shock fora-

oation) the nlzzle results f'er f'il. eff'ectivenoss have been plotted together 

with the results for the parallel duct, against the right-han4 side of 

oquation 2.lt.3.This J;rllup oorrelates_the nuzle results to ~ 9 per cent and. 
",';,'." ',', 

these effectivenesses are up to 30 per cent lowb~ than those for the parallel 

duct. • 

Carlson and TalmDr (56) also report measurements of ef'f'ectiveness mado 

in a half-nozzle with convergence angles of 300, It.5P and 60°._ Their 

-results are somewhat dif'fioult.to interprete but show a small reduction in 

- . 
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Jhe initial region 01' the ,film and en inoreasing effeot. a reduction in 

effeotiTeness, in the main region as oonTergenoe angle inoreases beyond 45°. 

Toe in1'luenoe of strong adverse pressure e;radients on film effeotive-., 

ness has been studied by Esoudier and Whitelaw (72). The gradients were 

suffioiently severe to'oause separation of the film from the wall and were 

imposed by a forward-facing step of varying height at·the end of the test 

seotion. Not until separa.tion is reaohed does the pressure gradient effeot 

beoome of major significance. Tho erreot is mare;ina1ly greatest at high 

blowing rates. There is a neglible effeot on the initial region and only 

a 10 per cent reduotion in effeotiveness at separation. 

The effeots of both favourable 'end advorse pressure gradients are 

thus seen to be both small and, of minor importanoe on effeotiveness, Heat 

transfer coeffioients oan be signifioantly·influenced by favourable gradients. 

2.4.14. Multiple Slots. 

Where temperature environmental oonditions are 

partioularly severe, or the length to be cooled is large, any praotioal 

oooling system will usually consist of more than a single slot. 'XYPioally, 

a number of identioal slots are plaoea in series to ensure that 8urface 

temperatures do not exceed a limit determined by the surface material. 

Only one investigation of sucb a multiple-slot oooling system appears 

in the literature, that oarried out by Chin, Skirvin., Hayes and llurggraf (50). 

A series of 10 identical slots of heiBht 0.115 inches were plaoed at equal 

distanoes apart and oould. be blanked-off in turn. AdLbatio "all temperatures 

were measured do"nstrelUll of the last open slot. The range of Telo.ci ty 

ratios oovered depend.ed on the nUJ:lber of open slots. "'ing: 

• . . 
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, . 
ror 10 slob • 

and, 
~or 1- slot. 

A oorrelation group applioable to a single slot (49) was moairied to cover 

multiple slots using the two asymptotic conditions, 

(i) "hen slot spacing is zero, the n- slot assembly is equivalent 
. ' 

to a single slot ot' height ns , 

when slot spacing approaches inrinity, only the last slot is 

effeotive. 
-, 

The final, semi~empirical group obtained was, 

1 :i(r!» 
where, 

rJ :: n~F(~) 
x " distance downstream t'rom last open slot 

n .. number of open slots 

cl .. slot ap acing 

• 
B = - [1.3/[I+().Ol.(~/s)]} 
F:A(!.> . 

'. 
A f, )-1':)( ~ )-' -0'3 o.I'} J(. 

= (~.. ' "M' Rt!s,· ~L . S 
,~ : _ mainstrellJl Reynolcls number based on hydroclynGllio 

starting length, • 

oollectively termed, 

Chin et al found all their data oorrelated against1to--,t. 20')~ overall, 

the oorrelation beooming less satisl'aotory as the number or slots incr~!,sed, 
, ,-

indioating that the aotual behaviour was more oomplicated than that rep-

resented by equation 2.4b. 
~ 
, 

! , 
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../ ----. -- --trom the aata presented, it may be observed that adaing more slots 

'. inoreasedthe extent of the initial regions of the film. Chin et al noted 

that if SU£ficient slots, oorrectly placed, were used, the whole of any 

" 
, surt"ace might be maintained. at unity effeotiveness. For a given number or 

slots, increasing the spaoing between slots reduoes the wxtent ef the 

initial regions. In the main region of the film where effeotiveness is 

proportional to F ( ~ ) raised to the power .0.8, inoreasing the number of 

slots increases the effeotiveness at any:c../s for given F ; increasing the 

spacing between slots for a given number of slots slightly reduoes the 

effeotiveness. 

The data have been re-examined on a more quantitative basis and the 

results are shown in figures 2.24 and 2.25. The relative potential oore 

length is here defined as the r~ge at' F eels) for whioh '1. !!:: 1.0 for 

n-slots, dividod by the range of F(><; S ) for "hich "l ~ 1.0 t"or n ,. 1. 

The relative transition length is the range of F (~/s) betweonvalues for 

which ( ~ 1.0 and 7 where the slope o~ the data in logarithmic plots is 

linear with a value greater than .O.H, for n-slots, divided by the same 

quantity for n .. 1. The large efrects record.od in the initial regions of the 

film may De attributed to dramatio mod.ifioations of local injeotion oon- ' 

ditions due to the persisting, preoeeding film. 

I 
I 

! 
\ 

\ 
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• 
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C 11 APT E R 3. 

TUN llYparm:sls. .. 
• 

}.l. 2bustor Coolin,~. 

The example ot' i'ilm cooling to be studied in depth in the 

present ,thesis is tha.t 01' the aircrat't gas-turbine combustion chamber. A 

layout is shovm labelled in t'igura 3.1. although t'amiliari ty w1th the basic 

oomponent and engina layout is assumed. 

The cooling system has to be such that: 

(i) oxidation or the wall does not occur. 

(i1) temperature gradients do not cause local buckling. 

(.iii) themal t'at1gue orackin3 does not appear. 

Biondi and !Jraizen (73) report tilll~s to steady-state temperature f'rom start

uP of the ordor ot' 8 seconds so conditions (i) and (ii) inay be considered by 

. means of a steady-state analysis at a given design point. They also state 

that ciroumfsrential temperature gradients ara generally small in comparison 

with those in the longitudinal dircotion. thus confining the analysis to one 

direction. Some further simplifying assumptions may conven~ently be made 

and justified: 

a) due to the thinness of the flametube wall (G.Ol,.o to 0.028 inches), 

no temperature drop aorO(lS this thickness occurs, 

~) there is no heat transt'er through the air-casing sinoe it will be 

insulated and engine-tunnel air ~ill have some elevated temper

'---"'ature'''(fan' by-pas3, supersonic -cruise fer i~xam"le), 

-, ·o1 ...... theair-cllsing-is at-the' same-temperature as the annulus air as 
,- . 

a direot consequence of b).' 

.-
. ' 
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• 

'A stea~-state balance o~ the radiative, conveotive and conductive 

heat f'lows will ;)9.e2d the temperature at a point in the,wall. A. t~ohnique 

used by the present author establishes an equal-size element system in the , 
wall, where eaoh element fs subjeoted over the whole o~ its exposed surfaoes 

to the conditions at the nodal point. ' In practice, to avoid lIIat:lematical 

instability, it is neoessary to establish a "prof'errlld path" by considering a 

"super-element" enclosing three adjacent nodes, as indicated, in fieure 3.2. 

Provided 'elemm t size is small enough, no, inaccuracies ariae due to the 

dispaoed "entry" and Uexit" to the considered node. 

A steady-state heat bnlance for the super-element is, 

where, 

R a radiation heat flow 

C a conveotion heat flow 

Cd = oonduotion heat flow 

Using the equations for R and C i'rom' !' .. :f'",,~V1:'e:md. Herbert (74), the finite-

dii'f'erence equation may be set up I 

~• I 'l-E ) ,·5 '2,·5 ~.'5' ( ) 
_S E -; 1i -"k ... ~ T. -Ts ... 
2. ft, f ( 1- 1".'») ',f;I", ,5(11+1);,,, (n+') 

where, 
0.6'3 

'l'f • ~C)13 + o.3~S13 +40(P3 -I) 
, 
" 

'the adiabatic flame temperature f'or stoiohiometrio mixture 
/, 

• 
, ' -. 
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in the dilution zone of' the chamber) 

T, = compressor delivery temperature, Pj .. compressor delivery 

I pressure .in atmospheres. 
:l ;~.'.; ."".. ." ••. 

. hrilm = local heat transf'er coefficient in the film 

'~ = the adiabatic wall temperature at the (n + 1) the node. ' 
1n+1),,,d ' , . 

The hot-gas emissivity Em may be calculated :f'rom the 'Cohen equa1;ion 175). 

• 1 - r -~L J f3 !-Id f ] 
i.e. EIIl exp L 1j: )(10-+ if (j-j' ildlt.,) 

L .. 11ltlinosi ty, (1.7 f'or kerosine rlemes) 

r .. fuel I ldr ra1;io 

Hd .. combustor annular height. ins • 

Lo = length of' combustor. 

It ia aasumed in 'll'riting equation 3.2 that the v/all thermal conuuctivity is 

indepen<1ent of' wall temperature. Within th~ temperature ranGes encountered, 

K changes are of' the order of' one-tenth of' one per cent, so this is a. valid 

assumption. For the designs of' chamber current, it ia not permissible to 

neglect the conductive terms, as did Lefebvre and Herbert. 'rbe annulus-siae 

beat transl'er coef'ficient may be oaloulatea :f'rom the burggrai' anu Rauf' 

relationship. 
:Va 

S1; (Pr) .. 

which 1ncluies e1~ect5 due to the hieh turbulence to.be expected a.s a result 

of' the annulus f'low having passed through the engine compressor •. 

Equation 3.2 may be solved f'or any 01' the wall temperatures 

, ' 
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• 

• However. to avoid "inf'inite sink~ problems in 
• 

" 

the solution. it is neoessar,y to make an initial guess for all the wall 

temperatures and then it beoomes oonvenient to solve 1"0r 1S" • whioh, 
, 

is obtained through iteration. The guessed temperatures should 1"all some-

where between the coolant and maximum permitted wall values. Ex~erienoe 

with the computer prDgraGk,to make'this solution indicates the number of' 

noaal points should be about 20 pcr inch of' wall. and, 30 iterations are 

neoessar,y ror complete oonvergence. 

It is necessar,y to enable a complete solution to be made. to provide 

inf'ormation on rilm heat transl"er coe1"i'icients and adiabatio wall temper-

atures. In C,hapter 2 01' this thesis a oonsiderable volume of' literature 

concerning f'ilm cooling is reviewed. From this extensive review recommend-

ations are made i'or equations describing looal heat transrer ooef'fioients and 

f'ilm ert"eotiveness over wide ranges of' injeotion conditions. Consideration 

:is given to ohoioe of' suitable injeotion oondi tions and slot oonf'igurations 

f'or et-f'icient cooling. The e1"f'eots on cooling of' a "iae range of' aC1ditional 

parameters and conditions are also covered. The tools v/ould thenoe appear 

to be readily av,ailable f'or the suocessl"ul design and. prediction of',a 

discrete-injection. f'ilm cooling system to suit any situation. 

3.2. ,Practical Film Cooling Systems. 

If' the recommended expression for film effectiveness, equation 
• 

2.31, is used t06ether with say. equation 2.3 f'or'f'i1m heat transf'er co

el"i'icients. end typioal values 1"or slot he16ht and injection conditions are , , 
" 

taken. some interesting r.esultsare obtained "hen equation 3.2. is eolved. 

, -
, 

, . 
-
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For an existing design of" ohamber, the prediotions give temperatures muoh 
• 

lower than those actually measured, cven with allowance ror combustion het-

streaks. ,For a'new design, less slots·appear to be required to cool the 
• 

ohembe.r than practioal experienoe ind.i.catcs even when the basic layout of the 

chamber is taken into account •. Since the other terms in equation ,.2 are 

.either well establi1;hed or substantiated by recent measurements (75), the 

.discrepancies desoribed must arise in equations 2.31 and, 2.'. However, these 

equations are thellselves justit'ied1n Chapter 2 01' ,this thesis. It must be 

oonoluded there1'ore, that 60me radioal dirf"erenoe exists between the ex-

perimental researches cerried out and the presently considered, practioal 

systems. 

An obvious source 01' di1'1'erenoe has beon preViously alluded to under 

Section 2.4-.1., that or slot geol!letry, when the class-names 'olean' and 

'dirty' slots were intrOduced. It is worthwhile to describe in some detail, 

practical oooling devices ourrently in use. Current praotice is to use . 

devices in whioh the ooolant flow through the slot is driven by the. sum 01' 

the statio cnd dynamic pressures in the annular· air passage surrounding the 

tlametuhe, minus the static pressure inside the t"lametube. This type ot' 

cooling device is ref"erred to by the naae ~total-head· oooling. A sheet· 

oonstruction 1'lametube thus consists from t'ront to rear, of" 11. series 01' 

abort f"rusta o~ a vone of" very small vortex-angle, with generally constant 
• 

·1ni tial diameters in the main part, joined by the.oooling devioes -whioh are 
- "~:'--' 

usually welded in place. The resulting form 01' the slot is probably then a 

short, spaoing and metering devioe with a Vestigial {in length not thickness) 

-- -

• 
. " 
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lip to reauce initial hot-gas an~ possible ruel entrainment. The metering 

ana spacing arrangements may be in one or more stages and might also provide 

support for an extenaed lip. The ratio or lip thickness to slot height is of 
- " 

the order 0.3 on all but the smallest chanbers. The allowable size of lip 

&11(1' nature of the metering together 1':'ith outlet shape, are oompromised by 

thcrmnl stress ana i'.atigue, and, manufacturing consiaerations. <Xl small 

cham;'ars, the slots may be mRohi.."led integrally w1 th the oomplete x'lll.llletube. 

Wholly sheot-metal devioes may also be rabr1cated. Sohematic deawings 

which_represent respectively, machined and fabricated, devioes are given in 

figures 3.3 and 3.4, and these should be compared w~th the clean slots shown 

in l'igure 2.4. 

Systematic stuiies of the dirty-geometry, slot have been extremely 

rare and of' those available, most also have cons1aerable den si ty lIrlld1ents' 

which render the separation of' et'i'ects difficult. \\'ieghardt (21) mOdified 

his -slot geometry from the tll'o-d:iJ!lensional one shown in f'igure 2.4, to the 

more complex (normal injection) ones also 8ho~n in this figure. As the 

8cometry became more oomplex, the erfectivenes8 for any value of-:C IMS was 

reduced and the deviations produced "ere very large. The et'fects of compl~_'t 

slot geometry~er~studied by Whitelaw (76) who concluded in a not very in-

fonnative paper, that slots 01' cOJ:1plex 8eometry give rise to lower dOl\'nstream 
,:·.,:t;:fj:~:<i··· 

values of'- ef'f'ectiveness than tWO-dimensional slots and, that eft'ectiveneslI is 
• 

a funotion Of free area ratio k, for tangential injection. 

These observations agree with the de3i~er' s experience of' equation 

- ---'~.2.; and conf'irm that slet geometry is of equal to or greater importanoe 

'---·'-than, theinjcotion parameters, ,butot'fer little to further the de!,i~ of' 

praotical_cooling systems. 

, 
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3.' .. The Di~ferenee3 in'Film Development Between Clean and Dirty Slots • 

.. 
" 

Some measurements of film effectiveness for a number of practical 
, 

geometry cooling devices were very kindly made available from Bristol Engine 

Division, Rolls Royce Ltd •• through '.he National Gas Turbine Establishment. 

or these results, those for two devioes, TypesC and L, respeotively 

~abri~ated and machined slots, were oorrelated using correlation groups 

developed for clean slots. In figures '.5 and 3.6, these data are sh~wn 
n1oth .. d. 

. correlated by and compared with respectively, Kutateladze and Leont'ev's ... (23), 

given as equation 2.21 and, Spaldings method. (32), (liven as equations 2.27 

and 2.28. 

,Consideratil'ln of' figures 3.5 and 3.6 revllals a nllllber 01' significant 

observations: 

• 

(i) 

(11) 

(i11) 

(iv) 

j 

neither of'the formulations sucoessfully oorrelates the 

dirty-slot data, 

the equations do not represent the data, 

the region where e1'feotiveness is unity is oonsiderably 

smaller than that predicted for olean slots, 

the slope of the asymptotio region is smaller (of greater 

decay) than that predioted for olean slots, 

(v) the region between unity effeotiveness and the asrmptotio 
• 

oondition is very large for dirty slots, 

Some 01' the work oontained in the present seotion has ,been published as 

re~erenoe (47), in whioh one 1~ther olean slot oorrelation group was u3ed. 

This was that ef equation 2.20 with constants taken fro. Table 2.1. Corr

elation of the data for Types C and L using thi8 group was a180 unBat18fao~ory. 
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It is reasinable te conclUde from a consideratien of figures 3.5 

and 3.6, together with reference (47), that no suitable.descripthn exists 

for effectiveness when the slot geometry is complex - i.e. for the present 

. praotical application. 

One may reason, Section 2.4.~., that the most important aerothermo-

dynQllic. parmaeter (loverning film effectiveness at any distance i'rom injection, 

is tlJ.e injection velocity ratio. A comparison 01' filII deoay IIn this basis 

tor two slots, one olean and the other dirty geometry, has been made. The 

dirty slot was Type C and the olean slot was that or Seban (ii), .sho\'l!l in .;'.. 

figure 2.4.1'); it is of oourse, not possible to show a similar drawing for 

Type C •. Since small differences in temp'eraturo ratio and slot Reynolds 

nUlJlber exist, the data do net represent perf'eot. baok-to-baok tests, but are 

indicative of the differences existing. This study has been published as 

referenoe (46), rrOIl whioh figure 3.7 has been repreduoed. 

Figure 3.7 shows essentially. the same features as described pre-

vious!y: For a given velocity ratio, the region where erfectiveness is unity 

is reduced and, an extensive region exists re~ardless of velocity ratiO, 
-o·~ 

where the e1'tmtiveness is proportional to (~/s) , i.e. jet-like no". In 
-0,8 

the o.syioptotio region, eff'e ctiveness is roughly proportional to ("'/s) 

3.4. Film Model. 

The foregoing remarks lead to the formulation 01' a mathematical 

.odel with which to represent film development from a slot with a practical 

geometry. The model must successfully aooount for an initial region of unity 

effectiveness, followed by a region where effectiveness is proportional to 

, , 
. ' 
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,(:le / s ). preoeeding an asymptotio region where effeotiveness is proportional 

-o-s 
to (~/ s) • •• 

The model proposed is shown in figure 3.8. It *11.8 tentatively 
, 

desoribed in work published as referenoe (47) and more firmly in work pub-

, lisbed as reference (77). Subsequent 'development of the problem is oentred 

around this model. 

The model arises from the very simple boundary layer theory of film 

oooling due to Stollery and IU-Ehwany (9). This theory is only suitable for 

" ... olean geometry slots where the injection velooity ratio lu~ is greater 

than unity, and is here extended to aooount for the desoribed differenoes due 

to the praotioal oonstruotion of the slot. This is done by relating these 

differenoes to a velooity defeot whioh is apparent in the film regardless of 

injeotion oondi tions. 

Considerations of figures 3.3 and 3.4 and oomparison with t'igure 2.4 

indioates bow ohanges in the film might arise: Amongst other differenoes, 

boundary layers' will i'om inside the slot and also on the upstream portion of 

, the flametube wall (this m~be' the residual film from a preoeeding slot or 

series of slots), which together with a separated flow region immediately 

downstreaa of the rciatively thiok lip, oreate a dei'eot in the velooity pro-

file. Thus, whateyer.the velooity ratio at injeotion, the initial film 

, ,-elooity profiles would be expeoted to appear quasi-jet-like until this 
• 

defeot is t"illed-in by' turbulent mixing. The inner edge 01' the turbulent 

mixing layer will grow towards the cooled wall, whilst. along this wall is 
,. ) 

growing a nomal boundary layer which mayor may not b~ turbulent. The 

interseotion at these two layers marks the end of the potential oO,re, )er' 

.. 
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within which the f'ilm velocity will remain substantially censtant at thll 
.. 

injection value. Following thll potential core is a region termed the 

transition length x.T , Vih~rll thll .1':n. innllr pNfiles change' t'roll thoSll likll a 

wall-jilt to the mathematioally similar, asymptotic turbulent boundary layer 

form. Therearter, there is.no further change exoept in SCalll as the fila 

.. grows in thickness; this is the main redon. 

From the ei'f'ectiveness work disoussed in Chapter 2, it is clear how 

this model represents the jet--like and boundary layer-like f'lows to be 

. ' aooounted for. The potential oore is equivalent to the region where effect-
·U 

iveness is unity since there, '/(u,} et 1.0, whioh is equivalent to 'l = 
. x:o 

1.0 if Reynolds analOBy·is assumed. (lIere, the cooled wall boun!lary layer .. 

is negleoted. This is a justified step sinoe it will be extremely small in 

1II0st oases.). This being so, ::>c.p = 'Xr T ,the thernal potential cerll len[Sth. 
. ~ 

! " 

3.5. ·lpplicnbility ot' the Model· to Combustion Cha.'llber Cooling. 

A studY was undertaken to relate the model desoribed above to a 

practioal case of oombustion chamber ceolin[S by determining what is the 

minimum ·value of film et'fectiveness pennissi.ble in a given situation, and, 

what proportion of the resulting oooled wall distanoe is potential core •. The 

caso studY concerned a hypothetical anginll to power a Maoh 2.2 cruislI supo

sonio airliner of the learly)Conoorde class. The ceneral assumptions made 

,conoerning this engine at desien pOint are given in" Appendix Al. _ .. 
/' --..•. 

Two oooling devioes were used in the study, Types C .andL, as . 

referred to above under Section .3.3. From the experimental !lata, -- -
measurements were made 

\ 

\ 

\ 

of the initial region by plotting effeotiveness as 

. -, 
-
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erdinate against distance !'rOil in·.lection divid.ed. by slot height as abscissa, 

on logarithmic paper and. linePJly extrapolating the asymptotic region back to 

the line where errectiveness is unity. The, resulting intercept. is termed 
. .. , , . 

. :IC 
f'or easy ret'erence. potential core lengtn PI S , nlthough obtained by this 

mEthod it probably includes not only" the true hyd.rodyn8Ilic core but also e. 

consicerable proporticn or the transition region. These results are shown 

x' 
in f'lgure 3.9, where the pronounced. tendancy f'or a maximum Pis to occur at 

unity velocity ratio should. be noted. The et'rectiveness data were correlated 

using the .group from equation 2.20, and the results are shown in f'igure 3.10. 

Even thc>ue;h the correlation of' d.ata so obtained is \)r\satisractory, rigure· ... 

3.10 was used. in the present preliminary stud.y. figures 3.9 and. }.lO are 

reproduced. rrom re1'~rence (77), the published. version o:t> this stud.y. 

The calculations were made 1'or inner and. outernall1etubes 01' the 

combustor in the pr'".LIIlary and dilution zone areas. Mean dill16nsions were t&ken 

f'or the turbine entry duct. The t'low was assumed. to be everywhere unif'orm. 

Gas temperatures end· velocities were assumed. oonstant· over the whole of' each 

zone. With these restrictions, the ensuing oalculations can only yield 

indications as to the probable order 01' the cooling dil.'ficulties likely to be 

encountered in eaoh zone 01' the chamber. 

A simpli1'ied version 01' equation 3.1 was used.. Following Le1'ebvre 

and. llerDert (74-). a stead.y state heat balanoe was set up with •• all oond.uotion 
• 

·being nce;leoted. With the assumption 01.' zero wall oond.uction, solution of 

the equation becomes a simple problem. and. a t'inito dif'ference form is not 

necessary. Prooeeding to the equivalent 01' equation 3.2 then, the oon-

·-vec-tive term to the wall was also written dit'ferently, aSI 
• 

. ' .. .. 
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this form being more oommonly enoountered in heat transfer work • 
• 

Thus, it' a requirel1 maximu;n wall temperature is speoified the heat balance 

mQY' be 801 ved t'or I,Jil", , the remaining heat1'luxes being evaluated by 

the metho~ suggosted by Lefebvre enl1 Herbert(74) for wall temperature TS • . ' 

which is now known since it is taken as T $ " • the spec'ified value. ' , rn"", 

Hence, typical values ot' t'ilm heat transt'er ooef':t'ioient :t'er eaoh zone ot' the 

chambers, to keep the wall Just at its IIllXimUll permitted value can be 1'ounl1. 

It is now required to relate theei't'ective heat trans1'er ooe1'ficients 

SO obtained to appropriate values of' :t'ilm el':t'eotiveness. Such a relation;-

ship has been proposed by Spalding (lb) anl1 whioh appears as equation 2.12 

in the present Literature Survey forming Chapter 2 of this thesis, and 

abbreviated here as, 

Yihere a. k and b are unknmm oonstants. 

• To elillinate the constants a anl1 k, the film heat trans:t'er cee1Ticient 
• 

expressed by equation 3.4 has been l1ivided by a re:t'erence heat trans:t'er 

ooef':t'ioient which it is assumel1 oan be expressel1 in exactly the sWlle t'orm 

all This results in the relationship: 

• 

:: 

,1 
where the simplifying assumption has been lIade that pl'operty values apply to 

the mainstream state. This approach is permi8sable from the manner in whioh 

Spalding fomulated his relationship(16). ' Spall1ing I ',;gests a numerical 

• , 
, . 

, ' 
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value or about 0.2,5 i'or b =0., treating the film as -an insulating layer 
• 

which becomes less ert'icient as distance rro. injection ,is inoreased, this 

,value is ,taken as appropriate. 
, 

A sui taole aetini tion is_ no'" required i'er the reference heat transfer 
, 

coei'i'icient. A convenient and easily calculable reference is that ror the 

-heat transfer coe!'1'icient in the total absence ef' filii- cooling, i. e. rer a 

nor~al turbulent boundary l~yer alone the surrece. The expression aotually 

talcenwas that used in the heat bala:lce equation rer C-, out ' which is 

given in reference'(74) as, 
-0'2-

,St... 0.02!.!3 Re 
, 

'rc calculate , the f'ollewing procedure is adopted: 

• 

Seb!Ul (11) aM, Hertnett et al (54) observed that for all values 01' t'ree-

"1;1" stream to ccolant mass velocity ratiO M, the ratjo -/hkf became equal 

to unity f'or "/s ~ 50 apprDxiJ!lately. In the absence or t'urther intomation, 

it was decided. to take this v",~:,e for clean slots as applicable to Type C 

and L slots also. Thus, a distance liuit, beyond which the film cooling ia no 

better_ for reducing wall temperature than 11 normal boundary layer whatever 
• 
the blowing conditions, is defined. A desirable volocity'ratio is indicated 

!'rom 1'igure 3.9 whe;:-e it ca!! be seen that the initial region is a lIIaxiluUI1 

when velccity ratio is unity. , This condition was assl.I!lIed and coolant vel-

ocities chosen to meet this requirement. Such an a~sumption agrees with 

---Section 2.4.5. with existing density ratios, the blowing eroup,;:",_' 

-o';z,s 

·--Sl~- (~s ) Res 

\ 

--The value -of '1- - - is then 
~f . 

-- -is then worked out for- the limiting ccndition. 

\ 

\ 

, . 
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", 6.8). 

• .. 
extraoted for each slot from the '"correlated" data .1' fiGure 3.10 by 

entering the appropriate ~alues of S •• .. 
11;, is now poseible to work out t'roll equ1tion 3.5 the apprepriate 

• ,hJ.-I ... / ' 
values or .., using tho' values of , "I't-f, calculated fro. the heat 

IJ;I.... " 
balance equatil3n and, equation }.b', tegether with values obtained 

for each chamber position acoording to the method set'out above. ,Heoause 01' 

the conditions that 7 Kf represents the 

greater resistance te heat transfer than 

eftectiveness where the f'ilm is no 

a nomal bounda~ layer, and, 

that is calculated as the hoat transfer ceeftioient to keep the 

wall just at the specified maximum, 1 may be termed tho minimum 
. Si/", 

acoeptable ef'i'ectiveness, "I" • 
(M,I'\ 

Results of this type oroaloulation applied te the chamber under 

consideration are s~er1zed 1n Tables 3.1, 3.2 and 3.3. Note that " 
(n'Un 

is spec11~ed as 1.0 over the dilution zone. This does not mean that all the 

dilutien zone oannot be kept at Ts,""'-I/' er bel"w, as, mean dillensiens only 

were taken i'or it. It does mean that with the limited aIlount 01' air avail-

able, the whole of the dilution zone cannot be maintained at the specified 

ma xillUII temp era ture. The approximate values 01' the Kututeladze blewing , 

group obtained from figure 3.5 for the appropriate values 01' ~. are 
. ( Mu\ 

also t;iven. ~'rolll these minimum allowable values er the' blowing group, 

limitin~ ,values et'x.. beyond which temperature wDula. be greater then T, , 
"'~m""", 

were estimated. and these are given in Table Y.3, teiether with potential 

core lengths obtained from figure 3.9. 

Consideration of the results show s that the high e!'f1cienoy oooling 

• 
, -

, 

, ' 



-, 

• .. • 
',.' .". 

re~ime immediately downstre3m or the slot. due to the mixing out er the 
,-

hydrodynamio p.tential oere and subsequent establishment er a universal 

velooity pr~rile. is a si~niricant proportion .f the cooled region in all 
, i," 

oases and oannot be neglected in design and prediction oonsiderations. 

3.6. The Hypothesis. 

The hypothesis presented from the above studies is that fBr 

a praotic[,l t'ilm ol)(Jling system ot" a gas turbine combustion chamber using 

discrete injeotion. air-oooling. the film initial regions are ot" paramount 

icportance and that the design and oaloulation or,3uch systems should be 

based on these reei~ns. In addition. t~e effects of many or the associated 

variables on 1'ilm perfomanoe oan be described ;in terms ot" their e:t"t'ects on 

these initial reeions • 

• 

• 

• 

• 
, ' 
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C H ~ P T R R 4. 

COR'<lILA'fICN ill' DNrA AN)) PHf.))ICTION OJ! F.~'F"CTIVfol'{ji;SS. 

I .. ~. Introduction. 

One is reluctont .to completly abandon the boundary layer approech 

to the prediot:i.Qn ·01' !'ilm.·e1'feotivenesa and as a b!ISia for data oorrelation, 

in particulm- thato!' Stollery and El-I:hwany (9) become or its' elegant 

si~plioity ~~d as~totio nature. Therefore, suitable modifioations were 

sought t~ enable applioationte be made to praotical slat geometry d"ta. 

'I'his was done by taking cognizanc3 ox' the mathematical .. <Mel desoribed in 

4.2. Analysis. 

For this st ud.y , the model is applied as rolll.ows: The actual 

developing rilm is represented by n potential core region, a zero length 

trr.nsi tion rel!;ion and. a maln regign which rotains a "nem.9ry" 01' the previous 

history er the 1'low. The 'erol'lth 01' the mGdel is then represented by a turb-

ulent boundary layer which has the oorrect thickness equal to that 01' the 

real i'illl, at eveIYpoint. It is asoumed tha.t the temperature. and velooity 

boundary layers hav.elJW.,s""9 thickness p..nd that 'rlows are t",$- ditlensionnl. 

Ret'errine ,to·:figure 4.1 •• the thiclmes's f ot' the t'ilm at any point 

downstrell!l of the potential core xI" is, by superpesitions, the sum ot' its 

thielmess a.t the end ot' this o"re f:z..' plus the growth since that point, f. . 
l.e. 

I It':c. represents the orit:in up stream er the injeotillrt plane, of e. hypothetical 

turbulent boundary layer which gr"ws to a thickness equal t~ f:t at the point 

':er' this' grcmtht>ay be represented by the usual expression derived !'rom 

the zero pressure gradient, unirorm strean, momentum equation aa, 

.. ~ 
~, ... ,', . 

, 
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where K I and b, /lre constcnt'lnhich depend r<lspectivcly, on the velocity 

profile and 1'11111 shcar ntress la; .. chosen ror the boundary layer. 

:1,5 a length.·:seynolds number based on the distance (:>/+ :Xf')' 

Similarly, additional grewth et' the film ci'tor the potential core' 

may be represented by, 
f, 

Consid.er now an enthalpy balance· i'or a scall element of the t'ilm, 

mean hoight f and length <!.:x, when the tomperaturo gradi'cnt across the filJa 

.is assumed small, i.e. element temperature is <pproxicately equal to the 

adiabatic wall temperatm:-e, 'ls,,,q' '£his £pP.·Qcoh ttus ofilnsiders the injeoted 

and ontrained mass flows in the film to be fully mfT~d atcvery point and aD 

a ccnsequence, there will exist a temperature dj.s<::.<m:tinuity at the edGe of 

the.t'ilm. 

",here ...:(, is the "'ass flDw rate or the cC)Glant at te:nperature Tc injected· 

. .I 
per u."1i t width or slDt. and "'e is the entrained t:IISS 1'low rate at mainstromlt 

temperature TII'I.per unit ·"i."-th~ Q~ fih. 

For ~as turbinel! operating with liquid hydll'm::aroon fuelD ana typical 

air/fuel ratios, .·the mean ",olecular v.eight or the. h'Qt prOd.ucts of combustion 

may be taken as llpproxillately equal to that .. 1' a:i.r· without intrf>aucing 

serious error. 11' therefore a like-into-like injection, c~nstant pressure 

Clllting and te:nperature aifl'erences small enough i·.,r speoific heat at constant 

. pressure " , to be considered constant, are asstmea, equation 4.1. roduces 

to, 
.;' T ;- me. m 



It is clem-therefore, that the present method neglect-a the effects ot' specie 

di1'fusien oni'il .. effectiveness. 

Following an idea -"ff Spelding' 5 (78) which was developed in a jet-

mixing study concerned TIi th combustion chamber dilution zones (79). and 

expressing the 'erItraine<l mass f'lEJIY rate in terms 01' the total mass floning 

ana. the 1njooted:mass:t'low rate, 

,,,' "I ,I 
l'I1 ,. I'I'I

f 
- IV\ , e ' (; 

, 
The total mass flo1Ting in t),C t'ilm can be found:. by integrating the 

,assumed mass veloci t-y prot'ile t'"" t',,,, boundary layer Iteross the filth 

Thus, , I 

I'tIf 

if the mass 

f ' f .L 

= f ~ ~ ~ If~rd., :: (h:t)'f 
() t:,.,., "M " J 

velocity profiles are ass\l!l1ed to obey a power law ot' the t'orm, 
.J,. 

" Cl.. :: (~), 
P '< T 4.7. 
~tI\ ." 

This passe form of'prot'iJ.e is peri'ectly' adequate for 1:iJle proer.ent purposes, 

as will be seen. 
," 

Hence, 

,/ n (' f 
~ ::: C,,+t) '" ~'" 

From the conservatien ef mess, 

I 
'1-he = {' I{ S 

c. c 

ferm, 

• 

4.a. 



13. 

whence i tTi.n.y be seen 
, ( 

th",t: l'r .. " the de:fini tien eiven in. equatien 2.2 .that. 

"'C-
'.1 II-If 

4.10 

substitutin!l 1'''1' the ",ass nOl' rate frfllft equations 4.9' and 4.8, and. l'rea 

equation Lhl 1"01' f'il .. thic!me85, in l'quati·,m 4.10,. the ef'fectiveness is seen to 

be !liVen by, 

the s ... e; 

k '" K 
2. 

'-

The naBS 1'lom rate at the end .. 1' the potential cere may be alse ex-· 

pressed in t"I"lIS "r the injected nass f'1.,1. rate by letting. 

"here_ K?,"is an unknewn greater than unity. 
I 

As befer"" t ';'$ ),l< 
f 

found by inteeration ,,1" the !l!9.SS v",l.,city pr,,!'ile, 

Y3 Cc. Lt., S = [~C Lt. ~ 
th .. .Tef'"re, 

yiel<1ing vii th the tl:>o"!>1' equation 4.1, 

" £.--: (rI+I)!.::3 re. .... , , S 
n {"",Lt", 

But from equstion 4.2, 

4~13 

tlay be 

4.14 

-1 
f" ,. K, (x/+:lcr)~(: ) 4.15 

:to +:lcr 
Si~ce tho filM must be centinu~us at this point ~f' th~e equatiens =ay be 

equated to enable the Oleyndds n",lUlber based en, (~~" !tp} to be found. ana 
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5ubstituted .into 4.12. whic:h then· y:t.,l,ls npon further algebraio manipulation" 

the i'inal 

~ihere, 

4.16b) 

and, , the mass velocity ratio. 

~or prediction purposes it is desirable to have available a sillgle 

equation which represents the pert"ormanoe or all 810.5, or at least all slots 

ot' B. certain general class. In tl,c; l'oregoing deV610pm<l:nt leading to equation 

4.16, only aerOdynamic paraloeters were directly taken into consideration. The 

underlying premise ot' the whole I9proach however, is tJia.'Z slot geometry is one 

01' the dominating t'actors in the l'ilm developlaent suosequent upon injection. 

The il!ll!1ediate ert'ects l'1ill be accounted i'or by the potential core; here, the 

el'f'ects on the remaining nlm development are under consideration. 

The er1'ects 01' slot geometry will be experienced through velocity 

profile and wall uhear stress. This relationship bet'H!en slot geometry and 

Tlall shear stress is .. .not at all well understood so det!!l!J..ed modifications are 

• not possible. at this stage •.. llixing in th~ film also dqptmds on the turbulenoe 

structure, the level of' which depends on ·the initial tw:lrulenoe generated by 

the sl·ot; this being in turn a i"unction 01' the expansiQ7l.1 ratio across the slo., 

ror a given slot. On the postulate that the coolrnt 1']ow experiences ex

pansion in steps throughout the length 01" .. he injectiom <tevice, .he ratio of , 
Outlet area to slot total erl'eotive area Ao lA I , was 1:elt to be a suitable 

. E 
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Clescriptl.on 01' t;eometry l.n thn first instance. AccorClingly, equati.:m 4.16b) 

was moairieCl to, 

I •• }., Use 01' the /,nA.lyais. 

net'crin" to eqU!ltions 4.1 Ma 4.:!, it was statca. that the exponent 

'b' aepenaeCl on the wnll shear stress law chosen t'or the bounaary layer. 

This can be realiseCl from a consl.uerntion 01' how the eXpression ll.nking 

Dounaary layer thickness S , with length Heynola.s number is c18.llsically ne

rivca from the appropriate form of the Von Kti'rm~ integral momentum equation. 

Into this equation a value for "all shear stress ia insertea which is basea on 

Blesius' turbulent pipe 1'101'1 measurements to eventually yield for zero presnure 

gradient flow, the familiar, 

~ 
:>c.. = 

Consideration of' the film Clevelopment aescribeCl aoove makes the classl.cal 

lllaniu8 wall shear stress law j 

= 
-o.~S" 

0.0225 ( ~. S ) 4.19 

where Re,~ is a HoynolCls number based on bounuary layer thl.ckneas, seem an 

unrealistic 'choice for the pres'~nt situation. Indeed, i'or, the wall-jet, 

U
c 

» u m ' various authors have measured values greatly differing l'rom 

those given by equation 4.19, e.g. Seban and Beck (12), ~raClshaw ena Gee (80). 

These latter authors found that equation 4.19 unaerestimated the measured 

surface 1'ricticn by about 25 per cent. l.n alternative eXpression for the 

wall shear stress of a jet-like t'low unCler 'a to-'flowing stream was 



reccf'Il\endecl (80) as, . 

1:-s 
-.2-e. t<",,,,,, 

-o-Ig 

= O.Ol?. ( . Re,o ) 
If this latter eY-pression is used in the integral tlt'"en1;um cqua1;ien, the 

Croyl'th of a bounuary le.yer M10j<Cl: . 'to t:hia " .. 11 she~.r str .. ;.s can be found as, 

-o,/S:l.iS 

Re. 
.)(. 

-s n.w a.sune th~t the fiotitious boundary layer with whioh the re~l 

fila ia being simulated "rellembersu that it is trying t" represent It 'luasi-

jet like 1'lolt an<1 theret""re that its c;r0wth rate 1',,110115 equation 4 •. 21 rath~r 

thm 4.1tJ-; This is a reason;,ble hypothesis since in the real case, the u~cay 

perioJ. of the turbulent etidies bearing the "p;,ckets" 01' shear S1;ress will in 

goneral be longer than 1;heir residence ti~o within the transition region. It 

is therefore taken tha't an apprepriate Yltlu9 for \.l!S given by equ .. tien 4.2l 

s = 
N;l, 

4.22 

/,n "xll"l.n~.ti"n "'f the data ihdicatel1 th:;.'t the exp<>nen't on 'the Heynolds 

than inaicated by equati0n 1 •• 22. This i3 not unexp.ectca 3ince the (lCollletr.-,r-

induced film. turbuiemJe a'5l11>Ci3.1;o<1 Vii th n.,ny pl'actl.c::a;J. in.ject:ion e;eOl>9'try would. 

be r;rea'ter than that experl.ence<1 in re1'erence (tiO) _ Sep'arate nul she'll" s'tress 

l:l.vrs lire probably required fC3r each individual geolt:e.tr-j' v:u-ia1;ion. Hewe'!J'tlr 

.fer" a series ef r.e ... etries ... hichare all 011' ." part±£mlar 0'1 .. 83, a blanket law 

would appear t. be Itccept"iile. b'.r all the geolle'tn1es stuiLied, it was teunll 

that acceptable cerrelati.n or ctata. ..... s t'.un« it' equlLtien 4.22 was •• Cl.ll·~.eo. 

by tri .. l and. or.r~r. U: 
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rurther increase o~ the exponent towarus zero brought about small but insig-

nificant additional improvements in correlation t'or oertain ot' the geometries, 

but completely eliminating the Reynolds number Group reduced the d.egree o~ 

correl,ation ror all the. geometrics • 

.t'or correlaticn cf et'~ectivone'ss datB~, equation Ih:23 maY·De used to 

proviae a suitable blowing group. It is not necessary to as siGIl a value 'to 

'n' in equRtion 4.16a) since it is no't possiblo at this stngo, .to givo a 

value to K3 and therefore, this equation cannot be· us od for prediction pur-

P 030S. 'rhus wo must Vlri to, 

end determine the form e1' the relationship f'rom the data. The i'orm OI' the 

functional relationship can be based on equation 4_160), 

i.e. 1 = A [I + 'B~N~ ] 
where A, is a constant which from' the er~ectivenesQ'. definition ideally should 

be unity but in fact dependS on how acurately the potential core lcmgth is 

determined, B is another const'ent which depends on the ra.te of mixing in the 

l'ilm, and C a t'urthorconstent dependant upon which! par~ of the rilc 15 

under consideration. 

The constant C when applied to practicel geocetries in the present 

application, is the mean slope 01' the data in· the wrensi tion region. Hecau'se ... 

of.' the velpoity de~eot introduced into film profiles by.the 5ubstant1el lip, 

'"iI ". 

: .. 
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the tr1lI\sit:ion region for all velocity ratios commenCOil" :!!ike a wall-jet and 

ends c<symptotically, like a boundary layer. It has be",n shown in Chapter 2 

that 1'or 1.I.c. > ll"" the wall-jot oase, el'fectivenoss is proportional to 

ro1sed to the power 0.5; similarly, 1'or the Wake-ease, (.le. .... u"l' 

the oxponent should hnve the value O.ti. A oompro,,,ise value 01' 0.65 is 

5u3;;ested to cover prp.ctical eeometries 1'or all velocity rati08. 'i.'hUB, 

.. [ 

.,., -t- o· 6S] 
A I + D$N2. 4.26 

Samuel and Joubert (18) who operated a slot with a thiok lip, 

~ 
0.33~ ~S ~ 1.0, which resulted in an extensive velocity defect, empirically 

found that a good compromise VIas 

-o·('S 

l={t~ ) 

"hieh is in agreement with the t'orm of equation 4026 •• 

4.4. Rxoerirnental Data. 

Data r.r t,... Duio types: et pr&Oti<lal oeelin:'319t were ':I'&:ill!.lIie· ter 

oorrelation . studies: 6 total.,head machined slot3 nnd., 3 t'abricatod sheet 

stacked-ring slots. 

The machined slot data were obtained i'rom a tT,o-<1imonsional test-rig 

having a test sectionot' area t> inches width by j inoho3 heieht, fed with 

mainstream air from a preheater at temperatures u;:> to J.ll,.7,UPP and 300 t't./seo •. 

velooities. Coolant was aVailable up to 224UP. Di8ch~e l"Ia8 to atmosphere. 

There was no coolant by-pass flow, the cooled surface beIng insulatedt'or 

t,e,-,~urement of adiabatic wall temperatures by 'sur1'80e thermooouples. Adiabatic' 

,.,,11 temperatures were taken BS the arithmetic mean ot' tnree rows of therm-

ocouples placed on the 1cnzj.tu<11nal oentre-line ana.)sYllllutrtrioally on either 

aide of it. The present· .. author thanks the Bristol Engine Divillion, Rolls 

Royoe Ltd •• for these data. 
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'l'he . .stsckea-ring s:tot data "'ere ootained %'rom 11, 1'!.1nd- tunnel Vlhose' 

I" test-section was 1l5inches in cross-section ana, 9 It" inches in length, wi tb 
• 

mainstreem velocities up ,to lS0. ft./ sec. at ambient temperatures. :I.'he slot 

1"lovr \'Ias prcheatea to about' jSUJ! above embicnt' temperature. Thern was no 

bypass flow cnd' D.di~batic l'loJ.ltcmperstures were obtained from sur1'ace therme-

couples where cvoraJing. Vias accomplished automo.tico.lly through lo.toral copper 

strips una er thethcrmocouplGs. This t'ccility was that used and described by 

Chin et cl (49). (50). These date. were kindly proviaed by the Aircrat't 

Fngine Division, GeneroJ. Electrio Company. 
" 

Ta.bles 1 •• 1 and 4.2 show respectively the range of aerothermoaynamio 

end geometric, parameters covered ,1'or the mschinea slots ~ Similerly, Tables 

l,..3 l'nd 4.4 for the stacked-r~n(l slots. Aerothermoaynamic quanti ties in 

these tables are Dulk~values. 

The overall e1'fective area of a slot is aefined by 

.I 
11'11: = 

~ 
h bP, 144J 

"T(" 

of I me is in units of lb sec. l't. run of slot, and. pressures are in 
, tl\ 

Ib.f /I'n~. Experience with the machined slot data indicated that for a 

given slot over the-- rzJlBe'ol' parameters invest~gated, c:ct;.scharg,e coe1'1'ic1ent 

"as substantially c'cnstant. ~n ... s VIas because oi' the ZCl!'O slot-bypaGs 1'low. 

~uch "as also found to be the caso i'or ,the stscked-rine:; slots.' Ji'ffective J. 

.' , re. Ah 7.. 
erae was therefore I'ound by measuring the graaient d( ~""e ) I d ( ~ ) 

1"0r each geometry. The procedure is illustrated in l'ig,1l.re 4.2.' In gcneroJ., . , 
~ E' would be a function of the ratio of wall pressure '<J:l1\'lp to annulus aynamic 

head. ~'or' combustion chambers, the design is such that; this is not the case 
<'_I· 

to ensure, constllIlcy of per1'ormfllloe. 
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Th-o Jlolls Royce raw~ dB.ta was fotma to be del'ect.t·",e in that at tho 

injection plene, the eI'fectivcness was less than unity. This was traced to 

an upstrerun r.Jcllsurement 01' coolant' temperature used to evaluate eft'ectiveness 

when due to heat transfer, the actual coolent temperaturo "as at a higher 

value. 

whore 

To correct the data, the expression, 

'1 
I '1 is 

I -Ti, 
-r-/ 

- 'e, 

the erroneous el't'ectivcness based 011 the incorrect coolo.'lt 

/ 
temperature Te ' is divided by its' ~ = 0 velue, since 

'1' . 'S' I --r; IS . -1": I 
""" )( .>,,<l C 

I( ') = k I "t '><'=0 S)"<l - Tc. '1S'AA -("IS) 
where, for en adiabatic viall and unity Prandtl number, X:" 0 

No specific mOD.urements were ma.de or potential core in either toot 

series. Potential core length was found. therel'ore in ench case 'Dy plotting 
. ~ 

the natural logaritlrmic vnlues or ~ against el'fectiveness end making a 

linear extrapo~ation back to the line 1. = 1.0, as outlined in ret'crence (46), 

TMs is illustrated. in. 1'i1;ur8 4.3, 

Potent;ial core:lent';ths ot' the practical'slots are· :ahorm'1'or eaeh 

device in f'igures 4.4 nnd 4.5. The results ere presenteci in slot heights, as 

a function of veloei ty ratio only, othe~ reI event par2lnet'ers are not ac-

counted for, These rigures ere to serve only as a convenient presentation of 

data. 

To test the efficaay' of the basio analysis, the data were oOl'related 

against the group, 
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for individucl acvicC:ls. 'Thu results are nhown in 1'igurcs 4.6 ana 4.7. 

For cll. the nine slots, correlation "'IlS to within .:t 5 per cent' of 

Unity. The exponent of 0.b5 renders thc correlated data linear over the 
Il", 

. , 

range of the data. For velocity ratios I. ~ 0.5 an en'ect 01' velooity ratio 
- Uc.. . 

becomes apparent, as had been 1'ound earlier in :;ection 2.4.2. ~'his effect is 

rather strong for the machined devices but not so pronounced for the stacked 

ring devices. Figure 4./j illustrates this by shoYling the slopes of the ullta 

for geometries Gl - G3 as a funotion of vclocity ratio. 

The linoar equations describing the data were t'o= as folloTls: 'l'he 

slopes wel."e integrated means,. 2. ' . 

II = J..: m et ( !<'Y,.r.) / [ 
I 

obtained by numerical integration by Simpsonls rule or'curves such as these 

Of. figures 2./j end 4.U •. The interc,epts were random, depmlding on how well 

the potenticl oore flas aetermined and how exactly th~c O'<J>6 .. .xponent renaerea 

the aata linear. 'rho mean intercept was therefore 1'0'ml1: as IJ. straight 

ari thmctio mean v<i1..ue' 'j'or:'.Iill the tests 01' !i particula:r d'evice. Vii th e. form . . 

given by equation 4.26, the eq'_ation •• nlltauta .'aro ,a:m ItI.illfllfiJ,. 

JJevice A ,- 13 

131 l.Ol02~ 0>~U5~2 

112 1.0251 0>.l'7t£13 

113 1.0104- • 0l.2b047 

·I---'·;~ 1.0 0.22432. 
" • •• Cont:cnued/ •• 

..... 



Device A -ll 

B5 1.0725 Ul.223lU -, 
B6 1.10 .. ~" 0.2211;0 

Gl 0.99000 0.11301 

G2 0.~9116 0.12641 
, 

G3 0.901d7 0.10126 

. '. 

Consiiteration 01' 1'igurc8 4.6 and 4.7 reveals that the present model 

nnd cnalysis satisfnotorily accounts t'or variation of the aerothermoaynamio 

parllllloters. At the llresentnuthor's request =d direction, .he correlntion 

grou;> tlas applied. also to the data ot' l:hin e. al ~5U) by Patel (81), and 

some of these results .. are prcaented in figure 4.9 wi tit Vir. Patel t s kind 

permission. J<'igure 4.9 is partioularly wteresting in that values 
+0-65 

of :; J 
'2 

aro muoh lc.rgor than those obtained in the II cnd IT series of tests presented 
, 

in figures 4.6 end 4.7. It can be .scen that the relationship betT/cen effeot-

iveness and the correlation group is linear and the data again oorrelated to 
+o·(,~ 

+ 5 per oent ot' unity, to tiN values up to 10 : rol!' great..,r values the 
- . Z 

0.65 exponent is no -longer'appropriate since ~hEl main I!1l!gion C?f the r11m is 

nOl'lDeing seen and the lineari.Y breaks down. A value er! O.d would there be 

more suitable. 

4.5. Universal Correlations. 

With the efficc.cy of the basic aerothermooynam:iia: mOdelling· established 

. by' figures 4.b and 4.7. universal correlations using ~ full blowing group 

defined by equation 4.23, were attempted. 



The-results 01' Un1V<lr3al correlation are contained 1n figures '4.10 

and 4.11, respectively for the Rolls Royco and ~eneral Electric data. Sho~n 

on figuro .4.10 is the 11ne representing the Rolls Royce machined slot data 

as, 

'1. = 1..0082 [ I, 0--
, + 0-65 ] 

O,/~O:a5 StJ 
, ~ . 

found by the methods described in Section 1~.4. This line is shown in t'igure 

4.11, together tli th the line,' 

[ 

+0-65 ' '1 = 1.OU126 ',0 - 0,0,:)4075 5tJ:!. 1 
, 

reprosentine the G. g. f'abricatea staCked-ring data. Shown in :figures 1~.12 

and 4.13 are regression plots illustrating the accuracy ot' equations 4.30 

and 4.31 in reprooenting the colleoted data t'or each type of cooling nevice. 

l!'i(lures 1 .. 12 and 4.13 show that the group Sf;! does correlate the cata 
~ 

ot' a given slot-type - i.e. machined or f'abricated. ~'or tho machinea slots 

ot' Holls Hoyce origin, equation 4.30 represents the data such that 94.5tl per 

cent of all data falls within the 10 per: cent of unity bands ana, 97.29 por 

cent of all data 1'alls .,ithin the 12 per cent bnnds. l!:quation 4.31 represents 

the General 'llectric stacked-ring date. such that 91.01 per cent of all ante. 

falls within, the'lO per cent of unity bana.s and, 94.96 per cent within the 

12 per cent bandS. ¥or the present application, effectiveness seldo~ can fall 
i 

bc10?l'values of about 0.5; within this range, correlation is very good. in-

deed. ¥igures h.10 and 4.11 should be coopared Ylith figures 3.10, 3.6 Md.' 

3.5 for praotioal geometriesj and, figure 4.9 with figure 2.~ I'or olean 

geometr1es. The contrast in the degrees of correlation ach1cved is pleasing. 

It may be seent'ro:n;l'igure Ihll that the G.B. staCked-ring devices 

appRr'ently have a better}>erformance, 1.e. higher 1 t'or a given :31./2. ' than 



tho R.n~mcchinGd devices. It is difl'icult to tre.ce the origin of this 

difference_ One, obvious sourCe for the difference could arise in the rig 

racilitics, in particular, throueh the J:1ainstreem turoulence. As has been 

ahol'ln by figure 2.14, the effeots of nlD.instrearo turbulence BrO described in 

tormB of potential .core length and, decay rate of the main film region. Both 

these regions however, are cxclu<led from the <lata by the l'orln of' the blowing 

group SN~ , wbich epplies to the transition reGion only. In nny oase, such 

dif'ferences would tenCl to bo ruled out by the nature of' the stackcCl-ring 

data: For the data shown satisfactorily correlated in ffigure 1 •• 11, teats are 

inoluded where the mainstream boundery layer starting length was varied from 

8 to 29 inches, turbulence - generating sore ens were placed in· the mainstream 

and, turbulence pins protruded through the cooled wall. My mridcnce of thesa 

variations is submerGod in the general soatter of the (ia;ta. 11' some funClllment

cl differenoe in the perfomance of the two types 01' slot does indeed. exist, 

then equation 4.23 is not a universal correlation group ~ '1'he good. correlation 

of· the Rolls Royee data however, which covern on enormomdy wide range of 

geometries, (see Table 4.2), validates the correlation g~up ~~a sugCests 

so~e Imacc01mted. fordif'l'erence in eIther the facilities" the L~easurement of 

quantities, or, the .rcCluotion of data. In view 01' the greater range of para

meters represented andits conservative predietions, equation 4.30 is there

fore reco!!llllended for use in design and prediction of film cooling systems for 

oombustion chambers. 

4.6. Conclusions. 

4.6.1. The simple boundary layer model ot' film COOling may be 

extended byrelatively::·.l;-ght modifications to correlate- l!atisi"aotorily, datll 

." .. 

. " 



, , . 

from practic1ll cooling slots. The SOlllO correlation group may be used with 

similar' -success for olean geolnotries, within i t8 rM~e, of nppli'cabili ty 

, ,4.6.2. 'rhe n(m eroup offers, considerablo improvemont in correlation 

of prncticalgeometry data then previous ones. The modii'ied i'orm still 

oreaks down for flows where u~»ull'\' but may be used satisf'actorily for 

data where, LIe, > t.linis inclUded provided Il...,»"lc.is not met '\'Iith in the 

same set of oata. '!'hese conditions nre eenerally complied with in the oom-

bustion chamber. 

. 4;'6.3. Reliable anu simple equations are aVailable for. the calculation 

01' film co.)ling effectiveness. These equations p..I'e valid t'or differing main-

stream- Ilide lip boundary layers and, changes in t'ilm and, mainstream turb-

u1cnce. 

The wor1:ing hypotheSiS of'the thesis, given in :>ection 3.6, 
I 

that eccount of the film initial region is necessary, has been shown to be 

the key to d<;,aling wi~h film effectiveness. 

The majority or the work presented in this chapter was reported initc 

ially in references (82)' MO: (03). 1'01' Bristol Engine lJiVillion, Rolls Hoyce 

Ltd., and, public ally in total, as referenoe (tl4). For obvious, proprietory 

reasons, the amount, of detail given 01' the Holls Royoe and General Electrio 

Companies work in this &nll.the heat trens1'er, area must be 'striotly limited. 

, . 
Nota Bena. 

, Sinoe the, orie;inu',prep&r&tion of this thesis, the StJ2. oorrelation 

group has been applied to the,e1~ectiveness test-data from three further slots 

of machined construction, slots G4. G5 and Go. The design of these slots was 

0' 



tfu •. 

different -co,,,""'y of the machined B - series of slot, IOna the test l1easure-

ments were r.iadc'in a third wind-tunnel which hcs initial mainstre~ turb-

W 2 
ulencc8 01' the order 2Of;' ~ 

'" 
• :Excellent correlation of test-data was 

obtained ana equation 4.)0 maae a 600a prediction of the results up to the 

~nd of tho transition'region.in the filn, (See Chapter 12)'. 
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C H APT ~ R 5. 

SCALE RFll'ECT IN cmmus'rbR FILM COOLING. 

5.1. Introduction. 

iTom an overall logistios viewpoint, it is extremely desirable to have 

one (good) slot design whioh may be applied to all combustion ohambers what-

ever their shape, size end operating oonaitions. There are double advantages 

to such a policy in that estimates of the cooling requirements of eny chamber 

may be mad.e from r.easure:nents made .on one "standard", chamber. The effioacy of 

such a polioy aepends on the soaling laws pertinent to film cooling. 

It has long been recognised thnt the scale or the combustor can exercise 

inportnnt effeots on overall performnnce (ti5). and "PD scaling" or, oonstancy 

of the product of static pressure end combustor characteristic dimension, is 

used for comparing the performance of geometrically similar Chambers. It is 

not possible when using PD scaling, to exactly reproduce wall temperatures. 

IUlere constancy 01' PD is maintained" wall temperatures fall with combustor 

linear dimension, for cons tent inlet temperature ana velocities. 

\\'hen asseslling,.±I> .. ,l'"t,.ntie.l per.formance ot' a prOjected combustor 

against a lmown standard, Tery often, the vari!\)lle 1s linear scale alone ana 

other oonditions are approximately constant, at a given level ,of combustor 

technolOgy. This represents a somewhat ,c1it't'erent Und of scaling. In this 

c'ase, the equations 01' reference (1$5) indicate, thet Q,onveo.t.iv'e, input to the 
-o.,~ 

.!all, (aee equation 3.1 of' present thesis), inoreases with ( l/K ) while -0,' 
rl1diative input reduoes with ( le ), v:here the scale f'actor K. def'ined as 

the ratio of combustor r:imr=!.~sUo dimensions, is always greater than 



., . 
" ~ ' .. 

tItI. 

unity. These suggest an incre"sa in wnll temperature with aecreasing com-

bustor size provided film effeo.tiveness can be shown to scale in the same 

manner. 

5.2. r~feotiveness ScnlinR. 

An expression describing film effectiveness for machined const-

ruction, practical geometry cooling slots is presented in equation 4.30, 

~iven again bere, 

5.1.. 

Ae pointed out immediately following equation 4.25, the first of the 

constants appearing in equation sa should idee.lly have the value of unity • 

Taking this to be 80, equation 5.1 can be rearranged as" 
+0·65' 

S 
N2. (t - ( ) = 0.12025 

where, . -O·i!' 
S . = [(:c -xr). (~ . /?-) . A~ ] 
N~ 1'1 s -.e.!. /,-It' A rf. 

For a given slot deSign, the· area ratio ~ I~' will be a oonstant. 

Since most combustion chambers tend to operate at a constant value of non-

dinlensionnl wall. pressure drop, the slot Reynolds number w:I.:U not vary greatly. 

Because of this and in addition, because ?f ths magnitud~ Qr the exponent on 

the Reynolds number IV visoositygrouping, this grouping ma;]' a1so be treated 

as a constant. Thus, 

Uass velooity ratio U is defined, 

fc. "le . ~ . 
. ,·.C ... , .... '" 

' . . ,,' 
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lfow, usin~ 'the equation of conservation 
J 

of CIlSS, 

11'1", 

/c.l and. e u. " c. e 

. / 
'>'I e 
5 

where d 1S,8 oo~bustion ohamber oharaoteristio dimension. 

Thus. 

Henoe. 

~ 

t» Co et 
1.1: -:a -:; .. 

""",' S 
when substituted in equation 5.2. 

I + o·b5' 
( 1 _ ., ) oc [ (X -::c.p). '~,;, ] 
, , l d ~e 

"','. 

Usurul.y, the ooolant flow tends to be specified as a desiGn para

meter in project studies, as a fixed ( predjudico value based as previous 

experience) percentage ,of core compressor delivery flow, 

i.a. 

But 

Then, 

me. 
;/". is constant. 

r".., . " "'e /., • thus , 
""lTo 

is constant also. 

, " 'To.£>5 -to·!;,5 

( I -"{ ) cC [ (:lC. ~~r)] . (~skf) 
From a manufacturing standpoint, it ill conven~ent to have t'lrunetube 

panel lengths, (between slots). which ere oonstent. Such panel lengths will 

1n general ~ be ~rcater than the slot ?otentlal core length. Thus,:x: »:lcp 

and, equation 5.4 becomes, 
To·65 

(~) 
where. for.J;t h •• J rlie 

S-..... ,,""''''t; d'l"",ber oS 
Jsl),+o,W J 

(7) cnn be. t-...k~ 0.5 

From equation 5.5, it,oan be seen that'as d inoreases, ( 

ci.ecreases snd'l increaaes. Therefore, it may be concluded:· 

5.5 
L' ... ·'J. 
-1 ) 

(i) for a . .specified ooolant ratio. a large ohamber will run 

'.' 
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cooler'than a S!llal1 one, i'or the sllllle design (l.r slot and '" 

~ixed panel length, 

(11) .11:' pnnel length is made equal to the potential core length, 
. . . , 
both large ana small chambers will run at the same ternper-

':,'Z~"lTe ,1"ore:!;'l!!l compressor deliveI"J temperature and oombustor 

'i;cmptlrature rise. 

To nss~,,:.:tnO€xten"ol· this adverse (ror om all combustors) scaling 

ert'ect, consi~::mo .11e.s::i:gns A and n, Ma let .,16 > d A' The soale factor 

is, • 

K '" 

(1 - '1. ) 
A 

i'rom equation 5.5. 

= 

) 

K (1 -1 ) 
8 

Now, let the characteristic dimension be prop~cnttl to combustor 

dome height. For the two chambers under oonsideration, 

Chamber B dome height .. ).25 inches 

Chember A dome height = 2.26· inches 

end 80, 

= . .J..2646 ( I - '>1 ) 
'. . le. 

,. ,~ 

Design. n may be the "stanaard" oombustor, and design A 'fIlM. on1ll under invest

igation. In ti6ure 5.1, is shown how the actual rUlD ette:t.beness in chamber 
, , 

A is reduced trom that expeoted on the basis ot' experiem:<B w.itb chnmber .8, 

due to the scale e1'l'ect which 'is given in equation 5.7. 'nle importanoe 01' 

soale et'f'eot to wall-i;~at:i:tt"= .~s, shown in rigures 5.2 and 5.3 ror 

respectively prlrne.rynna;a.i.ltttitln zones ot' chamber A. To obtain these telDp-

eratures trom ,the erf'eotivene'lrlles'shown in f'igure 5.1, a. slmpl1f'ied version of" 

equations 3.1 and 3.2 was used, negleoting wall oonduotion. It oan be Been 



9l~ 

that aotu.e.l wall temperatures qan be significantl~' higher than these ex

peoted on the basis of chamber B o~crience 

5.3. Conclusions • 

.5.3.1. The absolute size of tl:e oombustor has a C1ireot bearing on 

the film c.t'rectiveness • 

.5.3.2.' J.i." cooling systems are designed such that the panel length is 

equal to the potential core length. oooling development experienoe with one 

chamber oan be read aorossto'll.nothcr chamber differing in size only,pro

vided the same slot design is used. 

, " 

. :.' 

.', : 
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C H APT ~ R 6. 

PR1WICTIW Of' LOCAL HF.:.'f ~WJISFl\R COE~·.FICn:NT IN FILM COOLING. 

6.1. IntroCluction. 

Consideratitmot"the 'Wall heat balance given in equation }.2, shows 

the conveotive:tle3t'.input term is .based on a temperature dit"t"erenoe between 

the adiabati~ wnJ:l '.temperature and. the aotual wall. temperature. This is a 

somewhat unusual.:tcmpera'ture dif'f'erenoe to work .with oompared t.o nomal heat 

transfer,praotice and the historical reasons f'or it are given in Chapter 2 

of' this thesis. The oaloulation of' heat transf'er rate is thus a two-step 

procedure involvin~ local hoat transfer coeffioient and f'±lm ~rrectiveness. 

It would be convenient if' these two steps could be direotly ~ated. 

The reool!UDeoded heat trans1'er relationship, equation 2.d, is semi

empirical and was obtained f"or clean geometr"J slots. It is necessary to'be 

able to acoount f"or practical injeotion geometries in any general relation

ship. 

The objeot of" the present Chapter is to derive a local 1':ilm .heat trans

f"er oOe1'fi?ienty.n:r'cil'l;s'tni:sed on a normal temperature Clifrerence by relating 

the two separate steps described above, and whioh accounts, rQr' slot geometry. 

6.2. J.nalysis. 

The f'ilm is mathematically mOdelled (Chapter 3) to CCl'1't.\Ust of' a pot-. 

entia! core preceeding a transition region, t'ollowed by the main region ot' 

the t'ilm. The 1'low t'ield ... iB illustrated in t'igure 3.ti. F~r '!the potential 
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core ami'main region> it is ree.sonable to assume on the basis of the flow 

model, that local fil!!): convective heat transfer coefficients may be pre-

dicted satist'actorily t'rom the standard, ir:permeable wall, turbulent :flow 

relationship.s • .For exa!~ple, the Colburn relationship, givon as equation 2.3 

and here as,. 

St· = 0.037 . ( Re. 
x. 

-0':4 
) 6.1 

where,.'·:;t'or the potential oore the Stanton number is based on the 

injected oOtiilmt .•. .nnd. ror the main region on hot-gas bulk, conditions. 

For the transi'W;"nregion, whioh has been shown (Chapter 4) to' be :substantial 

for practioal oooling geometries and operating oonditions and where this 

forms the majority of the oooled area in a oombustion oha~ber, a .suitable 

relationship' is required. Analysis 01' this region i~ presented below. 

Consider the film i'ormed from a t\vo-dimensional slot of' arbitrary 

geometry, as shown in figure b.l: Let the film exist as a d.iscrete layer 

over an elemental control volume AB or length 2 d:oc. and unit width, at a 

. ' 
d.istence X from the injection plane, but with a mass rate "'e entrained. t"rom 

the mainstream ahead. of A. The distance X. is greater than 'the potential core 

but less thm·::ti""'-""""':'l'e.,ion. Consider convective heat trans1'er to the i01a 

!'rom the mainstream. A steady-state heat balance 1'or an eletrent 01' the wall, 

dx, is 

6.2 

neglecting longitud.inal wall' conduction. where •. 

AHe. = enthalpy 1ncrease 01' the tlli 1n passing A to B, 

',' " 
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RC' = heat 1'lo1's trom the wall to annulus oy raaiation Md 
out-' out 

ami oonveotion. 

c· ' .. = oonvectivc heat t'low to i'ilm 
in 

If the'rn<:lUl temperature ot' the film atxis To. the menn temperatures 

at A cnd ll:.nrn. respeotively, 

and, 
err. -C.'clx.) 
~:x. 

and the enihalpy increase of the file in passing i'rom A to B is, 

AHB'';;:'(~~+ m: )ip[CTc. + ~~'dx.)-(Tc - ~~'dx.)J 
where, = mean t'ilm speciric heat. 

= 
, 

2 (me. + 
i.e. 

Now, the average heat i'low into the element is siven by 

C. ", 
where To" 

thus, C, 
In 

= 2 h Clx ( T - T') 
III C 

" some appropriate mean t'ilm teeperature, the aritheetic mean 

say, Tc. 

= 2 h c/)c. (T - T r 
'" c 

Hake the assumption that the normal temperature graaient through the 

!'iltn is small. :imp~y±1~ that the meen coolent temperature i8 approximately 

equal to the mU1 surrace.:temperature· ana', thdth approximate; to the over-

all et't'ective heat transfer coel'ficient. including the i'ilm resistence to 

heat flow. ana. termed hE • 
Then, from equation b.4. 

C, 
In a 2~"clx( T - T ) 

.. III S 

arid, 
CR .. -~·,~"R;D"t + Co ... " ) from ~n 'overall heatbalanc~, 

CE being the overall<err.ective convective input. 
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NoYl' , 

c . 
tn . 

approximately end so from equation 6.5, 

= K he 2 d:x. ( T - T ) 
t 0\ [; 

6.6 

The above 'stepsavoid the oon1'using inolusion 01' unneooess2l'Y baoksiao 

oonei tions by expressing the total heat t'low out through the Tiall ns a t'raction 

of what flows in. 

Substitutipg' into, th~ original heat balanoe equation 6.2, 1'01' C in 

equntion b • .5~ .1"or (1l t + et) 1'1'0101 equntion 6.6, ana, 1'01' H 
. D:.o 0,-, A B 

6.3, we have upan"r_arrl'.ngement, 

h. (,_ - T~ ) ( 1 - K ) .. c ".;J J 

K1 is of oourse, an unknown constant. 

Separating the variables, 

ell!. 
(Tn,-Ts ) 

= he (1-/(1) dx 
(m'C + M~) cp 

. , 

6.8 

The boundary oonditions for this dif'ferential equation =e as 1'011oos: 

(i) 

(11) 

at 'X. .. ry, 
at )c >Xp , 

Integrating thererore, 

J
. Ts·"'lT. 

(T.., -~) 
'IS ::Tc . . I 

i.e. 

may bewrittenj 

T5 = T , the ooolant injoction temperature 
.cl 

T = '1' (x) . ss· 

, hemce equation 6.9 
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x 

Inpli, .. -Tm) ] - f h£ (K, - I) dJc. 
- (/ /)-(~, - Tm) me -1- me er' 

~p 

But, (15,(ul - Tm ) 
" '1 , the film et'feoti veness, aco or<1ing to 

(T --I:) ,Cl III 

Therefore, ,x 

.J 
, xp 

equation 2.2 

hE (K, - , ) clx. 

(m'c + m~) er 
6.10 

To proceed with the integration suitable mass entrainment laws are 

required. Cole (36) round ror a '<1istance d~lnstream of the potentiai oore 
) 

there was a region where Spnldings reoomoendea i'ilm entrainment laws (35) 

were not valid. He sugGested this region was the transition length, where 

constant values or entrainment might be appropriate. To give a good fit to 

existing (olean slot) data, he found, these values aepended upon velocity 

ratio ana the relative magnitude 01' the !'ree-mixing layer component of the 

velocity profile at the end of the potential core, resulting in an entrain-

ment law, 
, .1 

( me +",me> [ 
, ")" ( '/J) ( )] 

... " ~c + ( me ~ ,,+ me. x.;. :>c. -,)(1" 

," me) ,are independent or X ana represent the en-
, ~ 

6.11 

, It 
"here ( me') tmd ( 

:>cp, 
trainment ratesin':resp~tively, the potential core and, transition regions. 

Laws of this type have been studied (~) in the combustion chamber 

described in Appendix L of this thesiS. Equation 6.10 was simpliried by , 

taking Kl a 0 (insulated rear-face wall with heat generation ) ena solving 

~or ert'eotivencss. The appropriate heat transfer coefficients were oalculatea 
, . 

such that the wall,~emperature would nowhere exoeed a value of tlOOOC, by 

sOlvin:g the simplif'ied (zero conduction) version 'ot' equation 3.2, the heat 

baJ.ance~ where the conveotive rlux to the waJ+ was given bY~Tm- Ts ). The 

I' 
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method is desoribed in detail in reference (86). Constant ffl~actions of the' 

mainstream were entrained, . 
-. " . 

.. 11 
i.e •. (me) 

, ,Xp 
= 

1/ 

IlIld., (me)," 
x-r 

ne u. 
IY\ In 

)':xtrece scnsiti:'I'eness to the actual values aSSigned. to A Mc1 B was ob'servec1. 

As an cxarnple.':PJ.~tll representint; the required et'1'ectivEmesB (such that wall 

temperatures c1onot exceed the speci1'ied maximum) 1'or the dilution zone are 

shown in figures 6.2 - 6.5 inclusive. It can be seen t'rom those t'ieures 

that entrainment.into the potential core region is extremely importr.nt. 

It is obvi~us due to the demonstrated sensitivity, that the entrcincient 

laws chosen for equation b.10 mus,t be olosely related to the geometry of the 
\ 

actual cooling devices under consideration, Equation 6.11 cannot be usec1 

directly because ot' the uncertainty of desit;nating apprQ9riate values to 

( ,'/ 
lYle 

where. 

) and entrainment rates. 
~ 

( m~ )' 
:x,. 

The entrainment of hot gases is represented by, 

,.' .. m + e. 
,I ) 

(me . + 
T 

6.12 

, ' 
( lYIe ~ .. mass 1'low rate entrained in transi t::\.ou l:"egion up to 

( 
,I 

me. mass 1'low Tate entrained 'by t'ilm d=ing potential core 

deve1.opment~ 

From the turbulent boundary layer mOc1ei used in Chapter 4. the total mass 

now rate in the 1'ilm may be expressed' as, 

= 
• I 

( m c ) .. 
.' me. 

1 6.13 

which is derived direc'tly,~ .equation ,...10. ,It was also shown that for 
·0 

the transition regio'),t'i'lm, erf'entivene.s,s, for praoti<ial slot~ rttay l)f} preaieted 

'¥ .. ', , 
i 

" --
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from the equation, 

. +0'&51 
- BS 

N~ 
6.14 a) 

where 

6.14 b) . 

Equation 6.14 may thus .be used in equation 0.15 to provide an entrainment 

lew for the transitionrMion •... l'1ithin the potential core, "7. is unity by 

definition anclequation b.13 yields zero entrainment and so the potential 

oore must be denJ.:ttit..l1 differently. Thus, . , 
• " J ) "'le.. k . I • I (_' ~ 

( m (; + ~ =1 + 7. m, = me. '7. + ''2,) 6.15 

where K~ is a 'constant' which may be expected from Cole"s wOTk (30), to 

be a. fWlotion of velocity ratio, and, slot geometry, ond whicll c1etermines. 

entrainment in the potential core region. 

Returning therefore to the differential equation, wit~b equation 6.15 

to represent entrainment, 

- hE (/ - k, ) - In. '7 
x 

f 6.16 

S 
:>t.p . . -0'. / ] to.65 

C "= B [-'.(Re ./:<') . l\o~1 
Ms $ f<m A£ . 

Letting, 

and substituting into equation b.16 for ~ from equation 6~~4~ ylelc1s, 

. -~" (1-)(, )f{X- A - J) (x. - x prO' b5 J ' 
In. 7. Cl tt-: ~ (" )-+0'65 &1(. 6.lt! 

c. r E - 'S.:D .x-" . 
"p. 

where, 

Dc AC , . - 6.19 

n 
. "For evaluation otthe:·lrbove intet;ral, ·let (;x. - Xp) ,. (x. - e): let 

(It-a) = t also. Thence, dX= dt lind the integral of equation 6.18 trans-
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torms to, 

n , J, __ AE_---"D-t--:::- d~ ~ 'y;hichmay be put into pnrtial l'ractions, 

k .. }) tn 

'fi n, - ,1>t dt 
(E - k~])tn) 6.20 

Treating these inteGrals separately, the first term represents a atenaara 

,torm which has, the general solution. 

(Acit 
'J(E- ~tn) 6.21 ' 

substituting this back into the partial t'raction expression, equation 6.20, 
n - \ n 

, (A-DC ,,-(It :: A fctt + J>[K2,A _ ] ( t cLt 
}i: -t:;.Dt E, "E' J (~ - l<aDtn) 

Letting now, Flu ~ b and -K2 = a. 

f l>tnclt' - j" n (n )-1 
(I: _ K;t'Dtn ) - ,t o..r +6 cLt 6.23 

whieh is sn integral ot the binoml.a;L c1iU'erential type for which no stable 

reduction formulae exist. 
n(b, 

Let t =' z. ...dt .. ntd-l; thus. transforming yet again., 

,fin(at"+b5k ~ -!l Jzi( ~+i;)'dz:: ~jz.*b-!(~::- T' )-~z 6.24 

J t"~~:f1 :::'f':~ r4

;: ::.:(:j~-'~~(:bL)' b .. -1 J2 
;/ Zt~'" 

~z. ) < ... "hieh is convergent it ( -b 1, i.e. 11' - <, , or. if 
~ .-l ~ 

6.25 

0. 
1"2 t.x - :er) <. 1 

, now, D. =- ,-K?~,t ,1"-t-.ieh ~ 1.0 u5ually, .-
b ~ 1.0 
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( x-~) has dimensions of i'oet and is therefore < 1.0 for the 

present applioation. 
~ 1·2 

Thus, ~2 (::- - Xp ) < 1 end. the series is conversent. 

Therefore',.. . . 

J
" . . , . fil!'. '2±.!. 2 An+1 :> 3.,+/ 

n n '-. 1- ' n Cl. .) 0... --;.;- (.\.. -;;-

t (at .. b ). dt '"' '11, (z: - b 2: + b";z. - 6 3 Z -t- ••••• ) dZ 

. n·./ 2""':2 :In .. I.':I -In,1 . .:: ',[11 -;;- a.. n -.,- 0. i'l ." C'1...:.,." 
.' . . nb~Z. - h' (~n+I/Z: . -I- b ... ·(?m+lt - /:?(4I1ti)+" 

Hence, 

= 

, -
substituting now i~to equ&:tinn n.lo, 
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. x. 

11'1
0

1 .. -l'E~'-kl)fA(x_o )+ J) [I~A _1][.£ ( _0 )11 
r;1c. Cp ·l E =>f 0 (,5[; . E J. :x- ~f' J) 

. . .. :.er 
. 6.27a) 

wher'!> , 

and, , 

( I + k:2. A ) 

, : , 

. \ 
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Rearrnngine equation b.29, the heat transfer coefficient is given by, 

h •. -i-t~ ;r~) I {,.0 -.•• (~.".)~"'(f~ ("-,,p)1f '.3D 

Unknom in this equation are the quasi-constants Kl and. K~.Kl <10es .not 

-need. to be fauna cLirectly since it may De accomoaated. by an it\lratiYEl: loop 

inside the CCl'l)lut~r progrwn used. to solve the cLifference equation for l'1all 

temperature, with the assumption 01' an adiaDatic rear-i'aced wall on the 1'l.rst 

pass. 'l'be entrainment constant K2 however, must De d.escribec1 Defore solution 

CM be mac1e. 

In the absence of any suitable ancLitional information, the approach of 

Colo t36) must De used. K2 may Do relaten to ~palcL1ng'a d.imensionless ~n-

~rainment constmt (5) 10& .. applied. by Cele to the pount;ial core. Th:1.s ill 

d.efineCl as, 

-- M = 
~ 

Now, 

Thus. :lep 

Hs 
(-,;; ) 

€I 

• 

~here M is the mass velocity ratio at injection, and. -i~ here is consid.erec1 

. ____ as a_ function 01' velOCity ratio only. 

This approach· still sUI'i'ers fro. a ,s.erj..ou~ nrawDB;ck. Cole uhoflea. 
C.' ' 
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• . .. 
the n':lf:pc ot' the veloc! ty profiles is important also in deterJlining entrain-

, 
• ..ent. The el1trc.ilU!len':; 1"":5 used in the present analysis, equation 6.:;.; and 

6.15. ci.e. not Ilcoount t'or this. Equation 6.15 contains equation 6.13 which . 
\tu.s derived in Chapter 4 as equation 4.10. This latter equation was derived 

i'rell an enthalpy balance "hich assumed the entrained and injeoted masses wer:) 

fully mixed. at every station and. therefore, a unirOl"ll l'ilm proi'ile. This 

however, i:; con3iderably removed. frOIl realit:,'. Jl:n.y JraotiCal slot will have 

" sharply peabed velocity profile in its exit plane, land, the mainstreaJl will 

have either It boundlll'Y layer or a' residual' i'iln. t'r0lll a preceeding slot. In 

"dd! tion, the injected ILnd ma1nstren1l flows will be separated initially by a 

plIl'titicn or subst~~tial thickness, (the slot lip), which prOduces a marked 

.velocity aefeot in the initial regions of the film. Temperature gradients 

:in the film also vdll not be inconsiderable. Unif,arm prot'ilesare not then, 

Il. feature of' the real film. 

Such effects as described are difficult to account for in a manner 

other than empirically. .~cordingly, if all injection parameters in equation 

6.30 are based on nominal values, the slot flow'may be defined as 

• 
6.34 

where K3 is an empirical dimensicnless aistortion index through which film 

profile shape is 3imply andcOhveniently accommodated. This index.may be 

expected to be at least a funci'tion of velocity ratiCl and, slot lip thick-

---ness. .~---
/ 

trol!! a sub5equent study 01' the cooling of the combustor desoribed in 

_Lppendix I, it was found that the amount of coolant required for a given 

I 

\ .< 

\ , .. 
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. surface temperature.not 

.. lIIetry through the group 

to be 

~w 
(S' 

exceeded was a·direct function of slot geo-: 
A'. . 
~I ), 8S illu3trated in figure 6.6. Thus, 

E: 

- . the distortion indele K3 might be expected to be described by, . 

Unfortunately, suitable experimental data for :i.nvestization of 

equation 6.30 is extremely scarce and almost nothing for practical slot 

geOllletries is available in the open literature: Limited data t'or devioos 

Gl - G3 described in Chapter 4 of this thesis.-are used to test equation 

6.35. ·The ranges of variables for the heat tra~sfer tests were within those 
t . 

given for the ef'fectiveness tests in Tllble 4.1; the geOllletric variablE:s 

are described in Tllble 4.2. Tests "'ere run with an adiabatic wall with 

heat generation through surt'ace copper strips whichware electrically hcatea 

to a constant 200Up; thus in equation 6.pO.Kl ~ U. 

The entrainment constant K2 was founa for eaoh test run from equation 

6.33 in Which. - ME, was taken 1'1'011 Cole's curves in refere~ce (36). ana.:lc.p 

1'rOlll measured values in 1'igure 4.5. at the appropriate velocity ratios. For· 

, a given test run. local Kj values at regular intervals of 'XI s were found 

by matching predicted heat transfer coefficients from equation 6.30 with 

measureCl values at Il partioular xis: Typioal plots for three of the geometries 

are shown in figure b.7 where it can be seen that within the transition . 
region and making due allowance for test-scatter. K3 may be oonsidered. oonstant. 

-
The oonstant value. ':"or eac~ X3 is taken as a straight arithmetio mellll of the 

.. 
-----

" 



10,5. 
.J • ,~,~ • \ 

• ,." 

..... ~,~ 

/100e,1 values ot' the test-run. The mcp.n ve.lues of the distortion ina.ex KJ;' are 

• 
correlated as a function ot' the entrainaent group. • 

i} .. ~T Ll-1;,' (~, Aoi~)I" 6.36 
which was derivea. on the oasis oi' tne arguments ,given ",oove. The results are 

shown in figure D.CI and l'or the ll.miteC1 amount of .uta aVailable. the 

correlation i& gooa.. 

In figures 6.9 to b.l~ inclusive. ere shown comparisona of film heat 

transfer coef'l"icient between experimental data and. predictions made using 

equation 6.30. For these predictions. 11.1 "as taken as zero, K2 "as calou

lated from equation b.jj using Cola's oharts for - mE! together "ith measurfld 

'=~p>s, and,' K3 was 1'oOOd for' the particular geometry ann injeotion condi tiol13 

from figure 0.8; potential core lengths and effeotive areas "ere taken 1'rolll 

Chapter 4. 

Also shown en these rigures are prediotions made using the Colburn 

t"orzulatiori. equation 6.1 and, the recommended Sebanand .il9,ck relationship, 

equation 2.8 of'Chacter 2., 1n each oase ~tanton numbers were based on slot 

oonaitions. The experimen~al tests were run in such a manner that the 
. 
temper.ture dir1'erence between' the heated wall temperature and. the equivalent 

aC1iabatic wall temperature ror lI,illilar injection conn1tions, 1I'as approXimately 

equal to the dirt'erences between heated wall, ana injeoted coolant telLp6rature. 

and, the dirference between heated wall ana mainstream, temperatures, 

. CO!!1l!lon comparisons are then valict. 

r, 
j 



" 

lOb • 

• 
• 

,. _,wlldiately noticeable in' all the plots is the,larr,e amount ot' 

scatter in'the test-data.' Rvident also in the data of each figure to a 

greater or lesser deeree depending on 1:he injec1:ion conai1:ions ana slo1: 

geOlletry, ia a pause in the deorease ot' film neat tranilt'er coet'fio1ent with 

increasing nan-di'ensional aistanoe l'rO!ll ::.njection, 1'0110"ed by a step-Change 

to a lower but 3'[;~i!'l 1l11110st oonstant, level.' The step-ohange ocours "1thin the 

distance range 35-1.5 slot heie;hts frOM injection for the six tests examin"a.. 

The onset of 1:he pause is less clearly del'ined due to the teat-scatter, but' 

appears to be esteblished by 2U slot heights t'roll the injection plane. 

According to the recell1menaations ,of Chapter 2, the Colburn equation 

is valid for injection ~aS3 velocity ra~ios of equal t. or less than, unity 

end, "is. greater thl>1l 70. It ?lould therefor~, ,not be ex"ect .. ;i. •• ~1ve gOOd. 

pre«ictions for all of the present test-points. Without excep.ion, it under

estimated heat transt'er coeffi,oient for )r;ls' lcss thIn, about 15, ana, over

estimates it t'orx/S greater than 40. It best represents the data When M is 

olose to unity, as may be seen from figures 6.11 and 6.12.' 

For .1 ~eater than unity, it was recollllended. in Chapter 2 that the 

o$emi-e.pirical relaticnsffip of Seban and Back might be used. ~inoe the emp

irical'part of this relationship was der1ved rrom test-data originatin6 in 

olean-slot geometrica, it might be expected that a~reement w~th the present 

dirty-slot aata WOUld not be goOd. Agreement however, is very gOOd for all 

the test-points: 'rhe da1:a are invariably underes,timated f'or small 'X Is , but 

well estillated. for-Vs gree,ter than about 25. 

Predictions oasea on equa.ion 6.;0 agree admirably with the data for 

.. -.11 Xis up to 35- 40, .. hioh region corresponcis to the transiti .. n region in 

~o matl:unaticalmodeUini ef the fllm and' for "hieh the equation is valici, 

tor slot geometry Gl. .A~eement is gooa. 11;1, to an "XIs ot' 30 for geometry G2 
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~nd tc z,n::::/s 01' 25 for .;e0ill9try (,}. ,These distances cover the rangelikel::; 

to be ertC~unt'ered in any practical c.ase of combustor coolin!:. The assUllption 

ot const~t entr~~int r~t. tor ~qe potential core seems to be valid an~ ie . 
accounte<; t'or by injection velocity retie and. profile distortbn index. 

, , , 

These 1irni te<i. da'ta clo nst re.:>resent a vcr-.! stl:in.;ent test of equation 6.30. 

and the as sociaten <:'nt!'ain::ent aS3u:'ption, and this shOUld be borne in mind. 

Roweve~, the present purpose is only to' illustrate the importanoe of potenti~l 

" 
core length end the significance, and use to which it can be put. In this 

endeavour at least, 3uccese is achieved. 
J 

", 

••••••••••••••••• 

r 

," 

• • 

• 

• 

() 

~J 

'. 
,. 
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, 
7.1. Introduction. 

7.1.1. In +'he preceeo.ing chapters of this thesis, for the film cooling 

of a high performance gas-turbine combustion chamber by <liscrete, tangential 

injection of coolant, it has been aemonstrated that only the initial regions 

of the developing film t'rom an individual slot Q1'lQ relevant. ~'hese initial 

regions have been modelled by a conaitional potential core, followea by a 

so-called 'transition' region. The hypothesis has been aavancea that the 

p·ractical cooling system can be auequately if not completely, desoribed in 

terms of this ,)otent1al core. The a1Tects 01' mainstrocllI turbulence on 

effectiveness have been desoribed through the potential oore length. It has 

been shown also that the e1'tects at' mul tiple-slolO cooling can be accounted for 

through potential eore length. On the basis of the moael, both ;t'ilm ei'fecttve-

ness and. heat trnnst'er ooet'l'icient have been uesorihea for. tne lOransi tl.on 

region, in terms of the pOlOential oore length. These tneorl.es nave oean 

.so devclopea anu teslOed that, if reliable preaictions for potenlOial oore 

oan be made, the performanoe of the practical oooling system oan inueed. be 

completely described. 

7.1.2. A diagrlllllmatie representation of the film hydrodynamio 

development is shovm in figure 3.8. The region of interest is the potential 

oore length :x:. ?, the eXlOent ot' "hioh must be predioted tor use in equations 

4.30 or ·4.31, and, 6030. The l'ormation of the potential core is aescribeCi 

in Chapter 3, under ~ootion 3.4. 

Re-oonsideration of' t'igure 3.ts reveals lOhat prediotion ~f Xp 

involves aefini tion of' a wall layer growing along the cooleci "nIl ana·, a 

turbulent free mixing layer originating from the slot outer lip. Sectl.on 



• 

2.4.11 ot' Chapter 2 indicntes that an overall two-dimensional analysis 01' the 

flow fiela i8 justified 1'or all but the m.allest of combustion chamoers. 

Practical oonsiderations ot' reduoing to a minimum initial hot-gas entra~mlCnt 

by the film to avoia streaky-cooling with rBsult~ng ther",al stresll ana 

1'atigue problcos, cl)use the aesigner 'to seck practict.U. slot geometries ,,111oh 

injeot the ooolent as uni1'omly as possible. Initial, looal three-<1il:lension-

clitien in the film ideally will bo smnll and can theret'ore, De ne<;lco'ted 

t'or simplicity. lleo!luse ot' the nature ot' the application under conSideration, 

flows oon be considerea turbulent. 

The wall layer llay conveniently be regarded ;>.S a. normal boundary 

layer at this point end relegated to the be.okllrouna l·or the title-being. 

J1.ddition~1 cemment Vlill be ", .. de where apprt'priate, later in the analysis. 

7.1.3. Holland (157) Md, Whittaoker (tltl) have acmonstrated thbt 

incomplete knowledge of t.he mainstream conai tions causes the greatest error 

in oalculated Viall temperatures. In the combustion chambe;" ava~laolc 

d.esoription:! of the oainstrc"!!I oenai tfons are at their best, ne1ve. l'1105e 

pnoertainties associated with the practical applicat~on oecided the nature 

at' ,the approach to the probleo. Further, I exaot I ansVlers in the potemtia.l 

core region require solution of the hyperoolic formulation or the Navier-

stokes equations. Such a solution technique was not available when the 

present exeroise was made, although oonsiderable pl"ogresB in this direot~oll 

is currently being mMe, (tl9). 
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An 'ene;inoering eppreaoh'· ?las theret'ore d.eCl.d.e<li upon: The ·6\i1ll was 

to proTide adequate prediction :t'or given nominal oonciitions, without 

necessarily desoribing or oentributing to the unaeratlmoing 01', . the aot.ual .. , 
',,' .)'" ",;,,!,:, 

In keepillg Vii th the aillll; stated und.er Seotion physioal preCeS50G involved. 

1.4, the pre:1icti;'n technique should. be oapable ot' simple unci rapia. mon~ 

ipulation to renner it germane to the manner in v;hich·the ina.ustry conQuote 

its businesn. 

7.2. Basic F.auntions (112plio:1 to the Mixing J,ayer) 

7.2.1. 'fho Eouations. 

In i'iuia. dyna.mios it is acoept.ea tohat. the entire 

behaviour of the 1'low in all regions i8. implied in the Navier~Stoko5 equatl.ons, 

together with the equation of continuit.y. Onoo t.urbulence·is 88taoli8nea in 

a flow, the flow is inherently non-steady, and. the local pnrll!ileters fluotuate 

sbout their mean values. There:t'ore, even in the oase of a 1'101'1 in which the 

mean values are constant, the time-derivative must be retaimeo in the fun a-

Ill1lentnl equations~ 

'rhe conservation 01' momentum is written, (90), 

+ ) 

where the operator, 

'J) ~ + 
1> t. - ilt; 

there bein~ tl'lO 8imilar equation. ~y uyu110 interchange for velooity oom-

ponents v and w along the j and z axes respeotively. Nate that visoosity 
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/fiS dependent on the space co-ordinates since it vo.ries oonsiderably with 

temp ers.ture. 

The oonservation or nass is, 
tl..... ";lit aw 
cb" + ~~ + ;>;. = 0 

Equations '1.1 "nd /.2 are for the imposed restl'lotion 01' oonstant density. 

Theoe eeneral equatiGlns cannot be connidered. l'1irther owing to the~r 

oo~plexity and o~r inability to postulate in them realistio, time-depend.ent 

bounClary and initial oenclitions. 

lr the a!l.ditional asnumption ot' constant fluiCl proportios ill iliaCi", the 

1ll0lllentUl!l equation 
'De 
=.Dt " 

beoomes, 

grod p + 

where C is B velooity veotor. 

Assume further that the independent variables in the equationll canoe 

repre3ented t'or a quasi-steady strelll!l as an average value and !l l'luctuating 

cct\ponent, the time average. 01' every" l'luctuating component oonverging tCl 

• 

zero for large ·time interval3, 

i.e. 
, 

u = u + ~ 
,/ 

p= p+p ; 

""7 
u " 0 

j{ = 0 eto • 

This 1l3sumpt1on gives riso to additional napparent" oomponente. i.e. tha 

equation for the ~ - oomponent mean'velooity in qUllsi-steady ,turbulent t'low 

becomes, 
...... - ,- aw _ o~ -- 0""" -

14 "O.x. +v ~ of w bZ. 

Consider n01'1 a tWO-dimensional flow of the mixing layer in the general 
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/direo ticn .x.. Assume that the lOixinc . layer • ot' thiokness b, is • thin I • 11' 

the thioknes8 is b at a station ,y is of order b, y =,,0 (b). Now il'X, u, 

p etc., are 01' normal order 01" size, i.e. X = 0 (1), stlme approximations oe,n . 
be introduoed by estimatin~ terms and deletin~ those 01' small order • 

• 
By this procedure, it is seen that the r:1te ef chanee of flUid. lIlomcn

tun alonG the y-axis is ef ord.er 0 (b) compared with 0 (1) in 'thex.-

direction, and se is the t'orce preuuoing this rate of ohance. This forae is 

the sum of normal and shear foroes in direotion y. As their sum is ne5leotec1, 

eaoh 08.n be neglected independently. Thu8, the static pressure IIradient is 

negligible in the y - direotion, (Note: b OlJ.d:le. EJ!!!. become ot' the some oruer 

of size at· large :x. in soparated t"lOllS, so this analysis only applies to the 

early regions of the mixing layer. As will be shown later, a similnr problcn 
, d,.e 

onn ari3e at 'the atart of the layer for reo.l slot Geol!letries.), e "a:>c.. = U{l), 

but'Y = 0 (b2) MU 0 (1) can be negleoted when ,compared with O( 1/6'2.). 

With these assumptions, the oonservation of mooantum becotlcs, 

"O'l... ~ Clu. - ~ dC" 
C ~ Ox + CV i}J ~ <be.;- ~ 7.60.) 

Note that equation 7.b t'or the imcompressible free mixinG layer has ,the SM3 

form as that obtained for the attached bounaary layer. 

The sheer stress may be expressed, 

+ C'T 7.6b) 

where, 

'LT .. - C ( ~ Vi ) () ,7.6d) 

The conservation of mass beoomes, 

'. 
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It is not usual to retain the Reynolns stresses as tluotuatin~ terms 

explioitly in the equation, but to take tne lloussinesq analogy (91.), with 

the ooo1'1'ioiont of visoosi ty in Stoko'" lD-VI for laminar flow, ann introo.uoe, 

de<.. 
A-c C>~ 

where 1.1: is 8. turbulent mixing ooeft'ioJ.ont oallon tde ea.ay viaoosi ty. 
. A I 

often .,ad.e ,,1' the euny kinematio viso osi ty. E .. ?:./'e • 
'C>r:;.. 

i.o. '('T'" e. €. ~ 

whenoe it is acanthat, -.. ( IA./V' ) 

Use is 

-€ is not a property of tho f'luici, but depenas on the mean velooity, 

and, of .. {::lX.) only. 'l'ha assumption that -6 f~ ,ly) is known to lell.O. to 

satisfaotory phenomenologioal deseri" ~.i.ons of the 1'10\"1 field.. 

r'or oonstant pressure, it has been sho"n(92) that equation 7 .6a~ may 

be reduoed. \'Ii thout serious loss 01' aoouraoy to tho l'orm: 
'0 L<:. '"il 'T 

C I.<~f o;c. " 'O.J 
In the mixing layer, 1::1-~ 'TT' so equation 7.11 can be written, 

d'" "d'Z 
I.< ri!f ~)(.. ". -€ 0;;2 7.12 

Following Nash (93) tho 1"ollOVling trans1"ormation oan De useo.: 

let. 
~ I 

j = [~Mf cA" 
Sub5titutin~ equation 7.13 intGl 7.12, gives an equationwhioh is the 

classioal non-dimensional diffusion eqU3.tion. (linear heat oond.uotion 

.--" 
equation with imity dit't'usivity) ,t'or which standard soiuti0ns are availaDle, 

.(93) , 
\ 
I 
I 
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The problem thu& reM.lvon itself' into t\70 part&:-

(i) simultaneous :solut1sn 01' equation 7.14- with approprlate oound.ery 

cond.iti~n8, with the e;roYlth of the oooled wall layer, 

(ii) interpretation 01' the -€ i'unotion to aerive some plausible 

relation bctfleen 3 nnux. 

7~2.2. Solution of the Problem Equations. 

The partial differential equation 01" 7.14- is parabolic cnd may be 

colved by one 01' tVlO approaches: 

(i), aireot solution of a l'inito - diff'crenee version by one ot' thCl 

newer field. methoas (94.), 

er, 

,(:l.i) an integral method. through speoit'ioation of' velocity pro1'11"s. 

'l'h" former method was remoto n~ thc time ox' conception x'or this pre-

diotion so oonsiClerat1cm was given to the latterl Th<l v<l10c1ty fielu tllrough-

out the free mixing layer vdll be Cl et'ined onoe the velocity profile in 

.similar 1'01'111 at the separation point ~ '" 0, i3 speoified. To do this, it is 

neoC'Jssary to consitier developmcnl; ,of the layer in sOlne oetail. 

11' it is, assumed for the,purpose of ~nalysis, the pres3uro i6 every-
• 

fihere constnnt ana. it there are no solid bounaaries uo'tlnstream of the ori.gin 

of mixing along which external forces could be allowed to aot, ltrue for 

within the potential oore), tha total m"mentum ot' the 1'101'1 is oonservcC1 tor 

an ideal mixing lay~r. Within the conservation or totll momentum however, 
, u 

there is a oontinuous exohange or momentum ClUO to the mixing prooesses 

,-
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/lietTIeen the layers of fluid. moving o.t airferent velecitie8. Air initially 

at rest or at low velocity outsid.e the mixing layer is entrainea and. 

gnthorB .. "mentum at the expen~e ot" the retardation or air originatinc in the 
'. 

hiGh-speed 5i<10 01' th" layer. As tho 1'lew prCloe,eds dl!lvmstrerun lIIore nnd 

more fluid oomes und~r the influenoo of the mi~in8 phenomenon ana the width 

of the layer increaeell steadily; but the width remains small oompared tli th 

the distanoe fro ... the or1t;in, making the sheer layer a boun(1ary layer type 

01' proble .. (as ?!as shown in the speoit'icatiQn ef the Navier-Stokes equations) 

with large transveroe grad.ient8. 

Mixing is initiated when the streams separate f'rem a solid partition 

and boundary layers will have developed. inevitably upstream of the separation 

point. 'rhus at its I origin, the layer' has a non-zer .. thiokness,' and the 

vel~city pro1"1les 01' these initial boundary layers together with their dist-

ribution of turbulent shear stress, even when the dividing partitian is in-

t'initoly thin. These oenditions reprosemt i1nportent boundary oon<1itic)ns 

placed on the subsequent developl1ent 01' the layer. The 1'10\'1 in the early part 

ef the mixing layer is dominated by the transition frol1 velooity·profiles of 

it boundary layer type to 'those oerresponding to fully-devoloped mixing 

further downstream, (dependent cn the extent ef the potential oero), ana 

in this region, th.iolmess of the initial boundary layers presents a ref

erence dilllension whioh determines the soale or 5uocMaing velooity profilos. 

At J .. 0, the· velocity pro~ile is discentinucus. for, 

O<y <. + CC> , L.\. '" Uo (y) 
') 

O(y <- 40 (-y) 
1/ 

00 , """ =-. 
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/With these bounaary conaitions the integration ia dift'icult to evaluate in 

closed form. Korst ana Ch0w.(95) have solved the equation with unit'om initial 

stroruns (plug-flow), and, an error fUlJotion volocity profile in the shear 

layer. Nash( 9G) hns solved the problem I'or ono initial 8"troaa only, bU1; tillS , ., 

i'orcoa t() take a bounaary layer profile for thiol stre!lll simplit'iea to a linear 

form, in order to evaluate the inteGral. 

If the prc,blem is completely generalised, the diViding partition will 

have finite thickness ~w' ana the boullaary OOllaitions become: 

Fer, 

O~j <.'1- 00 • u = u" (~) 

o ~ j ~ - $w ,. U" 0 

-~ ,(::1<-00 ., ii = !.lo (- J) \V~ 

Kerst and ChoVl (95) atta.ck the i(1011 of en essentially stagnant "a){o, i.o. 

o -S j ~ - Sw, u = 0, ana state that finite wa){o velooities must be used 

to acoount i'or the convectivo heat transfer knolln tll take place between wake 

t'l"" Imd tho bounaing wall to the separated %'low region. However, ,1isresnrC1-

inG thi3 aC1di tionnl oomplicatl.on, the equatiGln cannot be evaluatt':<i ';;i th the 

lsst set ef boundary conditions. 
• 

These oathmntionl aif1'iculties aSide,' the whole structure 01' the 

equation for v:hich solution is sought is invaliaatea. by the r,,,,alistio b"untl/U'y 

oonaitiens.· The breakdown arises in two areas: 

e) thore l'Ii11 oe a momentum loss associated with the separated 

1'low region arising i'roln the t'inite value oi' >;W' 

b) the initial thiokness is ne longer smalli.lna, beoause ot' the 

values 0t' slat heie;ht Ilna lip-thickness in practical use, i'ree 

mixing . layer thiokness io nowhere smal), in comparison "i th 

x. 
EqUathn 7.14 is net therat'ere, aireotly applicable to the problem. 



The oore et' "the second problem, whioh is ooncerned wi"th the in1;er-

-pretation er "the ed.ciy viscosity function, is that when time averaGes of.' the 

equations of motion are t~en to make them more_trectable, the Reynolds, 

stressos are left as unknowns, l'or whioh hypothe,tioal equations must be de-

rived. 

The reference dimension which determines the S(Iale 

I 
of the velocity 

pretiles /md referred to ebove, is, in General, 

-t- ~w + p \] 
whero, Sw = lip thickness 

8 .. bClUn!lllry layer thiokness 

sUD1Icrip"ts 1,2 refer to the streams en either sia.e of' "the lip, pr~or "to 

separa"tion. 

The GElnerulillea. oo-ordina,te used by Nash (96) beoomos, 

~ "f ( (~), + ~N or (8\. ] 7.1611) 

where, 
7.16b) 

To determine the relation betYleenJ"aria.:>c, i"t in neoessary to speci!'y "the 

.variation of' eU(iy vi3ao3ity with d<mnstream distance. 

Yihcre, 

Korst (95) ohese, 

6 

. I 
ann, -too = 4 (; .... , ::le.' ( ~, 

bcin~.an empirioal similarity parameter, 

oolleotively termed, 

), 

Ne.~h (96) used Pralldtl.'s mixin/; leng"th hypcthesis of turoulenoo i'or t:he 

expressi.on, 



where Q i" .he mixing leneth. For t'ree turbulent flow!!, i'ro.nt1tl su(;e;estet1 

that the size 1:11' the 1'l11ic1 elctlent3 ',hieh are oausec1 to ,uve in a lateral 

direoti ... by the turbulont mixing pr~ces5 is ora oomparaole ora er t9 the 

"i(lth b ,,1' the nix in/'; layer, 1Ulc1 1'urther, that the 1'luiC1 ele .. "nts experienco 

an overall velooi t./ r;raaient which is proportiennl to the naxitlUBI vlll .. oi ty 

l!li1'1'erenoe across the layer <1ivicleo. by b. l~re", these/nuggestionlS, Hash took 

the 1!l,,<11!'ied fer!> er the alH)Ve statement, 

7.2.3. First Conclusi0ns. 

Two i~PGrtant c0nolusions cen be <1rawn immediately !'rem the 

f~re50i .. e; passages: 

1. 1Wen gross s:i.ropiinc:d:i.ons inade"to·the Haviox'-~t~kes equations 

do n"t lead t. 1'~r,.s which' are easily sOIlvabl';. 

2. Any sui table ~hcery is likely to depenc1 heaVily at the present title 

on certain c,"piric.l incQrporatiens to account ror the Reyn .. l<15 

stresSC3. 

7.3 Outline ot' ;)olution I.~eth,,,.t. 

7.:>.1. Philosophy. 

From the 1'un<1n,jentnl st2rtinf; point 01' the Navier-Stokes equations 

oonsic1eration has beon given tQ 'exact' solutions to the prOblem. Gross 

simplirioations wero mado to these equati(ms but !'ams t'Qr convenient anc1 

easy 301ut10n nere oet obtained. ,These muoh 5iop111'1e<1 but hard or il'lposn1ble 



• 

/~o ::olve, parab"lio i'crms were sho.m not to represent the problem unuer studY: 

The present preblem relllly requires solution of the hyperbolio 1"crms ef the 

N"vier-Stok.,s equations. Solution et' the hyperbolill equations in t'ini to-
'. 

dit'ferenoe form by a. field methoC1 "ae a task Oeyond the seep., at" the prosent 
• 

thesis. }:Ven these hyperbolio equaticlns TIQulu Hllve to tiCOOmllloUat" the 

Heynolds ::tresses in an cllpirioal "'!lnner. Therer0re,'1n line with the 

t:eneral philltsophy presented in Sections 1.4 and, 7.1.3, teeethl!>r lIith·the 

adjunct. that to be useful, Dny sdution !!lust be timely, an intet;ro.l 1!ioth,,(! 

Wtth "",pil'ioQ.l inocrporatiens VlIlS deoidea. upon. 

1.3.2. Solution Techniou6 

The dit"t'"rcnoes between the id.ealised, sllY"'ptotie shear layer 

for which the parabolio equati<ons are applio"ble, and. the real mixin(; h.yer 

requirine selutien ot' the hyperb01io equati(!}ns et' metion, QI'e itemisel1 in 

T"ble 7.1.11.), which indioates the lH,C1e ot' attaok to 00 used. 

Rei'errint; baClk to the Garlier mentioned. characteristic dil>ension whioh 

determines the sOllle ef' lluceeedine; velooity pr"t'iles. as the 1'low prooeeas 

novmstrerua the in1'luenoe 01' thifl initial disturbance in the shear layer dCCO.ys 

end at very large distances 1']"011 separation the eharacteristic dirQension loses 

its sie;nifiosnoe with the velocity pr0t'iles approaching·sinilarity. The 

existence of this ~sYlllptotic t'orrl has led to the 1'ormulatien 01' the usucl. 

simplified flew IIlQael in which the thickness ot' the layer is zoro at its" 

Qlrillin ana similarity "f' the volocity profiles 1s ,aS5llllled throuehout. the 
t'or 

oencU,tions/whiOh to .. courare eivcn above. This ""del and its' a.o.0ptien, 

implies a h1eher ,!rdcr singularity Ilt the separation plano ins<d'ar QS thero 

must be a <t1soentinuity in velooity as distinot fro .. one in velooity gradient • 
• 

However, any <t1t'ficulties 1n the solution Ilre purely ~cal. as in the case ",1' 

. :-
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the flow in the boundary layer near the lauding edge et a plate. 

A simple method Oll:' predictint: the oharacteristics er' the pre-D-syr.ptotic 

sheer leyer was prapOSOQ by Kirk (913). It was suggested by lark that the real 

~ixing layer could Dc replaoed by an equivalent ideel layer growing over It , 

greater dist'lnce f"~1O zero thickness. In jlhis Ylay, reference COUld be maue 

to all the rbsults for the asynptotio shear layer ana 'the eft'ccts 01' the 

finite initial thickness translated into nothing more than a linear shift ef 

the origin • 

. This BUgeestion of Kirk's provia,es the oasis fer 'the present methGd ',f 

prodicting potential C(;l'" length. J)evelopllent er the shear layer preduced by 

the mixing Ql' tV/o uniforl1 but differing,velocity streal:1s is calculated ana 

the ei'fects 0t' momentum 1"3s assaciatea. with the separated l'low wake fermed 

behind the partition lip, and stream velec1.ty prQfiles, acoounted for by a 

process resulting in a sicple, linear shirt ef the origin. lt is assumed tha't 

similar profiles are established very S00n from the star'ting point and tha't 

error. introduced by applyinl; these aSYl'1p'totic farms ovor tlie whole regien are 

negligible,. 

7.3.3. starting Point. 

A theory for the potential cere length or a 'semi-contained, two 

dicensional turbulent Jet has been developed byAbramovioh" (99). This the~ry 

is l'~r incompressible, isothermal 1'low, uniform stre!U13 and a turbulen't wall 

boundary layer gl'"wing t'rllm the plane of' the tlixJ.ng layer origin. It gives 

gO",i1 agreecent with experiment ever ,the ranges it woula be exp~cted. to be 

valid and forms an excellen't star"ing point t'cr the present theory. The 

, 
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7.2011) 

.. 
where, ~ .. ec~7 

~ .. 7.2Ob) 
• 

and, n, , .. "'Y, '. 
"t. 7.200) 

[Nota B~a: 
, 

Bars over symbols to denote a time average will be genera.lly 

dropped henoerorth ror oonvenience. J 
The theory represented by equations 7.20 is dei'iolent ror the present 

application on a number or counts: , It must, be made to apply ror non-isothermal 

flows, the origin of' the wall boundary layer must be shif'ted to inside the , , 

slot, end, the momentum-loss correction or Kirk must bl applied. A f'urther 

defioiency is·.that ror unity velocity ratio, an infinite potential cere is 

predicted. This does not ocour in practice and must be remedied. Some way 
• 

ot' acoounting ror high mainstream turbulences must be t'ound. 

7.4. A Semi-F.mnirical Theory f'or the Pr"d1ct1oil 01' Potnetial Core 

I Length. .~~ .. ,. 
7.4.1. 11ixing Expression. 

It is necessary initially to obtain a suitable expressicn to describe 

the growth or mixing layar width with distance rrom separation, i.e. _d,,?,b,,--_ • 
d:e 

~ 

Abramovi~h (99) based his expression cn Prandtl' s I!Iirlng length 

hypothesis (91). This leads to, 

I ", - 1.12 

I \,.\./ 
By def'ining the characteristio: velocity u, as, 

u!! jbClt ~ 
o , 7.22. 

-, 
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to. 
. .- ~ ," 

... :. 

end. a.iI & first approximation redefining this as, 
;, ;_. .. 

; i.' u .. • 

the mixing expression oan be extended for non-isothermal flows as, 

db 
(1+1) (I-m) 

.. 0.27· T· (, + Om) 
where, 

e .. T./li 
This expression involves the assumption that mixing of the two streams 

takes pleoe at constant pressure and, that the ratio of moleoular weights 

oan be taken as unity without serious error. (This ia e. reasonable assump

tion for the oombustion ohamber when primary end dilution zone overall fuel/ 

air ratios are considered.) The oonstant of proportionality has been taken as 

the value used by Abramovioh for isothermal ~ng, which was evaluated t"ro~ 

the experimental results of Zhellt;kov et al, and also at: Albertson et al. 

1!:quation 7.24 re?resents the simplest manner in which mixing in non-

isothermal flows can be accounted for. However, it is unsatisfaotory in that 

it prediots zero mixing for unitY velo?ity ratio, admitting through its' :t'orm, 

no thermal diffusion • 

• Various suggestions have been offered as to suitable ways to ,account for 

the density field: On suggestion (lOO) is to replaoe the velooitydifferenoe in 

equation 7.2l with a .mass flux difference, and such a formulation has shown 

agreement with oertain experimental data. However, when the mass fluxes of the 

two streams ere equal, no mixing is again predioted and it has been demonstrated. 

that suoh is nv~ the oase, (101). Alpinieri (101), suggests the use of the sum 

::1" Il:e!l!lcnd momentum fluxes, end this is also shown to be in agreement with 

some experimental data. .Abramovioh, (102) in a later end undeveloped 

suggestion, proposed a formulation based on momentum fluxes alone. A oom

parison has been made of the various suggested .. \ 



, 
123 • 

.. 
" 
~ 

modirications to the basio mixing length' approaoh, by Hagsdale ana Edwaras (lUj) 

which sh~wed when comparisons are made on a oonsistent basis,the expressions 

have ciii1'erenoes that are, more apparent than real. Aocoraingly, Abramovioh's 

(102) suggestion is seleoted for development on.the grounds or continuity 

only. 
/ 

The sitll?lest momentum tr~nst'er theory is that 11u:e to Prandtl: Pranl1tl' s 
, 

mixing length hypothesis which ar~ses from the analo~arawn between-the 

bchaviour of turbulent rluid f'low a."ld the behaviour or the molecules of a gas 

acoording to kinetic theory, relatell the turbulent shear stress to the mean 

velooity profile existing at that 

'. 't'" Z.ld .... I"tl .... 
i.e. C .. .Q -a~ 'S 

where .{ is the mixing . length. 

same point, 

";\ ... 
Thus, where -the derivative -r:; vanishes, the hypothesis predicts zero shear 

stress. This oondition arises for example, at the ed~~· of a turbulent 

boundary layer -where -the physical explanation is that beyond the edge the flow 

I 
is inviscid and.no shearing stress o~ exist. ('fhe signit'1cance or this to 

the potential core problem is .hat the inner and outer layers or the rlow field 

• 
can be Considered independently since there would be n.e stress interactions at 

their respective extremities right from the injeotion p-l.ene to intersection at 

-"p.) At a velooity maximum, it woula also De expected that shear stress·is 

zero 11' the mixing hypothesis is valia. It has been shown l~) however, that 

the shear stress at the velocity peak in the wall-jet is not zero-ana in 

_, general is not small. being for the pure wall-Jet l u","" 0), approximately 

equal and opposite to the value at the wall. 

.--
'file concept that the distribution of shear stre~'3 through a turbulent 

.' 
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. IShear bye,r is determined uniquely by the local velocity prof'ile has been 

~he subject of' ccntroversy in recent years. It implies the existance of' 

local equilibrium between the dissipation ana prOduction or turbulent kinetic . 
energy. If however,. this ,is so, advection ana ~f'l"usJ.on 01' turbulent energy 

is negligible ana Bradshaw and Gee's (IJO), explanation ot:' the existance 01' 
/ 

finite shear stress at a velocity maximum is not I!clmiasibla. As llradshaw has 

point~d out (104). the analogy upon which the hypothesis is. f'ounded can only 
.,/ 

be valid if' the "meen, f'ree pathftof turbulent eddies is small compared 1I'i th 

the distance over. Which the mean 1'low velocity changes appreciably; this is 

not al~ays so. Bradchaw and ferris (105),Felsch (lOb) anG Goldberg (107) 

all conclude that the shear stress in t'act must depen<1 not only upon the 

local velocity prof'ile, but also upon the influencesot' the upstream history 

of' the flow, about r.hich un:f'ortunately there is little :ini'ormation. '!'his is 

gaining acceptance (94). 

The Prandtl mixing length hypothesis can thus no longer be considered 

8S a correotrepreBentntion ot' the si~uation, ana is roundly oondemnea by 

Bradshaw (104). However, a re&sonaDle pragml!tic aefence 01' the hypothesis, 

in the sense of'testing its' truth by its' concrete effects, is made for 

engineering problems at least, by Spalaing (lOtl). 

Thus. alth~gh it is now generally recognized tmat recent measurements 

of' the detai!ea structure of turbulent flows are making' tenancy of the mixing 

hypothesis,progressivaly more uncomfortable, the relatively pri!:litive state of 

experimental research has thus I'ar pl'eventea replacing the theory with one 

muoh more satisf'actory. The present approaoh therefore, goes along with 

-. 
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Spalding (108) sino·e. the "if' it works, ue:e it" attitude fits the phUosophy 

decided for·this thesis. 
• & 

~. ' .. , 
Theref'ore, prooeeding f'rem Prandtl's mixing hypothesis it can be ' 

'. shom that the perturbation oomponent 
, 

of transverse velocity v ,is 

V~ DC -t % 
· where ~. is the mixing length as before. /' 

Wo assume' that, 

So, oIb 
- QC 
cb: . 

Iv'l '. 
I LL I 

end, • u.. , 

where u is again the oharacteristic velocity cf' the shear layer • 

. Abramovich' s suggestion (102) may be expressed in the fcrm that the 

. ;. 

· local Illomentum interchange .in the flow d.1.rection of' the instantaneous Qass of' 

· a shear layer as a result of' neighboUl'incr turbulent fluctuations is proport

ional to the dii'f'erence in the velooity heeds at a distenoe equal to PrandU' s 

mixing length, 

;. 1 • i.e. 
• 
This is the modif'ied rorm of the mixing hypothesis which replaces equation 7.26 

Applied to the mixing layer equation 7.29 becomes, 
. ~ 2. 2-

(C'14)/ vii QC b (c. «.. : f2,lA.a ) • 

f'rem which the modulus of the fluctuating transvers\l velocity component is 

obtained as, 

I vii oC 
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Thus, substituting into equation 7.28, the rate of growth of the mixing .layer 
• 

It is neoessary to define the oharaoteristio values of mass velooity (e~) 

end velooity (u), through the mixing l~er: 
I fb 

i.e. (e·d = b 0 C I.l ~ , 

I fb <r) =1) (~ 

cJ.b CC + /' ° ( e, ... / - C:. 1(2
2

) b 1 L ~ 
Ax. k 1" c «.~ ° 6rFudJ 

To prooeed.' further i.t is neoessary to have a aetailed knoYlledge 

b 7.33b) 

Thus, ' 

of both 

velocity and density profiles aoross the shear layer to evaluate the 1ntegral3 

in equation 7.3.4 •. A priori, suoh information is not readily available. 

Fortunately, if the'two stream densities do not difioer greatly some simp-

lifYing approximations may be made:· If the densities dO not differ by a 

factor of more than ~o, 

.t!C~ ~ 7.35a) 

I jb 
b 0 eu.dj ~ • 7.35b) , 

These approximations hold good for oombustion chamber dilution zones but only 

barely so for primary zones. 
. '. .. 

Substituting equations 7.55 into 7.}4, 

~ CC:- 2.1.ce''<12-e2.~)(e,o+e2.) 
k b ((',", + (2 .... 2.);1. 

Introduoing now, 

,11 ;! Il~ J e e 2 / i ", -, /( 
. I 

7.37 

and making the assumptions regarding densities given above, equation 7.36 

reduoes to, 

-. 
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~ :: to a.J k. (, i" B )( , - ow;") 
• "x b ( 1+ 9",) 1. 

• 

.. 
e = 1j I,R. 

~ 

is a constant which is slightly less th~ unity. 

It is necessary to place a v~lue on the group .'2..Qk 
b 

7.38a) 

7',38b) 

• 

For the outer layer of a boundary. layer, a reasonable assumption consistent 

'Iith ~he available data is that the dillensionlesB miXing length'>. , where 

).. =- llj tl ,~c:. being some plausible defi~ tion of the boundary layer 

thickness, has a unif'crm value of about 0.075, (109). For'1'reo turbulent 

flows, constant mixing length is a well-known empirical feature. The presence 

of a wall linearly reduces the mixing length with distance to the wall. A 

survey by Escudier (110), of experimental data on mixing length distribution 

led him to adopt genorally a rmp i'unotion for both boundary layers and wall

jets with '>.Ej = 0.075, although the value on the ramp, ~Cl ' was about 25% 

hisher 1'or the latter than for the former. Escudier's investigation was for 

isothermal flows, f'or which, e .1 1 

4.( k 
+ -= - J:, 

and. equation 

(I-M) 
(I +tn) 

7.).13 oecomes, 

If' we assume , and apply Escudier's ramp value 

m~ng expression is given by, 

= .!. 00300 Cl - Ill) 

(1 fo Ill) 

-
• the 

., .. ....: 

This expression agrees very closely with that obtained for isothermal flow by 

AbrlUllovich in his original analysis (99), the constant being 0.2'10, obtained 

frOIl the mixing data of Zhestkov et al, and, Albertson et al. Abramovich found . 

... . 

-, 
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the value of' 0.27 also applied to non-isothermal !"lows. I!'ith such close 

agreement between Abramovich's, ana the present mixing expressions ~or iso-

thermal ~low, the assumption that the Escudier-based constant also applies 
, 

,£or non-isothermal flows ~s justified. 

'l'hererore, 

/' 

The isothermal form, or the mixing expression ~~ equ~tion 7.40 and, 

for equal stream velocities equation 7.4l bec~es. 

0.300 
2 

If' velocity ana temperature ratios are both Unity, till" bas:1.o equation pre-

dicts zero-mixing between the two' streams. However, since the two streams 
, , , 

will inevitably have in them some initial turbuleneewiih a V component, 

equation 7.2.8 would give some finite mixing to take' .,lace" even at this 

oondition. There.is a considerable volume of experimental eviaence that suoh 

"pre-turbulence" may be the domipant factor if the tWlO streams are at nearly 

equal velocities# (100). (101), (111), (112). 

• Ragsdale and ~dwards (103) conoluaed that the initial turbulenoe 

present'in the two streams contributed significr.ntlyto the mixing prooesses 
u 

and dominated the situation for the velooity retio range 0.~5~ ~/~ ~1.52. 

Abramovich, using his original mixing expression, ~ound departures i'rom the 

experimental data for 0.4 ~ u...; .. , ~ 2.5, and explained the diacrepl!ncy as 

being due to pre-.uroulenoe. This explanation was questionea however, by 

Yakovlevskiy (113) who found instead 01' the measured vdue~ of 1- 5~~ "pre-

turbulenoe" intensity, values in the order of 10 - 15% woula be requirea for 

dominance over this velocity range. It is there~ore r" ain that althout;h 
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Abramovich's qualitative explanation of pre-turbulenoe effeots was unaoubt-

edly a contributory factor. the wiae velooity raoio range i4 due to incorreot 

aooounting of how the dens~ty t'ield ini'luences the erowth of the mixing layer. 

A number ot' methOdS. of varying degrees ot; sophistication. are avall-

able to d.ea! with pre-turbulenoe. U"e ot' superpositions immee1iately suggests 

itself. where to the mixing-derived. turbulence. the pre-turbulence is 

directly adaea. 

i.e. 

In this. the Taylor parameter might perhttps be used.' 

db " { [( )l )O'2JJ ell. 
( ~x) .. 1 + f -E. T ' ~ 

Preturbulenc e 

~ . being the initial 'turbulence intensity. L is the scale of the turbulence. 

and. f is an unknown function. 

A f'urther ohoicelDight be some t'unctional Iloaification to the basic mixing 

equation to give improved. agreement with experimenta! aata. after Ribner's 

correotion (114) for round jets in a pressure grBaient.. However. oonsistent 

,11th the general philosophy, the present methM 01' dealine; with pre- turbulenoe 

is an engineering one which is simple, conservative. and. in general accordanoe 

with the observed.' facts. A limiting (minimum) vulue is set upon db 
d".. 

over a range of Telocity ratios about unity. The range is that suggested by , 
RagSd.ale and Ed.wards. 

'. '. 7.4.~! Velocity and Temperature Profiles. ' 
....... 

Assumption or the Prandtl mixing hypoth~sis means that the mixing 

and wall layers in the potential core region oan be oonsidered independently. 

For the wall layer, representation as a normal boundary layer with a , 

simple power law similarity form is consid.ered adequate, although suoh a law 

is now oonsl~ered passl. 

-, 
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Defining u!:Iiversal non-dimensional profiles in the inner and. outer layers 01' 

"the potential core region ill tantallount to assullling that 1'10" Similarity is 

achieved independently. in ,each layer, everywhere, i.e. the va11dity 01' 

. Prandtl's mixing hypothesis is implicit in the allsumpt10n 01' sbllar profiles. 

That tl.1s is .oertainly not true downstream of ttle potential core is shown by 
/ 

the experimental data. This reveals that the shape of the non-dimensional 

velocity curve in the inner layer 01' a wall-jet flow in: t'act depend.s ·to some 

degree on the condi"tions existing external to ~he sheal •. ·· layer, as woula. be 

expected i'rom llradshaw and Gee's (tJO) work. and the foregoing comments on· the 

validity of the mixing ·hypothesis. Gartshore (115) seleoted an ~ll-th 

power law and llarris (116), using Bradshaw and Gee's data, selected a l/lO-th 

power law as a mean representative form. In a .later paper (117), Gartshore 

was able to calculate the actual law as a f'unction of till! streamwisc co-

ordinate using a double momentum - integral technique. In each of the cases 

cited. there "as en abrupt change in prof'ile shape to t-lIe power law chosen at 
. I • 

the end of the potential core. 1I0weve.r, within the potiential core, Gartshore 

(115), represented the·prof11e by a ~7th. power law pr.off1le and gave d.ata 

which showed reasonable agreement with this assumptiol!l. In addition, s~nce 

the inner layer is almost always a small proportion of the i'j.lm thickness at 

Xp, little error is,in fact likely to arise f'rom this source~in assuming such 

a representative j'unction and oalling it universal. Acooraingly, 

~'1 = f'1)~ 
is assumed for the inner layer. 

~or the mixing.layer, equation 7.41 is striotly only true if similar 

profiles of temperature and velocity (silllilar in themsel.'Ves and not .. ith each 

.~ 

-. 
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other) are attained very'soon a.1"ter the separation point. This is beoause of' 

'the w~ (el.(.) and (e ) are defined in equations 7.33; oquations 7.~5 being, 

only epproximations to these integral f'orms. Similarity is assumed end as 

mentioned under Seotion 7.3.2., with the additional assumption of' zero thiok

ness of' the l~er at the separation point,' the s1m1lar f'orm will exist through-

out the region. 

It hasbesn f'ound that llialll'.rity S:or tho shear layer results if'volooity 

prof'lles are plotted in the f'ollowing forml 

u_ - L4,... 

1<., -"'a 

(= 
The funotion f ("7 ) 

"f( ~ -~2/ b ) 

~ -~2 
b 

in equation 7.45 can take 

, . 
several forms. It could be found 

from the Tollcien-Keuthe theory (118), (119) crI Gortler's theory (120). How-

ever these somewhat complic~ted theories involve the incorporation of an em-

pirical constant and are not considered oonvenient. Spalding's (121) assump

tion of a linear relationship for f «) is not considered a satisfactory rep-
I 

resentation of the profile. Korst (95) eleoted to use an error function in 

his studies • 
• 

In the present analysis, Schlichting's two-dimensional wake theory (122) 

is used for f ('7 ). sinoe it is based on Prandtl's mixing hypothesis. This 

wake theory yields the expression, 

, f ( (7) =0(1 _i;l)~ 
where 0( is a grouping of empirical constants. Howevor. considering the bound-

.f I 

ary oondition (= 0, at whioh f ( (7) = 0( and, f ( '? ) .. 0, gives 0( " 1. Thus, 

, . '. ", """~"1-. '-'" (1 _ {:z )2. 7.'+7 
.. ' -' .. 1.<, -"'2-

Equation 7.47 has the advantago over Korst's error profile that it is muoh 

simpler to integrate. In addition, it is the form used by Abramovichin his 

initial analysis, (99). It has been shown by Vulis (123), Yershin (124) and 

-. 
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.'Glikmnn (125) that Schliohting's waka theory for isothermal flows is valid, 

anQ that the velooity profile remains the same Oimensionless, universal 

law, whenthereexist large density eraaients in the flow. Therefore, 

equation 7.47 may be oonsiQered valid for the present applioation. 

Temperature profiles are similar when plotted in the i·orm, 

ij-T 
"T, '-T2. 

The funotion fJ ( "? ) 
T, -T 

T, -T2 

was found empirioally by Yakovlevskiy (99) 

= 

7.4.3. DeveloDIlent of Conserved Momentum Shear Layer. 

as, 

!I, The oonservation of mass for the shear layer may be written as: 

JUdj 
.,~ 

Li}:ewise~, the oonservation of momentum along the ~- axis may De written, 

lr"''2.~" {'I ~I ("-'.1 -v.'x)-t' ('2",a (-~J2.+V2.~) 7.51 
12 

Equation 7.49 oan be re-arranged for the temperature ratio TIT. ' ana , 
using the previously made assumptions, the density profile oan therefore by 

expressed aB, 

" 

Following Abrnmovioh (99), we introduoe the transforms, 

'\ - ~y. 
(2 ;; 

:12,1, 
" b ; b ; 

V - ~ V " - • b .. , oolleotivoly, b ... , • x 

Introduoing these trans1·orms ana diviQing both sides by (" "-, b 

Equation 7.50 beoomes, 

7.52 

-. 
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~, 

J eLl. 
e 1.<, b 

!:h.' " 

= 

Chenging the integration limits and introducing the velocity profile from 

equation 7.4.7, the conservation of mass becomes on rearrange~ent, 

-H,-V,)& =;: t '1 -(I-M)f~. h"')d1 ~ -V 
(, . 

Changing the integration limits eto., as before, the conservation of momentum 

becomes, 
I I 

, 

i,-v,-(m~,-vJ&m ·=/tcJ.;. + (I-mt!f#, fh)Jc-;;,('-mif~f(l)~ 
000 

COmparing sides of equations 7.54 and 7.55, reveals common terms so from 

7 .5.4-., equation 7.5.5 can be subtraoted. This leaas to, upon 
I' I 

~ebr ... j (. """";f" 1 ... 

( mt - Vl ) e .. (1 - 11 )fl,l(-~)d7-JF. f()~ 
• o 0 

This is an expression for'i ana ~, a description of one side of the mixing 
2-

leyer, ana a similar expression is now required for the other side, i.e. 

- for '7. r _ and. V. • 
Multiplying equation "1.54. by velocity ratio m, and subtracting equation 

7.55 yields, 
r _. 

, _. • I-

= ff. 'tc -(2-rn)!t f(l)kt+(I-M)J~,((~~ 
000 

7.57 ('i.-v,) 
Substituting in these equations the density profile from equation 7.52 

.--
yields respectj.vely, 1 

1(( ) -
:: ('-m) 0 r ... {J-'ff 

. -
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and, 
, 

('7. , v, ) 
, f} 

Letting now, 
, 2 

]i, =(f(1)~_ 
~-I+(&T')( 

Thus, 
- --"i-V;}. " 

. .:l 

. 
J 

(1 - m ) I 
I 

anci, 
(i,~vl)" 

6 
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Outside the shear layer on the wall-siae, and. between it ana the wall 

boundary layer, the flow is,of oonstant velocity and. is conditionally termed 

"potential" because usually, the initial turbulence there is considerably less 

~h~ the turbulence ~rising in the shear layer. In this potential core by 

defini ti on, 

u " constant, and, .. 0 
I 

'Thus, if the conservation of mass, equation 7.2, is oonsidered·in two-

dimensions, it yields, ~" ,,0 and therefore V" 0, for the potential 
~~ . 

core. If stream 1. is macie the coolant stream, from the definition of the 

transform V. equation 7.5.3., it oan be seen that V, " o • 

'l'herefol'& equll.tion 7.68 becomes., 
., 

'1. .. e [r.i_-(2-rn)I.2, + (,-",)I.] 
which describes the development of the inner edge of the shear layer within 

the potential core region •. 
(, 

Equations of the form of 7.61 and 7.62, together with aaditional 

equations representing the conservation of heat end, transverse equilibrium 

',. 
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of' the shear layer, were developed by J.brollo\'ioh (Chapter 7). He solVed 

.thC?se·.equations· simultaneously with the (unsatisfactory) mixing expression 

equation 7.24, to derive the seneral properties downstream in co-flowing, 

turbulent, plene-jets of co"'prossible gases. By mllkinll the a priori ussump-

tion and limitation 01' 11 potential core, I1S in the pr(;ceedins paragraph, the 

cumbersome solution of five simultaneous equations is avoidea. 

In general, tlw oooled wall hyd.rodynemic boundary layer ,::;roO/s 

i'rom some poi.nt upstrez.n Xs , ot' the injeotion plane, X,. 0, ,me! 1'\i'2' undereo 

transition 1'ro", lruninUI' to turoulent flow. For convenience in cOIU;.>ut()tion, 

the necessary equations must' be developed in closed ~'orm. 

ior the laninar portion.of the layer, a Blasius profile is assUJned, 

the thickness beine then given by, 

x., 

nnd for the turbulent 

= 
Re '{:1, 

X, 
portion as 

resulting in ~ thickness, 

§.r 
= 

suggested above, Cl 1/7 th. power profile, 

The grOlvth ot· the layer is diagrammatically shown in figure 7.1., 

nhere transition takes place at the discrete point C. for the trp~sition 

Reynolds number Rec • In fact, usually transition occupies a finite region 

but Squire and Young (126) showod that the transition point may oscillate 

r..ppreoiably, plU'ticul2I'ly if the f'lo\" outside the boundary layer .has so:ne 

turbulence, this oscillation beins so rapid that the idea of 11 unique trans.,. 

ition point - a mean of this oscillation - is justified. Thus, for 0 to C, 
';',' 
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equo.tion 7.6.4. holds, ana from C to infinity aownstrcUfll 'equation 7.65 holds. 

Therefore if there is to be no finite impulse on the f'iillid at C, tho following 

conuition must be obeyed: 

[Re~:2. ] = l ~J;t 1 7.66 
I-

But, 

~J.. / b ( )L. = 0(1- and ( ~.2. / J ) =0( 
, T T 

~, 

where the respective const",nts 0( , depend on the profiles chosen. 

Thus~ equations 7.b4 and (.6'.J become upon sUbs'tl.tutl.vll ~ld rearrangement, 

( ~2. ) " 
AI X, 7.b7a) 

I- R. e Y2. 
:><, ' 

and, I 

( $,2 ) " B:x. :t 7.67b) 
T • R \1'-e ~ 

"', 
and where, 

I 
7.6tla) A .. 5.20( ... 

B/ 
" 0.37 ~T 7.bBb) 

Thus, the respective Hoynolds numbers based on momentum thiokness can be 

found and substituted in equation 7.b6, to Give: 
~ I, 4/5 

A' ( Re::..) = n (Re ) 
I "":. 

From connideration 01' 1'i:;ure 7.1 , 

or, - Re 
"-

Substituting for Re therefore in the equation for the turbulent Reynol<1S 
;,; ... 

number basea on momentum thicy~ess, which is 

, :',' 

[Re/l2, ] T = n ' ( Re.~ ... )"1'5 

""s 8
1 
(R.~ -Re ) 

;>':1 "-
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.\t transition, the mO:lentwl thic)mesa is continuous across C and 

therefore, 
" 

, Re'" Re .:>.:, . ~ 

Thun, from equations (.66 ~~d 7.71, together ni~h the equation for the 

lamin::r Reynolds mcr.ber based on momontum thickness, which is 
I J..2. /' 

" A (R t! ) 
. ~, • 

I -I/S-., B (~c - R.J 
givine, 

T(quation 7.65 c"n now be re-·wri tton aa, 

. ." '~'I 

Substituting into this equation, the definition for R , 

= 

It' the cooled wall boundary layer grows from n. point distant 

upstream of the slot outlet (~= 0) • the relevant equations above OP~ be 

rewritten .... hen applied for the thiokness at the end of the potential core 

region, 

= 



l}tl. 

" ' 

...... 

tlhere R~ .. is the oritical Reynolds number f'or transition, usunlly 

about.}.2 X 105 • 

'/ / 
lO:ipirionl values i'or A and B for the profile chosen were taken t'rom 

rerercnce '(12/), ,to give 1'01' tile group (11.'/ n/)2, 'the number 322.0}. 

It' the cooled "all bounc:ary layer is wholly turbulent 1'rom its 
, 

cOr.lmencemont, the t'ollov;ing equation should 'oe used. 

0' 37 (-\e-t- :>(5) 

Vs 
Re 

(J<j"r:lls) 

7.4.5 •. Iclenl1scd PotcntiB~ Core LCll!(th. 

It may 'oe realised 1'rom 1'lgure 7.2 that the slot heieht s, is 

equivalent to, 

It ~ 
where as bet'orc, the subscript p denotes at the ena Jr the potentJ.al oore. 

This equali1;y may be rearranged to incorpornte potential core length as 

~ ':.; [ l~1' + E>p, (j,)r] ~I 7.82. 
S :1((' xp bp . 

The non-dimensional potential core length for ideal mixing, Xp~ • 
• 

is thus given by, 

:l(n -S 

having incorporated equations 7.41 ana 7.6}, for the mixing rate expression 

Dll<1 r,rowth of' the she2,r lR.yer inner edse, respectively. The appropriate 

, .'-; 
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expression for ( 3 )p is used frolU equations 7.77, 7.78 or, 7.130. From tho 

.mer.no~ in which the trens1'orm i is defined, equation 7.53, !l1Id, the choioe 

of strce.I:l 1. as the coolant stream in obtaining equation 7.63, 

e = Tc. / 
T., 7.81.0.) 

and, _11",/ 7.84b) m - "t. 
~. 

The present equation systcD for ::Xp ~ shoula be compared to 

,~brrunovich' s original expressions, equation 7.20. Th-; ;,nronthood of equation 

7.83 is plain. 

In Kirk's sur,gestion, (clCscribed in tiection '103.2.), the real 

mixin~ layer is replaced by an,equivalent hypothetioal sheut' layer growing 

over 0. c;reater distance froll zero thtckness, and the effects of momentum lOBS 

are tro.nslated into e. simple linear shift of the origin. "s Lamb (128) 

has pointed out, although such a technique can b~ justified on the grounds 

of expediency, it does not yield any information about the fundamental 

nature ot' the developing 1'10'1f field. For the approach presently 1'ollo"e1. 

such a technique is justif'ied. In 1'act, use of Kirk's tech."liquo has proved 

rather popular being used to calculate el'fective origins by Hill ana PaGe 

(129). Childs, Paynter and Redeker (130). du? 1onaldson and Grey (131), 

and, Sirierx and So11gn&o (132), etc. f'or their particular problems. 

With Kirk's technique theret'ore, the actual potential core length !liay 

be expressed I1S: 

. :',' 



",here, 

,- . 
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:x.c '" correction lenGth equal in extent to the dis tenoe roquired 

f'or the velooity detect introduced by slot lip and lip 

boundary layers to bo tilled, within the potential core, 

.;l(P .. = the re&l potential core lenGth, 

~p~ = the idealised potential oore lenGth c:iven by equation 

7.tl3. 
~. 

7.4.7. Correotion :t'or !.lomentul'l Loss. 

To calculate.:>et,. it is ntloessary· to Hna:;,Yde the ~ake development. 

The two-dimensional wake in isothermal floIT is TIell investiC:Hted. e'6. 

Schlichting (122), Illld it is only neceseary to extend the solutions to iso-

thermal flow. 

Consider the non-isothermal, inoor;pressible, two-dimensional wake 

development shown in I'icure 7.3. Let 1I:;t> u, and, Ti < T,. The velocity 

and temperature pro!'iles sho'fln in this figUre I'orms very soon dovmS1;rem'!I of 

the lip' so therel'ore, tl03sume it exists f'roIB the plene of the lip, i.e. the 

separated flow is neglected. 

The total <.\rag 1.S maCl.e up or the bounaary layer urags and the base 

pressure drag, i.e. 

" Dt' + D. + Do 
. 0" ",:2. • 

The boun<1ary . layer drag can be f'ound from the inteC:l'al mOIaentum equation 

which 'for two-dimensional, zero mass transfer in zero pressure gradient flow 

over a flat plate reduces to : 

~] = 

, :',' 
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vlhere subscript G implies pU'Lneters cutside the layer. ~'hEl e~ · s 

.rc!lldn.' const&nts up to the edgo 01' the slot it' the lip is considered 

a<1i~batic. Beyond the lip,"the boundary layers cease to exiat us such • 

. Therefore, the above equation red.uces to: 
. d~2 rr . 

cl-?c. = ':r 12. 
Now, for a bounrtary layer, 

and fro," equation 7.tlU, 

hence, 

D~ 
the subsoript s 

( e 1/.2. ) $ 2. 
denotes surI'ace Svaluos. 
= 

, 

The minimum velocity ln the profile, v".,;", ' will lie approximately at 

the edge 01' the strerun with th\l greater density, i.e. 1'or equal I:!oleculo.r 

weight strea::ls and constant pressure mixing, at the ed8tl 01' t.he stream with 

the lower temperature. In other words, there will be flow around the lip. 

With this statement, it can be assu~cd ~hat the base pressure drag is pro 

portion!!l to the dynamio pressure or the stream with the smallest mass 

velocity, , pressure drag is, 

where CD is the coet'fioient of' baae pressure dra~. 

Henoe, from equation 7.ti6, th~ ;total drs6 on the lip is, 

.. (~2)I'( e.",,2)s +. (~2 ):1,: 
2. 

1 :z. 5 DroT ( ("~ ".l ~ + 2'e ..... c;, w 7.91. 
t I 

If the incompressible Bernoulliequation is applied to the system with. 

(i) tho total pressure in a given atream bcin6 const.ant, and. 

(ii) the statio pr~ssur6 constant over the whole field, 
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it can be written 

.:..(p - p ) 
f S 

_.L 2 I ( 2) .L. ( :l.) ~C: L(.. ::-:2. C 1.-\. ••. -.2, P \.I. 
I' 2 2. S '-2. 2. 

Now, it' as noted above, there is f'low ",rolmd th~ lip from the lower 
• 

mass velocity side, the statio pressure dit't'erenoe must be propcrtional to 

the dynwuio pressure ot' this si<1e, c 

-: ' . .;.-:.. .: .-.-

i.e. 1 2. 
= - a, 2 t:,'-i., 

• where a, is the constcnt ot' proportionnlity, less th~r. .,ero usually. 

TlJerefore,carbining equations 7.92 llnd 7.93 yields, 

( I> ~2.) =l-a 
l. I I ~ 

&nd, 

( 

If equation 

t' '< 2-I • 

l ) 
<:2. "'2 " 

( U. 2-
, I 

• 

= 

7.91 is aivided by 

there results, 

2 
(2- 1-\2 

e, '< 2. 
I 

<: ..... 1 
l.. 

" ( {J2. ),' (l-a) + ( 

- a 

and equations 7.94 introduced into it, 

flow, a general aet'inition of the two-dimensiono.l momentum thickness 
fJ 

is, S;a, = f c": (I _.':!: )c!'i 
. 0 e ....... ,;, ~ ..J 

Therefore, if a power law rorm ot' boundo.ry lo.yer velocity pr01'ile is o.ssumed, 

~ /11 " (j/d t 
~ 

and 'it' as before, C = e,\ ,the·momentum is found as, 

~2 = " 

nhcre ~ is the thickness of the boundary layer. 

, :',' 
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~u·ostitutin6 then 
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!.laking the previous assu!Dptions concerning the density field and introducing 

1> = 1l1/ 4 :2, md 1: = T/'l';;t • yields. 

]>",~ t'\ ( , n (d) (1 \.L S e::>" ("+((2.1'\;-1) $).(1-",,) + l~+1)L2"'-tI) :2. </>2. -''':;1+.2.<1> 1>/ 7.98 

It is observable from the experimental data for blunt bodies that in 

• the vlake, a <<. 1.0) a!H1, CD ~ 1.0. J.5SU;lline ther"'>,,re that the slot lip 

beh"ves ll,ke n olunt boay anu insertine these two conditions into equation 

7.~.Hj gives, 

Hut Idr~~ is a loss in t+otal 

DToT = 0 (~I - .... ) cl M I 

nOr.1~tum, so, 

[ ( Il;t - LI.)dM 2 7.100 

where M is a mass flow rate ana in writing equation 7.100, constant pressure 

in the wake is agatn assumed. ~'or tWIo-~menSion"l i'loW" dM = eu dy so, 

DTo'l' = [ Cv. (tt, -;) ~ + 0 (' LL ( ~:z. - LI.) cL:J 7.101 

Non-dimensionaltsing bye. '1 .. f'or compatabili ty with equation 7.100, 

~l' = f t.{!.,!:!:. (I - ~ )~ + f~ff '~2 (Iol -... )du 7.102 
(' I.( 2. et "'. "', e u 2.. - J , ., 0, () I I 

It is convenient at this sta~e to change the variable, i.e. l~t 

~b," '7. thus, <1j = b 0.7 and ohe limits of inteGration become, 

~=O, ~=O 

:J=b , 1 = 1 

If the assur.lption is now made that the wake profiles in similar form, 

eau be maae up rror.! t~e same she~r layer prorlles used in Section 7.4.3., 

the density 1"iolas will be given by equation 1.,2. 

Thus, = 
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.' ~~. 

l.lso, uzing equation 7.47, 
"-, - ~ "l:l, - I.<. 

.. :'~,.' ; 

,~ - \.l. • 
t n"ul'\ 

"S 
= (1 _ ( )2. 

, ,. 
f'rom which it can be shown that, _. 1 

~(1 - ~) ~ II - ~~ )(I-~-:')~1.4 -(1- u",~;..)r('_~'S)·2.1 (",-l.1. .)" 7.105 
. , ~,' l , "', L· ( M, ... 

. :a(l_ ~;z)= 1t2(1'- ~;')(I-~')~_(It,-_~~J(I-~")[(I-~$)4r 7.106 

,Equations 7.105, 7.105 ana 7.10b may De substituted into the R.H.S. of 

equation 7.102:-

1st term: 

b f I "t . C( "'Ik,;," "~'.z. ( Lt' )[( ,·S 'J7 It",' )11 , c,[1+ '1 ('t-, >J,} ~ -..-;' Af-,,(} - I--?~ I-,[) \1- .:~ ) ~ 
writing (1 - '7.. ) ~ f{() as before, 

/.<'" • f I { 1: rf (.,., jJ '1: /h) + It",.;.. "t eh) } - b (I ." ) l: t - - _. 

'" I -~; 0 [h"lh'-')J- [1+,>[I1--,)J "'-, '[/+'1(1:-1)] 
Introduoing now the integral definitions of equation 7.60 into 'the above 

sives i'or the 1st term on the R.lI.S. of equation 7.1U2 : 

"\.0 (_ ~,,)[-j _::r:1 ~.';' I '] b, L I \.4 , .J..). I + K I , 

whcfe the dash denotes replacement of e by t in the integral def'inition. 

Therefore, the complete equation 't .102 becomes, 

7.107. 
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'rhe finite thickness of the slot lip together with t!1e boundery 

lay~r3, existing on it, introduce a velooity defect into the mixi~e layer, as 

shown in figure 3.8. Th,;, above equations represent the 1'i11in(;-in of this 

defect. Consider this in relution to fisure 7.1.. At a aistanoe )(,llr.oro. the 

oriGin of' 'the wake, turbulent Inixin;; will have filled-in the dofect: at this 

stD-tion by definition, ( lA "';" ) = u. as the defect is now filled end, let 
1>, 

Thus, 

:D;.<)T 
P I.< t 
'- I I 

at l:j) equation 7.107 beco",es, 

'" (b:JD l' (, _ "Xr/ - I I -+ .i'I I ) 
C;~ I Y' :I.. I '1' I 

Now, any re;;ion 01' turbulont mixine roSardless of its oriein "ill 

obey the form of' equation 7.41. Theref'ore, applying this equation !.live:!, 

for the !l2 p:lrt of the wILk,,:, l... (b:t.)j) 

(Xl) t' 2. (h CS)) J 
J ~ = F, (I +1:)' J(I-1'~2.)1 c.lb:t 
)c 0 (b,J", = ::t-

in inte:3ral f'JI'llI and ~'here i<'1 implies !ill unkno,,!'n function. 

The limit "orepresents the plane of' the initial cross-seotion at' the wake, 

and is the pllUle from which ~is measured. The a35UJtption that "'0 = 0 

7.108 

7.109 

"95 im?licd in the assumption 01' similar profiles extending through-out the 

wake region. If dW < S , as it usually is, this i8 a reasonable asslllllption. 

Rquation 7.1()~ ffi<?y henoe be evaluated as, 

[ 

2. (1+ (:.f;/'[' J} 
~ = Fl (I Tt') '/(i-1:"1~)1 (~)b-(b.<)o 

, The question of the inl tiel thi~kness or' the wake, ('b,:z)O has to be 

deo1ded. If any now i'rom stream 2. rouna the slot edge is oompletely 

neglected, at x= 0, ( (,.) = (S). For maximum flow round the lip, the 
, , - 0 ~ 

7.110 

velooity of the other stream is requirea to be zero when, u, Q U, U .= U = 0 "'It, I 

and, (a), =0, giving (b.z.) = O. Thus, 0 < (b2) « ~ )2' AbralDovioh for 
, 0 

, .... 
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In the absence 01' ~.ny altcri1:.tivc, this value is tllbom to hold f'or non-i30 

therm:>l nows and. (b ;:)0 i3 civ,,u by equation 7.111. 

'rh" thiclmcss (b) now hps to 0('1 det~rrained. This is cione by oombining 
:>. .,1)' 

cqu::tion 7.10t) rIith ec;u,rtJ.on 7.99, tho two drag oxpressions, i. o. 

7.112 

/,n ncld.itional e:l..?rossion for (o.:z 1 can l'O found by applying the basJ.c r:1i:dng 

expression again, i.e. , (1+1")1(1-1"\1:1.)/] 
(b.2.~ = "'2 [[~+xJ 7 ll'T(~n1<.. 7.113 

Equation 7.113 mayOe "arranGed !'or X"with substitution for~.l;!'ror4 

equation 7.110. 'l"~us" (I.;.-'r);n~[(, ) [ F;] ( ) 1=', } 

, ' l!',.x.c = (/-r"t:) /(I- 14'l)/ ~:D i - F':2, + b:z. 0 1-2 7.114 

'['he f'unctions F, and ~'2 are ullknown initially. It is a great oonvenience if 

equation 7.114 is re~rranf1:d as, ' 

':2. (, ... 1:'i) . {e [' . ,] ( ) .L.} 
,):,," (1't1:)!(I-·'CciZ)/ ~JD 0'30 -F,' +- ~ 0 Fj 

I.here ~~ is a.'1 unkno~m 1'unction to De determined, }~ is a cixing oonstant being 

taken itS 0.300 frOIl equation l.99. 

IJecause the streams mass velocity ratio d.etermines the amount and 

direction of flow around the slot lip,' auxiliary equations arise for (b.:4)o 

and- (b~1:: ','Ihen the streams mass velocity ratio is unity, there will be no 

flow around the lip and (b,2)o takes up the value, 

(b2,)o= (a)z.+ O.S$w 

i.e. the pole for u ,now lies at the mid-point of the slot outer wall~ 
.... n) 

',' Similarly, 
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7.1,.8. Correotion fop Non-Pl2rallel ''''es. 
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7.ll7 

We havo throuGh lark' s technique e~boaied. in equation 7.tl5, 

J:>rO<1ucea a lin~ar shift' ot' the orit;in to enl1ble the iaealisea shear layer to 

be used. It is however, the potential core length ~:hich is of interest, this 

length being defined as the distance from the geometric slot outlet to the 

point where the inner-edge of the shear layer im;ersects the grovling cooled 

wall boundary layer. Thus, a linear shif't of' the X- axis tor the shear layer 

!Just also be &.coomp,:nied by '; similar linear shif't for the cooled-wall bound

ary layer since the 'outer-edge' of this 'layer is acting as a non-parallel, 

ourved axis relativo to the shear layer axis. It is hanoo clear th"t equation 

7.tl5 should really be ?iritten "hen referreC1 to figure 7.5, as: 

where ~is an axis oorrection. 

By oonsidering the geometry of figure 7.5, it oan be seen that, 

[( J)p)~ (S)p,(' ] = tun 0(. 

~'B 

and, 
(';)I)p L. 

tan ()(. = > 7.120 

l:f~ 

sinoe, i'rom equation 7.63, ( ':!.)P,: /t.p is linear. 

Thus, 

7.121 

Thus, 
, .. ,' 
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DefininG 1> as, 

D = 

, .. 
, ., 

:,. .. 

7.122 

e[I' -(.2-",,)J;-t(I-m)I ][CP3 ('~()( (t-[)1'f\2)( ] 
.3 . 2 Z ( , +Clrn)2. 

7.123 

and introducing the boundary layer expressions from equations 7.77, 7.7~ 

7.124 

7.125 

If the wall boundary layer is wholly turbulent fro"! its inception at :Xs llP-

7.126 

7.5. Sum",,,ry ot' EQuations to be Solved. 

The equations for oaloulating the potential core lcngth ar" . 

as 1'01101'131 

= l'r. , _ ~ +:.:: 
T. c. 6 7.127 

= '" I '" J 7.128 

= 7.129 
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for, 

, :',,'; 

:Xp. = 
~ 

"'n = 

for, 

= 

CA",/ 
m = " lot, 

, ... ' 

. -}' . 
. .-

It, (~f~ +'<$) 
~c 

s 

>,- Re c:. 

• 
S 

7.131 

7.132 

7.133 

7.135. 

7.136. 

7.137a) 
7.137b) 

7.137b) 

7.1370) 

7.138 

7.139 
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'1" = . TIT 
• 1-

where subsoripts 1, 2 are defined by 

P = the boundary conditions. 

( ) _ ,'12.. ,. ,f" " r(S)-r(v~ . .r."J-t,J.~ 1. 
b.2])- "t('-/fIAI;-r.'+)II.') ((n+IX21\t1)l If;). IVJ 

(b~)o" . 0.7:'1. (n 2 

(b ) = 
.2.]) 

when 

For "t and 11, -Z/ = r. 
Solution of these equ~tion3 is dincu8scd in l.ppendix A2. 

The boundary oonditions are: 

If, 

< 1.0, .:t ,- "m 
= """/- jj = 1,,(. 'e.. , 

~ • .!.t. > • ~ Tm 1.0, "t = 'c;' r,.: fJ -"'I - " .... 

" 

7.140 

7.141 

7.142. 

7.143 

~'c . - ::: 1.0, 
..... , T"" 

k", 

< 1.0, 1.' = 'lC IT. , Jj = "le /~ with -
""t. '" '" 

= 1.0, 

= 1.0 , 

= 1.0, 

Collectively termed, 

The solution of the inte~ra1 equations 7.137 is given in Appenaix A2. 

A flow diagram and listing of a oomputer progrp~ to solve the oomplete set of 

equations from 7.27 to 7.146 inclusive is also given in this appendix~ 

.:' . Appendix .\3 disousses the principle of 1'10" similarity Illld relates 

the general to the partioular ot' the present problem, enabling the thermal 
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potential oore lengths to be fo~~d under certain ciroumstences • 

. .. . . .. .. . . . . .. 

• 

.' 

• 

, :-.' 
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C H APT R R H. 

D~;SIGN ArID CorrSTRUCTICN OF A FILU COOLING ,HND 'l'lJNNEL. 

8.1.0. Introduction. 

'1'0 test the theory developed in Chapter 7 and to provid6 

'int'ornation on film development IUld e1't'ects ot' various design parameters, /I. 

,Buits.bIe test facility was required. A ¥rind-tunnel was designed to setisfy, 

thesl!! purposes. 

Ths wind tunnel is a horizonh.l, IJ.cc!Jsonic, open return, closed 

rectltnCulllr Y1orking-section, suction-type tunnel with a secondary air supply 

ts bIo" .. slot in the front i'locr ot' the working Mction, for the purpose ot' 

sinulating 1'Ut>-coeling. The tunnel ":LS designed t9 be extremely t'lexible 

in cnp.bility to permit aerodynunic, "diD.u .. tic-lTall !lnd, heat trensfer 

studies to be carried out in the one facility. The main aim ef the project 
\ 

'Ias to study the et'i'octs of injeotien geCll:letry on the fU", cooling process 

md this required an I:dditional variabUity in th<'l slot oont'ir;uration. The 

resul tinll design required some ccmprcmises tOOe made to the usual standardS 

ot' wind tunnel aerodynlllllios, but produc:ed a compaot, tlUlti-purpose i'acility 

c:apable of extrcm<'lly wide variation of' all the necessa.ry par£lmeters. An 

unavoidable penalty "as inourred in nechanioal. oc:!plexity ,/hioh has oaused 

scme dirficulties in manuracture. 

~.2. Gener&! Description. 

Certain basic considerations governed to a large extent the oVer

all layout :md tlnny of the design desoisions taken. 
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In the bUilding in which, it was intwdea. to house the t'noility, there 

was a ·limitation on the electric~l supply bus·bars or 15 horse - power 

equivalent. It was decided that the Ylind tunnel fan therefore, should nat 

nboerb !!lore than 12 horse-power Q,t maxinullI opeed. The investigations were 

to be nado fer suo sonic floll Ma. a maximum, (h ~void oe::lpressibili ty effects), 

mainstre:!lll vel!>ci ty 01' 250 ft./ sec. was ohosen as accepta'ble. Because of 

instr~entation size probleas, the mininum height for a slot was taken a~ 

• 0.25 inches and since at least three slot heit:;ht5 were desirable, the cui-

mUll slot height was fixed at 0.75 inches. Fer the film to be e!'fectively 

tl'"io-dil:lensional aleng its oentreline, a slot width to heit;ht rati" ot' at leQ.st 

8 was considered necess .. ry. Thus, for the JW.xi.muJ:1 slot heit;ht, a duct Ylidth 

of 7 inches was chO)sen giving a ratio of 9.)4 : 1. The caxicum height "1' the 

duct v,as then fixed. by the max{"'Urtnainstrem velocity., the i'an power lit1it 

cnCl the duct width, I< resulting value 01' ·5 1nches for the cono.i tion8 desCrl.Oed. 

The length of' the workin~ seotion haa. to be ~ cr..'prO"ille between tho ebili ty 

to acquire the maximul:l "count of inform"tion, a bRsio ~ver"ll si?e liuitation 

posed by the space available, and, the leneth rli thin Ylhich the injeoted filll 

ce,uld 'be c"nsidered. two-dimensional. le finnl working section length of 36 

inohes was selected and all slot geometry changes were t" 'be acoommod.ated 

within this length. 

Due to severe building-spa.c" restriotions, j t was clear that only one 

'fnoility caula bo ncco,"",odate,d',~.na. this Must perfllI'll all the aerlldynat:lio and. 

heat transfer functions required. Interchangeable floors for the working 
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section were thus determined fro!:! thc bet>innine and the main eesnetry chanllea 

.in, e1. et configuration had to be enGineerod. nround a moveable f'loer, BO 

resulting in looaticm probl'(lI.s v/hioh ultitlately led is the "l.!Elocano-set " 

systen to be d~scribed later. 

The experinental prol3ramae cnvisa{;ed \'Ias large ana it TIllS clew that 

·as much as possible of' the data acquisition and handling shoula be automatio 

to permit the work to proooeit within an acceptable tine-soale. Instrtment

atien was theref'ore oonsiitered in relaticn to a data-loee;inl3 system. Thermo

couples in an e.die.batio I"all, as opposed to other e,pproaches, were considered 

necessary f'or describinl3 the results of' coolant injection to be compatioble 

v!ith the data-lotmer. As h0;t-wire unenometers \'Iere in any case neoessary to 

acquire measurements of the turbulenoe pnrameters, they were ~,lso chosen as 

the means of' measurement f'or velocities; the whole systbm was to be desiGned 

to funotion in oonjunction with a data-loGeer. It \'IllS D.nticipated that some 

time and ef'f'ort woultl be necessary in proving tr::'s instrtlJ1lent~.t).on but it ViaS 

f'elt that there Vlould be an ultimate savinG in time once the progremme was 

oommenced. In the event, considerable practical difficulties Vlere encountered 

with this· system of' velooity meusurement, resulting in aocurucy cnd repeat

ability problems. These are briefly all~ded to in nppendix h4. For the 

present tests, a manual nppros.ch was used with boundnry layer-type total 

pressure probes. 

Use of' an adiabatio wall to oh&raoterise the injeotion process imp lie,S 

a suitable teoperature difference between injected ann main-s"re8111s. As a 

matter of oonvenience and cost, it was decideD. to heat the injected stream 

only. The problc~ under investigation then becones one of film-heating 
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rather than film-cooling but the. two proble!1s ore similar provided the actual 

streaas·temperature difference is not too large • . " ;' , 

The final design ot' the t'acility is descrlbcd in datall "oelow; Drief 

mention is made to all the options flvailaole f'or the sake of completeness 

although not all are used in the present work. 

8.3. Detail rescription. 

:. schematio drawine; of the facility layout is given in £'igure 

8.1, . from which the m!d.n components call be i.:1entil'ied. 

8.3.1. Intake. 

The intake to the tunnel is in the form of a bellnouth of 

maxlJJ:u:a width in a plane nor~al to that 01' the required t170-dil,ensionality, 

and. equal to l.tl tines the maximum wid.th 1n .he same plane of the tunnel, with 

s. lip rnaius equal te (lne halt· the Gift'erence between 'the half width of' the 

bellmouth and the maximum halt'-width··ot' the tunnel. In the thro«t of' the 

belllnouth at. a distanoe of' 0.25 inches f'rol. the (;~mmencelllent of' parallel walls, 

{'our static pressure tappings oi' 0.020 inches in diameter are symmetrically 

disp03ed and conncotion is made to a piezometer ring round the rear of the 

bellmouth; The bellmouth lips were manut'aotured from . lacquered mahogany 

mounted on n hydulignum support which carried the static tappings. 

Tllo phosphor-bronze, squnrtl mesh, plain weaye v;iro screons ero provided 

on a plyvtood support which is bolted. to the rear of the bellClouth support. The 

first (upstream) screen is of 40 mesh, 34 gauge wires and the second of 60 

mesh, 42 gauge wire. The distance botween the two screens is 1.0 inch and the 

second screen is 1.5 inches downstreem f'rom the bellruol4th throat • 

. ' 
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'i'his simple !'arm 01' into.ke system was chosen for i l;S ease of reOloval so 

~na:biing a<1dil;ional lengths 01' <1UCtinll to be conveniently added to the working 

sectj.on in order to increase when appropriate, the mainstream approach 

boundary lriy"r thiokness. 

I ;' ,I .. , . , 

Surrounding the bcllmauth is a low pressure loss filter. It consists of 

a laree 2 X 2 inch wocden-1"r.:ul!e box with 1'i1 tration panols on five of the 

six sides. The filtration panels consist 01' two layers of oheeseoloth 

separated by '3/tlths • 01' an inch, ruld Ilountca on remov<!"ble l'r.""es fit tine; in 

l'ORl'lC<1-plastic scals in the suppurting box. Tho sixth side is closed-ol'£' with 

a two-piece fibre-board sheot \<i th a cut-out containing a sealed - cell, 

i'oaned-rubber l."u1'f which fitted. tichtly around the wind-tunnel, downstream 01' 

the piczometer ring. 

The length 01' the working section is 69.625' inches between flanGes 

and Hr. width i,5 a constant 1.0 inches. The maximum poscible depth is 5.0 

inches. 'The roof is of polished 0.25 inches thiok alulliniu:n alloy ana 

contains a central, 0.75 inch Viide slot of 5b.0 inches longth, co=encing 

13.375 inches i'ro'll the front edGe. '!'his sJ.ot permits fore-and-a1't movement ef 

a traverse gear •. A similar but cross-streeA, slot permits traverso of the 

slot outlet for 2.0 inches on either side of·the centre-line. When not 

GCoupied by traverse senr, both slots are sealed by rolling mats 01' sealed.-

c,ell, oxpanded Rubazote neoprone Xtl5tl 01' 0.ltl15 inohes thiclmess, which are 
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held f'ir"ly in p o3i tion by the prea3uro di1'f'err,nce ,,-cross theTa between the 

3:::A:)S1'h~re and tu."1nol workinJ section. Tho siue-walls ullow visual obsorvatien 

of the v:orldnG-~,ection and 'are of polished perspox, 0.375 inches thick with 

. 0.75 le 0.0625 inch vertic,,-l reinforcin" strips at 6.0 inch intervals,· oe,vmted 

in pluce. ·l'hese ·side-walls provide loc£.tion f'or a f'loor and allow this floor 

to l,O in one of' three vertical positil:lns depenainJ on the slot heiGh'; chosen. 

The actual .floor loc!ltion :l.s in 0.25 inch deep slots ",achinec1 along the in

side of th~ walls. !~ ce.!'cf'ully designed. Grid-system l~··dr.Hl (!In the 'Mecoano' 

:l~t, of' aocurately loee-ted h')les is provided. within these slots, pergittins 

l<'lcation <If' th" !'loor in any !'"re-t'!'t position on any ,,1' the three levelll. 

This syst()~ is the key to th;, polymorphio n~_tur() of the tunnel Md provided. 

considerable dif'ncul ties in lllanui'[!ctul'e to the necessory standl'.rds "t' tcler

IlIlce over the not inconsj.derable leneth. 

Three alternative :md cDnplet.oly interohangeable f'lDers are availn'ble, 

f'or aerodyn:&llIic, :taiabatio Tiall Gr heat trans!'er studies respectively. All 

these floors have the S:'U11e dimensions ef' 36.125 inches overall length, 0.375 

inches thickness :md, 7.5 inches width. DW1l11y spr.cer-t'loors 01' Adder-brand, 

high temperature "l'uf'nol t, are available in aS5"rted lengths to meko up the 

overall working section length J.epending.Qn tile actual pt»sition within this 

length 01' the particular f'loor 1'i tted. The aorodynamic noor is of' polished 

al~~ini~~ alloy &nd in its present f'Grm, contains U.U175 inoh dia.eter statio 

pressure tappings along its oentrelin~ ana, un lines 1.5 inches on either side 

of' the centreline. This f'lcor is also t" serve at a later stage in the 

investigation as a su~port ~or Stanton prebes to c1etermine wall shear stress 

laws. Its prosent purpose is to ~ssist in establishinG. the extent of' f'low 

... 
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tI'Yo-d.itilensionali ty nnd, the .'ler;:'}l pressur" gradient. The. adiHbatio-"31l 

1'lD"r.·is cast ~n low .. her",al conauctivity, glass-fibre re-int'~rceci, expexy 

resin end contuins 0. tutal er 92 thormec@upleo placed along the centr~-line 

. and alcne; liner, 1.5 inches either side ef it. On the centreline, 60.of,these 

ther1l9cQuples arc· spa.c'''l as t'~ll("ys: 0.25 inch intervals OVer first 6.0inches, 

0.5 inch intervals over next 11.0 inches, 1.0 inch interva.ls ItV er naxt 10.0 

inches and, 2.0 inch intervals thereafter. !.lons the other lines, they are 

s!laced. at 2.0 inch intervals t'or the first 26.0 inches,'then 3.0 inches a..'1d 

finally, l,.O inches epo.rt fer tlls reClain<1er 01' tho i'l""r. 'l'he thermocoupll!s 

t11'"O Tfade x'rel:! 30 S.Tf.G:. chr.,mt'tl- constantan 'insu~las' ceverect. wires, tl.ntl 

:arc spot-welded. together ana. cast in~c[;ral "i -Ch the floor in a va.CUU .. ,,\ aut,e

clav... 'rh" res.r-t·r.ce !Of the a(1~"batic fIe .. r is insulated VIi th stanaard. ::la55-

t'ibn blanket.. T" reduce c.nd'~ctien l'ro", th,,· thcrlloc,"uple junctions along 

the oonnccting le~as, these leaa.s er.e arrange a to lie al .. nr; i3ltther12s f'er 3 

inches f'r<:>llI the actutU junctiens bef"re being lr .. ' thr~ugh the rear f'ace ef' the 

f'loor. 

The heat trans1'er fIner is very similar in construotion to the anabatic 

n"or but· in this CP.sc the resin is chr.nsed eor Araldite 1IY 750/ HY ~U6 / DY 

062 which is suitable for higher tc,"?cra"!iures 'up to 14.:;OC. The Vlorkine; surfaoe 

ho.s vacoull!>l c!epcsited. on it, a c_pper fila l' 1'ew microns thick und. in elect- ' 

rical . centact with steel bus-bars, cast integrall"' intG euch (me. ot' the flo"r • 

. The-power input to the fila is through alternating ourrent, controlled by a 

varisc and. in this .. anner, enables heet transfer stUdies t. be mad" with a 

oenstant heat flux beunaary cena.it1~n. T. ~easure surface "e~peratures, 45 et' 

t;he previ.usly d..!!scr1bed. th"rmQcQuple3 are cast intc(:rally in t;he 1'108r on 
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the centre-line and on lines 1.0 inch on either side of it. The casting is 

.arrenged so that the junctions ere immediately beneath the film, but elect

rically insulated from it. cure is taken to avoid A.C. piok-up by the junotions 

Along the centreline, the thermocouples are spaced as follows, 0.5 inch inter

vals for the first 6.0 inches; 1.0 inch intervals for the next 6.0 inches and, 

2.0 inch intervals for the remainder of the length. At check points, lines 

'ot' three thermocouples are placed in the thickness or tne rloor to measure 

'any heat loss through the rear-t'ace, which is insulated with standard g16ss

fibre blanket. Tho applied heat flux is measured electronically by.watt

meters. 

All thermocouples ,~ere resistence-checked be1'ore and et'ter casting i'or open 

circuits, and a 10)b semple was caliorated agaJ.nst laooratory-stanaaras 

mercury-in-glass thermometers ~n a vlater-bath, prior t.o casting. 

Only the aerOdynamic t'loor was used t'or the present series 01' tests. 

Because 01' the many geometry changes possible within the working 

section, provision of corner £illets to reduce roll-up 01' the now and event

ual loss 01' two-dimensionality, would have been extremely di1't'icult. These 

were theret'ore dispensed with end as descriDcd ebove, preoautions taken to 

determine the limit 01' effective two-dimensionality along the centreline of 

the vmrking section floor. 

8 • .}.4. HoneycoI:lb Holcler. 

To prevent swirl from the fan being propageted back into the 

working-section, a resin ·re-infaroed paper hoxagonal honeycomb or 2t cells 

per inch, and 3.0 inches length is provided in a constant 7x5 inch section 

glaBs-f'ibre holder, at the rear ot' the working section prior to the junction 

piE!ce. 
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Juncticn Piece.' 
.:-~, . , 

A change of section from rectangular to circular was required for 

entry to the fan. This is provided in a length 01' 12.0 inohes by a oon-

stnnt area glass-l'ibre junction-piece. 

&~ increase in duct diameter was necessary for entry to the ren 

and this is provided in a 5.1~:l area ratio conical <lit't'user of IP total 

included angle in a length of 40.3 inches. The <liffu1(,r is construoted or 

glass-1'ibre and a short, 5.~ inch tnilpipe is provided by the sheet-metal 

intake to the fen. The diffuser bolts between the junction-pieoe end this . . 

tnilpipe. Bet",een the flanges of the tailpipe and the o1iffuser, is a I! inch 

thiok, soft, sponge-rubber anti-vibration gasket. 

The fan is a 20 inch Blackman Type 14 high-el':fioienoy blower 

whioh absorbs 10 B.H~· at 2,860 r.p.m. against 2~ inches water-gauge pressure. 

It is directly driven by a Brooks 0 25b enclosed fan-oooled slip-ring motor 

which is controlled by an Airedale Type 51G2 starter/speed regulator designed 

to give a continuously variable reduction in speed down to 40;; of the max-

imum. Additional speed reduotion Vias provided where necessary by throttling 

the fan discharge. To the motor through a rear wards extension of the drive-

shaft, is fitted a ReoordElectrical tacho-transmitter Type ACA2 driving a' . 

remote 3~ dial Cirscale tachometer indioator mounted on the reg~ator oasing. 

Fen and motor are mounted on a stand of 2x2xO.25 inoh mild-steel angle, 

provided with four adjustable levelling bolts in its base. The fan and 
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tUiiriel cehtrelihes are the'ri nominally,!J2 inches t"rom test-cell t"loor level. 

"the clUtlet from, the i"an is connect(>d to a 15 foot length of lO-inch diameter. 

Thermaflex flexible duoting which carries away the discharge to avoid immed

iate recirculation of flow baok to the tunnel intake. 

3.3.8. Slot Box. 

The slot is blown by air from four, water-cooled li'hittacker-Hall 

'sliding-vane coopressors ganged to supply air at pressure, llbm/sec. at 50 

p.6.i.g., or, more mass flow at lower pressure. From, the compressor-house, 

the air i"or the slot is duoted to the test-cell housing the facility and 

enters via a large, pneumatically-controlled gate-valve. In the'cell, it 

is passed to the slot-box first thr0UBh a 2-inch dir~eter main containing a 

Deltech )!odel 170 compressod air combined- cyclone and chemical-element t"ilter 

with e. quoted filtration efficiency ,of 99.4~; for 0.5 micron diameter lub

rioating oil aerosol. Either side of the filter ara isolating valves. 

Downstrep,m of the downstream isolating valve is a bleed-valve and a 100 in

clUded angle ccnical diffuser to a 4-inoh diameter main containing an orifice 

Rlate and,thermooouple in a ceasuring seotion designed according to British 

Standards instruction BS 1042. A 15 kiloVlatt heater is situated in the main 

downstream of the flow-measuring section before a convergence dovm to It inch 

diameter, and final connection to the slot-box is made through a 6 foot length 

,of double wire b!'aid, butyl-lined and covered, flexible hosins cade up with 

end-fittings by British Ermeto Corp. Ltd. 

The slot-box forms a plenum chamber having an expansion ratio of 31.7 

I 1 with a length of 4.67 entry diameters, and oontains two phosphor-bronze; 
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square mesh, plain weave screens ot' 40 mesh,34 gauge wire sepurated by 2 inches 

end situated 2.5 inches from the inlet. A similar screen is mounted in the 

oiroular inlet oonnoction. The outlet from the slot-box serves to turn the 

slot air through an angle of 900 for tangential injeotion and to aooelerate 

it smoothly to the injection volocity. These requirements must be oarried out 

keeping the >.'all boundary layers thin to give a flat velooity profile at the 

injection plane, avoiding flo'1l separation or vortex aevelopment, and with low 

turbulenoe levels. Provision must also be made for changes in slot height and 

accomodetion 01' other rig geometry changes without oompromising these re

quiren:ents. In practice, the layout of the wind-tunnel together with the 

geometry changes, diotated the general form of the convergence and sophist

ioated design procedures TIara not considered worthwhile. It w:ts eventually 

decided that the minimuo contraction ratio should not pe less than 2:1, that 

the area changes at either end of the' contraotion should be kept as gradual 

as possible and, that there should be a small length of constant area f~ow at 

the outlet end prior to injection. In the resulting design, the minimum 

contraction ratio occurs with the 0.75 inch slot height end i3 2.bb:l; the 

maximum which arises with the 0.25 'inch 810t is 811 

The surfaces forming the contraction were designed from 8traight lines and 

circular arcs to 'simplify manufacture. 

The material of the slot-box is Hydulignum, a resin impregnated wood 

'laminato. This was chosen to take advantage of the (!O!l3tail~ of contour 

~~&t~dcDY bulk, without the problems of permeability nnd warping due to drying 

which are pz:esent with pure vlood. Hydulign= is also El reasonable thermal 
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insulator ani h!\8 the precision - machin~,bil1ty 01' e mehl. 

"" ,The slot-box re~eir..~, 1'ixed in pod tion Md. slot height varintions 
m 

are eccofdated by interch!!"'T).ge~,ble convereences. The 1'loIY creas normal to 

the wells forming the converlences are e;l'yen in figure 8.2, and the flow path 

for the 0.25 inch slot is shown in fic;ura U.3. The sruta con'/ergence contours 

ere used for e~ch slot heic;ht, but the length of the constant 1'1cr;v-area 

portion is extended by 0.25 inch steps as the slot height is increased by 0.25 

inoh incr.,ments, to a maximuJll of 0.75 inches. 

Tne out or oon'~~ur 01' the convergence is made c.. two pnrts, nerodyuall1io 
", . 

continuity 01' the surI'ace being assured by rabbit a"id dowel location, to"ether 

with clay-seeling of the remaining hairline crack between the parts. The 

upper part f'orms the slot lip Emd is variable independently 01' the slot height. 
c:-...... -. 

'~~e convergence contour romains'fixed and thicker lips·are produoed by u07in~ 

$lightly further out into the mainst~Bam through inoreased material thick-

ness. , ConstBIlcy of themain-streem boundary layer thiokness whiohever lip 

is used is assured by beginning this layer at a leading-edge formed by the 

lip-part itself at a distance of 7 inches upstream of its trailing edge, whioh 

fOI'lDS the ,end of the slot Emd the injection plane. This leading-edse always 

stands proud 01' the tUImel f'ront-floor, which is fixea in position. Three 

lip thiokness 01' 0.020, 0.050 und, 0.150 inches respeotively, vlara available. 

The materiel for the lips r.llS 70/30 brass for ease of machinins; a perspex 

:tip 'of the greatest thickness was :nade for assessment 01' el'feots on temp-

erature profile at injection of the non-adiabatic brass lips. 

Other,lips ~ere manuraotured with extended lengths giving tengentiel. 

parallel flow up to 10 inohes before injection into the mainstream. These 
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1IIero jStu(liea on the effects of .slot injection prof'iles. Also available were 

inscJ;'ts into eny slot, containing wire grids to vary slot turbulence and, 

metering-hole srrays to . simUlate pr&ctical injection geometries. These 

however, did not play tIny part in the present programm.e. 

8.4. Inntr~~ontation. 

8.4.1. Traverse ~ear. 

Access to the interior of the working section was provided 

through the two slots machined in the roor snd aescribed under Section U.3.3. 

Accurate ·traverse perpendicular to the floor at a particular downstream 

location was provided through a traverse gear. This traverse gear W&S designed 

to HCCll.!l1!lloil.ate a variety of probes Vii th the min1t:um or· trouble, and Vias also 

requireo. to provio.e an accurate norma.l profile traverse ill 0.001 inch steps, 

holding the sensor always into. the flow direction. 

The core of the traverse gear was a Uooro 'and V:riGht 952;;12 micrometer 

head ?/ith 2 inches of 0.001 inoh oalibrated travel, which could be claoped 

fiw.1y in any vertical position on a column. The column, a 10 inch long rod. 01' 

0.375 inch diameter silver steel, was brazed. in a 5.5 x 4.75 inch solio. brass 

pad of 0.25 inch thiokness. On the underside of this pad was machined a dis-

ocntinuous, sliding -fit, 0.25 inch deep tongue running in the roof slot 

to ensure constant probe direction once mounted. A slot was machined in the 

pad through which the probe and. lOVlcr eno. or the movement travel during 

operation. Two sueh pads and column assemblies were manuractured but with the 

tongues running in direotions dii'1'crent by 900 to permit. travel along the 

mut~ally perpendicular roof slots. The common movement was clamped to the 
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oolUJ!ln of whichever pad was in use. 

The movement consisted of two· short rectangular bars 01' brass ·rigid.ly 
, . 

joined on one side by a 4 inch long brass plate. ~.o sets of parallel holes 

were drilled [i.nl! reamed in these bars, ono set being boaring surfaces· t'or 

the silver steel column. .Tnis set 01' holes was opened ID the outer edges 01' the 

bars Vii th a fine, milled slot and AlIen sorews were provided so that this 

frame for tho movement could be fi=ly clamped in any vertical position 011 the 

col=. Position nbova the pad .. as accurately deterr.lined by placing slip-

gauges bett'lecn the pad and the underside 01' the lower bar. In this manner, 

the two inches 01' fine travel TIere available any.here across the tU!'Ulel height, 

with cco;urate poaitioning • 

.. The remaining hole in .the upper bar accommodated the micrometer whioh 

was clamp od by an ,Ulon-screw closing ths hole through a slo~, M previously 

described. The other hole in the lower bur 1'orlled a bearing surface for a 

0;25 inch diameter ailver steel rod which carried the probe from its lower 

end. This rod was brazcd to a floating bra33 steady bearing off the colunn, 

the whole being supported by a spring between the steady Md lower bar. The 

spring stiffnesS was ohosen to llupport the heaviest probe, (200 granu:les), to 

be uscd. Uovellent of the probe-rod was affected through the spindle-pad of 

the cicrometer operating on the upper surface of the steady, and, against the 

GP ring. Probes were carried off: the lower end 01' this rod ininterchMgeable 

·shoes held in place by 11 grub-screw. 

The shces extended sufficiently. far forward that movemont did not 

cause the upper endll of the probes to 1'oul the traverse Bear. Shoes were 

r.vailablo with housings for DI:1A 55 A30 Md 55 /.21 hot-wire probe supports, 
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~.nd, boundary layer total pressure and statio pressure probes. Probes were 

,firmly' olal'lpcd in the shoes by Allen~sorews closing the holes through a slot. 

To eliminate leakage" through the slot in the pad, the whole trllverse 

gCRr was enolosed in a perspex pressure ohamber 16 inohes high, which was 

screwed with a sort rubber sealing gasket to tho pad. To ensure ,the scales 

were readable, the whola interior and exterior surfaces of the perspex were 

polished to provide optioal surfaces. Mounted on the ohaober are oonnectors 

8.4.2. TurbulAnce Measurements. 

The layout for the hot-wire " equtpment is shov.n in fiGUre A4-1 

01' Appendix 4. Because of the diificulties encountered find described in that 

Appendix, this equipment was only used for turbu1Lno~ measurements and a 

somewhat sirn~ler set-up was used. 

To measure turbulenoe intensities in the direction of flow and normal, 

to it, DI3.\ 55 A 32 X-array hot-wire probes wore used. These were mounted 

" , 



. ; . 

..... , 

in a 55 A 30 X-~robe Sup~ort carried in the traverse gear and fitted with a 

55 'A'55 X-Probe 900 Adaptor. 'rhes8 probes were used in conjunction with a . ' 
55 A 3~ X - 5horting l~obe. For the abortive velocity measurements, 55 A 25 

Miniature Hot-l':ire Probes werc used, in a 55 A 2l l.:inifiture Probe Support 

with a 55 A 28 Miniature 900 Adaptor. A 55 ;\26 Miniature Shorting Probe was 

used with thesc. 

}'or the turbulenoe measurements, two DlSA Constant Temperature 55AOl 

Anemometers were used together with one DISI> ,5 AOb Random 'Signal Indicator 

'tnrl Corrolatcr. The outpu'~ ,signals were monitored on a twin-beam Solartron 

Or.cilloscope, 

Wall static tappings were located. in the wind tunnel aerodJ-nt'.mio 

fleor cnd, sido wall in the plane of the 310t outlet, as indioated in Section 

8.3.3. The dit.meter of these tappings are 0.0175 inohes in the floor and, 

0.020 inches in the wall. The !'loor tappings were connected to El. multi-

tube, tilting-board water oLnorueter, and the wall tappings to a 6-positicn 

pressure selector switch which led. to a Betz-type prOjection water manometer. 

The static pressure field in the injection plane was surveyed using 

a static pressure probe in the traverso gear. Th:l.r. probe \'Jas balled on that 

used by 'rrentaooste and Sforza (13b) and is sho~m in figure 8.!~. 

8.~.~. Total Pressure ;'ieasurements. 

A standard boundary layer-type total presoure probo was used in place, 

of the hot-wires, to measur" pro1'iles in the 1'iln. It was similar to that' 

use~ by Hartnett et al (~) an~ the design is'sho«ll in figure 8.~. Read-out 
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was on a Betz-type manometer. 
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'_.' ,/I, pyromet;er was sdopted from the same design by inserting a thermooouple 
• 

junotion just indide the intake. The fOrTIard-facing tube was opened at its 

rear-end te allew threugh-flow ef air past the junction and, passage for the 

leads. 

The tetal pressure probe, statio pressure probe and pyremeter, vlere 

all made the same length and had an identical oellar at the upper end for 

• meunting ir. the sheeef the traverse gear. 

8.5. Visual Presentation. 

The test facility is illustrated in a series of phetographs, 

figuresH.b to 8.14 inclusive. 

Fip,ure H.6. 

A general view of the rig from the rear. Frem left to right 

are the transition piece, honeycomb helder, wcrking seotion with traverse 

gear,' and, slot-box and 1'ilter. 

Figure 8.7. 

View of bellmouth intake from inside filter bl')': "j,t'l side panel 

removed. The gauzes ond piezometer ring can clearly be seen. Vi sib le also 

are the rubber collar around the intake, and, the cheese-cloth filter panels. 

Fir,ure 8.8: 

A close-up of the injection plane showing the convergence. ' 

interchangeable slot-lip, "1Ieccnno" hole system in the side wall, aerodynamio 

floor, wall statics and, in the roof, the traverse slots. 

Figure 8.9: 

, >,' Tunnel roof showins the traverse goar. The rQ19 for downstream 

looation can be aeen together with the rubber mats for soaling the slot. On 
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the perspex pressure chamber can be seen the stuffing gland.for the sorew 

driver remote drive, and, eleotrical·and preasure oonnootions. fine and 

oowse drives on the screw driver shaft are visible. 

Fi'iure 8.10: 

A olose ~o of the trcvorso gear showing micrometer, oolumn, and 

movement with steady, spring, oarrying rod and shoe. Hounted is a 55.A 30 

X-Probe Support • 

• Fir,ure 8.U L 

V.lQ'II of trl?verse e;ear showing fixture of pressure chamber to pad. 

Mounted is a 55 A 30 X-Probe Support with a 55.'1.33 X-Probe 900 Adapt.or 

oarrying a 55 A 32 X-array probe. , 

FiCjl.lre 8.12: 

Total pressure, statio pressure probes and, pyrometer, shot,ing 

common collars. 

FiGure 8.13: 

Close up of probe heads, left to right, pyrometer, statio 

pressure probe and, total pressure probe. 

Turbulenoe measuring equipme~t • 

. ... . . .. .. .... . 
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9.1. Ca1ib".o.~ 
, 

c:-'ii'ice p~.ato in I< 1+ inch diameter standard measuroment 8ection dosigns(t 

c.cDording to Dritish St:.mdHrds, Flow Moasurements, 1)3.1042. Statio pressun, 

Jc:'!pS are 0.1.0 inches in dia.meter, situated '+ inohes u;>strec.m and, 1.5 ~.nche3 

dC7:nst!"cPJ:l, 01' the plate: A thermocouple en the centreline is pl'ovide:l 15 

inches upstreao.. The 2 inoh dircmoter main fro!!! the 1'il ter in joined to the 

I, inch ,1.iamet.cr measurinG Bectien by an B.25 inch long di1'fuser at a dista!l~G 

):> 111(;h,,8 upatrcwl of' the orifice plate. Followins the plate, the mon.sn:rir',3 

~ootion is s trnight for lB inches CL."ld then has 11 900 , circulur arc elbow, 

tho outlet from ~:hieh leadn into the hoater, c.bo of 4 inches diamoter. A 

r,nuze soreen is provided at the flnnge of the elbow o..'1d hoat~r. 

The orifioe was oalibrated acoordins to recoGnised Br-i tieh 31;0..'10.::1.'05 

practico, by uir.rlctral traverses with an NPL pitot-ste.tio tubo across the Op0l'l 

outlet of the hoater, with the elemmts removed. The resulting oalibration 

ourve is sholm in 1'iguro 9.1. 

Prior to installation r.nd, calibration of the orifice plate, tho 

Deasm·i.ng section therme,couple was calibratod in a water-bath 8-6l1inst the 

laborlltory stt'ndordn l1lflrcury-in-glass thermo:neters. This cD.libration if! 

For convenienoo in scttin5-U~} ~: tB.')t-point, the bollnouth intD~':8 

piezometer ring wan cnlibrated aG!dnnt the toto.l pressure probo which was 



po:.;iticnod oloo.r of' the e3instrof"'l bouno_ary layer nnd, in the injeotion plane. 

Tho co.libratiou curve is sho\\u in £'5_611.rO 9.2. 

t. ·thorough oheck 1>0.3 made for le/UtI! u!ling II soap solution 

brush t-nd sprl'~'. Leo]:5 cm the pressure side wore sallIed \'1i th II 51licono-

Poriodic loak checlw woro made as part 01' routine riG mo.intcnance and, 

1'oll01'1ing upon any geometry chr.nees; 

The static pressure eradi'mt d.own8tre~~tt nlonl> the 8.ero-

dynemic 1'loor contreline in the working section for vs_rious blowing rates 

I).nu nl(\inztre/l~l voloci ties Villa measured usine th(l 1'loor statics which WCl:'e 

conducted to a multi-tube, inclined board munomctcr at an arlGle of 200. A 

sfJl'lple of' the plots' obtained is sho\'.'Il in figure 9.4. It was concluded that 

the pressure grr_(lient was effectively),-oro. 

Plene .•• 

Stat5.o pressuro tI'~.Yersell on the rig ccntreline wero cado in 

t,lle slot Hnd, on the slot lip, cnd conpcred with the Vlnll static roading3 in 

the injection plane. To illustrate these, typical COMparisons arc' nhot!ll in 

figures 9.5 and 9.b. It cen be secn from fiGure 9.5 that o.s the blowinG is 

increased, a gradient across the dot is set up. How(lver, it is emall end 

can be con3idcred negligible, pal:'ticularly oinc(l the cOMparisons ere nade 

direotly on the basis of gaUS(l pressures. Figure 9.b. shows tha~_~_el:e aro 

ziGnificDllt trans"rer$o stRtio pres~;uro eradients in the melnstrcDJ1.. 



• 

.~. 

172. 

, \ 

\';'ith theso two onclusions, 'the wall statio tcppin{;s may bo used in 

conjunction rei th the total pl'esnuro probe to calculate centrelino voloei ties . . 
in the injeotion plano. Using check statio tappin(ls p:ovi,lod in the floor on 

. oi ther si do of' the oentrclino, no sicnifioan1; tl'~Xlsverse pressure Grtl.dionts 

.,"er0 f'ound ut dOlmstre:?nl locutions, either • 

Detailed eonsid.oration is civ.()n to trF.XIl1Verno prOf,sure gradients j.n 

the flow field imme<l.iately dcvmstrclm of' tho nlot-lip. Str.tic prosuure 

,j;rc:viorol;:'IJ'normal to th" floor were made on, :md 2.075 inches either side 01:, 
, 

the centreline at a station 0.61 inches (lc'lmstre[.m frou the slot lip. 

'!'raverses were made for several injection conditions and \7i th the thrco lip 

th1.ckncss()s, No {;radients of· e.ny significance wore fm.:ndt F.,:a~ples of t)\0Se 
, 

traverse!!, for the thin."1o.st of the lips, are shoo:n t'or dii'1'crent injection 

condHions, in figures 9.11 - 9.13 inclusivc. 

For calculation of ve100i tics in clol"lnstre"tl pr-oi'ile traverses, 

it VIas ddsired to use th(l static tElppines in the workinG section aero(l.y:na.mio 

flocI'. In order f01" thin to bo valid, the=-e must be no norm,.l statio preflsure 

(lrl1dients. This was tested by compr.rine centreJ.ine, normal traverso and, 

flocr static {;a.uge pressures,. at different statitlnll for different injeotion 

conditions. 
, 

SO:!l<l results of these comparisons ere givon in fiGures 9 .. 7 to 9.10 

inolusive. Figures 9.7 !l."1d 9.10 show that usa oi' th0 floor statio to.ppint; 
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is permissible at all· (lbtaTlIlell i'r0!4 injeotion for v!id.e blowing rate v":!'il1.timl. 

when the ml1.instream v," _,Jotty is h13h. For 1017 LlalnetreG.!ll velooi ties cnd lew' 

blowing rntea, usa is llcceptable but the dicc:rcpancics do increase 1':1th 1n-

oreasing distn"Iloo 1'rom injeotion. For low IMdns~l.·el:t' velooities togeth(;r \dth 

high blowing rD.-tea, the diGorc. ancic8 between the tr2.VEJrSe and the wall statio 

become relatively largo; the di:::ta.'lce eft'ect ia not so" notioer..blc" ho-never.-

Because the ocrr~pal"'i30n$ tiers m~de on the bc.sin 01" g\j.ugo prassurt:J:s cnd} bGoeuse 

th.; investiga.tions wer.e to be concerned primarily with nenr-t'ield i'i1ra meaaurc-

ments, use 01' the 1'locr statios in coujlIDction with tha total proosuro probe 

was oO!lsidercd acceptable. 

The t'isures shaH a probe prcsDuro wlLtch is al1mys I>reater than the :!'lo;n' 

"pressure, ovon when the probe is en the 1'1001' sur:!'ace. Sinoe it is relatively 

easy to measure wnll statio pressures, it must be thGrot·oro assumed that somo 

defect exists in th:; static probo. As the pre::;suros used are gauf,o pressures ill 

a suotion-tunnel, this supposed dot'oct crumot be the pick-up of somo dyna."lic 

hoad, wW.ch is tl common t'ault with statio probes. 

Pieurea 9.11 to 9.\3 ino1usive, indioate that now in the inject1(.>n 

pll?lle should be two-dimensional. The two-diroensionali ty 1VQ.S checked V{i th 

total pressure traverses on the centreline and on either side of' it," at a 

distp-Iloe 01' 0.33 inches downstream 01' the lip. 

Somo ot' the oalculated velooi ty pro1'iles are shown in fieuro8 9.11~ to 

9.17. for the thinnest 01' the lips, OilV .. 0.055 ins). These 1'ieures veri1'y 

the two-d"il~ensionD.l nature 01' the !'low wt't.h l'or" the ihjectiou"bonOi tions .shown, 
( ";"", 



;:1tL7...:ir:run ,ievia:tio!1 i-ram centreline ,-u.ooi ties or 5 rt./ Sf;}C 0 in the mn.instre2-'t1; 

and 4- ft./seo. in the slot flow: This is wrons the oentrr,l 1+.1, inoh03 or 

the tu..'mel. l~()l' the LlEinstrcu.tl, a 31illht peal: In trcnsvcr60 volooi ty pro1'ile 
. 

occurs; tho elct pl"o:t'ilo 'is cilmo~}t complotely flat in the trr!.naverso directionll 

The tro.v6rcen also clemons-:'rn.to the flr!.tnons 01" the slot v91oc1'Ly pro-

9.2.6. Ql1~ck on Tt\!Lvwl ()vere.11 Pert'or,W.11CCl. 

opere.ting it an a nor:::al faoili ty ,d th zero blowing. and measuring velacity 

profiles at dOln1stream locations. It' thero are no tunnol percu.lierith,o, 

profiles should. bCl obtained wiJich tl.gJ:"ClCl with the olc'3siod uniV'erl):<l vulo()it)' 

profiles obtnin0d for turbulent boundary layer/). 

Volcoi ty profiles were IDoasurcd. at two downotrC!l:l locations, 2tl and. 

31. inohes dor.nstrer.m from the slot lip.., ele.user plot (137) was conatructc<l 

by plottini; the Illce.surod profilos in the fOr-ill of: U /"11 

over L\ grld ot' constcnt' skin frlotion eoeff'ieient c • which \1ero oaloull). ted 

from: 

This plot is shcmn in fiGure ~.Hl, '1'rcll vlhioh it can bo estime.ted that, 

nt x:;: 28.0 inchea , lj: '" O.OOl2 
• 

on~, 
nt ~" 31,.0 inches • ~ '" 0.00225 

The Plee,sUI'oil velodty pl'onles Viore reoalculnted usin<; those vD-luea 
-to in the form o? U and + j • cl.ofinC'cl !lS, 

" 



+ 
u • • 

'is,. values 

.. 1~~ 2-e Lt., 

175, 

~iore found frora the dofini tion • 

The p&rt:tcular ver;;ion 01' t!le universal velocity pro1'ilo chosen was 

+ -t. "t' 
o~ ~ ~2.5 • "..... ;; J 9.4a) 

S~ :1 + ~ 30 
t- t-, ","" ~In~ - 3.05 9.4b) 

30~ J 0t- T-
2.5 In ~ -to + 5·(;' ~ .. 9.40) 

Zhis profile ia plotted in fiGure 9.19, and compared agninst the experimental 

data. 

It oan be seen frot'! figure 9.19 tha'.; although there is some s()atter, 

tho data agree tolerably well y;ith the profile represented by equation 9.4, 
, 0{-

at least to /l. vlllue of I" ~ 01' about 4. This represents the inner regions 

of the layer, including the ViSCOU5 suh-layer, the transition layer, ru1d 

par'~ of the main rogion. Departure from the v.niversa.l profile occurs at 

+ 
large j' and. represents the wako part of the boundary layer. The a,mOUltt Met, 

,." 
directiollof the depe.rtur" from the universal prOfile~,in a i'rec-strenn, 

(presont caDe is duct-flw), in the roue region deponds. on thc pressure 

Gradient, dei'lcction u;JWarda ini:.icating an adverse pressurc cradient. 

('l'he travorsos wore tc.kon towu-ds the rear of' the worl-,ing section which was 

fo1J.oVI(l(l by a honoycomb Glld diffusc.', In cildi tion, with the 0.25 inch slot 

fitted, there l'lns a 0.5 inch stop-dolln nt tha rear of the working section). 

Spnltlin~ 's t1:o-p~rH.t.let(!r pl'"ofilo l35)· 3h0)7S dGPurturos f'rom the lOl)=-lc:tl £or 



+ 
valut>s of 1'1 ~ Greater thllU 3.0, .,hieh is in Ilgrooment \~i th the present 

result3. 

CO!1clusionn. '; ----
The Ycry o~.reful ohecks on. the t'acility report"d in this ch8pter, 

• 
ind:!.oatC(l th[,t all "1'.3 slltbi'nctcl"'Y yli th tho tunnel' perf'omanoe, and th".-t the 

teHt pro5rc1.mme ('.ouJ.ci procee21. 

'., 
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10;"1 l'el.:t Proccdure!. .. 
"-

10.1.1. ,Set Ur> (Velocity Pro!jJ.....2..l!.0..:;;p.t1rcm?nt~) 

~'he slot lip fitted was m01l.s:).n;:i at three str.t.io:la dist

ributed 8.cross its width e.nd the Ilrithn:etio mean lip thieknoss dctermine,l. 

Thc slot hoieht was measured in 51tU with slip [lauges, a.,gain in three locaticno 

equally npaoed aoross the slot width. 

The pressure prebe wan 1'i ttod il.'l::the traverse gear Md the traverse 

gec,r mcvc::lcnt set with slip gauges 1)0 that the t\'1o-inch calibrated trnverse 

was available wher0 roquired. Setting the proba sensinr,-hcl1d on u level with 

thc slot lip, the traverse gear wan r;oved 1'OI"\1~.rd, in the root' central slot 

so that the head just touohed tho lip. The zero on the lonBitudln!l.l sea.le 

was" then noted by tho scribe-l':[,rk in the traverse-gb'll' pad. To obtain the 

noI'tlal zero on the micro:ootcr :loale, the gear was operated such 'Chat the 

bottom or the probe just touohed the worldns se(ltion noer. Thiolmess or tho 

probo was ohecked with e. m1oro~etor. prior to installation. 

Illumination e1' the Betz-type projeotion mioro--l!lanD::l~',;"rs WCIl switched 

on, the manemoters levelled end et'ter duo period for thcrnalstll.bili!:ation. 

the zer03 ware set. Zero lcvelll of' the multi-tube and U-tube l.~nometorc 

were tabm after levelling. 

Vacuum bottles holding the thernocouplo cold-junotions were f;"J .. IJ,)d 

wlth 1'roshly orushed meltins 100 and, water, Md were soaled. 

The pneUJ:latl0 Bate-valve into the test-cell was openod 1·ul~!,L.n.5 were 

the isolating valvas on either sido oi'. the fU tel' nnd. tho bleed valve. The 
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electrical isolator-s.' ',tch wae thrown, tha i'M-mot"r regule,ter Got to ldlo :. 

> 
(about 120 n.p.l!,) ana. the fn!l started. Depending on the slot maSfJ flat1 rata 

required 1'01' thu test, the requisite nmber ot' WhittMkcr-Hall cOlllpl:'eSllOrs 

woro sturted in tho ee;:;prcHlsor house and sot to givo apuroximatoly the 
i 

right f'low. Tho lnter-nlld. c.f'ter-coolers of t)"Jse cOllpreesors wore so·t; to give> 

delivery at a. constant tompera.ture or 15°0. The bleed.. valve wan pnrtit:lly 

olosod to divert flow throU[;h the r!c. and a. warm-up period or 30 m.il1u"ccb . 

a.llowod for the rote:tj.ng machinery. During this period. the oil drain valuo 
" 

on the filter Vias 1ei't op~'n to blowout any residual deposits f'ror:l the pre-

vious test. 

When steady conditions were observed. the oil drain valve was closed 

an.d the i'a.!'! speed adjusted to give the correct bellmouth pressure drop for 
was 

the mdnstr(lll111 velocity required in the test. ~tle bleed.-vslve/ad,iu/l'C:xl. '1;0 :l,~t; 

the rflquirfld slot i'low. At",~spheric presBure and tempernture were reoorded 

r~ en ndjacent beromoter. 

10.1.2. Test Rtm (Velooitv Prof'ilos). 

Tho traverse V:as conducted in 0.020 in oh step:; i~ 8:o:t cases. Total 

pressures wore indiclltod in l!:i1linetcrs 01' water ge.uge preos\.l!'tl on Et Det::-

type projeotion Id.cromater. > 

In the injection plane, t.he wall statios were uGed in cvn;iU!lotion 

.l'1ith the t.otD~ pressuro probe. The tappinr;s led to a 6 - point r.c);;~ry pressure 

switch which was connected to a 1'u.r·~her Bctz-typo mioro~a..'1.ometer. 'l\l~ tap;Jins: 

nearest to the probo position was used, and a readine; vIas taken every' 10 

tro.veroa poin1;s. ~'or dovmstroa.'ll traverses, the ncnrest 1'1001' statio was 
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read, C1gll~ .. n en a )l3t~-typo rniCr01!1anCmotcr, at the beginning and end. et a 

traverse. 

The slot-flow ten.pero'Gure was tal:en as being equal to that at the 

m"H'ice station, and "IlS read fro", that therroocol1ple. J.!ainstrea!" tOF.pel'-

e'.;ures 1V0ro fotmd by en u!'1shioldod !:1orcury-i.1-g1asll thornol:!eter inserted. at 

the traverso station through the roof traverse slot, with the bulb extending 

to the centre 0:1:' the world.ne; section •. Roaa1.nl1s were tru{e,1 at the ccmmeno~ent 

ruld end of a~travc~so at the staticn. 

The bCl"o:netrie pressure tlnd c.lllbient temperature wore rend at the beg-

inning of'. eaoh noma.l traverse). 

The normal zero en the tra\-erse gear ?iUS f'Olmd DneTI fer eD.ch uown-

stZ"eem tra\'erse station. 

A continual I:lonitoring e1' the bellr.lOuth pressure drop, :1'w n.p.!.!. and 
, 

orifice plate now function, (~ilr/T)"", nnd, slot-flolV ternperaturff, Vias 

carriecl out • 

. A near-i'ield. velocity prof'ile survey suitL'ble for determination of tb~ 

hyd.rOClynamiO potcnUe.l core leneth was 1'O\U1d to take 01' the order ef 7 hours, . 

exolud1ng set-up, 17ar;n-up and shut-down, periods. 110r this reason,. a l1U:lbor 

of tests wero conducted where COL'lp1ct·" veIcei ty pr01'ilea I:cre intcrspcra~d by 

"half-profiles" where just sui'ficient data were gathered to cbver the innsr 

edgo of the developil13 mixing layer. By this method it was possible to cover 
, 

two tc:::t-points in one working day. 
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10.1.3. .fiet, TIP nJ1 .. U~'l.i.1l!!12l!.J Tll.r.2.l}lence !-"'cf:!.les2!. 

Tha trnver~e longitudinnl zero was ostablished with the short~ 

int; probe 1'ittod in the holder in plcce 01' the hot-Inre, and the first dOI'n-

stream station 8et. Thin riB,S to avoid. possible danage 01' the delicate wires 

on the slot lip. The normal zero of' the travcrsc Was Get ('8 denoribed. undor 

Section 10.1.1. 

All electronio equipment WllS tu.."'!led on and allcwed to warm uP. e,!"tr,,!, 

::h801:tng and f\djustin~ 7.01"09. llanollloters v.nd oth!)r instl"UI'lontation in uge 

1!:cra net a.s previously der.cribed. 

The het-wire enerno~l(>tors nere cheoked, sot and balanoed aeaCroil1[l te 
. ",. 

makers (DISA) recornnendations. 'rhe r.horting probe:;.,wan ~eplaeed by the hot 

wire probe and the wire resistanoes measured. 'l'he wire overheat ratios \1e!'(') 

cot by scttin~ 1.5 time:! the rnear.ured probe values on the anemomete:t" rosist$110e 

G.ecactes. (Ambient temperaturo wall taken into aocount ht this ste.ga by L1el\8-

uring the JJri(lge VC vclts at zero Velocity.) 

The wind-tu.·mel end fllot t'lows wore Bot up Be'dcGcribed in Section 

10.1.1. Whon the test point was established, the enemcmeters were 81'1i tohed 

t"rom 'St~ndby' to 'q"erllte' nnd the JJridge-voltmeter set to a sensitive range 

by adJuBting the noter range together with the voltage suppressor. '1'116 n.L1.s. 

voltneter on the cO!Telator was sot in a protective range and the A and B signals 

fro;') the'two anemC11'1eters sy;;'tchcd-in, in tl1l71' A suitable voltage ranee wns 

set. The Guitnbili ty of thiB rllnge wall verified fer the A+B end il-13 signals 

generated within the correlateI'. The A and iI signals 1'ran the nnemO:!l.cters 

wero monitored on the twin-bee.lll oscillosoope, whiJ.st the A ane[ II /lienal DC 

JJridgo-volts end, the A+ll and 11.-1$ R.l1.S. volts were recorded. 
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NOTlilal traverses at llit':Cerent downstromn. ntations wore tnken, as 

described previously i'or the velooity prc)file truversos. A completc survey 

could be mo.do j.n two hours • 

10.20 Scont! of' I,re~te ~ ------
:linea clii'i'icultias Elriso concerning the validity of scnlins laws 

1'01' film cooU"S m1d. a2 the co;;oplete rune;e at' acro-thcr,;lal plll'eJllaters for a 

praotical CUfiO coul(l not be simulated, the aim was to establish the ei'i'ic(ccy 

ot' the theory 1'01' potential core over as wide a range ai' pBrruneters 0.6 possible. 

V,1Uln sufi'icient confidence hes been accummulated in a theory by such an 

apprCll.ch, it nay be applied TIith a t'uir expeCltut:lon of success to other, tm-

tested, si tuaticllS. 

A totc.1 01' 60 tent poin~n 'Were l~un, exoluding ri3 d.evelopment, find 

represented ~ome 322 hour::; 01' testinc;_ A t'ew turbulence pr01'ile runs were 

mede, but the majority of' the tICsts were run for veloei ty prot"ilea !:"ram which 

the hydrodynamio potential core could be dotermined. Vue to external ·co:umi -ct

menta which restricted the tot'~l "~imo available for the experimental study, 

the 800;1e 01" the test progro=e had to be narrowed down conSiderably. At the 

time, it e.ppearcd that lip thickness was a most important geometrioal pnrametcr 

so the investieation VIUS oonoentrateci in this area. 

Tests \'lore run with a consta.nt slot height of 0.2, inohes nominal 

dimension, D.nd thrCHl lip thickness of 0.050, 0.100 and, 0.1,0 inches, 

nominally •. 'fhese lips cave values of lip t,hiclmess to nlot he:1.ght ratio in 

~ 
the re.'lge 0.2.s; % ~ 0'(' , which covers current practical, slot design 
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values. T'nEl value ot' 310t height \7as the nearest to current t U.K.) biZ 

cn.:;ille practice Zond in view 01' the I soda' effect nhovm in 1'li5UZ'Els 2.ltl an,l 

2.19, nee.~ed appropriate. 

'i'h\'oe levels of slot. lloynolds number Vlore, chosen, 9,500, 15,000 (md, 

23.000 respeotively, to represent the co~,plete range likely to be enoount8red 

in modern high-pressure engines. In view of the commento m(,de in Chapter 6 

en entrai!lflem;. i'C 17tH< fo)' 1; Chat to present un adequate picturo, "test!) at n 

[;i-oI'0n Heynolds nur.llJer should be maa.a over as wia.e a range of injection ye!ocity 

ratio as possible. 'l'he total range or volooi1:y ratio was 0.17 ~ "'1"'<: ~ 1.5 

~'7er the RoynoldS number rEJ1ge, but a.ue to po''''cr 1i.'1litations all<1 the high 

losses a8800i11.to(1 with tho intrl:e filter ana gauze sareens, th~:;\ COUld not be 

covered f'or each ot' the neynoldS numbc.rs. 

ry.'he testn reported here were all made j.n what was e1't'ectively itw-

thermal flow. !!ainntream boundary layer thiokness was proportj.onal to I:lB.in-

ntream veloei t,y an<1 waG generaUy of the ora.er of ono 1:hira. of e. inch tn 

'thickness. ;:lame "te81:S were mao.e with thiekness up 1:0 one inch, an", oue 

1'he "tosts carried out aro summerizoa in 'l'ables 10.1, 10.2 ana, 

10,3. Assistill1ce wi'Ch testing for runG 53 1:0 77 was ld.naly providod by H. 

Patel. 'l'ho volooi ty t'or slot Heynolds number is based on the plateau value 

in the injeotion plane. l:lounttary layer thicknesses aro taken vlners the local 

velocity equals ~9';o ot' the maximum •. !.laJ.nstream·ona 'coolcn1; v .. loci"ties, !.1.m 

r.nd U c respectively, wers t/<.kcn outei(1e the bouna.ary layers. 'l'he velocity 
., . 

U c is bMed on the equa1:ion of mass oonservation. 



1'ho tables n150 contain stn1;ements or measure<1 ana. prea.icted. ccrc 

lOl1:rt;hs, non-ciimonsionaliaad in torms or slot heigll1;. A co:nplete tnbular 

presontlltion of' all tha date, collected VlOU1Cl be impossibly bulky. Heprcsent-

ative data only is thcrei'pre presented in a grap!11Cal forln. A constliU1; sl:>t 

\ 3100ity aX'OUlld 70 ft./sec. is chosen and graphs of ClOtms'tream 1'ill~ d.c'lolc;J-

ment ere preecntc:d.. 1'01' this presentation values 01" injeotion velooity ra'tio 

1033 And. Greater, than un1'ty t'or,~~ach ot' the slot h,p thickness are USO<i, 

exoept t'or the larGest ot' the lipfJ. where only halt'-prot'ilos were taken for 

most of' the tests. ~'igures 10.1, 10.2 anCl. lO.j are ror tho 0.u;50, u.u9;15 

ImCl U.J.525 inch thick lips respeotively. In t'ie;uro 10.4, profiles for 

injeotion Ill; near-tll1ity velocity ratio fron the thin-lipped slot aro given. 

'i'ogether, these figures illustrate the type ot' the measurements takcn end. 

show representative fUn developtlent. 

i'or all the lips, injection at lA,?: <1.0 produces rilm d.evelopment 
"<. . . u 

chr.rM'te,riutic of wall jet-like 1'101'1 ana, 1njectton at , .. >1.0 produoes wn!';o
c 

like development. The 1'1nite thickness of the lip introduces a deficit into 

the profile, whioh is evident whatever the injeotion velocity ratio. As the 

how proceeClO a.ownstream this def'ioi t is pl'oe;resoiv(lly filled by turbulent 

mixing. C·onerally, th9 deficit i:l filled relatively quickly. Withincrcasing 

lip thiclmoss, no significant change in the profiles is apparent. With almost 

unity velocity ratio however, even fOl' tho thinnest lip~ the defioit exist3 

for many slot heiehts dO'lmstream. 

Measuremonts oi' the hydroClynamio potential oore leneth are !!lV,de l,y 

plottincr from 'the vcloci;;y profiles in 'the manner Clescrib()u above, the 100i 



or thG pointa on the irmer-ed(;O or the mixing layer and, .. ha outer-edge of ,th,~ 

'.':nll -OOUl1daJ:'Y layel'. 'fhH plots 1'or each test run are shown in x'iguro 10.,. 

'l'ho theoretical oqu,:l'.;lon dOl'i,ed in Chtl;Jter 7 shm'iea tha1; oxcept in the region 

or 1'10'.": .round a substantil.l lip, the spreaCl or ;the inner ~dee 01' the mixinG 

') e.yer iu b_near .doh nisttlnoe from the lip. Consequently, a straight line 10> 

used to join thesG points; the best cun'o is drawn through the points ::<arking 

t:be edGe of the wall boundary lllyor. ~"';hf;ra these two lines intersect is 

taken (18 the end. of the potential COI'O. It CM bo seen and appreciated that· 

J~0flSttrC!!'1e:1t of potcnti111 core is not a pr0cise procedUl~a and II plus or minus 

ono slot ~;clltter bc.nd in thclrcf-oro ?~ttc"ched to tho rneaSCXeL'.lCnts. 

In f:l-r,uros 10.'.:> [.net 10.7 arc S11O-;.7! turoulcmce profiles obtaincd with 

the 0.0550 ~.nd 0.0995 inch li,?ped slots. The results are fer two injection 

conditions, v:ith u", <, Uc-
u ,.. '" - 1.1 C. • 

'l'llrbu.lence intoTl!\i ty in plotted i!.f) " p~rcontllGo of tho local oX.-

directicn velooity. For flows pasta. nolle! l)oun.lcry, it is usu111 to 1"<:.1'01'-

, ~ 

"nee the fluotuc;til15 COL1ponent' cf. velo,cl ty to the friction velooity '-'- J 

since the entire velooity p~"~fil(> exiilting tlust depend on' the local rate of 

,energy dissipo.tion "nd ther2foro, on th<l no'" in the viscous sub-layer. The 

visoouf! Bublc.~'er io C:ofined by a Reynolds based on the trio tion velool ty, which 

is defined no/i:s~-. 3'cl.ch a cht,racteristio veloci'ty t:or a defeot-type 

. distribution is lens canily identif'iud. The pr0scnt profiles are referrod_ 'GO 

the It'nJ. tI. largoly for convenienoe nnd in tho aosence of /l. 5uitablo lilt8rn-

ativa. 

It cnn be slOGn th"t the slot turbulenco is homor,eneou3 01' intensi '.;y 

around I .. o;~; the Dl:::inztr8ma turbulenco is o.lso homogeneous at "bo~~..l.,.2i;. 

LTt t.he rcrfWnl4'1ts cd' th.9 mr?inntrcc.n boundary In.yar \'ihich f'crnf! the outCl~ pLrt. 

of' the lO:l:Ullg lu,y81", the suppression of the normal flu3tueting velocHy 



CO!llpCl1ent by the upper ::;urf'ace of' the slot IIp is evident. A peak cf' turo-

Ulence in formod in the wtll!o downDtream from the lip, and deoays with in

croasing, distance from the Up. When the mainstrec.m cnd. coolant voloci ties 

c..re very nearly equal, tho turbulenoe deooys much moro l.'apidly than otherlVi;,e. '. . 
''i'':15 bGhnviour accounts fer tho pr~lel1f,ed eX:1.stp-'lce 01' the wake at Ullity 

injection velocity ratio. Whatevcr the velocity ratio the normal oo:r.ponent 

of' the f'1uotuB.ting ve100i ty in tho w:llre cleoe.ys flore rapidly than the longit-

udinal. 

15essurcment from additional t03t,9 is presented und.f;r nppropric to section 

h0adin[,s j.n the following Ch3pter where the results cre analyeed • 

• Cl .... $0 •••• 

. '." . 
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CllAP~'RR 11 • 

• 

11.0. ~ of ASBtl!'tptionn ~tontial Corn Tha(l!',V. 
, 

The developinc; filn frO!)). a slot has been matn'!ctically !:lodel1ed in 
.--

tCI".llS oi' Il potential cere length, ru;d a theory derived to predict th~ m;tent 

of this region. A number 'of assul!tptions VIero neeoosurily made during de'.'elop!ll8::1 

of the theory, The validity of theso a3sUJ:lptions must bo establishod 8,S a 

pl'elitlinary to udn., the theory for prodiction purposes. Not least 0:[' the 

tLine;z to ba proved" is the physical existence of thC3 core itself. 

n.l. ExbtD.ncG of tho Potential Cor"lli'r;:i.on. 

'rho substanco of '!;he presont I1ppro~,oh to film cooling is that 1'ron 

the injcctl.o!l plane, cnd between the STarling hound!l.rylnyel' on the oooJ..8o. wall 

and the inner edge of the mi:dn('i layer deve1o;>in;; from thn :;lot lip. tJw flow, 

is of constant velooity. ~[,his oonstant velocity flow is oonditionalJ,y ttlrrned 

potentinl beoau80 t!Je inititl turbul~:loe there is consider!l.bly less thon the 

turbulence arinil1e in the mixing layer. 

Substantial evidence of' en indireot nature r!(lS obtdl1ed in Chapter I~ 

whero suocczsf'ul c,orrola1;ion of c:r:reotivonoss data was o!.>ta:!.ne<l by introduoinc 

thB thcrnnl potential coro in tho blcming groups 3., ~ll('i SN;!.' Gensiclol'atici:l 

of the shapes·of' the'velooity profiles sho"n in figures 10.1 to 10.3. suggests 
\ 

the hypothesis doos indcocl have some:) foundation in fo.ct. The turbulence 

prOfiles of fi::;ure 10.6 and lO.7 sbow ell initiol reGion ,,'here illtensities 

re:ncin oloso to the initial slot v".lu~'s. Turbulence from th'" rnixills cnd, 
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wall boundary, layerz d.ces not (Uffuse complotely I.1Or033 tho film for some 

distanoe dOl<nstremll from injection. This ia also in keepine with the exist-

nnoe of a potential core. 

By definition, within . . 

u "constant "kc-

th", potc:'ltie.l core, 

d,\-
and, dX '" 0 

For the oonfined flow which forClll tho potential core, . the condition t~. 
obviounly oannot bo ~xactly satisfied since both the cooled v/all boundary 

'" 0 

layer and thl) mi;,d.l1t;,layer, entrain lDaSB fro·n thin flow. Within the relatively 

Bhort dintanoa of' the oore however, it is 3uostcntially vnlid to make this 

• 
Msu;nption, El.S is sho\'1n in fiGures 11.1, 11.2 und 11.3, y!hcro it may b~ SCE:n 

that for all tho tests,a" I,,:;c. ~ 0 and \.I, is not less than 95.5% of' the 

in,jecticn value, at the end ef the corei,';.ith d.ue allc~71'J1cO for some test 

eoatter. 'rhese figurEls \~(!re cons tructcd by dlviding the taEllCiml.L'll volcei ty just 

• outcide t.he \Cnll botL"lilary 1ay61', by tho vD.lu() at injection, mod plottinG 

against d07:nstreum distancos eh']1ressed in terms of the moasurcd potentinl 

core length obtain od from th(7 (tpproprif\tc plot j.n riGID'O 10.5. 

The ccnditions of' vol.ooity pr01'ile, turbulenoe struoture, velocity 

S!"adip,.nt nnd, constr_'1~Y of velocity bcinf> satisfied, it !'lust there~oro be 

concluded that ,,11 tho assumptions reSttrctint; the oxistance of a potontinl (H}J'O 

an described, are justified ~Hl the reality of' the core is ost"blishcd. Tho 

measurements mado in figuJ:'~) 10.5 thus do deDoribo D. rod,' physiclll phonomona. 

The th~ory given in Chapter 7 oonsiders that the froe. t\.U'bulcnt 

flow, . miY.inr; lay~r developinc: f'rom tllG slot lip 02.l1 bo cf two forms; 



IlIl idealised shoar layer of zero stc:.rting tl'~i.Cl:110S3 end, n wako flew ~.risin15 

frem the separated flow region which exists immediatoly downotreruu of a real 

lip. ~'or the velocity profilcD, Schlichtlns's two- liimensional, isothermal 

vlnke theory was used "!ld c:x:prossed as equutions 7 .. 4·7 and, 7.1.5b). 

Consideration of the form of the profilos shown in 1'~eure3 10.1 to 

10.4 reveals that both \7ake 'cnd shear-florl cOr.lponent forn;) of velocity profile 

can be e):hibited in the san,) test. For the wal:e profiles, th() proi'ile is 

divided into innor and out or pOl'tions by the ninimum of the velooity dofoot , 
ancl equation 7.117 appliod as i'lollov.-s; 

for the inner lnyer, 
lAc. - t<. 

f ( ~/ ) 11.1 (A.c. - qmll(\ '" be. 

for the outer layer, "'rh -I.\.. .. f 0 /1 ) 11.2 
I.{ -. It • '" 1'\1 '''ltl 

where, 

b 
m 

nse the respeetive .thicknesses of the inner and buter 

layers, und, u . is tho minimum velooi ty in the defect. 
"'In 

profiles, oquation 7.47 W03 Ilpplied us, 

" f (1-7) 

where, 

For the pure shear 

subscripts 1 and 2 ,core e.!lpliecl t.o coolant or mainstX'f)8J'l UCCOl'l1j,ng 

to the velocity X'utio at injection. 

In fiGure 11.1, are sho,en exm.,ples of ilhear-type
o 

1l,'livernnl velooity 

pX'ofilc3 for the th1.n-lippod slot; shown also in this fiGure is equation 7.47. 

Profiles for both jet-like and "aka-like :flown, taken ut different aowl1stroatl 

statiolllJ are Gh·cn. It !nay be SNOIl that when plotted in this form, the profiles 

are similar snd, that the 'cquation 7.1,7 does sc.tisfD.ctorily re;?rescn!; them. 



Wcl;:",-t:n)O profUes in aimilm' form ere (ll1o'.'ln in fieures 11.5, 11.u, 

end 11.7. i'or the thL.-lipped 3lot. Both .let-lil:a and wako-lil:e flows are' 

represented by proi'ilou· taken nt dO'lmstrecm di3t~no(J3 ranging from 0.5 inoh 

from thG lip, to 5.0 inohes. All three slot ll~olds numher rall/:es a:,."O oovered. 
i 

Whe:ol the datll o.ro. plottod in "ho foro oi' equations 11'.1 =d 11.2, tho profilen 

---a.re similm' Wld, equation 7 .1.7 7lhio~ is o.1so "ivon, i'u Bilen to adequately 

rein'csont the data. 3irlilarity ia est",blichcd at least IlS close as two Bl"t 

heiehts c.nwnstre2..ll from the li,? c 

'?be assumptiollS ruc.d.e in Clu'l.l)tcr It- oO!lcerning the univcronli ty 03.111.t f(,.IJ,"'n 

Oi' th", mixing layor profilo arc SGen to be valid. for the thin-lipped Blot::; 

where the ratio of lip thickness to slet height is 0.21l,,6. 

'fho inplici t <lssUl~ption is !:ladc in Ch<lptor 4 that t!H) similar profilres 

were .::1130 held resa:cdlesn- of slot lip t!':d oLness to hoiGht.' retic. 

slot h(d.g~'t. una 0.;'79 for a 0.0995 inch think lip, the pro1'Ue tr"V61.'UBS we,.'o ' 

res ~riotf)(l to the nom' flow-field. Consequlmtly, becl<us<l' of the enlarged 

\ddth of' tho velocity dOi'oO i;. no pU"" shear-t:l'Po profiles .:ora obt .. ined. W .. kr, 

profileu wero obtained. 

In fiGure!) 11.8, 11.9 anu 11.10, wake profiles for three injection 

velooity ratios in the 9 ,000 r~llgo Blot P.eyno1ds nUlllbcr are r,hc'07n. h. somc-

what 001'1plo>: pattern is sow which however, can bo in~orprcted a:; followin!> 11 

logioul :Iequence: For the Qutez" leyer, ainilt..ri ty t~nd good reprosontation 

by equation 7.47 is "Clon to bo estubli"hcd for c.l! velocity ratio!) by 1.25 

incllP.8 Ol.' 5 slot hc5.ghta, do~'n~trc"m from tho lip. F01' the innor1cycr, the 

positi~n e1' est;c.bH13hnent or si:ail~'r profiles [(m1 l'cpro:;entn.tio::l by .... equr.tion 
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.7.11.7 deponds on injoc'"';ion volocity ratio. 'rhe ([iet/cllces to rcprer;cntatioll 
. ~ 

increase with incrcas_ •• (; velocity ratio beint; 1.25 ir.chcs for '" I. =0.5075, "c 
, tfhl . tI 

2.25 inchc3 for (tic '" 0.9073 and.Greator than 2 incho3 for "'/"<.. ,,1.4·257. 

Tho dependency on velocity ratio ceL.'! be attribut,ed to f'low round thoUp, us 

dsr.crib"d :I.n ::lection 7.47. 

lIigurc 11.11 tall:; un axe.ctly lJil!lilllr utcry fOl; tho 15,000 slot 

ileynolds nUQber ranGo at " "Glooity ratio of 0.7946, the out,cr la.yeI' profiles 

are simile.!" by about 0.75 inchofJ and, tho inner at 1.5 inches dO"llstrec.ml 

which ere in agI'ee:ocnt with tho lOTler Rcynolds nur:bcr rOI.lUlts. 

~'he Jrrlljori ty of the runs. c::rried out, 1'Ii th the thiokent (0.1525 inoh) 

of' tho lips were the 'hr.lf-travHrses' dcscribeu. under ~ection 10.12 l'.lld, only 

lirdtcd full velocity p,rof:i.lG3 '/Cora obteincd. 

Only 'a singlo ideal sn,e111' layer-typfl p):-'o.t-ilo was obtained tmd this is 
i 

sho1\n in, fiGuro 11.12 tOGether t1ith oquation 7.1,7, v:h~.ch :i,Cl secn to be a 

Bood rcpresentation of the dn.t~o ~'hin profile lfas ta.l:cn at 1.0 inch (lorrn.:.t!"ct>..~.:t 

:frolil the lip". t.l.t n. slat Rcynolds nilllbe,l"' o.f' 22,652 :Cor n velocity rutio ot' 

0.2303.' Thnt a shear byer. ~;ype profUo is obtaiMd se closo to thc slot 

is cxplai:1cd by the hi(;11 rD,te mixinG dUG to the injection conditions. Thesa 

inject:!.on concli tions ::trc such thut even allc\'d .. ng for the i~cr"eD.sca. lip thick-

ness, i'roll the previous data in fiGures 11.lI - 11.10 inclusive, sil,.i1tcr prc-

filc3 could be expected !'er.sonably olose to the injection p1ano • . 
F"lgurea 11.13 - 11.15 inclusive, prcscnt c,r.l!lplos of lu.kc-typo dm:i,lnr 

profiles obtained for thc thiok-lipped slot. It con bc soon that lIiuilnri ty 

Dnd roasoncblo ~Greenenl; ,-lit.h the equation is obtained in the outer layer 

of tho Vial~O by 1.0 inch from injecticn fortthe lC71-rlltc nixin3 c~so ~hor'n in 
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1'ieure 11.3. Rathcr surprizinely, the inner luy;;r appears oioilar by 0.5 

inoh i'rom injection with agnin, rt""sonablo agreement with the equation. The 

similarity of' the inner layer for tho high-rc,to mixing cases of fi!;urea n.ll. 

~~C! 11.15, by 0.5 l.nch 1'r\,," injection, is to be expect!!d from the previou.s 

,It'.te. po,tincnt to t!:e other Ups. 

ro!' the thick lip, the outer 11,yor of the wake "appears to bo but poorly 

rc1'rosented by the chosen universEl voloci ty profile. , This could be ex-

plc..i.ncd by sO'.~e ChCllgcs in the ll1'strean bounutcry lo.yol' flow inherited by tha 

potentil.ll coro field. 3uch chc.nC0ll could urisefro!ll thc mcmner in which the 
. 

lip thickness r:as vhl'ieii - by ch,crtGinC the combined li,p, slot inner contour 

cnd, epproaah pluto, l!G uc£cribou j.n Chapter 8. 'rho appro,,,-eh velocity pro-

files aro Cl:C'!;lin9d ill li lator ll0cticn of: tho prosent ch2pter. 

It nay be seen l'roLl fiGures 11.1, throllGh 11.15, ths.t the l<Ss\v"I)tion or 
i 

a similar. velooi ty profile in tho wal:e and pure Blwr.r 1'1>1't3 of the dcvelo,)inS 

f'i1M, und, t!lat such n universal form applios over the y;holo of the conl3idere<l 

re.:;ion. is ·substa.ntially true cxcc,pt fer i;hc~ linitations pointed C'.lt [;.hove. 

'Yhere the l1rorilo~ 1'?.i'e sini}'~J the ~33umed form, equation 7,,47, does inder;d 

give D. gool "lescription of the experimontal data. It is reasonable en this 

basis 'therefore, to OXp.3ct tbo thoo:coy to givn 300(1 predictions, cx~P.:>t in t!J.o 

u''''l ' rogion of "/&.{c. ne~. or t;rc:=..tol" th311. unitJP with 9,000 slot Reynolti.s nu~~tlo:r\j 

for the ilJ.tcmco.ic·1:;3 lip thiclm\."')s5 to slot heisht ra.t.io. 
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It W!t3 assumed that the slot lip anti ooolod wall ini tinl 

bOIIDdary could. be exproBsed in terror, of a simple power law ve10ci ty 

profile of' tho form, 

!j/. 
~tn<U< " 

The :nn.:lnst!'"c:m ap;:;roach boundf:>.ry gro?:in5 0:1 the upp er sur!'llC 8 of the 

lip, was 11 funotion of' i::>j·bction velocity ratio and, the lip 1'i tt9<1. Pro-

files plotted in tho non-dirnc<lsional form, ox'f the thinnest lip Elre sho'tln in 

fj.gU!"e 11.16 for n "<31eotiol1 or 1;ost points covering tha ran(;'i of volooity 

ratios and slot !le;::no1ds numbors. It cnn be seen that when plotterl in tM.3 

i'orm, the profiles r-!'G sirailo.r. ShOl'!n also is equation 11.4 with the index 

n equal to l, the value approl'l'iate f'or a normal turbulent bour.dary la,yer: 

Agreement of' the dat9. IVith this equation i3 Good. In figlt1:'e 11.17 uro tha 
I 

so.mo plots off~h" intarJ~edie.te lip; aGRin, good. r.C;rcemcnt with tho turbulent 

po~.'er law cqu1ltion is obtained. Tha plots i'or the thiokest lip lire llhGwn in 

i'igo.u'o 11.13. 

It is cle,~!' from the :)lots ;lr%Elnted in figures ll.l!) to 1l.J.i5 

inc1u3i"/e, the.t t110 m::;.instrc,cJ,~ <pproa.ch b01l:1dary la;::m' is tUl'bulent find 1.s 

lldcqua~ely )~cprorH,mtcd by thG, simple. powor la.\'1 ?orn chasen • 

.... 01' the cool"d \'1a11 boun:lary 1Dye):', the 'univ0"sal' 1'oviel' 1 m" profile 

wa:';. round 1::0 be a function or Dlot. TIeynolds l1u:nber: 

Res <. 10XI03, i~'"as f'OU!.1d th,'.t n '" 9",11 and fo"C hieh Reynolds numbers, 

lOnO) < Re~ < 25XI03, 1\ " 25 ".n1.3 sppropriil.te. This i3 i11ustrater1 in figures , 

11.19. cnd 11.20 fo!', Ulin (cnd interr.wdillto Hp thicknossos respoctivoly. 
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8.2. From these fi61"'es and the de~c!'iptlon r-h'(:n in Section U.3U, j.i; cvn ho 

rea11zed that the lay.J ori{;inntes c·n (? convex Bt.:rfacc. Tne dependency of 

the index 1'\ on Rcynold~, m.mber hli.!I been den:onstrllted for smooth pipen in 

tl:rbulcnt flay" by Nll:urf.dso (3.38). HikUI'vdZ8 elso ilCI:lonstrated Il. dependenoy 
I 

of 'n' on pren::;uro llrc.dicnt \ 139), the ind.ex decreasing for div8rgcnt flows 

£L"ld increosino; for- convergent flows: Vv.lues of .1 ~ 25 were cbte.incll i'o,' a 

2 de:?;reo cCJuive.lont inchtdce h~l:f'- ensl0 chenncl. The c.csie;n of' the pr0sent 

injection geo~etr--J con$it~ts of et const?-nt area c.ischc.rge prcccc;ic~ .. by a 

f,n1ooth conve~gence end 1[fkuredse' s dH-tC. indict;tG~ ·the bound~ry layers ere 

cC:lsistent with this. typo ef "cometry. 

In fieure 11 •. 2J. arc E.h"wn in non-dimendonnl f'Ol':n, the profile!) on thH 

slot 1i" inn~l" BuIface fer roost of the tests J:1l?de \';i th the thinne5t li;;: 1,1so 

:;ho'?tn is equation 11.11- vdth two v~~lu~~ 0:£'61, 25 tnd 30. The profiles c~c!libi t 
I 

SOr:lO scntter !-!.nd tlJe. 3i;;:ple~ l!o7' .. e~ ID.i7 as nlways, is not C~~pE'~blc or repro!',ent-

lip is given in f'1(;'Jre 11.2?; and tlw 6tuJe conolu~iono ap;>1y. Hcpros()ntutio,l 

of the lip vnlooi ty pl'ofHes by a s5,olplc pOY/Cl" 1",·, with 1'\. = 25-30 i3 5;;0,'1 to 

To cclcule.te potential core 1011:;th,1 t in ulso neco~DD.ry to be able 

to prediot [;ro17th of the cooled wall bOlmdary ·layer. '111e theory aSS\2!!l0S this' 

boundary luyer Rnd the lip tic-ko, sopp_ruted by the pote' .~iul 1'oeion, r.;row 

.~.. independently of each other and the boundery 1,.,yc'· growth may be obtain8d 

frOf1 thG uni!·orm strcc.m, zer'o proezu;,o e;rc.uicIlt, tv;o-c;" !TIf:msiono..l flow .. 



inteGral momentum equation using Blasius turbulont pipa-flol'f neasurements "for 

well shear etress, i.o. 

.,-here, 

(3 ) ... '~II :: 

(:>C+=>'-<) 

O.05Ul!) 

and, Xs " upstream apparent origin "of layer. The nppm'ent 

oriein was found by solvinG equation 11.5 for the distan'lo x .. with the 
~ 

measured injection-plane values of <I: and ( J) Wall, Predictions of (~ ) Ml1 

were then m&de using this value. 

Intf'ic:ure 11.2'; are shown exal1ples of cooled waD. boundtiry lay"r 

velooity profiles in non- dimensional form, t,t increasing otations downstream 

from the injection plene. It cnn be seen. that /lS the distanca increases. 

the appropriate powor law index In I progressively decreases. .\8 was dcsoriteo. 
I 

previously, the cooled wall boundary byer for this particular slot geometry 

oriGinates on a convex wall in a reGion ef' strong f'avourable pressure gradient. 

In the slot discharge, the layer is then growing on v. f'lat Vlall in a region of' 

effectively zoro pressure gradient. The overfull profile, resulting as 

described in Section 11.4, in the injeotion p111ne, therefore reverts Dlong the 

cooled wall towards the normal turbulent form. Thus. III though veloei ty pro-

may be ul'liversal' initially, this similarity is not subsequ2nt1y held tmtil 

a normal turbulent boundary layer i3 cstcblir.hed. end equation 11.5 may not 

as a result, be considered a good estimate of growth in the present oase. 

A oomparison of' predioted e.nd moas\\red cooled wall boundary layer 

growths la lMde in figure 11.24. \'IhOl'O it may be seen that equ,ation 11.5 

over-ostimates the growth by an runount dependinll on Ileyno1ds number. Since 

the llI'owth rate of the ilL'1€r cdGo oi' the lip mixing layer is D.lmost uJ.;,,,ys 

grcat0r then that. of the i"lall boundary layer, the orrOl' in predict od, r.bso1uto 
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potential oore lcneth arising from thin source in aasuming such a represent-

ative f'u."lotio!1 is horlover, likely to be small. Consideration of Table 10.1 

shews tho predictions for these ru."lS scree with the measured value for 110.10 

Bnd, underestimate for Huna 23 ",nii 27, liS figure,ll.24 would indicate. 

11.5. Effoctive OX'ir,in of LiD "(JJ~e. 

11.5 has boen c1.ct.cricod i!'.l. Zcctic·n 7.2.2., Dll inevitablo sC:PDx'n.tcd 

flow region is formed in the weke behind the slot lip. The theory of Chaptor 

l assumes that the velocity profiles src similar in foro right from the lip 

rend henoe, the:!: the region of separl'.ted f'low is negligibly sm[~ll. This was 

taken to be the oase if tho lip thicknesois less thnn the slot h<:l:i.ght. 

In the provioull section the sh1ilnrity of t.he profiles was mmmlned 

and dthough sinilnri tYTlUfJ generally obtained, the olosest profile wae ta1cen 

at enly two slot heights from tbe lip. The d:!'skmco Xo , whioh represents 

the. cff'ectivo oriGin of the "'c:ke in equation 7.109 W(LS therefore assessed by 

plotting the locus of the minimull velocity in the waka amI extre.polatinc: 

baok imtil it inters()cts the forwfJrd Gxtension of the appropriate lip edge. 

As Illl v.<idi tional check the inner edGe ai' the mixing layer was constructed 
. I 

and, extrapolated b~.ck t() intersect the fOl¥,;ard horizontal extension of the 

lip bOll."ldury lay",r thiolmes3 'o.t injection. Both intersections represent a 

measure of Xo I RS sho?m in f1enro 7,L" The· technique is :D.lustrated in f'it;UTC 

11.25 for Test Run 1,J. where flw /s i6 0.379. It con be appreciate(l from this 

figuro that mOll.nurcments of :><:t:> by this metho,i oould not be pnrtioule.rlY 

preoine. 

Not each test run had sufficiont profiles to enable "'0 to be estimated: 

of the l'omainder, thoso where tent cc('.ttor proa.c.ocd conzi[1ernble dfsocroe-
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menu between the two; Vs of obtaining "0 were rejected. The rather limited 

dat~ resultinG are shown in fiGure 11.26. In this fiGUro, ~o 18 related 

to the characteristics dil!1ension ~w, and is shewn Elf) a function of tlla pera

motor « .... /"c - Res' ,.The form of the abscis31l in-figure 11.26 was errivod at 
; 

,from the art;U!:lent that the extent of the separr.ted flolV should be dependent 

on the rate of mixine,1:hich is proportional to tile velocity ratio, &!ld, the 

absolute scale of the system in velocity and size. characterised by 310t 

Tleynolds numbr,r. 

Figure 11.26 sholVn a pleasinG aGreement of tha data for the three, '. 

lip thioknesses tested and, that 

"0 ~ ... , D 
b
w 

cc. ( i'~c:; - I\es ) 11.6 

Both jet-like and wc1:e-like, flows are inoll1ded. 

Re" is small, the separsted flow reGion is Co sball .. 
fraction of: tho slot height, ev~n for the thickest of the lips, and may be 

conzidered negligible. For large values of u~uc. Res ' ~ can beoome 

oonsiderable and if the slip is thick, tho aocuracy 01' the potontial core 

length prodio tion could be af'f'ectEld. 

The rather surprising profllo si"ilarity f'ound in Section 11.lt for the 

0.1525 inoh lip is explained by fiGuro 11.20: Tho injection conditions for all 

the tests were suoh that the larg<Jst separat.ed floVl reGion was just loso than 

1 slot heiGht, and had lons vanished at the ponition of the f'irst. velocity 

traverse. ' 

It is conoludod that for the present cerics of, testn, the distenoe 

'.:1:0 was always small onouGh for tho predictions 01' potontial core length 

not to ha Greatly affected. 
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11.6. Rate of (',rowth or Lin V:Hb3. 

In deriving equation 7.11.5 for ~c. the ccrrootion length, A. 

ble~ket form of the basic mixing expression) 7.41, TIas used. A more reason

able) approach to the asym.'lletrio wake frOll the lip would be to divide the 

J.ef'.::ot profile into two shear layers, as was dcme with the velooity prcfiles, 

end aSOtL"lEl the turbulenoEl causing tha mixinS is detervunod by the largest 

gradient, i.e. for iaothemal flow, 

db ) .3 ( (i - rfo z.) I ( Vel::.:. = 
outor t I ... qI~ ) :.l 

, •••• c 

11.7a) 

( db / ci-;, ) '" • 3 I (, - ~ xl) I 
inner (H<'}Ir)"-

ll./b) 

)60 
UlJ\iA 

if-
t.\ • 

wherEl, :: -. • and .. . It,,~ I 
lA,., .~ l.(c. 

However, cuch an c.ppronch rezul ts in Et CU!llberBG~Q set of equc.ti(;ns which 

present considerable 2s1kwerdno:JB in solution. It is aloo impossible to 

establish in general form the conditiono nccossary for determine.ticn of the 

flow paramoters at the origin of tho Vltl.l:e. Boce.uso of these difficulties, ths 

present approach was used in equation 7.109 p.nd introd.uced the unlmoYln 

function PI • 

The llmlmown fu.'loticn F, introducNl should of couI'so.' be a constant 

since constant rnj,xing lC!lgth constant is a w9l1-lmown cr:pirical l'eaturc of' 

free turbulent flows. If the overnll voloci ty rp.tio "crose the \7e.l:c is very 

far removed from ul'litJT • the blanket epproc.ch is valid cnd 1>', would be expeotod 

to be close to the fn."1iliar 0.3 derivod in Chapter 7. However. velocity ratio; 

olose to unity a!'e of int~rest in f.'ilm oooling and e. suit!,ble description (If' 

F, !!lust hs obtdne<l for suoh injoctio::1 com1i tions. Obvioudy. at ·1:.h1 ty 

veloci ty ratio o~rossic::1S bHSOd. on oVEJrE111 conditions will bo cc::.~pletD:ly 

unreprc:;cntnti "10. 
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Since we are forced by the intl"!>.otable nr.ture of thc alternative 

equations, 11.7, into usinr.; the blanket lllixin[) approach end as thill has to 

work forsituaticns "<!here it is patently incorreot, it io. therefore lce;ical 

in the oontext of the presently adoptDd philosDp!lY, (outlined in Chl'pter 7 ). 

to abandon the roal physical phcno~cnum fer a mathmatical ~onvenienoe to 
, .. 

side-step those difficulties. In doing thin, FI will not be a const!>.nt, but 

heoomon a funotion of' both overall tomperaturo and volooity ratios. 

from tho work of 2hestkov reported by Abramovioh, the correation 

lcngth;J(e was empirically (lhol'm to be a function of volocity ratio and, the 

BUD of lip thickneGs and bound.ary layer displacement thiclmesses, for velooity 

ratios less than unity in isothermal flows. This equation is, 

'<0 .. ~ [Sw + (J)i (",:.);).. + (cS). (tn:t ),] ll.B 

\'Ihero l!I describes the> cppropriate velooity profile chcpo. 

Zhestkov' s . el:!pirioal equation for:>rc. 17as siJ:lul tweously solved I'1i th equation 

7.11.5 of the present thoory, to yield F, valuos. This prooedure was oc.rried 

out for a .ddo range of velocity ratios less p,l1d (lreater than, 1ll1ity, cnd for 

slot Reynolds nUl:!bers in tha range 8,000 to 25,000. Tho calculation VillS 

carriod out taking two lip thioknesses of 0.0550 ~~d 0.0995 inohes; boundary 

layer thicknosses representative oi' those measured in the pres,mt tests WElre 

used. The results of the study when presented in term.s of the overall in-
4., 

jeotion velocity rlltio 1'"", Vloro found to be a U11iqua i\mcticn of' this ratio, 

ns is shovm in figure 11.27. The i\mction wan curved-fithd with a 9th. 

Lt U 
order polynomial for ~ > 0.75 l'.nel another of 9th. order for ~ < 0.75. 

U c 4(. 

Tho coeffioients in theso crupirj.c1l1 fltnctions ,,re: 

if 
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A, ,. -109~ 60 "'+2 

R.j " 1082136.53 

A7 c -1106212.7 

A '" 114858.23 
'0 

d . f 4", -'5 en ,l. """ > • I , 

A, " 538.7938 

.\4 :: -29950.40 

A.., = 18312.651 
A ,,-121.13105 

'0 

• 
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A;2. '"' 2268.883 

11.'5" '" -358766.76 

Ag " 992655.0 

11.2- " -1.259.6355 

AS" = 38488.911 

J'ri " -0532.1766 

Unfortunately, equ.'l.tion 7.11.5 call involve 

Aa .. -20665.639 

11.6 :.: 778528.76 

11.5) " - 510709.89 

A3 '" 14851.5 

Ai, " - 32672.695 

1191 c 1345.1347 

the small difference of • 

two large numbers which, f'or certain cor.:binations of numbers, can in a few, 

CIlSOS, cause th9 iterative processes f'or :>:pto gO unstable, diverge and in et 

oor~putel' solution, produce Il tightloop. In this event, in the absenoe of a 

detailed study of tho mixing' phonomo:1a, the oon:putcr prOt;r~ ceases I the 

iteration, sidc-steps the present theory, calculaten "',according to equation 

ll.e, assumes this is valid for the Cllse tCl::pcrature and veloei ty ratios, end 

thel'J. resu.'llCS the calculation prooedure' uzinS this value 01' Kirk's method. 

11.7. J~f"1'ects en Mcar;ured Potential Core qf ?c.1"fL"iiet0T' Vr.riatlnns. 

The colleoted experimental data in the fOria of meacur"d potcnt;cal 

001'0 lengths, is p;totted in fiGUresll.2U to 11.35 ine1usive.'Those data 

trend.a enable qualitative assessment to be me.de conco!'l"ling tho et'fecto en 

potential core cf velooity ratio, l:i.p thickness, muinstrcan boundary layer 

!llld" slot Roynolds number. 

Slot Roynolds numb Cl' r.as :Jet by chansing the presauro drop acrOS3 the, 

slot. Once the slot flow \',as est.(l.blished, it was mc.intained oonstant el1d 

velocity ratio was vnried by n.dju5tinD tho npeod. o1~ t_,a lll.otor driving the 
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wind-tunnel fan •. ~'he experimentzwero all performed for effooti'/oly isothorl.1D,l 

flo~a. Slot height remained oonstant at a nominal value of 0.25 inchcB. 
,." .. 

11.7.1. Injection Velo.cj.,.tv Ra'l:~ , 

The effects of volocity ratlo are 500n in figuros 11.28 to 11.33: 

Potential core tends to a milXimul! in the neighbourhood of unity velocity 

ratio nnel is l:"elntiv('lly insensitive to it at extreme values. There are" 

insUr-ricient data points to exactly establish the position in terms 'of velocity 

ratio, at which the m£>.XimU!!l occurs. 

11.7.2. Slot Lip ThicJ~oB3. 

The ei'i'ects of lip thiclmesll ru:-o shom in f'igures 11.2B, 11.29. 

and 11.30, as n function of slot Reynolds number. 

dnta for the lowest of the three Roynolds numbers. 
core 

Figure 11.28 shows the 

~w, 
Incroasing the rntio IS , 

reduoes potential"at all Reynolds numbers. The lip thickness does not p,ppear 

to ai'fect the sensitivity to velooi ty ratio. The influenoe of lip thiolmess 

is seen to be relatively large. 

Figures 1l.29 end 11.30 shows that as Reynolds nwnbor is inoreased, 

the inporttlnoe of lip thiokness is reduced. It is barely aignifiocnt :Ccr the 

hiGhost of the Reynolds numbers. 
, 

Ther,o points are emphasized by the cross-plot eivfJn Ha f'icure 11.35 

which ata vcleoity ratio""';"", of 0.6, shows directly the effeot of slot 

lip thickness on potential core, es a funotion 0:C slot Beynolds nt'.uber. At 
, : 

23,000 Rcynolds number, trebUng the lip thickness cho.nge3;:ep by less than 
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elle qUD.rter of a slot height. At a Reynolds nmllber of 9,000. the Sl'lllG 

increase in lip thioknoss roduces "'-f' by noarly 3 slot heit\hts, a ait;nificent 

change. 

11.703. Ji..!.2.!: Reynold~ Number. 

The ef1"oet!l on potential eore of' slot Rcynolds number 1"01' 

the three lip thickl1esses,. in t'icuros 11.31, 11.32 und 11.33. 

In all eases, increasinG slot Reynolds number Rn~ , reduces potential 
'" 

eore length alth~ueh the er1"ect is greater for the thinner lips and velooity 

ratios r.!'ound unity, beooming proGressively less IW both Reynolds number .:>nd 

lip thielmess are inoreased. Tnill i3 seen in fiGure 11.31h vThich is O1'e"£

ll", 
plotted from f'iGul"eS 11.31 - 11.33 at a velocity ratio 1Uc.' equal to 0.5. 

Thi!' effeot ef reduoinG potential' core with incron:::inG slot Royr."l<h) 

nllL1hor 1.0 ccntrary to the theoretical prediction:: of Kcrst (140) rncl Cola 

(::;6). Such disaGroement may be explr.inec1 h017€lvcr, since z10t I1eynolds 

numbor is (). dependent cnd not ind.opcndont, vl1rieblo. This is shown in (leto..i.l 

in i'ieure 11.36 which was constructed 1'1'ol'l calculuted vlllues froll ·tho theory. 

Th9 rosponse of' potential core to slot Rcynolds nur10€'r depends on how the 

depcnd.ont variable is chan.:;t>d. The predioted trend with inc.roasing Vlrli1 

pressure drop shown in figure 11.36 is cCl11'inGed by the experimental trends 

shorn in t'~.t:ure 11.34. 

11. 7~)t. Hainstreem BOlmdnry Ln,yQr ThiokneS3 .. ........ ......;.;:..:;.._.- ---
:30000 very limi tod dnt" ll.vldlr<ble "hich ,show tho efi'cot of' in-

oreasine; the mainstream boundary layer thicl:ncs3 on potentic). oore.The 
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thiokness 01' the main~trerun bound.al'Y layer i"or the majority ot" the teot runs 

was of tho order of 1._ 'alot, heights; t"or a fo\'l tests however, it Has in-

oreased to the order ot" 4.1 slot heiehts and those points ero ropresented by 

tho tagged sJ~bols in i"ig~ros 11.28, 11.29 and, ~1.33. 

It CM be cef)n that iI10;-eI18in" mainstrea'l bomluary layer thiokneos 

reduoes potential core lenGth by 11 small P.J:lount a.t higher I:eynolds nU'llbers 

end by a lcml3cr l'moll."I.t at lm'{or vo.1u.e3. 

ll.e. Pr'1(lictio113 of' Potentia.l Co,.e ).onrth..!... 

11.8.1. l>redictions. 

As a proliminary test ~f the prcsent theory, prediotions 

were made f'or ?otential 001'0 lenGths moasured, i'roI~ data in the published 

li terature. 
I 

Data were tshm from the Vlork of. Papc1l IlI1d Trout (34,). Cartsho1"H 

(115), Sebn.n (11), Sehan and Back (25). Wltitela,., (b3) ,rynd, SivD.segerGl:l £mll 

Whitelcm (05). O"'these data, rei'epences (31.), (11) and (25) yielded thermal 

potential 001"(38, reference (115) hy,lrouyn",nic c01'es, and, (03) und (65), 

impervious wall oor()sl no correctiolls were applied and the prinoiplo qf' field 

similari ty with equ:lii ty of' l>rnndtl cnd 1e17is nnmbers with unity, was 

assumed. Papell ~d Trout's data contalned on inoorreot moasure~ent or 

coolant te4lperature Md W8,3 corrected in the nanllCr described ill Seotion 1 ... 4. 

Potential core lcn:;ths .. ero moasuro1 by lineal" extrapolaf:ic:l oi' effeotiveness 

values back to <.. -= 1.0 on scmi-loG/u'! tmic paper, 118 dseoribed in Ch"",ter I .. 

With tho exception or reforence (34-). all the data ere i'or e1'i'eotively iso-
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thermal flows I l'apall and 'rl'outlJ data had temperaturl3 ration iGl;"., , dam! .to 

0.35tl. .: 

For the prcdiotiona, it was necessary to estimate the bot;.'ldary ls.yer 

thiclmessec 011 tho lips e.t injection, ,,:hero' these were not f'ully quoted. 

Origins 01' the boundexy layers t:ore based on the slot GeoIaetl'Y layouts eiven, 
/ 

and gr~~ths were cstir.:ated from the usual simple equations with transition 

i'rom 18r.linar to turbulent flow takinG placo at 0. length j{eynolds number of 

In fiGures 11.37 nnd 11.38 ara regression plots sha.ving a eompe.rison 

of' predioted non-dinensicnd potential core lengths, with nee.sured values. 

The test data COVElr extremely wide rHnGcs 01' slot hei:;;ht. ratio of lip thick-

. nens to olot height, slot Rflynolds. nU;llher and. velocity ratio. Despite this, 

thE' figurell show extremely Good agrcement of' the predictions wj.th the neaourE
\ 

montB. 

Shotm in figUl'c 11.39 is tho reGression plot giving the conpnrison cf' 

the hydrodyncmio non-dimensiono.l potential oores by moasurement and. pre(\ictior,. 

for the procent set 01' experimental data. In general, there is sood agreement 
"X 

between predictions llnd experiment. CXC0pt for lUl'ge values of f'/s obta.ined 

at Il slot Reynolds nm~ber of 9,000 foI' lip thicJ:nes5 to slot height ratios ot 

0.379 and O.5tl\. '2his will oe exnlllined in morc detail in tho'rollol1int> 

section. 

11.U.2. ~r Analy::;is. 

For the prescmt got oi' ex;:>erimentnl do.ta, C.ll error ollalyds 

Vlns made to determine the lir.litationn of' the theory in suc06Bst'ully prcdict-

L"lC potcn~ia1 core length. The re~ult3 of thin error enulYf.;in arc cont:::-ined 
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in figures 11.40 to 11.45 inolusive, where the differenoe between predicted 

and measured potential core length is plotted against injeotion velooity 

ratio as a common r:b:soissa,for various funotions of slot Reynolds number and 

clot lip thickness. Shown in the figures is the estimated unoertainty band 

for cBasured values OfX-r/s • 

~ consideration.of the figures reveals that: 

(i) The taeory may be used nth o'onfidence for all velocity ratios and 

slot llsynolds numbers for slot lipto height ratios less than.O,2U .. 6, 

and, for all velocity ratios and slot lip to height ratios provided 

the slot Reynolds nUl!lbcr is ebove or equal to, 23,000. 

(ii) If the ratio of slot lip to height is greater than 0.2146, the 

theory should be used with caution for· velocity ratios 0.5< II~ , .... ) 

when slot Reynolds number is below 9,000. 

(iii) If the ratio of slot lip to height is ~reater than 0.4, the 

theory should be used with caution for velocity ratios 0.1I~ Ut:tc. ~ ',3 

when slot Reynolds number is below 14,000. 

These limitations are derived from data which is somewhat narrow in 

~ange; the caximun variation of'parameters for this series of tests is cont

e1nedon figure 11.39. ?i6ure:s 11.37 and 1l.}1I suggest that the prediotions 

onn still be reasonably satisfactory if a somewhat greater loss in aocuracy 

is accepteble, outside these oonditions. How accurate predictions of pot-

ential core actually need to be for the considered application will be dis-

cussed in a later Section. 

Failure of the theor,y in the neighbcurhood of unity velooity ratio is 

not completely unexpected sinoe the mixing model used in the analysis 

resulting in equation 7.41, there breaks down for iaothercal flows. The 

crude metho4 01' accounting tor minng aue to ·"pre-turcule\'l.ce" in t:he streMS 



at these velooity ratios, must be improved ir possible. 'Break-down as the 

ratio 01' lip' ':hicknel!s to slot height increases is also to be expeoted, due 

to the progressive failure to establish within the potential oore region, 

the postulated "eke siniler profiles. In the limit,whioh is /;w >>> s , 

the basio 1'10w model itself breaks down and the problec beoomes, one of a 

rearr.nl"d-racin3 step with base bleed. The Reynolds nlllLber et"reot' observable 

,in the accuracy 01:" prediction, "'as not 'expeoted. Its t causa however, can be 

traced directly to the non-establishment of similar profiles at these cond

itions, as seen in figures 11.5, 11.8-11.11 inclusive; and, 11.13. The 

reason for this occurenca is not immediete1y apparent and it may be associated 

with the rorm 01' the lip (interior) boundary layer. An additional e1'l'ect 01' 

Reyno1ds number could be asscci,; ted "i th the cooled v:all ooundary layer 

which is discussed in Section 11.4. The relative success 01' the method across 

these TIeynolds number restrictions as evidenoed in figures 11.37 and 11 • .3tl. 

suggests thet the etf'eet may lIe auo to some unaJ.sclosea. rig perculiarJ.T,y, 

nntt no~ ~nn ~hoo~. 

11.9. Pre~1otion or ?1lm Development. 

A number· ot relatively simple theories are ava11~ule .~ah 

pr"cdQli 1'i1- u"v"lop.,,,..,:. lino se 1'or .,xa";>l",, of' !7~rl.!lDo!"~ \117), !'!10011 M. 

,Whitela?1 (36) end, Harris (116). ThE;se theories require as starting input 

~mpiricalre1ationships between the specified quantities at the slot and the 

properties 01' the velocity and temperature pro!'iles at some distance dov.n

stream. Use oan be made of these methods to test how aoourately potential 

oore length has to be speoi1'ied to resulj; in sstiu1'!lotory predic tions of 

downstream 1'ile development. Agreement of dO"llnstresa prediotions with 

measured data provides an additional' check on the v~lidity of the data. 
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,artshore's method was selected ror this teat cnd was written into a - . 
computer progrnm Vlhit'h prepares the input data in a i'orm rer solving the ..... 
intcgr~l equatio!ls which it does by a. 4-point Runge-Kutta numerical tech

nique. Input to this progra'll consists of non-di~cneionaJ. potentiai core. 

length "<% , slot Roynolds number Re~ , the fJw.ximum velocity in the film a.t .., 

~f' ( 1.<.1"r\C1.I<) ,the normal position 
xp 

of this meximUJiivelocity (d"''''l( ):Jc:p , 
. ~ 

injection velocity ratio "'I"c. • and, the velocity profile existing at xp • 

It is neoossary to attempt a description 1n genere.l :('orm or the i'low 

oonditions e,t the end ot' the potenUe.l core, to adeq,uately spociry the start-

ing ;:>oi1'lt f'or the integration, Th:l.s has been done f)mpirio,"Uy :l.n terms or 

potential core length itself. Prom the po1:ential core cO~;JUter proGrrun CO!Jl() 

:r~ (~"'''. ) 
values of --,.. /s I.:nd -s 'xp dir()ctly. f'igures 11.1 to 11.3 inclusive 

show that (lA"' .... )><r / "'c. = 0.955. The position of the minimuc velocity in 

the profile may be caloulated from the empirical equation. 
. .... - 0,:\-43 3 

:: 1.3015 ( S + .sw)( "'Ale ) ) 
")cl' 

the basis for whioh in represente~ in fiGure 11.46. This oquation is based 

on limited data and should be reg!1rded as tentive. FilHne ott the velOCity 

'dc1'eot oont'orms 
u . 

to ( "'.0,,) -_ 0 2 h , . .9 were u = I1 
<{~ :Cl' '3 In 

l' or 'I.., < Lt" 

u~ = u e f'or u", >"c , and is illustrated in l.'ie;ure 11.47. 

and, 

\"Iith the 

positions and me.enitudEls of the maximum and minimmn velooities in the profile 

at xpdefined., t.he profile i tselt' was specified through the Schliohting. 

wake p~oi'ile applied to inner and outer layers; the wall layer was assumel1 to , 
have a typioal turbulent boundary layer i'orm. 

,< 

\ 
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.' ,As (), desoription of development, decay 01'. th~ mmdmum voloci ty in the 

u 
downstream rilm profilesexprossed in the form trru</ uc:: .• together'~~1th the 

.t 
p08it:.on 01' this maximUlll velocity normal to the wall in. the rom /'nCIX/ S • 

lOcre tp..ken i'rom tho total output as representative. As proerammed. Gart-

shore's theory iz for isothermal, jet·like flow3 only, and prediotions were 

made I'cI'· nll z'J:lh tents roI' whi.ch dm'mstI'cam d",ta wcre f(veil~.blo. l~or e8011 

test ?oint. three preJ.ictions Vlere tlads: 

(i) where the input was solely empirical, taken 1'rom the measured 

values for each test, 

(11) a mi:>:3d' input consi3tinr;, of'. predictod .x.p /L nnd, empirioal 

velocity prni'iles tcken i'rom'the Mensured values t'or each tost. 

(lHi) a flhollv predictc(l input. cs outlinocl above • 

.. ·.Comparisons '01' the three predj.ction3 with themsolvoa and the experimental data, 

enables the bnsic accuracy 01' the method (GuO'tshoro's). the 3ensitivity to 

and Ilccuracy of, predicted potential core lenGths, [md, the accuracy 01' t~.e 

tlleoroQt1cal velocity doscription, to ·oe aS130aaGCl. 

'l'ne co:npari~onsor precu.o'tions ana meanUr'ea ao:tn tlr."M 3J.ven in i'i!~urtllj 

11.0/> 1;0 11.:>7 im,lusivo: l"or t'izures 11.,1) aflu 11.5'1 ollly \;he wholly 

'1;heoretioeJ. ;JrM.itll;ion wau mauu. Vt .. ..n if.pu\; t;Yl'" t1) "00 .... , cgrcwll1eot .. 1 th 

the experimental points ~s extremely good indeed and excellent up to nbout 

50 slot heights from injeotion, for both the thin ~~~ intermediately thick 
i· 

lips. IThis veriI'ies the validity cl' the experimental measurements. It is 

soon that the predictions with input type (H} aro almost co-incident in all 

cases, dth .the type (i) -b£1sed predictions. This indicates that the potential 

oore prodiotions by the present moth;, ere perfectly c.dequnte to enc.ole pred-

iotiona 01' downstreem l'ilm d.evelopment to be made. Tho eotual non-dimension?l 
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core lengths, predioted and measured, used in these present prediotions cen 

be compared in Tables 10.1 llnd 10.2; the maximum difference of' these is 

1.b7 slot heights. A great~r effect is observed ,,;hsn predictions bused on 

type (iii) input are "ttempted. This is because it is difficult to desoribe 

velooity profiles atxp in completelY general form. Even so, the maximUIII 
lA . 

dil'fereuee between predictions of' ~/«c b~sed on all types 01' input is only 

.sbout 6% of unity, i.e. oi' the initial value. For ongineering purposes at 

least, downstream predictions based on type (iii) input, i.e. wholly predicted, 

are satisl'D()tory up to agcln, o.bout 50 :?lot height3 from injeotion. 

The oo~lete prediotions are seen to eonsistently under-estimate the aotual 

deoay by up to 7.5i~ of unity, occu1"ing at downstream locations • 

••••••• • •• • •••• 
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crnCLUSlctlS. 

12.1. The Hynothesi.s. 

It was postulatA~ f'or the conditions and eeometrios assooiated 

with e·~-turbine combustion cha~ber cooling using discrete injeotion systems 

,that, whatever the velocity ratio, the 't'Um will appear jet-like initially. 

It was rurther postulated that order, understl'.nding, and complete description 

oould be broueht to tho measured data. if' it l.aS considered in light or a 

mathmatical model derived i'rem jets, 1111d which consisted of' a pot,ential core, 

t"ollewed by a. transition rO'jion prooeeding a downstrenm, main region. 

On the basis ot" the model, expressions were developed t"or film 

e~fectivcnoss, equation 4.2.6 a~d, filn hoat trr.nst"er ooefficient, equation 

6.30. A l"rc;e amount of' eT.;lorimental 1'11n eff'eotiveness dat.'l t'or nine 

dif't"erent, practical slots =1 oovering 'Wide ranges of' injection ccnditions, 

was brought into order by the derived theory and resulted in simple, sem:!.

empirical equations suitable for engineering predictions. equations 4.30 

. and 4.31. Only'" very limited C1!Iount of' data was e.vailablee.gainst which to 

test the film heat transf'er coefficient theory and these~e ~pectacular 

success was not achieved. A good representation of' the experimental data up 

to abo'ut 40 slot heights from injootion was obtained however. Both the 

e~ectivenes3 anj heat transfer coef'ficient expressions ere suitable for use 

up to the end of the transition region of the f'ilm, but not beyond. However, 

for the ohosen application, thia is quite suf'fioient since it is necessary 

due to inoreasing wall temperatures, to reneN the rilm before this point. 
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The experimental work carried out veriries hydrodynamically, the 

:xistence of th~ potentic.l oore and the complete model. This is ror the 

:noothly-red slot used The existanoe or the thermal pOl;ential core t'or praot

:~cal injeotion geometries was ver:i.ried by the sucessrul correlation or e1"t'ect

,L-~eness data when the potential core model "as used, (Cha.pter 4). 

The two postulates can thererore be regarded as substantiated. 

1212. Potential Core Theory and l~ediotion or F£rcotiveness. 

T~e equations for film effeotiveness and, heat transfer co

'ffioient ane developed in terms of the potential oore length. To enable 

'~omplete predictions to be made it was necessary to describe the potential 

,~re length. A theory was developed (Chapter 7),to predict hydrodynamic 

:.otential core for slots having thiok lips and, boundary layers on the lip. 

,.'hermal potential oores oould be round rrom the predioted hydrodynf'mio values 

"Y assuming either, Reynolds analogy or, a Prll.ndtl-TaYlor flow, as desoribed 

':'n Appendix A3. 

In Chapter 11. the theory is subjeoted to a number or tests whioh are 

quite severe. All the assumptions made in the derivation were first examined 

cnd SUbstantiated against the measurements taken. Then, comparisons between 

=easurement and prediotion were oarried out. The initial batoh or data was 

takenrrom six different souroes arid is ror hydrodynamio,' thermal and im

pervious wall measurements. Geometrioally, slot height variation was eight to 

~ne, rrom 0.063 to 0.502 inohes, and the ratio of lip thiokness to slot height 

7,~iation was forty-two to one, from 0.04 to 1.70. Aero-thermody,namioally, 
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the variation or slot Reynolds number' was sixty-two to one, rrom 1,210 to 

75,380, ve100ity ratio was seventy-one to one, from 0.071 to ;.042, and, 

temperature ratio was two to one, rrom 0.5b to 1.2. Considering the assump-

tions ooncerning boundary layers Vihioh had to be Illlde, and the wide ranges or 

the relevant parameters, the ligreement between prediotions and measurements, 

sho1'71l in t'igures 11.37 and 11.38, is very satisfaotory and the theory oan be 

"aid to have passed this test. The seoond bldloh of data against ?!hioh the 

theory was tested was that presently measured. As is shown in f'igure 11.39, 

agreement is generally good, with some exoeptions whioh oan be explained with 

re~erenoe to Section 11.2 •. The error analysis led to the tentative reoommenc1-

ations (i) to (iii) of Seotion 11.8.2, ror use of the fheory. 

Some und.erstanding or how aoourate the prediotions ot' potential oore 

haa to De, was obtained in Seotion 11.9 "here the d01'71lstream development or the 

film was examined using Gartshore' s theory with predioted ~p 's t'orming the 

input. As figures 11.48 to 11.57 show, the prediotions ot' potential oore are . . 

perfeotly adequate to result in satisfaotory engineering.prediotions of aown-

stream maximum t'ilm velooity deoay and position. This study however, was 

Btlplied f'or injection conditions where ~ > u", and, ror a smoothly-t'ed slot 

end is not therefore, general enough to be completely oonolusive. 

The main use of potential oore is in equation 4.26., to give prediotions 

of film effeotiveness tor ditrerent injeotion oonditions. These prediotions 

Will of oourse, have to be made t'or praotioal.slot geometries and as suoh, 

form the real and mo.jor test ot the pot,ential oore theory. Suitable data for 

suoh a test ,are limited and availability ia generally restrioted. In figures 
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12.1 to 12.7 inclusive, sOllle such data are presented j;·or three dii·t"erent, 

practical slots of' machined oonstruction. In the present author's opinion, 

the measurements were made without overmuoh conoern·about experimental pre

cision, and the scatter in the data ref·1ects this. For each case, a prediction 

of' et"f"ectiveness is made from equation 4.30 .,ith the ::rp values being obtained 

f'or the slot and injection conditions f"rom the computer program given in 

APpendix A2; a Prandtl-Taylor type rlow was assumed a mainstream turbulenoe 

(whioh waa measured) correotion was applied as indicated in i·igure 2.14. The 

soale of" the absoissa0 in the plots or the rigures is removed ror proprietory 

reasons. 

For slot G4 the agreement of" the predictions with the experiment. 1 data 

is' extremely good: Down to O.bO errectiveness, the maximum disagreement is 

'!If, oi· unity, i.e. of' the maximum value. Below O.bO ei·t'eotiveness. the pred

iotion beoomes oonservative, i.e. predicts a greater deoay than actually 

ocours. This arises ror two reasons: It will occur beyond the transition 

region or the rilm because the exponent on the group 5'I./n equation 4.30 

becomes inappropriate, and. there is an apparent tunnel perculiarity associated 

with the turbulence generated by an intake grid, as was observed in Chapter 

4. • 

The plots t'or slot G5 accord with those t'or G4, again wit~ excellent 

agreement between prediotions and measurements, except for t'igure l2.b where 

the prediction is severely conservative at downstream stations although the 

starting point appears correct. '.Q:Us is due to the injection condit10n at en 

• 
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!.! 01' 0.295 being outside the range ot' the original data which yielded the 

empirical constant in equation 4.30. 

Figure 12.7 sholls the comparison for slot Gb, with e.gain, exoellent 

agreement or prediction with measurements. 

As 'lrhittacker (UU) has ·shown, 11 10'J'~ change in 1'illll ef'1'eotiveness 

causes only a 2 - 3~ change in predicted wall temperature. Thus, by this 
,. 

standard, thepotential core theor.y and seni-empirical equation have held up 
• 
when a,pliGu in real situations. It is worthwhile emphasizing that slots 

G4, G5 and Gb are re~l, praotioal slots, and) G4 and Gb are running in 

advanoed engine combustion chambers; GS was 11 deltelopment design. ,Slots G7 
,~, ,-,. 

end G6 were designed using the information contained in this the:is. 

In work subsequent to that reported in this thesis'the preeent author 

has shown that curves equivalent to those shown in 2.16. 2.17, ~nd. 2.1U, 

2.19 also exist 1'or the data measured· from preotical slots. Optimum slot 

heights and injection mass velocity ratios ere in close agreement. Parametrio 

etudies using the potential core theor.y in a typical combustion chamber 

dilution zone give optima which also agree olosely with these. Suoh being 

the cas~,design rules csn. and have been, 1'ormulated whioh specifY either 

14 ors • or both. depending upon how much coolant is available and, how severe 

the heating problem is. The outcome of suoh rules is that cooling systems are . 

'now uni1'ormly being desit;ned with!.! values in the range 1.,0 to 2.0. where the 

empirioal oonstants in e,quation 4.30 are appropriate. The combination of 

optimum loI and optimum S ,. with typical ~ombustor temperature ratios and main

stream 1'low velocities, together with operation at high pressures, gives slot 

Reynolds numbers above the potentially troublesome range, given in Seotion 

11.8.2. 
. ., 
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Thermal stress considerations ~or the .slot lip suggest that in order to 

limit olosure of the slot due to creep of the lip, the lip should be tapered 

towards it's 1~ee end. If an optimum slot height is used, the ratio of lip 

thickness to slot height will therefore, be usually. less" than 0.4, thus 

avoiding another potentially troublesome range indtaabddimnSee~1mDnlll~.2. 

" It can be fairly conclUded therefore that reliable predictions of 

rilm effectiveness can be made for practioal geometry injection slots in 

combustion chambers by using equation 4.30 in oonjunction with the potential 

core theory. • 

12.}. Recommendations for Future l'iork. 

The present thesis puts practical ~ilm cooling theory on a 

sound basie and, carries the design and prediction of gas-turbine combustor 

cooling systems forward considerably. However, many important questions 

remain to be ~~swered. Some such questions are given below: 

(i) How can the combustion chenber conditions be understOOd and 

defined to ensure representative input to the film cooling 

theory? 

(11) What is the e~feot of a residual proceeding filn on specif-, 

ioation of the theory input conditions? 

(111) How does the praotioal ~lot geometrical structure ai'i'eot the 

turbulenoe generated in the injeoted coolant and how is the 

film development ohanged? 

(iv) How is name luminosity related to t'ue1 injection technique 

and, operating pressure? 

To the praotioing combustor engineer. answers to the8e questions alone 

_"~".ould provide the major breakthrough so badly needed in this area. 
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'N 0 JJ E If C 1 A Tun E 

SomB oommonly used symbols; others are dof'ined in the text. . ".-, 

HighelCase. 

A 

AI 
. 0 

Ma 

Nu 

p 

Pr 

P,Z, 

R 

So 

S.li".C. 

area. 

slot outlet c.rea. Pel' unit width 

dTad coeffioient 

drag 
, . 

dilution zone 

emissivity 

oombustor dome heicht 

luminosity 

combustor length 

mass volooi ty ratio, coola\'lt to mainstream 

Mnch number 

Nussolt number 

total pressure 

Prandtl nU!:lber 

primary zone 

6B-S oons,tll1lt " 

Roynolds number based on boundary layer thiokness, ~ 

Reynolda number basod on slot hei6ht, S 

Reynolds number based on dmmstream distanoe) :x. 

3chmidt number 

speoifio fuel oonsump' 'en 



8t 

T 

T.E.T. 

Ts, 
. ..cl 

Lower Case. 

b 

ep 

~.t' 

d 

f 

BD 

h 

k 

1 

m 

• m 

.' 
me 

• I, n e 
· , 
mf-

n 

p 

q 

r 

B 

t 

B. 

Stc.nton nU1llber 

temperature 

turbine entry temperature 

adiabatio wall temperaturo 

width of' tli::dnB l"yor 

specifio heat at oonstant prossure 

skin friotion ooefficient 

diruueter 

film thickness, fuel/air ratio 

Newton's constr~t· of proportionality 

heat tnnsfer coefficient· 

thermr~ conduotivity 

Prnndtl's mixing length 

" valooity ratio, m/I< 

ma88 flow rata 

C 

, 

mallS flow rate entrained per unit width of file 

mass flux entrained per unit area of film 

film mass f'lOIf rate per unit width 

bou."ldc!'y hyer profile velor1. ty index , 
static pressure 

heat flux 

rlCdius 

slot height 

time 



u 

v 

z 

Gre~k. 

AP 

e 

7 
r 

c. 

, 
downstream velocity 

velocity just outside the boundary layer 

r.m.s, value of fluctuating downstream velooity component 

velocity along y-axis 

velocity elang Z' - axis , injectio~ Planl distance downstrerun from 

non-parallel exes cOl'l'ectic·n length 

momentt~ loss convection length 

eff'eoti ve or iSill of' walte 

potential core length 

idealised potnntiel core length 

{ , 
/ 

potential oore length corrected f'or momentum 108s. 

upstream apparent origin of boundary layer 

trensition length 

distance ncrmal to le. - axis 

distence mutually perpendicular to :x: end y : axes 
: 

i , 

ratio of specifio heats 

boundary layer thickness 

boundary layer momenttm thicl::noss ,. 

slot lip thiokness 

pressure drop across slot 

temperature ratio 

f1im effeotiveness 

density 

stofan - Bol tzmanll constant 

surf'ace shear stress 



D. 

r· viEtO0 sity 
, 

)I . kinematio visoosi ty 

SUbS01.Lpt~ 

ad adiabatio 

C ooolant stream 

Ef'f' cf'f'"ctive .' /" 

1l mainstream 

s surface. 

Units. 

The bulk of the present work lVas oompleted before the S.!. units Vlere 

adopted. Y.'here units do appoa.r, those 01' the source data are retained • 

• • • • • • • • • • 

\ 



A.l. 

Design Point. 

Engine t.hrust (take-ofr) 

Fngine . air1'low (compressor delivery) 

Combustor airi'low 

Puel tlow 

Bleed for turbine cooling 

'furbine entry tomper,'Cture 

Compressor delivery temperature 

Maximum bulk t"mperature 

Primary Zone coobustion efficiency 

Overall combustion eft'iciency 

Compressor delivery pressure 

Overnll loss in totel pressure 

( 

29,300 lbf 
35,000 Ib; 

(dry) 

( reheated) 

350 

420 

10.25 

1422 

uo 

99 

217 

Ibm/sec. 

Ibm/ sea. 

Ibm/min. 

Ibm/ seo. i'l-om rear ot 

inn!l!' annulus. 

Ai' Ir;. = 10/i 1031:es mode up of 

~O)~ in the din'user; of' 

the total pressure drop. 

across the 1·1~.metubf) ",,] 

53io ,.is due to mixing in 

the dilu";':"'011 zone. 



l<'l1l'1lctube (cxid) lenr,th 

Octtor f'lamGtube dir;met€r nt 

prir.lory zone 

Inner t'lemotube dio'lleter et 

primary zone 

A.2. 

3.0!!3 t'eet 

1~832 t'eet. 

Tho (Cas constants for combustion products and ~.ir were taken as 

l'odpnctively. 100 p.nd 9b t't.Ib f / Ib",f~K. 

Over-n.ll fU.dl/ air rntio 0.02 

Prir.lr,ry Zone t·t10J!fir re.tio 

. Pri"'~ry Zone l:iri'lo',1 45~:;; total co:;bustor 1'1017 

Dilution dr1'loVl f'or mixing 32!; tot:).l oorobustor t'lc.t 

!l:llterial Nimonic 75 

'!iell tCr.lpereture limit 

I'ril'lnry Zone rnenn l1ach number O.Ob 

Dilution Zone mea."I Mnch nU1lber 

•••••••••• 
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A.}. 

A I' P B N D I X A2. 

SOLUTI:n 01' 'I'll? m;ml'lo:l3. 

A.I.O. I-:vnluation of Int0~\r~ln. 
",., 

Integrals ot' thei'orm of' equ(l.tions "~13l have been solve,! by 

Abromovlch &nnlyticdly, 

1;1. = 

I = 
3 

And, 

-I 
((H) 
~ + _1- .... ..b!.. 

+.:I.(O-li' (V-i):?' (I)-I) 

-+ ~"rJn,,/O-i 
( a-j)'\!).. 

4 ",de. n le:; 
(&-1)"'.2.. 

Al. 

A2. 

Unfortunately, nquatior13 AI, A2\ "3, A4, 1>5 and Ab, involve the cndl 

.difference of two lcrge nur.,IJers "hen e Md e:- respectively, become 10$3 th(l.n 

2.0 and the iterntivo prooosnes for "'f" anu. :'n go un"tnblo, divergo end in , ~ lC~ 

a COlOputer, produce a tight-lQop. ,';hen this occura, tho f'011m7ing in1'1nito 

series equations must ba used: 



Atl. 

and, , 
00 J 

[ I 
(-j) ({'-I 1 , 

4.tl6.o ,? .. r. .. 0.316 + j,+4fj~ :7)(2j-t5)''-j ~ t) 1,..9· 
.F' 

I = 0.1;5 + 9.0 [~ (-iY{'(-t]J ] 
AlO. e.., (j-iIX j-l4X~f/6) j=1 

For i~othcrmu1 l'lol'ls, 

, 
I, = I 

I 
= 0.316 All. 

/ 

1-2. = I 
~ 

= 0.1;5 J..12R 

I3 = I = 1. f.13. 
3 

1>:n early version GJS51J1of the> computer program used in the 301vtlon 
.) J 

01' the equations is. presented overleaf'. It is written in General Elec·tric 

Time-Sharing ?'Ol'trnn rr 1WlGuege. Later versions incorporllte minor ch2nS8S 

I':hich improve the proceduro and have superceeded this version which however, 

contains the essentinl substcnce aI' th3 solution. The later vllriations are 

written in Generr.l Electric 'rine-Sharing l'ortrLll IV langua.ge. The earliest 

version of 1111 wa.s written in 1C'f :..sA 40 l'ortran IV, from whioh <TJS5j)lwEts 

adopted, und oontained F. in equation 7.139 CS a constant equal to 0.5~: 

This is no longer considered. valid and shoul(l no·t be use<1. 

As the quun~it.Y.)CB i.~ .u3u&11y n. 's'i1e.ll quanti-cy f'Jr' the present prcotical 

applioation ·it is !lilt included in GJ$ 5D? Also, the manner in whioh some or 



the equ2.tions are hC_'1dled in GJS 5D' o~n, 1'oI' oertllin input conditions, result 

in t'llilure 01' the Dolution. This defect, ,:hioh occurs f'or low slot Reynoldc 

n~~bers at hieh velocity' ratio, is an aocur~oy problem arising in the Bub-

traction 01' two vcry nenrly eqcwl l1tc"lbers end is not of real siGnit'ic~noe f'01:" 

combustion ch~mber cooling. Fdlure is ir.:ocaic. tely cvidont froo11 the output 

",hen it occurs. In l<,tor versions, the equa.tions are handled dit'f'erontly. 

'INPUT 

1J.J,. 

ARES 

TH 

!~ajor sy"bol definitions f'or the proere.!ll are: 

vcloci ty ratio, «·'I,le:. 

slot Roynolds n~~ber, Res 

'C./temperatur~ ratio, T m 

J-. profile t'\ povier law f"or slot lip boundary 11:'yer on coolt.nt side 

QM profile.J;; power 10.1' 1'or mG.instl'cmn bounde.ry le.yer 

C;W prot'ile -!; power 12.17 f"or cooled v,a11 boundary layer 

DC thiclmess of slot lip bOmldo.ry lreO'er on coolant eide, 

DM thickness ef' meinstream bounclc.ry layer • 
DIVALL thickness of cooled :Rsll 

s slot height, 8, ft. 

lip thickIi'es,3, $\'1' f"t. 

CONST 0.3000 

N nu~ber of data input a 

RUN input number 

OU'l'Pm' • 

• \RBS sl?t ncynolds number, Re .. 
" 

'I .. 
i'Jl vcloci ty ratio, /"" 

bouncie,ry layer, 

rt., ( ,) )m 

tOt. , ( s)w 

fOt. , ( ~ )c. 



DA 

DD 

II 

nU1 

(~ )".,/ s 

(S ),/5 

6,h , 

T(,IT~'1 

:>::1"1'5 

" 

A.6 • 
. ' 

nO:1-diT:lonzion:.l r!rdnstrcan boundc.ry Ip..yer thicl .... rws3 

nOl1-tli~en~ional slot-li:J bou:1dctry layer thickness 

r"-tio of' li;:> thickness to slot heiGht 

tC;:Jpcra:t'..lre r{::.tio 

non-dirnensiol12.l potential core length. 

output ntunber. 

1'he coolant: veloci1:y for tne inpuj; v"locity re.tio and slut "vj~.v ... _ .. 

. nunber should be based en the pecl:: in tha slot outlet profile. The predicted 

v2lues f'oI' non-dimensionell potential core lenc;th il! the output should. b() 

corrocted f'or oainstrcwn turbulence it' this is creator than 1.5-2.0 lb, 

f'rOt1 i'ieurc 2.11. 'Dnd, by the PI'rmdtl nw~ber retia es indicated in f.ppondix A3 

11' thermal va.luG5 ere required • 

. ' ......... . 



FLCM DIAGRAH FOR PROG.'l.AM GJS5D* 

MASTER BLOCK: 'POTCOR' 

,------------- ----:-----'----:-:--, , 
I "PRINT 'rUles. 

I , 
I 
I 
I 
I 
1 
I 
I 
1 

(READ data 

SET 

XPR = .1 

:CALCULATE mass velocity 

.' ,- .. ,ratio E . ",: 

1 . 
. :------- -- -.--'- - -- - - - - - ---

19. l. 

.. 

I 
1'1 
III 

~ 
. .; .. , 
·'~·I. 

.... 
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. ~fI-
1. • , I, 

i--- ---------------------- --- - - -- - - _ ... -- - - -- - --- - - -,.- ---. ...:-.~.-'-:--- .. 

I· E <1 
I 

I 
I 
I 

I 
I 
I ' 

I. 
I 
I 
I 
I 
I 
I 

Set 
'>- - '!'m 
~-T e 

Set 

9i:: ~ u 

Set" ' 
(5 )1 =- Cb )m 
(S )2 = (<5 )e 
,Pl' = QM 

1'2 = QC 
P3 = QW 

BO for E <1 

3· 
I 

4. 

Set 

~>. 

'2: " 1.0 

Set 
pS= .85 

u . " . 

E)l 

, Set 

'C=~ T ' m 

BO for E= 1 

. .' ' 

.. ;' 
,. :. ,!'. 

'~ > 1.' : ' 
:~ 

8, 

" 

Set 
'2'~ !e 

T 

Set 

f6 =~,' 
III 

Set, . 
( b ,) 1 ';'.:('3:)e 
(b) = (c5 ) 
P1 2= QC m 
P2=QM 
P3 = QW 

BO for E>l 
r 

• 

. : ~ ' .. 

, 

I" 
I 
I 
I , 
1 

1 
1 
1 ' 
I 

l~ I . 

leA 

:8 
~E 
IS 
f O ' 

:1 
1Ill, 
I~ 

Irs 
I ... 

E-t It) 
I'" .~ 

:~ 
I, III 

I 
I 
! , 

.; 

\ 
" 



I. 3. 4. 5. 6. 7. 

• 
" 

" , Set Set Set 

(J U 1;= .85 ~m=1.5 = \illl 
C 

Uc ' 

+ 
" 

" I. 
\ 

" , ': 

;i 5 , c ' I 

'" ca 1 ',. 

, 
Set' 

; (o)2=(cS)a 
(~)1=(.5 )m . 
P1 _' QM 
P2 QC I 

P3 = QW 

~ 
1 . 

H 1 
Eo< 1 H 
A, 

~ 
0 

I>< 

~ 
BO tor E=l ts 

f'l 

t:s 
~ 
H , 
~ 

, 
U 
H 

f!:I , 
u 
re • 
<Il 

I, 

1.-_- _ - __ ..r.- ___ ----------- - ---- ----

10~ 

8. 

" 

, 
• 

I 

• 
. 

. 
Set 

~= ~ Um 
. 

. 
- -- -- ----

• 

9. 

Ir 

• 

"I 

, 

- --- - - -

, 

1 
I 
I 
I", 

I 
1 
I 
I , 
!' 
I , 
I 
I 
I 
I 
I 
.I 

" I' 
I 

, ,I 
I 
I 
I 
I 
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1 
1 
I 
I 
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I 
I , 
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Set 
y6 '" .85 

- --~-------

Set 
;D =1.5 

I 
I· 
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I 
1 

I 
I 
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I 
I 
I 
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Evaluatell profile 
integral for wake 
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" 
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, 

. 

E(l 
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-

Calculate 
y 

, 
" ' 

CALL MARYC 

E=l 

E>l 

13. 
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• 12; • 

- -- ---- -- '-'- - - -- - - ---- -r, 

l' 1 C-sl <- IS 
,1:' t 

" . 
t>l 
0 

I , 
'I I 

" 1 . 
I If) 

; 
• l!S 

H 

Set 
AA= .316 i 

u 
BB::. .45 
" 

!!I 

e 
, • ~ 

If) 

8 
,M 

I 
~ 
P!l 
l!S 
H 
,~ 
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1:_. 

. I 

I. 

I 
I 
I , . 
I 
I 
I 
I 
I 
I 
I 
I 

I. 
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~ 

Set 
=BD 

Calculate 
CC 

.ue1ng curve 
fH: No.l 

,--

'r, , 

Calculate 
XC. according 
to Zhestkov'e 

theo 

Set 
for E = 1 

-E ).75 

Calculate 
Kirk'lS correction 
length XC according 

to theo 

XC< 1 1 

..... " 

• 

Calculate 
CC 

ue1ng curv 
fit No. 2 ' 

I 

I 
I 

I 
, I 

I 

I 
I. 
I 
I 
I 

--------------- ----------- ----------
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.~ 

CIl 
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15 
H 
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0 

ell -b4 e 
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CIl 

19 
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·15 
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• ------- ----------~------- ---- ----- -----------
T~ <.1 IS To'" 1 

Till --.. -~ Till , 
Tc/Tm . T 

!i )/ T.,., 

~.~-' 
, 

~ 

MARYC 'i Set 
Evaluates'profile i ( CALL MARYC) A= .316 
integrals for shea. , B= .45 

layer 
, 

C= 1. , 

.. 
CIl , , 

.~ . p 
'§ 

~ 

,;.:;. 
, 

Calculate 
ID and origin or vaU 

boundary layer :IS 
0 

'. 
~. 

.. 

~ 
't o <~.;" .. -;'.~ 

.. .'. 
GPRINT 

.. '.' .. 
OUtput titles . , 

f:l 
~ 

1 
1 

H I. ; 1 

I 
..; I 0 

" 

.. .. , '" o!" 

. 

Calculate . 
, Boundary layer thickness 

at %p. DP 

t 
, Calculate , 

1 
XPXC. IP 

I1 
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, [16. 17 , 
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• 

• 
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I 
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I 
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I 

16. 

(XP-XPR) < .0005 
IS 

r--------< (xp • XPR) 
? . 

.' . 

(xp-XPR) > .0005 

(XP-IPB) =.0005 

CalClllate 
Output in required 
nond1menaiona1 

o form 

Set. 
XPR=XP 

17. 

n •. ~ 
~ ". 1 • >'3 

I:' !:Xl 

.. 1 \)~ 
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I 
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I 
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I 

1 

, . 

PRINT 
Empirical XC 

used 

YES s 
here 
any data 

1 

NO 

output· 

XC< 1. XC)l 

..-;.; ' . 

XC=l 

I 
.. . l~ 

I 
, I~ 
.. :8 .. 

' o' I 
1 
I 
I 
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'! 

~~~~ tFItE GJS5DA , 
\ 

~~l·PROGRA~CAI.CUI,ATES POTE~TIAt CORE PREDICTIONS FROM. EXPERIMENTAL DATA 
~~2 • . 
~~4 DI'1DISION A~( 15), ARES( 15), QC( 15), QM( 15), DC( 15), DM( 15), DWALL< 15), 
~~ 5 .+ QW(\ 5) ,R U rH I 5) , E ( I 5) , D nlO( I 5)" P2 ( I 5) , D \1U N ( I 5) , PI (I 5) , C M( I 5) , 

,'0~ 6 '+ a 0 ( I 5) , a D Cl 5) , B DS TAR( I 5) , XC ( I 5) , C ( I 5) , D (J 5) , D P( 15) , XS (J 5) , P3 ( I 5).. _ 
.~~ 7 .+ X P( I 5) , X D (J 5) , R ( I 5) , Q( I 5) , D A( I 5) , DB ( I 5) , W',~( I 5 ) , XPR ( I 5) , XPXC ( I 5) , 
~08 +CC(15),XCI(15) , 
~I~ COM~ON Y(15), F(15), AAC15) ,BB( 15) ,Z(J 5), TH( 15), A( 15) ,B( 15} 
~15 INTEGER RUN,DAHRWJ ' . 
~2~ 'PRINT 20:2,0: FOR~AT<61 H PREDICTION ,OF POTENTIAL CORE 
022 .+ FROM EXPERIME'JTAL DATAl/) " 
025 25:,READ(I), DATARUN,S, W,'N,CO~JST 

,026 PRINT 26,DATARUN;26: FORMAT<2X,13HDATA RUN NO.=I4);PRINT 
~27 PRINT ;~7:27: FORMAT<3X,2HAM,6X,2HCC,6X,2HXC,6X,2HXS,6X,2HBO,6X, 
028 +3 HBDI< ,4X,3HRUN) ',' 
03 ~ READ(1), (AM< l) ,IIRES( 1) , TH( 1>, QC( IS , QM( 1) , DC( l) , DM( 1) ,DWALL< 1), 

,032 '+QW(l),RUN(1),I=I,N) 
11135 00 207 1=1, tJ 
f1I4~ XPRCI)=.I 

, , ',' " 

0.45 E( I> = AM(l)* TH( 1) .' ' 
f1I5~ IF(E( Il-1)55,65,125 , 
11155 55: F( n =l'ITH( 1>: DT\~O( 1) = DC( 1); P2 (I> =QC(I); P3( I> =QW( 1>; DWUN( I>= DM( 1> 

, 11160 PI ( l) = GM( D: CM<I) ='AM( 1):8 O( 1> =.724* DTWO( 1>; GO TO 133 
065 65: I.F<1 - TH( 1)70,75,30 

'07111 70: F<1>=TH(1): GO TO 82 ' 
, 1375 75: F( 1) = I : GO TO 82 

08111 80: F(1)=I/TH(1):32: IF<I-AM(1))85,100,105' , ", ' 
1385 35: mWN( I>=DC( l): PI (1)=QC( 1>: DTlVO(.l)=DM( 1>: P2 (I> =QM( I>;P3( I> = Qlv( I> 

,09111 ao( I> =DHIOCIl+.5* W; IF(A~( 1>-1.5)9111,95,95; 90: AM( I) =1.5 
11195 95:CM(D=I/AM(l):GO TO 138 

, 11110 100: CM( I) = .85: GO TO 120 
1135 105: IF(.85-AM(l»ll~,115,115 
110 110:AM(Il=.85: GO TO 120 ' 

"r' " 

, " 

,11 5 11 5: C M( I) = AM( 1> , 
, 1-20,1:20: DHIO( Il =DC( 1) ;,P2( 1) 0 138; 125: F( 1> =Ti!( I>; CM( I>=I/AM( 1) 

130 DTlvO( 1> = DM( 1): P2 (1) =QM( l); DIWNCI) =DC( l); PI (D= QC( I>; P3 (D =QW( 1) 

132 ao( Il =.724* DTWO( 1) 
'133133:IF<I-CM(l»134,135,136, 
,134 134: IF(CM(D-I .5) 135,138,138." 
13'5 135: CM( 1> =1.5; GO TO 138', ,,', 

, '136 136: IF(CM( I> -.85) 138, 138, 137 ' ' 

•• -i , 
:J ' 
\ 

13 7 'I 3 7: C M( 1) = .85 ' ' '. 
'138138:IHF(1)-I)140,1'45,14f11 .' i,', ',.,. 

,'140 140:Y(1):>F(D-I;CALL MARYCCy(!),FCl),AA(1),'BB(I»;GO TO 150' 
145145:AACD=.316:BBCl)=.45 '. / " 

, 

150 150: BD( D =( CMC 1> 12>*( PI (D/« PI (Il+I)*C2*PI C 1)+') '* DWUN( Il+P2 (DI 

, ' 

155 + ( ( ?2 C D+ 1 >* (2* P2 C 1)+ 1 ) '* DTWO( 1> * F( D I C C M( 1> 12, r .5* Iv) I ( F( 1)* C 1 - CMC 1> ) 
1 56 +* (BBC l) - A A( l) + C M( 1'* A A( l) ) ) , , 

J ." 
, , 

" , 

• 
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160 IF( E( I)-I) 1 GO, 162,160: 160: BDSTARU) =BD( I); GO TO 1'65 
162. 1 6?: BDSTflEU) =BDCIH. 5* vI , . 
1 65 1 65: IF< [( l)-. 7') ) 1 68. 1 72 ; 1 72 
1 65 ! 63: CC (1) =-1 09 .605 L;2+2 269, • G83 [iWE C I) -2 (J 6 65.639* E( Il t~:+ 
169 +108286:53id;;( J) t3-358766.76*E(1) t /;-1-771352S.7Gt-E( 1) tS- . 
170 + 11 C6~' 12 .• 7,Q!:( I) t6+992 655* E(!) t7-510709.89*E( 1) t8+11 IJ858 .23* E( D t9 
1 71 GO TO 1 76 
172 1 7Z : CC ( D = 5:,:3 • 7 ').38 - 42 59 .6355* E( I) + I I; 8 51 .5* E ( I lr2 - . 
173 +29950.40*ECDt3+38488.911*E~])t4-32672.695*E(Ilt5+ 
175 +18312 .651*E( 1) t6-6532. J 766*E( I) r7+1345 .1347* EC D tg-121.8105* E( 1) t9 
176 1 76: XC ( Il = (Z':' C ( 1+ F( I H C t,~C 1)) t2 H (B DS HRC I H ( I1 CO NS T -1/ cc ( 1) )l-
177 +BO( 1)* I/cce 1))) I( C I+F(I) H ABS( 1- F( THCMC 1) 72)) 
178 XCI C I) =XC( Il: I Fe XCI C I)) I 78,178,180: 17P,: XCC Il =3*CM( IHC vl+DHIOC 1)* 

'179 +F'?(J)/(F2(1)+IHD'.'!Ut·ICIl*PI(I)/(PICIHI)) 
1813 180: IFCl-THCI))13LJ,190,1l34 
184184:Z(I)=TH(Il-1 
185 CALL t(MlYC(Z(I),TlICI),ACI),8(l));CCT)=I.OG<THCI))/ZCI) 
136 GO TO 195 
190190:ACIJ=.316:BC!)=.45:-CclJ=l· 
195 195: DC 1) = C CO r-:s T* C I +T:'IC 1) ) I?* I~BSC 1- IH C IJ* !\ ~1( !) t2) I C 1+ TH ( I H MiC !) 
200 +) 'CH C CC D -C~:- MlC I) HBc IH( l-IH1(!))* M 1) l* THe I) . 

205 XSC D = ( D"III. U D 1.0531 5) tl .2'5* ( AR ESC 1) IS) t.2 5* P3 (0 I ( ( P3 ( 0+ IH 
206 +C2*P3(D+l)) 
207 ;:07: CONTUJlJE 

. 208 PH ItlT ? 09, C MIC 1) , C CC D , XC( D , XSc 1) ,8 DC 1) • B DS T M(( 1) , R UNC 0 , 1= I , m 
_209 ;'109: FORMATC2F7.4,LIF3.4,I7):PRINT:DO 260 I=I,N 
210210:DPCD=;05S15*(CP3(I)+IHC2*P3CIHI)/P3C1))t.8*St;2* 
21/5 +( XS( IHX?RC D) t.8I Af1ESC D t.2 
2~'0 XPXC(D=S/CDP(1)/(XPRCIJ+XCCO)+DCO) 
':'30 XPC D = XPXC( I) - XC( 1) 

235 IFCABSCXPCI)-XPRCI))-.fl0fl5)245,245,240 
2 /10 2/J0: XPR( l) =XP( I): GD TO 210 
245 2 '15: R ( !) = XPR C ~; ;' ;:;: Q ( l) = DP C !) I S; 1,'4 ( 1) = vii S; D 1\ ( l} = D'1 C I) I S: DB C !) = DC C I) IS 
260 S 60iCO,JTI rWE: PRI n 26J:2.1Ol: FORMAT(3 X,2H~M,5X,4HXPXC,5X,3 HXPR, 
261 +5X,2HXP,5X,3HXC*,5X,3HRUN) o. 

262 PRI NT 264, (AMC l), XPXCC 1), XPRC!), XP( D', XCI C I) , RiUN,«]) , 1=1, N) 
264 264:FOR~II\T(2F7.4,F9.4,2F7.4,I7):PRINT . 
265 PRDT 265;265: FORM.~T(2X,4Hr,REs,5X,2HAM,7X,II{Q,6_lr,.2HDA,6X,2HDB, 
266 +6X,0H!,~I.-J.6X.2!HIl.7X.IHR.5X.3HRUN) . 
270 PRI NT 275. (ARES( 1), AM( 1), f)C 1), DIIC l), DBC 1), \-II-}( n y, 

272 + TH C !) , RC D , R U ~J( I) , I = I , m 
275 275: FORMI\T(F3.0, F7.4,F7.3,3FS.3, F9.2,FS.4, 16) 
230 PRI:'IT;DO 290 I=I,N;IFCXCI(1))235,285,290 \ 
·285 235: PRI :-JT288, 1:283: FOflMATC2X,23HEMPIRICAL DATA TAKEN FOR XC(, 12, I H)) 
2 9 I) 2 9 0: CO 'JT I NU E; PR I N 1; GO 'f 0 25 

.298 :DUSE MARYC* 

. I 
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500 SU:3ROUTI NE r~<~RYC( YZ, FTH, <~I, DI) 
5fl5 C 0 ~r10 N' Y( I 5) • F( 1 5) , AA C I 5) • B D( I 5) , Z ( I 5 ) , TH ( I 5) , A ( 1 5) , B ( 1 5) 
507 YY= I i 12 . 
510 17<;2- fIll) 515, 540, 5LID 
515 515: 1\1=-'25* (IS*YZ)+208/(35*yzr2H93/(20*YZt3H7/YZt!j-
5? 0 + 1 51 <?* YZ t5) -11 YZ t 6+ LO G( FT H) 1 YZ- G* LO C;( FT H) 1 YZ t!;+ lJJ G( FT fI) I YZ T7-
52.5 +g*AT,~·J(SORT(YZ»/YZt:· .• 5+S*i\Tl\r:(SORT<Yz)/YZtYY 
53 (] 81 = -I 1 YZ'c 71 C'-* YZ tZ)+ 1 ! YZ t3+ LO G( FT H) 1 YZ- LO C( FT!!) I YZ t4 - 4* 
535 +AT!;NCSQRT<YZ»/YZt~:.5;nETurlN 
540 540: 1\1 = .3 I G+LI 86" (- Y7172 SCH YZ te: 121870- YZ t3/523 60+ YZ t41 
545 + I (~S 630 - YZ r5/204 J 2 0+ YZ r6/3 55310- YZ t7/535:2 0 0) 
550 81 = .45+9* (- YZI7C+ YZ t.2/1.62 - YZ t3/3 08+ Y7. t!1/5~ 0- YZ t5/81 i?+ 
555 + YZ t6/1190- YZt7/1(72): R STUR N 

. . 
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A.l.O. Principle or SlmihrHy..!., 

The equationz 01" Ch!'.pter '/ are solV'l"d for thtl hydrooyn:?."lio pot-

ontinl core len(lth~ tho thermd potential cores !:lollcured in Chc.pter i+. ar,", 

req.lirGd. The relationship between these two cores'is required. 

To doternine t.he reletionship betwecn tho thermal Md the hydrodYI1P,r!lio 

o01'es, the principlo ef" sioilarity i8 used. From equation 7.3. the.x- eo,~-

ponont of the mo!'\onttl!ll equation cen be '~ri tton: 

]),,, 
'J) t " -

2-
c;red p + ))" ,,.. 

The on orgy eqlmticn for inco:J1prossible flow cc.n bo written (133) (l.S 

:D' ) [E.. (1_ a(J) ~ (I.:. ';W) . Gl (" ilD )] -e ;j)t (If e ::. 0)<, ''So.. + 'ti j . 'i)~ ... '0'"2: k Tz. + ;-i 
where, 6" 

If equation / •• 15 io co:r,parcd with eQuatiol1 7.1, . it O2.n be observed:-

A.l!;. 

follows: 

A.lS 

(i) as pointed out :h Chapter 7, the f"lO',7 i'iold depends en the 

varie:.tion of viccocity cnd. hence, temperature, i,;i~~.\ poziticn, BO 

tun \"elcci ty ~11d. tempr,roturo fields arc linked., 

(11) the t,,"O field:; 1~re not similol" beocu3C ill cdditioll to the inc.lusion 

of certain ter~c \}hloh pl~eclu"~! ~imilD.1"'ity, tho ViC00::;ity t und 

thcx-mr.l Cf):nducid~"i1;y k depend en diff'ercmt i'unctions of' tcraperc.ture. 

written by asst.t'n:.:i..ng ccns"'jj~'1t fluid prop8rti3D» in the f'orn 01' oquv.tio!l 1>..14" 

A.l6 



where, 
• 

.. 

~ the therllllil diff'lSivity • 

By-comparing equntions A.l4 and A.lb, it onn be seen that the velooity 

field ia no',? entirely independ.ent CJf' the temperature 1'ield. Also. but 1'01' the 

presence of a pressuro gradient term and the term.i ' the two equations 

have the SBJlle mathnatica.l form. Assumo therefore that .. the pressure eradient 

nt zero or near-iero il1oidene,n, or Sttt'1'e.oes of large rucliu5 of' curvature. 
,. 

The torlll j[ is knOlm· as the clisnipction runotion, In a 1'low with a large 

\ Reynolds number of turbulence, the cncrQ' dissipation in lurge oddies on .. '1 be 

'negleoted as oomparecl to the energy pttllsecl f'rom tho Inrge eddies to the 

Blne.llor cnes. In suoh Il flo'.'l, the onerQ' passed to tho smaller eddies will ba 

equal to the en/,rgy whioh is dissipated by Vi.BCOUS eft'eets into heet since 

there aro no external enerGY source!) or sinks. Thus ,if' the f"luj.d viscosity 

is not le..'!'gc,. the dissipation fllllctlon c[,n be consio.ercd. t.Dlall in comp!lrir-on 

with the other terms and the Pl'odue,,;/,,"f, l1Cgligiblll. 

With these assm~ptions therei'oro, equations /,.14 nnd 1\.16 beoomo 

l;'cspcctivoly, 

, 
Dud tll<)se equlltions will be el:(ictly simi1pl," when'il " ~ , Cl's 

1,0 

Now, tho kinc~atic viscosity, n = , the therm.:::l diffusivity, 

~'hus. , the Pr,"l1cltl number. 

1101100, the conditions for simUClrlty ore theso: 
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n) 

bt 
0) 

d) 

e) 

t') 

the t'low in inoompresslbl~ nnd of tcon$t~ntt density, 

t'luid propcrtie3 CB.n bo considered constant, 

pressure Gradient is small, 

the fluid hr,s a low visco:;i ty. 

Prf,ndtl mmber c.~n be considered unity. _ . 
.. ~ l~':l .. / 

there i8 no thermal entry length involved:. 

A.2.0 ~'?E}j.Mticn te..-T.hcory • . 

'rho theory waR developed £'01' inco:.:pressiblo f'low Vif. th O(l'1s·~o.n'l; 

pressure mixing a!'ld likc-into-like injeotion, so the validity ot' both fcom\'~nn'j;' 

. density Dnd oonstant i'luid properties assunptions depends on the t()r~pet'a"tl'rl) 

ratio of'- th2 two streams. Pressure eradiont hr-.s boen RU5uned constant (Zc.rfJ))-

~.nd to hr,v", 7.07'0 oi'i'oot on the rat") ot· nixin::; in the' rd:dnG layer, rmd the 

fluids arc both tcken /18 eusos so hHving low viscosity cnd a Pranc1tl nt'Y.1hel' 

no'~' far removed from unity. There will bo 0. small the!"r1p,J. entry leneth 

effuot due to the radiation-induced 'bherncl boundarJ l~ycr on the ceoled \Or.ll 

beginning atx = 0 instead ot' :'::$' 'J~hil'l hm'Ievel', will bo reduoed by oond

uotion' upstrerun in the cooled ;7(111. and may be considered neelir,iblo. 

pn.rticulnrly sinco the theraal layer will Gl'071 at a t'aster rate than the 
f' 

velocity layer. 

Whether or not the two potential ooros are sitlilur then clepcl1dl'J 
, 

solely on the tcmporc.ture ratio ai' the two iniM.al strc'sns contributing to the 

1'1ow. Table 0\3-1 prosents fluid Pl'OPC>l'ty vurintions with temperature, at 

t1'70 tompernturo levols. This tablo revoals thc.t for sinih.rity to be 0. 

reasonable Dpproxima.tl.on, the t,9rnpernture dit'fcl"enoo betv:c(',n the two streams 

should bo lcsfJ than ubo-ut soOe a.t 10';'1C1' tcapcr'i:ltUt'OS, and less then e.bcut' 

2000C at; hiGlwl" krJpel'nturas. Generally, the hit;hcr the temporaturo lc\'cl, 
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the er ,dter the permissiblo temperature di1':t'orcnoe. A crude correcticn t~ 

give thoI'l:1al. potential 001'0, would be to multiply the predioted hy~odynamio 

potenj·~.~l. oor(Ol by a Prandtl nurnber, thus treating the 1'ield os one of Prandtl-

~'aylor 1'lm·r. Th", Pl.'andtl n.umbor should bs balled. on a mean temperature. scy, 

T ) 
Il'l 

/2. 

•••••••••• 

; 

! 

,-
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. i 

TA!3,LE 1.3 - 1 . Vcrintiol'l ot' Fluid. Propert:I.en ";,ith Tcrr::pori"lture!.. . 
Duta at 1 atmosphere • ..,-,,"' 

a) T~.f 
0 '" 300 K. 

"T/ Cf~i ?-N?f ~f kt4 ( .... '1 ?- . 
T -!~t 
01< Tt;?f Cp )-'-- V k Cl.. P, 

3!30 1.166 1.0 O.g~O 0.754- o.tm~ 0.7"3 1.016 

400 1.333 0.992 0.808 0.605 0.780 0.Stl9 1.02tl 
, 

4-50 1.500 0.9B5 o. 741~ 0.5J+3 0.7013 ! 0.525 1.037 

:500 1.666 0.977 0.691 0.4-l1~ 0.650 0.39(1 1.Ol+1 

550 1.833 0.968 0.61.8 0.354- 0.602 0 •. ?39 1.01+1 

b) 1]1 

-I.e.! '" 8000lC 

T 1T .. ('PI<:I /:'1- \)/<J kr~f ll.-.r.i. Pr I'<J -. 1'..-oK ... t '1> p. V k 0... 

850 1.062 0.9tJ9 0.963 0.90-, 0.959 0.913 0.996 

900 1.125 0·979 0.930 0.829 0.920 0.837 0.990 

950 l.ltlS 0·970 0.901 0.760 0.086 0.770 0.985 

.1000 1.250 0.961 0.873 0.699 0.856 0.712 0.981 

1100 1.375 0.94-6 0.821. 0.599 . 0.799 0.615 0.976 
;." 

? 

ih tu fro);} referonoo (135). 
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PRACTICALPROBL!<:lf!S ASSyIATED W~TH IlOT-WIm: VEI,O:;ITY lJf,!ASUP:.!ill!i~ 

IJ+ - 1. Introduction. 

It wea intended to obtain i'ilm voloci ty prct'iles using a hot-wire 

sensor IV enemometcr systen, with automatio rccordin:'1 !,1' output on punohed 

csnary beorotlSe of the comprehensive investiGation ot' the film required and, 

: the large numbor of test-points to be covered 1'11 th each or rne.ny geometrical 

set-ups. The limitations of this system severely curtailed the experimental 

. \'lOrk, and the i"ollol1ing notes are ,primarily f'or the Guidance 01' thoso tempted 

to. wander in innocenoe down a similar track. 

The rolcvrnt pert 01' the totol untu-loGlsing system is illustr:lted 

in i'igure A4 ..... 1. The logger i tsel1' was (). Dynnmoo Systsns Ltd., Series 6000 

a."l.d consisted. of' So 100 ohr,nnol low-level scenner DlI 5011 drivon by a Dl{' 5002 

Scanner Drivo with presot flcrumine rat(Js of' 1,2, 4 or 10 channols / sec. rmd 
, 

lllvnun.l c"t'cridc 17ith provision f'or external trieGc;"ing,l'eeding n DU 200& 

Ane~ogue-to Digital Converter with 6-dizit d1spl"y which operated n DJ15021" 

P\ll1ch trive aet 1'or ICT 1905 5-hole code, drivinG Cl. Creed 25 Tupe ~~nch in 

5-hole codinC' It is sh07:n in figUl'(l A!P-2' The eysto::J hn.ndloG all nienab in 

a continuous SO?-ll. The voltmeter ",an mul ti-rrmging frmn 1 milli-vol t ttp to . 

100 vcl ts with a maxir,um resolution ~1' 1 miUi-volt full' soale; intogl'fltine 

time Fe.S over hO uiero-seconds. lIo opHrational problems \wre encolmtcred with 

the lceger. 

The hot-l!iI'~ o~uipmcnt is dOSC1"'ib'8d in dC'i;cil in Ch;:-.pter U. 
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The digital. .. 01 tmete::- output was calibrated on line against ana-..... -, .. ' 
momote: D.e. hl'idg'J volts. The oalibl'ation was oarried out using two h,)t.. 

r:irc probes of' different d(lsil..'l1 Aud, the same pr?be on different days with 

intermeditlto runnlnG of both probe and l"ggor. Tho resulting oaliorntion 

curve which i3 helci to bo Imiversal, is ShOt':ll in figure f~}. 

It ie foll."ld. that the integl'ating time constant cf' the n.v.!:. was too 

small for the total tine constant of the syctcm. The input to the logGe~'wl.1i) 

there1'oro cor.-scted by t:dding e. smoothing ce.pl1.ci tor to the output 01' th& CJ1G-

r,lomoter. 'thin ce.paci tor was 5"i toha',)lo so tlw same nnomometer could ha us cd 

fcrt' turbulence mf.laeur~reent8, with th", oapacitor out of oirouit. The et'f'r,ots 

of this cop acitor 011 output 13 iilu5tratccJ. in i':i.cure N.-4.. Add! tional 

srnoothinf, ;~as incol,?orated by tnedif'ylng the IlommOl'-drive oontrol 00.r·<15 to 

hllVO 5-point scrnpline .?,~ 1 aeoond. intervals i'hich were e.uto:natically avel'aeoc1 

the calibration CurVH of :('ic:ure }J ... ·3. In 1';.gu1'e 1,1,·-5. tho ir.lportll1100 01' the 

5 - point averaging 10 [<hown in El "'81ooity profilo traverse of tho mninstresa 

on th'3 dot lip. but l7i th zero 1>10";in5 of the slot. The nnlOothed end Ilvcre.ged 

profiles cl,hibi ted El scatter er .±. 2.0;~ at about 100 n./aeo., which is ju.~t 

aooeptable. 

ThCl hot-wires were calibratod in a relatively low turbulence wind-

turffiol, (SE;O fi.gurG ll}o - b), \' .. hich rU1S initil.'!.lly caliln:"uted aGninst n ste.!.lde:t'd 

lIPL - desi.:;ned pit<>t-stntio tubs. Thn hot-'111rc to be oalibratod vlns plncod 

in the calibrlltlon tunnel atel:actly ." ,0 .3G'1lC post tion !t5 the pi t')i;-static 
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tube. "iho tunnel oalibration io ·shown in 1'iguro ,v..~7. 

It was disoovered that considerable drift of the hot-wire calibration 

ooourr;d with oU'1lulativ6 running time. This is shcmn in 1'igure /;l.-I.l, where 

at 100 'ft./Deo., the 1lveragG drift ri.eens .:!:. 1 ... 0% pver 6 hours. A Given onl-

ibration hc.d at th(l very worst, .:!:. 3.0% soatter at 100 n./seo. All oalibro.tiol1 

readings wore made luanually and not using the data-logger. 

:Examination of the hot-wir0s revealed that oontamination·of-the fine 

wire with a oonsequent ohnI'f,B in its heat trannfer ohar1lct"rlstios, wall re-

sponsible for the oalibration ohr.ne0s. Tho oontD..'1lination was both macz'os()opi() 

. and mioroecopio; miorosllopio oentE"minatlo:l wall always present cnd the 08.oro-

soopio only sometimos. Macrosoopio contamination oonsisted o-r· sma.ll hail~s 

v/hich were visible to the naked eye and oould usually bG removed with cero, 

by :Coroceps. lJ71dor a microscope the wires Y:ore :round to b,) covered with 

mainly olear, trr.nspcront oily droplets cnd ooocsional Cj)aque, solid dust 

partioles. Operation of a diesel ongina in a hboratory 50, ',)'11rd5 i'ro!'! the 

.room housing the ct.librntion tunnel brot!t;ht F.bout rrrpid cnlibration c)HmGo en(l 

a noticeable increaso in microsco-,>io contaminatiol1l'fith Lll in'Jrello9 in the 

ratio of solid to liquid in the d(lposits. 

Appee.renco of the m-oe.ll h11ir3 soemed ·ran<1o:1 and intercc>p~i-on could u3tmlly ll" 

deteoted, 011 the monitoring oscilloscope. It would be expeoted that X-array 

probos would be !'lore sUBc('pt"ble to picking u;:> hnirs, m1d this \'1[\3 the case. 

Whsn d hair wee picked up tit ct!.U:30d [1. drnr~latic oh[:',nge oi· cl-tlibr,'1tiou, o1~ the 

ord~r, + 20 - 30)~ .. X - arrvy c,l'ld Sill[;lc-v;·iro probc'n were o qually , sensitivo to 

• 
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For e..'l !-nrray probe, the individueJ. wireJ5 were 
• 

not cqu.ll11y ai'f'ootoll by tho. co:ttru:!inntion. Shown in fieure N+ - 9 is the 

offeot of ot!llldr.t1va run."l:1.ne time on oalibration drift for e.n X-lU'rny probo. 

A \71l.shiJ:1{; toOh:lique WaS devised for the ~ot-wire probos. This ",ns 

st!!:ldardised as a l-hour soal: in Put'El benzene, followed by a 10 oinute "aEh 

w1 th aoetone to d,'r!,ct 'f'inal olcEning and removal of tha benzeno. To ensure 

cOl1sintent results it wllsfound neoessary to use the washins treatn1ent and 

re-calibrate the probe at 60 minute intervals of rlL"l!1ing ~:1.ne •. Figure "1;-

10 shO\73 tho flashing technique as holdine; a calibration to.:!;. 31; nt 100 ft./ "eo., 

i.o. to the sonttel' of the cnlibraticn OUl'VO, f'or 1 hour periods. It also 

indicatcs that a probe may not be free f'rom ccntemination initiclly, i.e. at 

zero I'U."L.'"ling timo. The washing technique should thcre1'ore, bo c~xricd out 

before initially calibrating a new probe. The f'iflffi'O also :;ho';1B thc.t r:ith n 

cnrei'ully controlled hD.!ldling procedUl'o. tho se-oaLled t"ragile hot-I"ire probeG 

ca.'"). be rtL'! i'or f'l~ny hours, survive repeated washing treatment~. (na, buildin:; 

-to building 'crnl1~pC'rt with intermediate nOIL"lting and dismounting. 

It 1"1''' dctsroi'lcd that to b·9 uceI'ul in the proncnt' procrm,,~e. a ~;ivcn 

probe lll1d output eystcm would be required to hold a ~ calihl'c.tion within . .:t, 

3~; at cll vnloci tieD for periods not less th~.n two hours" duraticn. There Wail 

e possibility that with further development at' the inatrmllcntaticn Rnd intake 

f11 ter, t.o:;ethor with cr:eotivo phasinll ot" tests Vii tll the nearby diescl-

engine t8StS, thn.t thi3 rcquir(;nent could h2.'~o been not. Hoy.'cVe):~F ti:;"e did 

not pormit thio poscibility to bo m:ploreu. The probD-hility of· rcndcm erl-

counter \"Iith El. h:dr at' courso, !7Duld oh,!!;)':! be prcsc:'lt. 
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,l'he oontamination doe~ tofi'cot the dynamic p\lrt'omance of the wirea but 

not sienifioantly, as is sho~n in ~iGures'N+ - 11 and A4 - 12 • . --

•••••••••• 

./ 

. 



FIG. A4-1: HOT WIRE ELECTRONICS 
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FIG. A4-3: CALIBRATION OF' D:V.M. OOTPUT AGAINST ANEMCl>1ETER BRIOOJl: VOLTS 

28 
~ 

~ 27 ,.. Anemometer A331 
i5 
(\j 

g 26 Symbol Date Transducer 
,.. 
Cl .... 25 
~ 
0 
I> 24-
~ 

0 13.6.68 Single wIre.A 
0 1-4. (".(,S 

A 18.6.68 Single wIre, 
90° tip, A-A 

-
'tI .... ,.. 

23 .c ,.. 
Cl 

l' 22 

J 21 
~ 

, 
IQ 20 
, 

~ 19 

~ 18 

I 17 
0 
I> 

~ 16 .•. 
~ 
A .. 15 () 

14- , . ,. 1 o 10 11 9 
". 

ANTh!<ro!TER BR:rnGJl: VOLTS 



FIG. A4-4: EFFECT OF DAMPmG ON ANEMCMETER BRIDGE VOLTS AS RECORDED ON PUNCHED PAPER TAPE BY D.V.M • 
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FIn. A4-9: DECAY OF VELOCITY CALIBRATION WITP COOJIATIVE RummrG TIME 
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TABLE 2.2 

RANGE OF EXPERIMENTAL PARAMETERS FOR PRINCIPAL TWO-DIMENSIONAL, 

TURBULENT FLOW FIlM COOLING INVESTIGATIONS 
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WORKER I REFERENCE EFFECTIVENESS EHPmrCAL CORRELATION 

Hieghardt 'a ~'. _. "1 S( / )-0.8 = 21. x t·!s 
'Seoan, Cnan ' -0.7 1/3 
<',nd Sce:;a 7 '7 '" O.83{X/Ms)_0.~es 1/3 

'>7 :. 0.16(x/Hs) Re~ 
?2.pell and \ -0.72 .28 . 0.5 
Trout 34 7 '" 12.6{x/HS) H (Te/Tm) ,.. 

86 / -0.30 0.08 
( "1. {x ,MS).0.11Mo.07 

. 'l " 1.15 (x/Ha 20 18 H . 1 ,,0.83{1/11) • 

Harnett, Birkeba,Y.J -0.8 
and Eckert 8 '1 " 16.9{x/Ha) . ' 

Nishh,aki, HlratE 
6{ /' ,-0.75 and Teuchid,,, 42 1 e 7. X ha' 0.16 *1.. , 

*2. '1 = 1.77(x/l,:s)nex , . 
Scban 

I -0.8 0.4 
11 '( ,,25(x Ha) J.\ 

D / 1.5 r{ / } 0.5 ? :: 1.09 (em ee) .... ~ue·~) Ue • 

(1L )-0.3 / ] -0·5 .t.e z s 
s 

Goldsteln, Shavlt / ·0.86 and Chon 43 ~ :,23 .5(:r: 1.10) 
0'3') . -0·85 

',. 
11:0·94(R.eo,) , (~/MS) 

AFPLICATIO;i 

xj:1s >, lCO 

X/NS >, 40 
x/Ms < 40 

0.7>,?l<0.1, x/v.s >3.5 

0.7>1>0.1, xj:!s <: 3.5 
0.7>,/ >1.0, xj:{z >4.65 
0.7>1,1.0, x/,"o < 4.65 

X/MS >.- 60 

x/MS> 30 --
M (1.0 

. 
H>1.0 

, , 
x/Ms~40 

LIHITS 
-
-

--
92.2% data in:t 0 .06 b"nd 

87.0p data in t 0.06 band 
69.3% data in :to.08 bnd 
93.7% data in io.08 band 

±4op 

--
-

! 5~ for H> 2.5 

-

. , 

-

-

I 
I 
I 

I 
1:: , 
I' 



·,.;mKER REFEREIJCE EFFECTH'ENESS :F.N?IRICAL CCR. .. ,ELATIO?1 APPLIcATroa LIMITS 

S~muel and .1oubert 18 -1. 75 I 5,,0.3]2 "7. "" 1.0 for me x a <40 m <l.O, 1nB. -
~ 

1 = 10.8(m-1. 75x/s)-0.65 for 40<m-1.7.(400 
c ~ 

" ~5 
, " -J...(" I 18 m(51.0, 5,,0.115 iun. -"']=_.O.ormc ),8< 

" 1 = 4.2(m~1.75x/s)-0.5 for lA -1.75 600 v(Oc < I 
I , ~ = 1.0 fer rl~·375x/s<30 n .. >1.0, s ':. 0.312 ins ~ -

0.375 I )-0.35 0.375 I 7 = 3.2 (m.c; 7. El for 30<11lc. x s, 

o 375 <150 
(= 1.0 for me: xis <25 :n >1.0, a = 0.115 ins. -t. , 

'7 = 3.0(J:;.~·375x/s)-O,35 for 25<:rn~;375x/s 
, <400 -

Scese. 6 
. -0.5 7 =2.2(x/Hs) normal injection -

*1. according to ~Chitel~w(76.) 
*2. according to Goldstein et al (43.) 

TABLE 2.3: EMPIRICAL CORRELATIOnS FOR PRTI;rcIPAL mO-DINElISIO}1AL TURBULENT FLU"; FrI."! COOLn:G TIrVESTIGATIO!iS 



Posilh)1I I ClEtr/aCcl , lIcrX 100% .,-ill!nX 100% 
K mQf£'/ad:'e group 

--r'Type C Type L -
>- Outcr flame !ub.;:: 0'8713 9JO 0·7 

. O·g tL l'J ::;.:: 52-0 
-'0 -N Inncr flame tube 0·9.294 70'$ 1·9 .2-4 
~ 
Z- . 

I ,f? ... ·quircd £'fjective 

Position 
11('(IJ transfer 

CrErt laR'!! • ("oe{ficient. 
ClfU /I,' sec deg K 

Qtll Outer flame tube 0·2130 100·0 0·0 0'0 
"," , . 

16'5 :l0- , 
-IN Inner flame tube 0'53S0 100-0 00 0'0 <5 ---- . 

>- Outer name tube 001246 0'8713 

"'''' <z 
~O 

Inner fiam:: tube 0'01329 0'9294 ~N 
~;"." TABLE 3.2 

0.. I 
-i 

Quter name tube 0'OOE2S 0'2130 OL:) 
f:z I :l0 
-IN Inner :llme tube. I 0-02081 0'5380 
!:l 

PosiliOIJ 
(x I 5)'U(l1I X,nu ill xp'/s af P-m/lll;-J·Q x·p' ! x:~:;.~ X 1 OO~~ 

TABLE 3.1 TypeC L C L C 1.. C L -------
• >- O:.:ztcr n<:.me -

"'L:) tube 10'46 11'23 1'7 1'4 100'0 1000 <7 
::<6 about at-out 
-N Inner fl"'''l~ I 

12·0 25·0 

'" .2~·jS 33-69 4'54 4'2 42-3 74'2 .. tube 

; .. ' 

',' 
TABLE 3.3 
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TABLE 4.1 

AEROTllEPJ1ODYNIIJHC PARJl.HE'l'ERS FOR l-l.~CHllIED SLOT TESTS 
• 

1--.-; ... --'1- . ... - -I· ".".-.' .-...... -... ]--....... ' -··-~3------;--·---.... -.. --~ 

I, Device:. n ./n . Tc/or Res X 10 .'. No. Tests 
. I -n C I.m . 

..... .... I···· "·"'1" .-...... . .... ~....-.......... :- .......... -....... -- ........... --

i Bl 10.370-1-.573 i 0.417-0;456 1 7.0117-23.690: 9 ' 
i B2' 10.279-1.680 i 0.466-0.622 I 2.041-6.850 1 17 . 
I B3 10.379-1.499! 0.411-0.454 i 10.71-36.38 : 17 . 
I B4 0.341-1.766 i 0.412-0.585 ! 6.900-27.00 i 18 

I E5 1°.391-2•072 10.441-0.581 t 5.981-22·35 1 22 
: B6 JO.522-3.468 i Q.420-0.573 . 6.072-26.22 : 23 I 1 __ . __ ~_. __ .. __ ... . __ ..... _ .. _._.,1,. __ , __ ~ __ .• __ ._. __ •. _.1 ..... _ ........ __ . __ .... _. __ , __ .-<-____ ~ ____ . _____ _.J 

TABU: 4.2 

REI..ATrfE GEOt-!ETRIC PARAHETERS OF HACHTIlED SLOTS 

,'~'" ......... ---------1·-·-· .. · .. ·--.. · .. ·-··- ... ..-..................... --............. -"r ... - ........... . 
: Device a/(a)El I Ao/(Ao)EL unit length AE/(AE)El unit length:Type Outle 
".-' ....... --... -.... ···· .. ···· .. ·1 .. -· .. ·-·---------· .. - ---... -........ · .. ··--.. ·_ .. · .. ······1··· .. · .... 
: Bl 1.000 1.000 1.000 di3crete 

.: B2 0.429 0.285' 0.272 I discrete 
: B3 . 1.179 I 1.780 1.129 slotted 
'B4 0.892! 0.784 0.855 discrete 

B5 1.142! 1.780 0.801 slotted 
I B6 1.650' 2.253 1.538 obround 1 ____________ . __ . ___ ...... _ .. " .... ,_. ___ .'. ___ ._._ . _. __ .. __ . ___ " ... ________ -J. ..1.., _ ",._. __ ... 

• • 
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TABLE 4.4 

AERCYrJIERMODYNAMIC PARAMETERS FOR STACKED RING TESTS 

I Device ~uc Tc/Tm 
. -3 

Res x 10 • No. Tests 

Gl 0.310-0.803 . 1.060-1.453 2.290-8.180 12· 
G2 0.490-1.020 11.042-1.011 I 2.330-8.160 3 
G3 0.588-1.020 1.042-1.011 [ 2.330-8.160 4 

, 

TABLE 4.4 

GEEMETRIC PARAMETERS FOR STACKED RING DE'lICES (RELATIVE) 
\ 

- • -----r·----.-----.-
Device s/(II)Gl AoI(Ao)G1 unit 1e~gth ~~~~~~) ~1 ~= ~_length I Type. ~tlet_ i 

I G1 1.000 1.000 I 1.000 plain. 
i 

1.1003 I plain G2 1.250 1.250 
G3 1.500 1.500 1.2494 I plain 

. , 

,. 
" ", , 

" 



TABLE 10.1 

TEST INFORMATION FOR THIN LIPPED SLOT 

IR-un -i-n-~heS i!~hee ft~ecL uc/iic-T ~/~:T--~e3. r--I~~;~]~~~f~·Trl:;~~~T:~~~~Tp~~~~:~te_~I.~~~l~~:~~-; 
!··~~~:~~-6;~~0550 40.0' - i 0.5500 ' 9415 i 0.314 lO.0663 0.054 I 10.34 ; "8.85 I' 20.5 : 19.4 ! 
116 0.2563 0.0550 64.0 1.2992 0.8951 941~ 1 0.399 I 0.0~1O 0.057 15.61 115.95 20.3 '19.151 
, 17 0.2563 10.0550 77.0 1.1679 1.1129 911::> 0.379,0.0)13 0.090 14.12 16.00 22.8 ,20.40, 
: 18 10.2563 ! 0.0550 68.0 005'290 9120: i - . , i 18.8 ·17.70 I 
I 19 0.2563 10.0550 92.0. 1.2414 1.300'+ 98&5 'I 0.530 ,0.0363 0.075 13.21~ '112.20 21.5 '20.10 

I
, 20 ,0.2563 ,0.0550 106.0 1.2937 1.5078 9520 0.3137 i 0.0363 0.034 ., 9.85 " 8.20 2) •• 1 :23.10 

I 
21 1.°.2563 0.0550 36.5 101263 0.3333 11.590 1 0·3337 i 0.0443 0.077 ! 5.9)~ I 4.77 21.8 :20.10 
22 10.2563 0.0550 47.9 1.0779 0.4279 14700 ( 0.3457 i 0.0563 0.083 ! 6.43· i 5.10 121.7 "i 20 •10 

, 23 10.2563 .0.0550 74.0 1.1543 0.6526 15120 0.356710.0333 0.074 i 7:13 i 9.87 120.0 119.60 ~ 
11 24 10.2563 0.0550 102.0 1.1783 0.9095 15260 0.3740 i O.O'H3 0.080 i 9.26 i 9.15 ! 20.020.00 

25 !0.2563 0.0550 39.5 1.1021 0".2240 23260 0.31.90 10.0463 0.082 i 5·03 1 4.45 i 19.2 ;19.50 
26 10.2563 0.0550 51.5 1.1193 0.2901 23630 0.3890! 0.0333 0.080 5.06 I' ) •• 65 121.1 '20.73 
27 10.2563 0.0550 67.6 1.1309 0.3803 23780 0.3490 i 0.0333 0.095 5.26 3.95. 121.220.80 
28 10.2563 0.0550 95.0 1.1627 0.5269 2)+570 0.3140, 0.0163 I 0.140 5.36 I 4.00 124.8 22.20 
29 iO.2563 0.0550 41.6 1.1974 0.5846 952f! 0.3490: 0.0640 : 0.067 6.83 5.73 121.0 20.00 
30 iO.2563 10.0550 89.9 J 1.2749 1.2086 9966 0.3510,0.0390 i 0.058 I 13.67 i 1 i 25.2523.10 ' 

I 31 iO.2563 10.055
0 j 87.9 I 1.1318 ~:~i~e 2~84.4.0.g_I'._._.0 •. :::.:.8_9.0i 0.0~90_.L_0._.~7 .. 6_1_._6 __ .• _1_0. __ .:I·_".6._._ ... _1.5_._. __ ..... l2 ... )+.:8_51~~:i&.J L~2iO.2563.JO.0550_. ____ J _. __ . ____ ~_ ___ . 



Run 11 
inchell 

f---1--_."---

34 0.2625 
35 0.2625 

. 36 0.2625 
31 0.2625 
38 0.2625 
39 0.2625 
41 0.2625 
42 0.2625 
43 0.2625 
44 0.2625 
45 0.2625 
46 0.2625 
41 0.2625 
48 0.2625 
49 0.2625 
50 0.2625 
51 0.2625 

• 

il 
incKell 

---_. . ._-

0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 
0.0995 I 

, , 

Um 
ft/Ilec f:- -.-......... 
98.6 
87.5 
15.0 
65.7 

45.7 
37.0 
88.5 
81.0 
60.9 
41.9 
35.1 
70.0 
64.0 
52.0 
42.0 
31.0 

TABLE 10.2 

TEST INFORMATION FOR INTERMEDIATE LIPPED SLOT 

- . ·-···-r----··.w-
P'~;~~ [oi' I U/Uc Um/Uc . Reil ( b)m ( 6)c ( f.,) all xp/s 

. inches inches incheli mea ured .. . --- -.- .. - .. -c-~ ......... i- ... -. - .. -.-- _. __ ... ___ ... 

1.2622 1.4257 9471 0.5190 0.0520 0.0800 9.48 8.3025.0 2'.1l 1.2916 1.2471 9564 0.4660 0.0440 10.44 
, 

0.0900 '11.00 i21.7,20.7 
1.3552 1.0204 9892 0.5080 0.0610 0.0920 l2.~3 16.95 121.4'21.3 
1.2323 0.9073 9806 0.3640 . 0.0810 0.0850"- 11.8 14.60 12~.521.0 - 0.9405 9800 - - - - - ,19•9 1 1.1154 0.6621 9353 0.4380 0.0790 0.0900 6.64 8.40 121.7 20.8 
1.2088 0.5075 9635 0.3930 0.0910 0.1000 6.64 7.20 '20.4 20.51 
1.1711 0.7946 15940 0.5580 0.0325 0.l200 7.02 6.25 :22.820.8 

. 1.1353 0.7344 15090 0.4880 0.0115 0.1000 4.75 6.42 :23.0 21.21 
1.0873 0.5527 14430 0.0303 0.0510 0.0710 . 5.50 4.42 :21.0 22.2 

. 1.0737 0.3754 14120 0.2880 0.0625_ 0.0800 ,6.64 5.8522.0 20.9 
1.1393 0.3180 14790 0.3130 0.0800 0.0800 5.62 4.40 20.5.20.1 - 0.3867 22988 0.2130 0.0325 0.0800 5.25 5.47 '23.119.8 - 0.3596 23216 0.3090 0.0415 0.0900 4.16 4.80 ,21.0 i 18.5 - 0.2873 23438 0.3630 0.0265 0.0150 4.86 4.86 :22.2 21.2 - 0.2320 23724 0.2130 0.04142 0.0900 4.28 4.28 121.0 19.0 - 0.1769 22824 0.3080 0.0375 0.0750 4.28 4.17 121.0 20.8 

I 
. 
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TABLE 10.3 

TEST INFOl"Hft.TION FOR THICK LIPPED SLOT 

R~·- rin~h:~--l~~he~ -r ft~:C -T-~:7~c T-;:7;;-iR~:'-' -~l!hl~--: -~1~'~~1~ ril~~I;~l;JI~~~~i:d r~~~~{~~~d---~~-;: 'r~~~ ", J 
53 0.2D20'0.1525 73.0 I - i 1.0429 9()!'3 0.3555 0.0620 0.0130 ,10.11 I 19.86 :22.2 '19.8' 
55 0.2620 :0.1525 50.3 ' 0.7290 9015 0.3355 0.0620 0.0110 I' 8.03 11.84; 18.511.1 
;6 0.26200.1525 37.3 0.5561 8872 0.3545 0.06200.0600 ,1.48 9.23 111.5 '17.2 
5'7 0.2.620:0.1525 39.0 I 0.5571 9137 0.2255 0.0270 .0.0650 I 6.34 9.67 '21.020.0 
58 0.2620,0.1525 31.0 I 0.4572 8878 0.2905 0.0420 0.0830 i 5.35 ' 1.67 21.020.1 
59 0.2620,0.1525 63.6 ! 0.5519 '14592 0.4155 ,0.0320 0.0690 ' 5.11 : 6.04 22.020.0; 
60 0.26200.1525 71.3 I 0.6251~ '14350 0.3975 0.0400 ,0.0750 I 6.35 I .6.77 21.5 '20.8 i 
6
6
,1 0.2~20,0.1525 (1.0 I 0.~501 143944 0.3155 0.0320' 0.05650, I, 5.19 ! 5.14 :21.7 19.5 I~ 
2 0.20200.1525 '+7.2 I 0.~-222 1392 0.4025 0.0390 0.020 5.80 I 5.42 i 22.0 '20.8i 

63 0.2620'0.1525 37.0 I 0.3333 14302 0.3305 0.0420 0.0700 11, 4.32 I 4.80 i 21.0 i 22 •6 I~ 
6)~ 0.26200.1525, 61.0 I 0.3389 22491 0.3355 0.0420 0.0750 4.92 I 4.96 : 21.8 i 22.0 
65 0.26;,00.1525: 41.0 0.2303 22652 0.2855 0.0220 0.0800 i 4.69 I 3.50 i 23.0 ,20.8 I 

66 0.2650:0,1525 j 70.0 0.3855 23200 0.3655 I 0.0420 i 0.0800 I 4.21 ,I 5.12 18.3: 18.5 
67 0.265010.1525 I 30.0 0.173923214 0.3655, 0.0420: 0.0750 i 4.25 4.27 17.0: 18.0 
68 0.~~50 ~0.15;5 I 34.0 0.1977 23105 0.3755 .0.0420' 0.0800 I 4.03 i 4.15 16.0 : 18.0 
69 0.c050 .o.15~5, 41.0 0.2323 i 23295 0.3455 0.0420 0.0850 3.89_ - 3.50 18.0 18.0 
70 0.2650 0.1525 i 25.0 0.2315 : 1!'!'53 0.2855! 0.0520 '0.0700 I 4.14 3.99, 18.0 18.0 
75 0.2600:0',15251 100.0 0.8772 [13889 1.0955 0.0620 0.0700 -11 6.93 8.94 121.0 21.2 
71 0.2600:0,1525 105.0 1.4691, I 8923 0.3355 0.o!.20 0.0850 1.69 '8.69! 21.0 21.0 
72 0.26000.1525! 94.0 1.3390 I 8930 0.3955 0.0420, 0.0900 ,I 5.71' I 10.45.: 21.0 21.0 
73 0.2600;0.1525 i 60.5 0.8718 i 8977 1.0355 0.0420 i 0.0730 11 66.50, /' 14.363 i 2i.0 21.2 
74 0.2600 0.1525 I 81.~ 1.1160 i 8898 1.0655 0.0420, 0.0675 .92 9.4, 21.0 21.2 
76 0.26000.1525 i 93.5 0.82521 13885 1.0355 0.0420 iO.0800 6.46 I 7.77 J 21.0 21.2 

77 0.~~~0?1525J 99.0 ___ __ ,L.o·~~O.~L=~=:~L~_·O~?5 __ -, __ ~_.~~20 __ 0:04~0 __ ._L. ~~5~ _I. 6.~9 : 22.0 .,18:~_" 

" 
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Fro. 1.3: EFFECT OF TURBINE ENTRY TEMPERATURE ON SPECIFIC TRRUST FOR TlfIN SPOOL BlPASS ENGINE . 
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11'IG. 1.41 EFFECT OF TURBINE ENTRY TE!!.PERATURE orr SPECIFIC FUEL corlSmmION FOR !!WIN SPOOL BYPASS ENGINE 
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lI'IG. 1.5: INCREASE IN TUF.BINE ENTRY TEMPERATllRE WITH TIME 

(AFTER FALLS) 
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FIG. 1.7: EROOION OF COOLING POTIDlTIAL WITH TIME 
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FIG. 1.8: INCREASE IN COOLANT FLOW WITH INCREASE IN COOLANT TEMPERATURE 

(AFTER JACKS ON AND ODGERS) 
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TWO-DIMENSIONAL FLOW 
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, FIG.2,1;CLASSIFICATION OF FILM COOLING FLOW SYSTEMS 



0.1 

\~ 
-
, 

\ 

FIG. 2.2; Ca.!PARISON OF II1!:AT TRANSFER RELATIONSHIPS FOR MASS VELOCITY RATIOO GREATER THAN UNITY 
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1000 
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of these valuell. ---- .-



· . 
1.0 
0.8 

0.6 
0.5 

....... 
0.4 

s:-
0.3 

0.2 

<tl 
i@ . 
~ 0.1 
8,0.08 
t.> 

~ 0.06 . 

~ 0.04-
rr. 

0.03 

0.02 

0.01 

1 

FIG. 2.3: ca~ARISON OF SCME TURBULENT 13OUNDARY~m7)BASED Fm~ COOLING THEORIES 

-
Kutateladze 
& Leont'ev -Librizzi ?--

& Cresei ---
Sturgess (l~ 

" " " Stollery & El-EhW2.ny /' 

" " " " 
Calculated with constant fluid 
properties at a constant slot 
Reynolda number of 1000 

" 
" 

Seban (1960) 

" 
" " " " " " " " " 

2 4 6 8 10 20 40 60 80 100 
Correlation Group x/Ms 

" " " 

200 4000 600 1000 



I 

I 
I 

-W--~-
I 

(7 7 '-~r . 
\ 

o· 

_(l)-'---1<~ 
) 

- - - --1...JP.-- --
I ' 

~If-
dimllnsions in m/m 

N . 
~~ZZZ2~~~~~~~ 

.... 
•• 

o .-

--~ -

. a) Wlczghardt's dirty glZomctry inJcc:ction systczm 



, 

b) InJ~ction 9~omrztry of Srzban, Chan 

8. Scrzsa. 

insulct2d 
wall 

scrrzQ.ns 

c) Injrzction grzomrztry of Papczl/ & Trout 

FIG. 2.4: 



\ 

ss '), s 

dfmcmsions in inches . ,.... 

d) Injection gczomatrlas of Wiaghardt and, Hartnatt, Blrkabak 8. Eckczrt 



'o;j 
H 
q 
• 

x 

s 

filter paplZr 

e) Injection geomlZtry of Nishiwaki. 

( 

I 

\ 

) 
,.f 
lil. 

Hirata & Tsuchida 

trip-wire 

f) InjlZction geometry of S<l:ban 

sinter<2d 
stainless steel 

18.75 

1·5 
.5 

g) IrJ~ction geometry of Gol dstein. h) Injection geometry of Samuel 

& Joubert Shavit & Chlln 

<I) 



7>2.7. ' 
.... --- --~- ~ ...•. ----,-

1" rad. 

7" 

1" 

'." 

, 1"rad. " , 

i) Whitalaw's Injczction geomatriczs 

FIG. 2.4: INJECTION GECHETRIES OF PRINCIPAL INVESTIGATORS 



0.'1 

FIG. 2.6: CCHPARISON OF sew: EMPmICAL EFFECTIVENESS RELATIONSHIPS FOR FIIM COOLING DATA 

_0_. Samuel & JOIlbert 

Niahiwaki et al 

)t-X- Wieghardt 

.. _ .. - Seban (1960) 

---- Seban et a1 (1957) 

------ Goldstein et al 

.................... Hartnett et al 

Calculated for constant slot Reynolds number 
or 1000 and injection mass velocity ratios of 
0.5 and 0.05. 

0.01~ ____ J-__ J-~~~~~~ __ ~~ __ ~~~~~-W~ __ ~~ __ ~~~~~~ 

1 10 100 1000 
CORIU!:LATION GROOP xftirs 

0.05, 



,. 

rz 
~ 1-0-
III 
Z 
o 
<.) 

........ -

.... --.-

o vlIEGI-IARDT: 
. .. I 

; \ 

1 i 

A ,SlZban (1960) 
I ; 

o 'Whitlzlaw (n966) 

i I I 
I i: °O~----~----~o-~--~----~~----~----~ .4 .8 1.2 1·6 2·0 2.4 

MASS VELOCITY RATIO M 

FIG.2.7 RANGE OF VALIDITY FOR BOUNDARY LAYER MODEL 



" 

• 

'" 
.-f , 
H 
Q 

E 
~ 
0 
I-f 
Eo< 
{9 
~ 
m 
@':j 

~ -
~ 
() 
Q 

• 

----.~----

FIG. 2.8: DEPENDENCY re CORRELATION CONSTANT ON INJECTION VELOCITY RATIO 

FOR TWO PRACTICAL InJECTIQ;l GE(:t.!ETRIES 

Type Ma1nstreamveloc1ty, 

0.8 

0.6 

o 

0.5 

0.4 

0.2 

o 
0~ 

B 

L ' 

B 

L 

B 

, 
L 

Slot geometry B 

, , 

0 
150 

0 300 

8. 

200 
e 

Cl 

150 
~ 

~ • 0, A 

C1~ ---.:l Cl ""oA..-----------oO'-

Slot geo:netry L 

O.l~ ____ _J~----~------~~ __ ~~I~---~~I------~I~--~~I~----~I o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.8 
VELOCITY Rt,.T!O u,,,,,./ 

~ ./ lA..c 

. 

, 

, .. 

ft/sec 

.... -
, 

, 



Symbol SOill"ce . ·3 Bes x .10 14 Url; 
Uc 

0 Whits12'11 4.04 - 7.49 O.467~O.86 1.0-1.72 
8 Sebsn & B".ck 1.38 - 6.22 0.392-0.88 1..02-2.19 

I 8 l'ap.31llTrout 5;5 - 156 0.353-4.10 0.69-5.48 
~ lCac ker&~.1h1 to 111.11 1.32 • 22.3 0.5 -1.25 0.8 -2.00 

I 

, ",' 



• 

1 
Cl 

,1.0

F
? 11' 1 

',. () 
I) . 

o 
Cl ., 

r:-
Vl 
Vl 
W 
Z 
w 
:>-
i= 

'U 
W 
lJ... 

'lJ... 
.1 w 

~ . 
...J 

lJ... 

10 " 

Se ban's' corrizlatr'on, 

equation 2·33 !:!m 
u 

~----~~---------+----------~------~ 

-~ 

Rcz x10 M Symbol Source 

o Whitczlaw, ·889 -1·95 1.03-2,.26 .376-·817 

j 

o Papczll & Trout 21.84- 8.76 1·96-9·34 .196-.9691 

·01 

FIG. 2.10: USE OF SEBAIPS CORRELATION EQUATION F03 EEIlICTION OF DATA FR011 JET-LI!~LOII'S. 



" 

• 

. 1.0 
.8 

.6 

.4 

.2 c::-
Ol .1 

I .08 
.06 

f.< 
<.> 

~ .04 

... 
S .. 02 "". 

.01 
• 

FIG. 2.11: CORRELATION OF JET-LIKE EFFECTIVENESS DATA WITH 140DIFIED BOONDARY LAYER MODEL 

1 2 

-3 
Source Reil x 10 M 

Seban & Back 0 3.53 - 6.96 4.90 - 12.6 
. , 

Chin et al A 6.16 - 9.27 1.02 - 2.4 

Pat & Wh1telav O~ 0.28 - 14.3 0.09 - 6.87 

Wh1telaw 0 10.5 - 19.5 1.22 - 2.26 

Papall & Trout 88.2 - 218. 
Q. -{ 0 

4.05 - 9.34 
8. ". . 

o 
o o ' 

o 0 
o 00 
'00 

00 0 o 0 o 
f I , I I I t I 

8 10 20 40 60 80 100 200 400 600 1000 

(2.371:. _ uC/'..Imfl.~5 [xjl~1I (R6sfJ-0.25 ] 

llx:t/u
c 

0.071 - 0.196 

0.348 - 0.8~ 

0.321 - 0.813 

0.376 - 0.666 

0.197 - 0.691 

.. ,;e 



1·0 

·9 

·8 

·7 

;::-

~l If) 
w ' 
z ·5 
w 
> 
t- .4 
U w 
lL. 
lL. .3 w . 
~ 
:::! ·2 
lL. 

.1 

0 
,0 

UQ.. 2.1.2: 

;. ,', 

-r'-" 100 _ --'"+-'...:..------=""--:-------6-
~ .. ' 

x ' 

~ __ ------------------------------~S-=-2-0-0,----~o-

Symbol s x M2 Te 
~ 

I 

ins. 5 "' oK oR 
"'~ 

'0 ·125 QOO ·23 300 550 

A 1~'-• <::0 100 ·23 300 550 --
<:I ·250 100 ·23 300 550 

1 2 3 5 6 7 8 
MASS VELCClTY RATIO M 

]'7FECT OF MASS, VELOCITY RATIO OU E?F:Ecr.rrJE~~ESS usnr,G PAJ?:..;~L LNTI TROUT t S DATA 
) -.-~,..... - ---

',' 

.. "1 

j 

~. 
I J) 

9 

'd 
w 
~ 

. ",.,':' 

. ~ .," . 



, 

FIG. 2.13: VARIATIOn OF 0Pl'D!U!4 FIIM EFFECTIVENESS 

., 

2.2 

2.1 

2.0 

1.9 

1.8 

1.6 

1.5 

1.4 

1.2 

1.ll 

1.0 

0.9 
0 

A 

0.1 

1:,. 

A 

x 6. - =100 IS . 

Pap"ll o.nd Trou'h 

l': o All jj" Kacker and .lhltel:.im 

I I I I 

0.2 0.3 0.4 0.5 

SLOT HEIGHT,. 11 inchell. 

, 



FIG. 2.14: EFFECT OF NArNSTREAH TURBULEllCE o:r POTEl.'TIAL CO-BE umGTLI 

I --~~----
---:~ 

.8 

1.0 

.9 

o ---
-- --/--0-----

~------------~~ 

1.0 
E:i 
~ 
8 

·9 
~ 
~~ 

.8 Ul 

u 
H 

~ 
.7 !i; 

~ 
.6 ~ 

~~-----------'> 

Cl Nozzle 

.4 
o Cl Tabor & Carlso..'1 

<:1.A Chin et Ill, Hatch & Papell 

130 t:l P"dce 
r:! Parallel duct 

Solid cynbols refer to asynptotic slopes in all CII.156S 

.2 

.1 

o 4 6 22 2!~ 

i..t.rrnS / u... 

8 10 12 14 16 18 20 
1<!AI1~STnEAM 'l1BBUT.....E!:C4 INTElrS IT! .I 

2 30 

r:l 
w 
r;-. 



·03 

·0 
~ 
<l 

·01 
~ 

A 
" " «A , \ , \ 

!1l , 

w 
Z O~----~.~~~T---~/~-----------------------------; 
W \ \ / > \, / 

. t- \ \J. 
u. - ·01 \ tl 
W \ tt . \ 
w -.02 ~ 
z \ 

\ z -.03 o \. 
~ \ 
U 
;:) -·04 \ 

p , 
I 
I 
I , 

I 

fr1 
, 

0::: 
··05 

I 
I 

flS _ ' 
5 - 8·0 

5 .. ·063" Sczban 

5 .. ·074" Kackczr &. 
Whit<zlaw 

_·06L...-L_-L_....L..G-.L-_L---L_--t.._...J-_~--:-~--.:-l 
o .2 -4 ·6 ·8 1.0 1.2 1.4 1·6 1·8 2·0 2·2 

VELOCITY RATIO 

Symbol Sourc<z -~ 
---<!)--- S<zban 50 

IS Kackczr-Wht<zlaw 50 
---a--- S<zban 00 

9 Kackrzr-Whitczlaw1 0 0 

---A--- Seban 200 

& Kackczr-Whitclaw 200 

FIG. 2.15: EFFECT OF MAINSTREl,,\! INITIAL BOUND.'!!rr....!:!!.'fJ8! 

ON FILM EFFECTIVENESS 

--::-.,"\ 



1·0.--..---..---"1'--,.--..---..---,.---.,--..,..--..,..--.,..--., 

S:-:6 
VI 
VI 
W·5 z 
W 
> 
j::.4 
U 
W 

/t.3I-nIH 
w. 

.1 DATA OF PAPELL &. TROUT 

MASS VELOCITY RATIO M 

Symbol s x 
Ma, .. o~ T 5 

ins. OK 
.., 0·25 00 0·23 300 550 

[) ()'125 100 0·23 300 550 

Cl. 0.0621100 0·20 301 561 

FIG. 2.16: EFFECT Ol" MASS VELOCITY RATIO AtID SLOT HEIGHT ON 

EFFECTIVENESS AT xIs OF 100 



1 

·9 

·8 

·7 

·6 
s:-
Vl 
Vl·5 
W 
z 
W 
>.4 
t-
U 
W 
Lt. .3 
IJ.,. 
W' 

2 ·2 
-l 
iJ. 

.1 

0 
0 

_J",. 

DATA OF PAPELL &. TROUT 

1 2 3 4 5 6 7 8 9 10 11 

MASS VELOCITY RATIO M 

Symbol s ~ Mam T~ !K :; 
Ins. OK 

Cl 0·50 60 0·22 302 566 

+ 0·25 60 0·23 300 550 

0 0.125 60 0·23 298 561 

0. e·062?60 0·20 301 561 

FIG. 2.17: EFFECT OF MASS VELOCITY RATIO AND SLOT HEIGHT on 

EFFECTIVENESS AT xis OF 6.~ 

12 

I 
\ 



, . 

,)) ........ 
1.0~---""----r----...-------.-'=:! 

' '--~---------&-- - - -'-
<JII"'*..-" ___ ----- . 

·7 

·6 
~ 
V1.5 
Vl 
w 
z 
W·4 
> 
'-=
u'3 W· 

It 
·2 

~ 
..J 

I1. .1 

.; _0- ' ,. -
/ "' .... 

/ ". 
ll/ ,. 

,P 
e 

- -.0 __ ----- ----
---~ 

i 

°0L-----~.1~----~.2~-----.*3-,------.47-----~.5 

SLOT HEIGHT 5 INS. 

symbol M % AUTHOR 

I'J 1 100 

.or- 2 100 I· PAPELL 
-n- 3 100 z,. 
--0-- 1 60 TROUT 

- -6-- 2 60 

--0-- 3 60 

~ 1 100 
WhittZlaw 

-b- 2 100 
:1" 

rIG. 2.18: EFFECT OF SLOT HEIGHT CROSS- pLOTTED FRCM PAPELL & TROUT'S-

DATA Al'ID THAT OF WIlI~ i 



FIG. 2.19: OPTD-IlJl.! SLOT HEIGHT (COXSTrtUCTED FROH TllE DATA OF KAC1Dm eo, HHITET.JM) 

1.0i 

.9 Sy~bol H xis 

.8 
0 0.5 25 
L 1.0 I 25 
13 2.0 25 

.7 (') 0.5 50 
A 1.0 50 

r .6 
t.'.1 2.0 50 

~ 

<Jl .5 co 
f8 

~ .4 [',1 

Fixed main~t~e~ co~diticn3 
,---------.------------~ l--------~O· ~ 

(.) 

~ 
tl .3 
5 
I-l 

.2 f"o 

.1 

0 
L-______ -L ________ ~ _____ . __ L. ________ L-______ -L! ______ ~I 

0 0.1 0.2 0.3 0.4 0.5 0.6 
SLOT HEIGET, :J inches 



1.0 r 
.9 r 
.8 r 

~~-r----~-----------------O 

.7 ... 

~ .6 (-

1,1 .5 
!Oil 
~, 

~ 
.4 r E~ 

0 • 

~ I", .3 
S .2 ,., 

....... ~.,. 

C~3tructed frc~ the data ef 

..... 

.1 

0 
0 0.1 0.2 0.3 0.4 0.6 

,. 



·9 

.8 

.7 

.6 
;;:--' 

\I) .5 
\I) 

tu 
Z 

~ .4 
i= u _ 
tu ." 
Lt. 
Lt. 
tu 

.2 
~ 
...f 

u.. .1 

'~~oo 

'bg~.~ "" ' '-----. ~o. '~ - '0___ '~& 0 

2.10 

~ '--'--____ 0 ' ____ _ 

0- - - .c. '0 --

O·3<$: M~ 1.5 

'," . 

!i, " 
w -4 '0°/ 5 - , • 

------
--- ----_ _ O~., 

-x--
--<\- .. 

--0- -t1- 900 

FIG. 2.21: INFLTTh'NCE OF COOIANT rUJti..CTIOi'T &>;GIE ON EFFECTTI'El'iESS FRG4 SlVA$EGAREM_ffiIQ ,IRIT'ELAW 

..... - ... 
'). 

d 
,b. 
w. 

..... 



1.0r-r---..-----r-----

,-. 
'. 

·9 

·8 

.7 

M =1·0 

:::E . 2' 
~ 

-J' 
r;: 

.g =140 

.1 

o o 30 60 

. ANGLE OF INJECTION e· 
FIG. 2 .~ INFLUENCE OF INJECTION ANGLE ON 

EFFECTIVENESS ACCORDING TO DATA OF , 
SIvASEGAREM Aim 1.'HITEL!'.W 

.-

90 

3· 0 r------.-:::::--,r---.-----r-----a I r_ I I I 
I .... , 

~ ? 
~ x 
::J ::J 

I ' ..... _ 
I -,-------

2·0r
·0 

I ,/ 
/ 

. / / -' 
~ 
er 
>-
1--

/ ~ ... -.. -.. --. .. .". .. ....-------
/ ............... . 

~.... :;;.0' ...... ·····CaslZ IJ Hartnctt at al _ 
. ---Casll 11 _ U 1·0 

...... ----
g 
w 
> --Small bllsterJ . 

Saban a. Back 

O:-_____ ~I----__ ~I~~.--L-a-r-g~a-b-l-fs-tll~~------·~ 
o -4 ·8 1·2 1·6 2.( 

DISTANCE FROM INJECTION POINT FT.' 

. FIG. 2.23: APPLD::D VELOCITY GRADIENTS FCh.1 ~1IE 

EXPERTI>!ENTS OF SEBAN AND BACK, AND, HARTNE'l'T ET AL 



I8~--~--~--~--~---r---r--~--~--~ 

I- :". " " (!) . "". 

~7: '", 
...I" 

~6 
o 
u 
...15 « 
~ "~ 
Z4 /' 

/ 
/ 

41-=26.V" 
/' 

w ~ " 
b /. fr = 52·2 

~ ) ~ I I .,--...;n~=.::::2_--i~ 
0:: 20 30 40" 50 60 70 

"SLOT . SP.A.CIN.~4-

a) SLOT SPACING EFFECT 

" 80 

a. 3 ~ 

~"/ ~.-~ =78·3 
t: 2[- . /' " ._.0-. 
...I .... 9. - /' w ~t...-. 
0:: 1 ' , ! 

1234567 
NUMBER OF SLOTS n 

b) SLOT NUMBER EFFECT 

DATA OF CHIN ET AL 

FIG. 2.24: EFFECT OF J'iUMBER OF SLars AND SLOT SPACING ON POl'ZllTIPL CO:-~ LENGTH 

1C 



8' 

w 3 
> 
I;;{ 
...J2 
w 
~ 

,-; ... 

. ~:- :.': 
, .~/,;" ... " .. 

30 40 50 60 70 

SLOT SPACING f 
80 

:c 
1-7 
<!> 
z 
w 
...J6 
z 
o 
I- 5-

<1:4 
0::' 
I-

1 2 3 4 5 6 7 

NUMBER OF SLOTS n 

a) SLOT SPACING EFFECT b) SLOT NUMBER EFFECT 

DATA OF CHIN ET AL 

FIG. 2.25: EFFECT OF NUMBER OF SLOTS AUD SLOT SPACING ON T.:'~TSITIQ;l" LENGTH
d

• 

j 
8 9 10 

.. 
" . 

'. 

t 
..t 
(1 . 



FIG. 3.1: Tl"PICAL GAS TURBINE CCl>!B0STION CHAMBER FL(7.; PATl'ERNS 

outer air 
c a:\ 1::11;;': 

~ 
:;tim 

zone 

'~ ~ inner air caz~ 
1nn~r ~mn'!llt.us . ~ 

inn.:;;r flr.~~rt:ub9 

u· 

entry duct 

d 
A 
....J 



Cool'i!.!ltflcr~. 
~ . 

Het gases 

---~-

.. 

Cd . in 

, 



NOT TO SCAL.E --
COOLAN1' FLOW 

,-----.~ 

I 

: HOT 
I ----"' .. 
: GASES 
I 

( 
I. • 
I I 
I • 
I I 

'-_ : WELDS 

.q~.1~ __ 1>-·:_----- -C·_...J __ _ 
A-A 

E,m.· 3.3: • SEC~ TBRCUGH A TYl'ICAL !.!OD~N P?.ACTICAL COOLING DEVICE IN A FLAMETUBE WALL 



\ 

) 
\' 
" 

) 
\, 

( 

FIG. 3.1;: 

Not to scale 

Coolant 1'10-,/ 

SECTIon A- A 

... 

FiL'll 

/ 
\ 
I 

2ECTIO~;3 TrmOUGH A TI'7ICAL STACKED RING CCOI,ING DEVICE 

,/ .' 

, 

\ 

A 

\ 
\ 

i 
! 

A _.--1 

SECTIO:~ B - 13 



, 
'/ 

The~e.· figuree are reproduced from reference (77), the 
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FIG. 6.8: DISTORTION' INDEX FOR Fm,! ENTRAnxmlT FOR STACKED RING SLOrs 
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, FIG. 10.:.!: VELOCITI PROFILE DEVELCr;!'!ENT FeR TaUl-LIPPED SLOT, b) WA:!m-LIKE FLOW 
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FIG. 10.3: VELOCITY PEO!l'ILE DE';nOPI>!ENT FOR THICK - LIPPED SLOT: a) JST - LIKll: FLOW 
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FIG. 10.4: NEAR UNITY VELOCITY RAT!O INJ"lCTION FOR THIN - LIPPED SLOT 
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FIG. 10.5: CONTINUED (iii) 
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FIG. 10.5: COllTINUED (iv) 
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FIG. 10.6: CO~'TINUED (H) 
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FIG. 10.7: TURBULE!fCE INTO'SITY PROFILES FOR nlTERNEDIATE - LIPPED SLCIl', Urn I\. U c 
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FIG. 11.5: SIMILARITY OF MIXING LAYER VELOCITY PROFILES - WAKE FLOW REGION 
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?~ 11.28: 1.::':AStSFD Z??:C:T C3' SLOT LIP TlIICKiSSS ON POEllTIA.t. CCEE rnrGTII AT LOl; SLOT n.1lTIlOI..DS ,millERS 
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FIG. 11.30: l!z[51D~ K?B"'ECT OF SLOT LT? TBICKNZSS 01 POTE:'rTIAL Ccrt:~ AT HIGHER SLOT FZfNOLDS I;m-8EnS 
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FIG. 11.31: MEASURED EFFECT O!!' SLOT fu.""YNOLDS lnNBEa ON POTENTIAL cem: !;:~mTII FOR TRIE...!!!.P SLOT 

. .... ' 

20 I . I 

15 

! 
I I .' 

I ~O 
I 
I 

10 -.. ----.--,---------. Reli---------.-------/J_--------i- - .. ---

9 [J/ i 
8 

7 

6 

5 

9000 

14000 
. ...

p--
_EJ- -

.;
...- Ei 

" -.1:,--
--8 t;.:.--" ._----J.;j,,- . 

23000 

,/ 

---

/ ' 

!:. . 

f 1----' 

._----_. 

~ 
j 
i ,. 
i , 

-[ 

4 
L-______ L-____ L-__ ~ __ ~ __ ~~ __ L_ __ L__L_J __ LJ_L _____ ~ ____ L_ __ ~~ 

0.1 0.15 0.2 0.25 0.3 0.4 .0.6 0.8 1.0 1.5 2.0 

I!';J.ECTIO;i ·VELOCh'1. nATIO,. U III . -~ c 

~-~-~ ~:n~-Ol j -i::; 
I El I ]}~OOOI 
I . 8 . 23000 L-__ -:---L.. __ 

, 
(IW = 0.211+6 

3 

Il = 0.25 ins. 

, 

' . 

..J 
~ 

:-0 

.. .' 



" ." .',. 

FIG. 11.32: M:'!:ft.SUP.ED EFFZCT OF SL~ REYN~L!JS IfJMBI<:R ON POTENTIAL Cb?.E !Z:lliGTH FOR D;;'l'ERlffiDIATE SLOT LIP , 
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FIG. 11.33: I.mASURED EFFECT OF SLOT REYNOLDS !f2!:.~ZR ON P0TE7l1'IAL Co:?E LID1GTR FGl THICK SLOT LIPS 
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FIG. 11.34: MEASURED EFFECT OF SLO'I' REYNOLDS NUMBER AT FIXED VELOCITY RATIO ON PO'I'E!ITIAL CORE I...'3:NGTR 
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FIG. 11.35: MEASURED EFFECT ON POTENTIAL CORE LENGTH OF SLOT LIP THICKNESS TO HEIGHT RATIO 

AT FIXED INJECTION VELOCITY RATIO 
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28 FIG.ll.37: CQ1PARISON OF PREDICTIONS WITH MEASUREMENTS FRn1 THE DATA WHITELAW 6 AND, 
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FIG. 11.38: CGlPARISON OF PREDICTIONS WITH MEASUREMENTS FRCl>! THE DATA OF SEBAN(ll)! SEBAN&BACK(251. 
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FIG. 11.40: ERROR ANALYSIS FOR THIN LIPPED SLOT AS FUNCTION OF VELOCITY RATIO AND SLOT REYNOLDS NUMllER 
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FIG. 11.41: ERROR ANALYSIS FOR INTERMEDIATE LIPPED star AS FUNCTION OF VELOCITY RATIO AND SLOT REYNOLDS NUMBER: 
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FIG. 11.42: ERROR ANALYSIS FOR ·THICK LIPPED SLOT AS FUNCTION OF VELOCITY RATIO AND SLOT REYNOLDS NUMBER 
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FIG. ll.43: ERROR ANALYSIS rea LW SLCYr REYNOLDS NUl.ffiER AS FUNCTION CF VELOCITY RATIO AND LIP THICKNESS 
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. FIG. 11.44: ERROR ANALySIS FOR INTER1-!EDIATE SLOr REYNOLDS NUMBER AS FUNCTION OF VELOCITY RATIO A'-ID LIP THICKNESS 
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FIG." 11.45: ERROR A.?{AL7SIS FOR HIGH SL<Yl' REYNOLDS NUMBER AS FUNCTION OF VELOCITY RATIO AND LIP THICIC."ESS 
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FIG. 11.46: POOITION OF ·PRCFILE MIND.ruM VELOCPrY 
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\ FIG. ll.47: FILLING OF VELOCITY DEFECT IN WAKE 
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,FIG. 11.48: PRlmICTION r; FIlM DCYo'NSTREAM DEVELOPMENT BASED ON S'lURGESS/GAR'l'SHOOE METHOD 

\ 
1.0 Test Run No. 21 

0.9 -
~ 

0.8 2.00 J 
.. EXperimental Data 

u E ~ 
0.7 1.75 

) § 
~ .. 0.6 1.50 
~ E , , ' 

, I, r<. 
§ 0.5 1.25 

~ ~ '~ ,."'" 
~ ~ 

."d; 

0.4 ~~~ 1.00 
~ 

~ 

~' 

~ ~ 
<Jl 0.3 0.75 H 

~ 
.. f:: 

0.50 
8 

H 0.2 p., 

~ 
<Jl 

e.l 0.25 "~ . 
A ; 

H 

~ ~ "" 0 
I ,0 10 20 30 50 60 70 80 90 100 110 120 A 

Symbol Quantity 

8 ~u/s 

0 ' ~a.x/uc 

Predictions _ ..... _- empirical 
:starting point 

-

---- predicted ~" 
empirical 
velocity profile 

completely 
predicted 

I x/s \ DIMENSIONLESS DISTANCE FRa.t mJECTION, 
\ 



I 
\ 

I 

FIG. 11.49: PREDICTIONCF F:ru! DOWNSTREAM DEVELOPMENT BASED ON STtJRGESS/GARTSHORE METHOD 
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FIG. 11.50: PREDICTION (J! FILM DCYvmSTREAM DivnOFMENT BASED ON STORGESS/GARTSHORE METHOD 
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J'IG. 11.51: PREDICTION 0lI' FIlM DOWNSTREAM DEVELOFMENT BASED ON S'l'O'RGESS/GARTSHORE METHOD 
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FIG. 11.52: PREDICTION OF FIIM DGlNSTREAM DECAY BASED OI~ STURGESS/GARTSHORE METHOD 
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FIG. 12.2: CCMPARISON OF m'EC'l:IvENPSS PREDICTIONS WITH MEASURED DATA FeR PRACTICAL GEa.!ETRY G4 
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FIG. 12.3: Ca.tPARISON OF EFFECTIVENESS PREDICTIONS WITH MEASURED DATA FOR PRACTICAL GEa.tETRy G4 
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FIG. 12.4: CCMPARISON CF EFFECTIVENESS PREDICTIONS WITH MEASIRED DATA FOR PRACTCAL GECMETRY G5 
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FIG. 12.5: CCMPA1IISON CIF ElI'P'ECTIVENESS PREDICTIONS WITH MEASURED DATA FOR PRACTICAL GEctm'RY G5 
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FIG. 12 .8: CCNPARISON OF Ell'FECTIVENESS PREDICTIONS WITH MEASURED DATA FOR PRACTICAL GECMETRY G7 
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FIG. 12.9: Ccm>ARISON 0]' EB'FECTIVENESS PREDICTIONS WITH MEASURED DATA FOR PRACTICAL GEruETRY G7 
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FIG. 12.11: CCMPARISON CF EF'FECTIVENESS PREDICTIONS WITH MEASURED DATA FOR PRACTICAL GECME'ffiY G7 
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FIG. 12.12: CrupARISON Cl!' EFFECTIVENESS PREDICTIONS WITH MEASURED DATA FOR PRACTICAL GEGlETRY G7 
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FIG. 12.13: Ca.lPARISON CF EFFECTIVENESS PREDICTIONS WITH MEASURED DATA FOR PRAC!lICAL GE<HETRY G7 
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FIG. 12.14: CCMPARISON OF' EFFECTIVENESS PREDICTIOfIS WITH MEASUBED DATA FOR PRACTICAL GEa.!ETRY G7 
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