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1. Introduction 

Previous experimental investigations of wall jets [1,2,3,4 and 51 
indioate that the adiabatic wall effeotiveness of the film cooling process 
is considerably affeoted by the geometry of the injection region. The 
slot geometries employed by the authors of references 1 to 5 range from a 
simple two-dimensional slot to an injection region made up of a series of 
holes in IinQ and, for the same mass flow rata through the slot and for 
similar free atmam velocities, the measured values of the adiabatio wall 
effectiveness at locations downstream of the sict differ by hundrsds of 
portent. These differences may be attributed to a variety of variables, 
for instance, three dinOnSiO~l flow, froo stream turbulence, jot turbulonco, 
density gradients Qto. It is not possible to separate these effeots from 
the reported data. 

Many invQstigations of thQ adiabatic wall effectiveness have boen 
carried out using simple, two-dimensional slot configurations [6,7,8,9,10, 
11,12,13 and 141 and under conditions which would suggest that the effcot of 
three dkncnsional flow, free stream turbulence, etc. would be small. 
Nevertheless, discrapaadee ef the order of 10% exist and, although the 
variables mentioned above may play some part in explaining these disorepan&x., 
it is likely that the various geometric configurations of the injcotion 
region are a principal cause. A oritical review of the existing QxpQrimental 
data with particular reference to the geometry of the injeotion region is 
contained in reference 15. This review suggested the need for a systematio 
investigation of the effects of slot geometry using a single apparatus in 
order to elkinato the spurious effoots whioh stem from analysing data obtained 
on different apparatus. 

The present report has two main purposes: 

(i) to desoribe new apparatus dosigncd to carry out an investigation 
of the effQOtS of slot gQomQtry and the techniques which are being cmployod 
to obtain the necessary measurements. 

(ii) to present new values of effootivoness, obtained from 
concentration moasuroments on an impervious wall, and the ccrrcsponding 
values of the relevant hydrodynamic quantities. The measurements of the 
impervious Wall effectiveness are d3.rQotl.y comparable with values of 
adiabatic wall Qffcctiveness if the turbulent Lewis number is unity - this 
possibility is discussed in scotion 5.5. For the purposes of tho present 
investigation, however, it is not important for the two to be identical 
since the measurements reported here will be compared with later mcasuronents 
which will be performed with diffemnt slot geometries but using the ssnm 
mass transfer teohnique. 

The dctailed hydrodynamic data reported here, were measured for 
two main reasons. The first was to dQtQtine the properties of thQ wind 
tunnel and to asoertein its ndvnntages and disadvantages. The second was 
to provide an empirical relationship between the slot properties and 
those at some looation downstream of the slot. Such a relationship is 
necessary if a method of predicting the effectiveness is to bo d~wlopcd 
from a theory involving integral equations, such as that of D. B. Spalding [161. 
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2. Description of the Wind Tunnel 

The wind tunnel designed for tho present investigation can 
oonvonientW be doscrIbed in three sections, i.e. the fan, the expansion- 
contraction section and.the working scction. 

The fan wes manufaotured by Carter Thermal Engineering Ltd. 
(Gyro flow fan, size 2.42,. arrangement 1) and is capable of delivering 
IO 000 ft 3/&n agaimt a pressure head of 8 inches of water when running 
at a speed of 1920 rpm. The fan was cho&?n to run as a blower since this 
results in the static pressure in tho worldng section being olosc to atmospheric. 
Adjustment of the fan speed, and hence of the working section free strcnm 
velocity, is achieved by changing the fti or motor pullbywhhcel. These 
pulley wheels are of the vaxiable radius type and hence a 15 - 2% reduction 
of speed is obtainable without removing the pulley wheels. Before 
entering the fan, the incoming air is filtered through a surfaoe area of 
approz&nately 70 ft2 of felt. 

Thi delivery side of the fan is of reotanguIj.ar section 
2' -0pxll -w. This'is expanded to a reotangular cross-section 
of 48" x 32" in a distance of 2' - II”, maintained at this oross-seotion 
for a distance of 9" and then contracted to the dimensions of the working 
section, i.e. 18" x 12", over a distance of 4' - 9”; The form of 
the contraction from 4' - 0" to 18' was copied from a similar tunnel in the 
Aeroneutioa1Engineerin.g Department of Imperial College and the form of the 
2' - 8" to 12" oontraotion was scaled from the former. Table 1 gives the 
dimensions of the contraction. The expansion-contraction section was 
constxuoted from wood by A. B. Adler Ltd. 

These copper soreens were looated in the expansion-contraction 
section, all three being 20 mesh, 28 swg. One was located at each end 
of the 4' - 0” x 2' - 8" seotion and one half way along-the expansion seotior. 

The worldng section was manufaotured in the Mechanical Engineering 
Workshop of Imperial College. It. is 61 - 0" long, has an 18” x 12" 
cross-se&ion and was manufaotured from Dural ajld Ferspex. The top plate of 
the working section is split into two, allowing a 4" gap to run 5' - 4" 
along the length of the tunnel. The traversing equipment slides in this 
gap and can be firmly secured at any location along this length. The 
resulting open seotiona are closed with a variety of lengths of Dural plate 
which locate positively in the gap. 

The traversing equipment allows a total head probe (or hot wire 
probe) to be traversed along a 5' - 4" length of the working se&ion, over 
a 3" width of the working section (I$-" on each side of the centre line) 
and over a distance of up to 4" from the top surface of the base Plato: 
only a small modification is required to extend this 4" to the full 12" 
height of the working section. 

The base plate of the working seotion i9 made from $" thick 
Dural and has a large number of 0.020" holes drilled in it as shown 
in figure I. These holes servo a6 static pressure taps or, as VC shall BC.G 
later, as sampling holes thmugh which samples of the air close to the wall 



can be oxtrootod. The plate oan be adjusted to ensure that tho gradient 
of static pressure in the tunnel is sore or to impose a linear prossuro 
gradient on the flow. 

On tho same frame as the working sootion, the sooondnry fan 
(Sturtovant 3 Hoavy Duty Monogram Fan) and motor are mounted. Tho air from 
this fan is dirootod into an 18" x 9" x 28" plenum chsmbor bcforo discharging 
through a slot at the loading odgo of tho base plats of the working sootion. 
This is shown diagrammatically in figure 2. Tbo slot can readily bo ohangod 
or replaood by an insert which permits the floe to conform to the usual 
flat Plato boundary layor. A pressuro gradiont can be imposed upon 
the flow by adjustment of the tunnel baso plate. The flow from tho 
secondary blowor is again controlled by moans of tho pullo,y whools on tho 
fan and motor shafts but in this ease thoro is also a slide plate en tho 
pressure side of the fan. A filter box is attached to tho suction side 
of th fan, tho incoming of air having to pass thrxgh an area of 
25 ft 9. of felt. 

3. Hydrodynamic hleasuremonts on a Flat F'lato 

In order to test the p~rformanco of the trkorsing equipment, 
the total hoad probo and tho tunnel itself, the secondary air stream ~10s 
blankedoff and velocity profiles recorded with a flat plate boundary layor 
configuration. The static prossuro gradient along the working section 
was arrangod to be sensibly zero by adjusting the tunnel base Plato. The 
boundary layor was arranged to havo a leading edge at entry to the working 
section by having the base plate above tho 1~01 of the lower surface of 
the contra&ion and preooding this base Plato by a'splitter plate. 

Velocity profiles were measured at two vnluos of 2, tho distance 
downstream of the loading edge. Thoso profiles are shown in-figure 3 
which graphs the value of u+ against y+ on semi-logarithmic coordinates. 
Also shown on this figure are the En0 

u+ a 1 
0.41 

In (70iY*) ..i 3.1 

and tho cut-~ 

u+ = Y+ . . . 3.2 

These equations represent the Universal Volooity profile, the formor 
being valid in the region y+> 30 and tho lottor in the region y+< 5. 
It should bo stressed that tho Universal Velocity profilo is not 
sufficiently universal for tho constants 0.41 and 7.7 in equation 3.f 
to be considorud as exact. A variety of values for these constants have 
been suggostod in tho past and tho voluos usod hero f%t the available 
cxpcrimontal data as well as most. In order to locate tho measured points 
on this ourve it was necessary to detarmino tho value of the dimensionloss 
wall shear stross. This was dono in tho manner suggested by Clauser [17] 
Le., by platting the data on a graph of u/uC against UC~/V, lines 
of oonstant shear stress, c /2, having previously bcon drawn on tho graph 
with the aid of equation 3. f . 
were obtainoa: 

In this way the following values of of/2 

% 
= 2.83 x IO6 

a = 9.4 x IO5 

0~2 = 0.00182 (0.00196) 

of/2 = 0.00220 (0.00236) 

Thcso/ 



These may be compared with the values given in parenthesis which wcro 
obtained with the aid of the equation 

of/2 = 0.037 Rx - Ii5 . . . 3.3 

derived on the assumption of a $ povcr profklo [la]. 

'ike values of shear stress given above and the axporimcntal data 
plotted on figure 3, indicate that the apparatus and the oxporimcntal 
techniques are generally satisfactory. TVO specific points arise out 
of the data shonn in figure 3. Firstly, a smooth curve drawn thro gh the 
experimental points for the moasumment at M Rx value of 2.83 x 2 10 
would lndioate an mcrcasc above tho line represented by equation 3.1 in 
the rango 20.~ y+< 60. Earlier mcasurcments, made with a total head 
probe whioh was supported less rigidly than the one used for the present 
measurements, indicated an even gmater inomose above the lint reprcsonted 
by equation 3.1. Similar curves have been reported by Townsond [ly], 
Bradshaw and Ferriss [20] and Fate1 [21]. Bradshaw and Ferriss suggested 
that the mason for the experimental data being higher than might be 
expect& from the requirement r = rWor is the effect of turbulent fluctuations 
on tho total head probe. The present measurement would support this 
conclusion since the stiffening of the probe, and hcncc the roduotion in 
amplitude of the vibration of tho probe tip, resulted in a dearcase in this 
rise in tho curve. 

It should be noted at this point that no displacement correction 
has been applied to the data shown in figure 3. A correction of the form 
0.15 A whore 2 is the tip height of the total head probe, can be partly 
justified (SW, for excmple refemnocs 22 and 23) and would tend to remove 
the riso &I the curve. Howovor, the justification for the Gotion 
does not appear to be complete and oonsequcntly it has not been applied. 
In tho measurements prcscntcd in figure 3, and for the subsequent velocity 
measurcmcnts of this paper, the total-hoad probe tip dimensions wore: 

outside: 0.063~~ x 0.0096" 

inside: 0.053~' x 0.0036" 

Thus a displaccmont correction of the order of 0.15 dwould not be 
suffioicnt to remove the rise in the curve. 

The second point which arises out of fiaro 3 is the tendency of 
the data at the Reynolds number, Rx, of 9.4 x 105,to increase monotonically 
above the line represented by equation 3.1. for values of y+ less than 
100. This is the result one might expect from plotting the variables 
u+ and y+, both of which involve a constant value of shear stress, for 
a boundary layer which is not fully turbulent. 
Reynolds number, i.e. Rx = 9.4 x 105, 

The magnitude of the 
would also suggest that the 

boundary layer was not fully turbulent at this value. 

It was considered that the results described above indicated that 
both the equipment and the experimental teohniques are reliable, in that 
they are capable of reproducing accepted measurements for flat plate 
boundary layers. 
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4. livdrodvnami0 Measurements on a Plat Plate with Tangential 
Injeation 

Two similar, but slightly different slot ge&stries have been 
used in the present series of experiments. Both are shown diagrammatically 
in figure 4. The slot shown in figure 4a was used for the preliminary 
measurements required to test the performanoe of the equipment with 
secondary injeotion, These data are reported in Table 2. The data 
reportedin Table 3 were obtained using the slot shown in figure 43. 

No major problems were encountered in meking the velocity 
profile measurements. It ws ai~oo~md that, tith a slot height or 
approximately 0,25n, a slot velocity of 180 ft/s could not be exceeded 
due to leaks caused by the pressure in the seoondery system. No attempt 
was made to eliminate these leaks at 180 ft/s. Instead, the slot 
velooi-ty was always kept below this figure and no signifioant leaks were 
observed for these lower velocities. The two-dimensionality of the 
tunnel and of the slot flow were cheokad on several occasions at different 
values of x and y by recording velooities over a 3” span of the tunnel. 
No significant velocity difference oould be aetcotea. 

It does not seem necessary in this paper to present diagrammatically 
all the data tabulate&in Tables 2 and 3. However, in order to demonstrate 
the trends of the measurements and to indicate the experimental precision, 
it does seem desirable to present some data in grapbioal form. Consequently, 
figures 5, 6 and 7 have been prepared and present the quantities R2, H,2 and 
of/2, respeotively, plotted against the dimensionless distanoe, x/yC for 
several experimental runs which were seleoted to demonstrate the variation 
of R2, Hl2 and of/2 over a wide range of the parameter m. Tho smooth 
ourvas shorm on figures 5, 6 and 7 do not represent prodictions. They 
are smooth lines drawn through the experimental points. 

It msy be seen from figure 5 that t+e values of dRd/aq, for runs 
I, 2 and 3 are in agreement with the value of of/2 shown on figure 7 
although there are deviations from the smooth line of up to i$. For the 
other runs, however, the values of dR2/dR,, at downstream positions, do 
not agree wall with the appropriate value of of/2 and it is doubtful if 
the pressure gradient term or the divergeme term could account for the 
aisorQpatloies. It is likely that the reason for the disorepanoies is two- 
fold: first, the general difficulty in obtaining accurate measurements of 
R2 and seoondly, the tendency of the slot velocity to deoroaso with time. 
It has been observed that the slot velocity deoreases by up to approximately 
% in the timo taken to measure the velooity profiles for any partioular run 
- the poroontage deorease, decreases with inoroasing slot velooity and 
is negligible for the higher slot velocity runs. 

It is also possible that the values of R2 measured at 
x/ye of 10 (and in some oases of 20) arc subjoot to some inaoourooy 
sinoe the velocity profiles exhibit a minimum. It is also likely 
that theso pro&s will not be uc,ll ropresontod by two paramotors. 

Piguro 6 demonstrates the trends of the shape faotor, ~12, for 
tho same oxp0~3.~c&al mna as are shown on figures 5 and 7. It may be 
seen that the value of H12 bccomos singular for run 4 and that this 
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ccours when the value of the Reynolds number, R2, is small. This presents 
a mathematical difficulty if an integration procedure is devised, using HA2 
(or H32) as dependent variable, for a flow :rhich transcends from a negative 
value of R2 to a positive one. Dotolls of a procedure to overcome this 
difficulty may be found in reference 24. 

It may be seen from figure 7 and from table 3, that some values 
of tho dimensionless shear stress, of/2, have been omitted. All of the 
values of of/2 were obtained by plotting tho cxpcrimental values of the 
velocity ratlo, U/UG, against tho ReyrlElds number pY/b and drawing *es 
of constant shear stress based upon equation 1 on t e same graph. The 
resulting profiles, if they are of the 'Universal' fca%, have a portion of 
their length which lies along cnc of the lines of constant shear stress, 
thereby indicating the value of the shcnr stress which is assumed csnstant 
Over the inner region of this profile. Tho values of u/u 
xun 4 are shorm plotted in figure 8 and it may be seen tha E 

and u#/V for 
for lovr values 

of the dimensionless distance, x/yC, the profiles have a slope which is 
always different from that indicated by the lines of constant shear stress. 
Thus for these runs it is not possible to evaluate a value of shear stress 
from tho data with satisfaotory precision. The data of run 4 were chosen 
for figure 8 because they show the development of a wall jet towards a 
conventional boundary layer flow for which the velocity, u, is at no time 
greater th‘an the free stroem velooity, uG. Thetrsnd indicated on figure 8 
was) however, also shown by the velocity prcfiles obtained for other runs. 
In come cases (notably for the loner slot velocities), a value of the 
dimonsionLesa shear stress could not be dotonnined precisely for values 
of the dimensionless distance, x/yC, less than 40. This is probably due, 
at least in part, to the wall layer still being transitional, i.e. the wll 
layer has not doveloped to a fully turbulent form. 

It may also be seen frcm figure 8, that the region of 
each profile (for x/yC > 40) which is pnrallol to, or coincident rdth, 
a lint of constant shear stress is short and in some cases very short. 
This makes it difficult to ascribe a value of shear stress to a pnrticular 
profile with certainty. However, the values of dimensionless shear 
stress read from figure 8, and from similar figures are consistent, as 
shown from figurw 7. In addition, thcsc values have been shown to agree 
wdl. tith theory [24] although the mcasurcd values do tend. to 'rc loirer than 
the predicted values. 

It should be noted that in all of the measurements with 
tangential injection reported in this paper, the boundary layer on the 
upper edge of the slot was that equivalent. to a flat plate boundary layer 
which had grown from a stagnation point approximately 7" upstream of 
the lip of the slot. 

4.1 Initial conditions necessary for integration 
procedures 

The integration of the integral momentum equation or integral 
mean kinetic energy' equation requires initial conditions and usually 
-~-;~tfRR2 aaH are provided at some value of the independent 

However, any two of the properties R,, R2, H12, H 
of/2 may bz'chcsen at the given value of Rx. 

2 and 
In the case of wa L jet 

flows/ 
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flows it is desirable to be able to predict the value of the initial conditions 
based upon bulk flow measurements and the slot geometry and usually these 
initial conditions are required at a value of R, which is downstream of 
the end of the potential core region (i.e. the region where the slot 
velocity uC is preserved). 

Inspeotion of the definition3 of the Reynolds numbers 
RI, R2 and R3 reveals that, for a given systematic uncertainty in the 
measured velocity ratio, u/k, the error in the Reynolds number increases 
with its order for jet-like flows and decreases for flows with no 
velocity maximum and high values of u/u . Thus the choice of R2 would soem 
to be ganerally more satisfactory than 4 3' or R 

Tho ohoice of the shape factor, H, , laads to a diffioulty which 
is demonstrated by figure V. At values of &I a parameter, m, olosa to 
unity tho value of H12 becomes singular in a imilar way to that domonstratad 
byrunnumber4onfigura 6. Again this ooours when tho value of tho 
Reynolds number R tends to sore and, it is possible that this phcnomonon 
can be disrcgarda is and a smooth lint drawn to oonncot the curves on cithcr 
side of m = 1. This possibility is examined in reference 24 an6 oonfinsod. 
A similar diffioulty may be oxpoctod with the use of the shape faotor H32 
which is also shown on figure 9. The data obtained by Niooll [25] arc sh~rm 
on figure V and lend goncral support to the present mcasuremonts. Niooll' a 
measurcmonts were obtained with an ossontially reotangular slot volooity 
profile, in contrast to the present measuromcnts, and this mould indicate 
that the ourves presentad in figure 9 may apply to all simple, tno-dimcnsional 
slots. Further measurements are required to support this suggestion. 

The dimensionloss shoar stress, 0~2, might bo chosen as a 
suitable initial value. It should bo remcmborod, howevor, that for the 
proscnt measuromonts, c /2 was obtained by plotting the velocity profiles 
on a Clausor plot and &at for low values of the ratio, x/yg, and for low 
values of tho parameter, m, the resulting shear stress values arc subject 
to some unaertcinty. If the shear stress hadboon obtained by direot 
measurement (assuming that this is more precise than the prcscnt method, and 
this is frequently not tho case) thon of/2 would be a suitable property for 
use as an initial condition. 

The above discussion suggests that R2 and q or R 
used as initial conditions although it may be equally satis li 

should bo 
actoxy to 

substitute either of the shape faotors for RI or R5. Figures 10 and 11 
show the present data for RI and R2, together with that of W.B. Nicola [251, 
plotted to t&o account of the slot Roynolds number. It may be scan that 
the data arc noll rcprcsentod by the smooth ourv~s. A similar plot for 
R5 is not shown here because tho soattcr in R5 appoarod to bo slightly 
hghor than that of F+ and R2. No attempt has been made, at the 
present time, to formalise theso correlations in the form of equations or 
to test their valirlity with rospeot to tho prcscnt mocsuroment or to 
measuromonts obtained with slightly &ifforont slot configurations. 
It is intended that this will be donc in the near future. 

4.2/ 
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4.2 rTurbulencs intensity 

The effoot of frca stream and of jet turbulence on tho 
adiabatio vrall effectiveness is quantitotivoly unknown although for oases 
whore the jet volooity is of tho same order of magnitude as tho free stream 
volooity, it represents the principal mechanism for miring. For this 
reason it scorned desirable to moasuro turbulence profiles close to the slot 
and at velocity ratios close to unity. Two series of moasursmont were 
DEbdej tho first, for a value of tho parameter m of 1.62 and at a value of 
x as close to the slot as was praotical, is presented in figure 12 andtho 
second, for a value of the parameter m of 0.852 and at three stations dorm- 
stream of the slot is presented in figure 13. These measurements were 
effected using a Disa, constant temperature, hot wire anemometer. 

IiLttle need be said about these measurements at the present time. 
It remains to oompare future measurements made with the seine value of the 
parameter m, the 881118 mainstream velocity etc. but with a substantially 
different slot turbulence profile to determine the downstream effects 
of the turbulenoe intensity. It is useful, however, to note the rapid 
decay of the turbulence intensity in the downstream direotion, as demonstrated 
by figure 13. 

5. The Measurement of the Impervious Wall Effectiveness 

The purpose of the present program of research is to investigate 
the effeots of the slot geometry on the value of the adiabatio wall 
effeotiveness downstream of the slot, However, as has previously been 
pointed out, it is equally satisfaotory to investigate the effeots of slot 
geometry on the effeotiveness based upon mass transfer measurements i.e., 
the impenrious wall effectiveness. 

The adiabatic wall effeotiveness is usually defined in terms 
of the oonserrrod property, b i.e., the speoif5.o enthalpy, and if oonstant 
fluid properties are assumed, this defi&tion beoomes 

17 = % - *G 

*C - *G 

where T is temperature. The great majority of pastmeasuremonts of 
effcotiveness have been effected by measuring the temperatures at the 
'if, G and C states. 

Thoro are two dranbaoks to the use of temperature as a oonserved 
property - 

(i) in the determination of the adiabatic wall effeotivenoss the 
wall should be adiabatio but all practical walls have a 
finito conductivity and henoo are never truly adiabatic. 



- II - 

(ii) a temperature difference is required between the primary 
and secondary flows. This temperature difference must be 
lsrge enough ta permit acaurate measurements at downstream 
locations but small eno 
( T 

so Lhat property variations 
e.g., dsnsity gradients can be ignored. A satisfactory 

balsnoe between these two requirements is not essjly attained. 

Consequently, it was decided to use ms3s conservation - irstead of enthalpy 
oonserpation - to determine the effeativeness. This implies the use of mass 
concentration for the conserved property in the definition of effectiveness. 

i.e., ? II ‘m - “r, 
-. m mC G 

where rnc refers to the mass concentration of a tracer gas at the slot, mC 
refers to the mass concentration of the traoer gas in the free stream and ml~ 
refers to the mass concentration of the tracer gas at the wall at any 
downstream looation. The mass concentration, mu, may be arranged lx be 
zero and I& impervious wall effeotiveness becomes 

'l??e use of mass concentration as the conserved property overcomes 
the problem of the non-adiabatic. wall encountered where entbalpy is used as 
the conserved property. The wall, in this case, is virtually imperdous, 
the oniy mass flow through the wall being that required fjr sawling and 
this is a very smallquantityindeed. 

The seoond drawbaok attributed above ?o,the measurement of 
effeotiveness based upon temperature is also present where mass conservation 
is employed and ihio may be more or less serious depending upon the choice 
of tracer gas and the equipment used to measure concentrations. For 
instanae, it is desirable:to use a tracer gas with properties similar to 
those of air but not itself present in room air. Further, the chosen 
gaas must be readily detectable to a high precision. !?hese reqdements 
are very difficult to fulfil. Cases which are most readily detectable 
are those with densities greatly different from that of air such as 
hydrogen or helium but these must be used with very small concentrations 
to avoid density gradients and, as the concentration diminishes, so does the 
precision of its measurement. 

New problems also arise in using mass conaentrations; e.g., 
the value of wall concentration is obtained by analysing a sample of air 
which is sdced through a sampling hole in the base plats of the wind 
tunnel. To what extent is the oonoentraticn of the traaer gas in this 
sample affected by the rate of suction? it was, however, considered 
possible that the advantages of measuring mass concentrations would 
outweigh the disadvantages and most of the remainder of this report 
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is concerned with providing answars to questions of the type posed above 
end to describing the method which was used to obtain the impervious wall 
effectiveness measurements reported in Table 4. 

A She&on KG-2 Chromatograph was selected to measure the 
concentration of tha tracer gas in air. Fralim&ary tesLs indioatad that 
a stainless steel column, 4 mu bore, 2 metres long and packed with Linda 
type Moleoular sieve wes suitable for separating helium or hydrogen from 
sir. Some diffioulty was experiencedin separating argon from air, The 
same equipment with a stainless steal oolumn, 4 mm bore, 75 om long and 
packed mith Silica Gal satisfactorily separated carbon dioxide from air, 

The thermal conductivity cell, which is an integral part 
of the Chromatogrsph, permitted vary low concentrations of helium in sir 
to be dateotad to a high precision, For oxnaple, 0,s by volume cf 
Helium in air oan be dataoted to approximately 1% of the O,.$. This 
togathar uith,tha fact that the concentration of halium in air is vary low, 
La, less then 30 p~xn", and the experience gained in oonduoting praUnary 
tests suggested the use of helium as tho tracer gas with slot concentrations 
of the order of 0.5 to I.% by volume. 

Furthor tasta indicated that eithor nitrogen or argon mould be a 
suitable oarrier gas. In either oasap tha holiumpassed through the 
detector in approximately 30 seoonds, followed by axygen approximstely 
90 se00nds later, &r the range of concentrations between 0,5 and 1% (by 
volume), the helium and oqgen peeks, es indicated by a potantiometor 
raoorder, mcro of approximataly the ssmo height and sinoe the oggcn peak 
is not sensitive to changes in ooncantration of the order of 1% of the traoar 
gas i,a.,O,Ol$ of oxdgon, but is sonsitivo to changes of the ordor of 1% 
of tha o?ygan, the oxygen peak provided a running ohook on the quentity of 
gas injcotad into the ohromatograph. This proved to be of importance since 
syringe injection was lattarly preferrod to injeotion by masns of en injeation 
valve. In faot the affeotivaness at eny downstream position, zs was 
oalculatad by taking the retio of halium to oxygan pesk at the vo.luo of 5, 
divided by the retie of halium to oxygen at the slot0 It should be noted 
that although praviously cffaotivenass was discussad in terms of mass 
conocntration and it is nom found that the chromstograph indioatos a 
concentration basad upon thermal conductivitias, the differanoa is of no 
oonscquonoo sin00 tho calculation of offootivenoss uses a ratio of two 
concentration values based upon the scma proparty., Provided tha relationship 
betwoan mass oonoantration, or volume conoontration, and concentration 
based upon thermal conductivity values is a l&oar one, this procedure is 
justifiod. 

Thus it is proved dasirable to calibrate the ohromatograph in 
the region of concentrations which was intondod for usa, This 

calibration was oarried out by injecting known mounts of helium into a 
bottle of known (approximately) vblume, stirring the mixture with a 
msgnatio stirrer and injeating I ml of tho mixture intg the chromatograph. 
This injection was repeated several times to ensure reproducibility. 

Tine/ 



The whole process was then repeated with o variety of concentrations and the 
resulting curve of the ratio of helium to oxygen peak heights ageinat the 
volume of helium in thy bottle, is presented in figure 14. It msy be seen 
from this figure that in the peak height ratios range from 0.5 to 1.5. 
These data may be represented by a straight line, The mnximum deviation 
from this line is of the order of $ and these points are the evorage of 
many readings whem scatter at any one velue of the ratio of peak heights 
did not excood @Z. 

The moasurcments shown in figures 12-19 were almost all obtained 
with peak hoight ratios in the range 0.5 to 1,5. A very few points, wore 
obtained @th pcnk height ratios as low as 0.3 and these were at the furthest 
downatroam looations. 

5*2 Samphg method 

A vcdety of methods wore tried in order to obtain samploa of the 
helium air mixture at the ~~12. In 611 of these the 0.020t1 holes drilled 
in the base plate of the wind tunnel nero used, the samples being obtained 
by auolcing through certain of thesc holes. ~ 

Having sclcoted hellurn aa the tracer gas it was not ooonomioally 
posaiblo to have it flowing for a lengthy period of time, Conscqucntly 
continuous flow mcaaurcmenta were ruled out rind a m&hod had to bc found of 
obtaining ~amplcs in a short time (say 3 or 4 minutes) and measuring their 
oonoentration after the tracer gas had beon shut off. The apparatus designed 
for this purpoao ishown in figum 15. It consists of a series of 15 
bottlca of 20 ml oapooity with a glass valve at the bottom end. 'The bottom 
stem of oath bottle is sealed into a large veaacl and projcots do-r&? 
into a pool of high vacuum oils Tho upper stem is corroctcd through a 
piece of thick wall rubber tubing to an additional valve and thcnoc, by 
means of smdlbore pvo tubing, to the aclootod holes in the base pLetc of 
the tind tunnel. 

To measure the effeotivoneas of a particular jot configuration, 
the two fans are awitohed on and the vclooities adjusted to the selected 
values. The two valves on each sampling bottle are opened and air prossure 
is applied through the IT' piece provided until the oil love1 in cnoh bottle 
is olose to tho upper valve. The upper valves are then dosod, tho proasuro 
conneotion olosod off and the vacuum oonncotion opened. Thevaouumpunlp 
is turned on, Helium is then added to tho soaondary air flow at inlot to 
the fnn, tho flow wtc of helium being mcasurcd by a rotameter. n-lo air 
and helix arc allowed to flow for about 15 accords and then the uppor vnlvus 
on all bottles aro opened and the oil is auoked into the large glass v~ssol, 
flushing eaoh bottle in the proceaa. The air plus helium tixturc is 
allowed to flow through eaoh bottle for approximately 2 minutes and then 
both valves on caoh bottle are olosod and the helium and vaouum pump are 
turned off. The mixture in each bottle is then ready for sampling. 
For all of the ncasurcments recorded hero, tho sampling procodurc began 
shortly after tho helium flow had boon shut off, Sampling was 
effected with tho aid of I nl gas-tight syringe, aanplos being obtained by 
piercing the thick wal.l rubber tubing dth the needle of the Syringe. 
Snmplcs obtninod in this way were immodiatoly injeotad into the 
chromatograph, 
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Twc specifio tests were carriecl out to check the precision of Twc specifio tests were carriecl out to check the precision of 
this method of sampling. this method of sampling. The first investigated the possiblbllity of k&age, The first investigated the possiblbllity of k&age, 
by diffusion, from the sampling bottles and the second the effect of the by diffusion. from the sawlk bottles and the second the effect of the 
rate of sampling uwn th9 measured value of oontraotion. rite of sampiing uwn th9 measked value of oontrs.otion. 

In the firot test it was found that there was no appreoiable 
change in the concentration measured by the teohnique described above after 
a time of 2Jt hours, provided all the oonneotions and stop cocks were 
prcperly greaoed and provided the injection needle was sharp. It was 
fauna to be good practice not to let the samples. remain in the sample 
bottles for longer than neoessary and, preferably, for less than one 
hour. It was also found desirable, if a 1 ml sample was removed from a 
partioular sample bottle and another was required from the same bottle at 
come later time, to smear the hole in the rubber tubing, caused by the 
injection, with high vacuum grease. 

The test of the effect of sampling rats was carried out 
in 0. veF= simple manner. 'he rate of flow of the sample was controlled by 
inserting a length of caplllsry tubing between the glass vessel containing 
the high vacuum oil and the vacuum pump. A sampling rate of approximately 
1 ml/s was selected and a set of samples obtained for a particular setting 
of the seoondaxy f3na main stream velocities. This test was repeated with 
flow rates of approximately 5 r&/s and 0.2 ml/s. The helium concentrations 
of the vsrious samples were determined as indicated aa the resulting 
values of the impervious wall. effectiveness were significantly the 
same for the three sanpl.ing flow rates at any particular downstream 
position. It was c0miudea that providing the sampling rate was maintdnsd 
wLthin these limits it should have M effect on the resulting value of 
effectiveness. 

5.3 Two-dimensionality of the tracer Eaao flow 

One further question remained to be answered before effectiveness 
measurement by the method indicated above could be considered satisfactory. 
Was the flow of helium two-dimensional at exit from the slot and at 
acwnstream positions? 

Tests of the two-dimensionality of the flow of the helium traasr 
gas at the alot were carried out by sampling the slot flow on the centre 
line and 3” on either side of the centre line. These samples were drawn 
through wall taps at a value of the dimensionless distance, x/ye, of 4 
a& the resulting values of helium conoantration were found to agree 
within + I.%. This test was 03d.e.d out on several ocosoions s.na 
the results were always within the I.% scatter band. The value of m for 
these tests was 2.26. Similar test.3 conducted at-4~~ of 12 ana 26 
yielded values of helium concentration within a scatter bszd of I.&$* 

Tests of two-dimensionslity at downstream location were 
carried out in a similar manner to those indioated above. Pig-me 16 
indicateo the departures from two-&imensional.ii;y enzountcred with the slot 
used for Run numbers I and 2 and figure 17 those encountered with the slot 
used for Run numbers 3 to 5. Ths results shown on figure* 46.suggested 
the need for better mixing of the secondary flow. Consequently rods and 
screens were jnserted in the secondary flow plenum chamber and these 
were present for all subsequent measurements. 
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The offcct of those dopnrturos from twc-dimcnsionality may be 
judgod by refcrenco to figure 18 which shoos the measured value of 
offactiveness plottod agains t the pcrsmcter m for varicus values of 
X/YC. Those oxcs.have been chosen because they give a reasonably clear 
view of the experimental reproducibility. The data shown were obtained 
using three slot heights (nominally the ~cme)~ the first 8s shoun in 
figure 16, the second as shcwn in figure 47 and the third of height 0,251" 
with a total variation of 0.011" across the ocntre 12", the centre 6" being 
ccnstnnt to nithin 0,003". It may bc seen from figure 18 that some of tha 
offeotivenass mossurcments for Run numbor 1, 2 nnd& have been duplicated, 
Initially effectiveness moasurcmonts more mado for Runs I and 2 using the 
slot shown in figure 16 - several sets of measurements were made and 
these WCM averaged to account for one of the points shown for Runs 1 and 2 
on each line of constant x/yS, Similc&y one of the points attributed 
to each of Runs 4 and 5 were cbtainod using fho slot shown in figure 17. 
All other points were obtained using tho slot shown in figure 17. All 
other points FJC~O cbtsined using the 0.251vt slot. This SQrves to 
indicate that tho results are roproduciblo to at worst 7$ of the local 
vnluo of offcctiveness and that this disoropancy may be due in part to tho 
doparturo from two-dimensional flow. This deviation is equivalent to 
3$ of the maxkm.lm vnlue of offcctivoness, . 

5.4 Rresent.measuremcnts 

The results shown in figure 18 have been averaged and thoso 
averago values of the impervious v&U cffcctivoness are presontcd in 
Table 4 and graphed on more usual cocrdinc.tcs in figure IV. The data 
presented in Table 4, Run IO, were obtained without the usual accompanying 
hydrodynamic profiles. Hence it was not possible to obtain direotly 
values of m and RUG However, the maximum velocity at the slot and 
the free stream velocity were measured for this run and the appropriate 
values cf m and RS obtained from figure 200 This figure indicates the 
precision with which the parameters m and RS were obtained, the maximum 
deviation from the smooth lines being approximately 4$ in the case of m and 
I.% in the case of R,s* 

The results shown pn figures 18 and IV exhibit the trends which 
should be exhibited. It appears from figure $8 that the meximum 
effectimnsssat any particular downstream position is obtained with a 
value of m which is between 1 and 1.2. Under ideal circumstances, this 
mamum should be attained when m = I and it must be assumed that the 
present deviation from unity is caused by the particular velocity profiles 
at the slot and by the geometry of the slot, 

It is unlikely that detsilod comparisons of the measurements 
presented in figures 18 and IV with those of other authors vrculd be 
useful since it has already been shown [15] that such measurements tend to 
be specific to one apparatus. In $ldition, it is possible that the 
turbulent Lewis mber is not unity in the present measurements SO that 
direct comparisons are of limited value. Hoprever, it is desirable to 
indicate that the orders of magnitude of the present results are similar 
to those of other authors and, therefore, figure 19b presents the 
measurcmonts for m<l together with the oorrolating equation suggested by 
SMJm-y and El-Ehwany [271. 

i.e.,/ 
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L.B., I) = 3.09 (x/Qyc) -OG3 Rc OP2 e.e 5.1 

evaluated for runs 7 and g. 
This equation was derived on the assumption that the flow is boundary 
layer like a@ that the boundary layer thickness, 6, is given by 

6 = 0,37x Rx 45 
so0 5.2 

A seventh power velocity profile was a+o assumed. It may be seen from 
mferenae 27 that equation 5.1 prediots values of effectiveness which are 
approximately 3Q% low in most cases. This suggests that the effectiveness 
values obtained for runs 7 and 9 are of the oorreot order of magnitude. 

5.5 The turbulent Lewis number 

It has &eady been stated that the measurements of impervious 
wall effectiveness presented in this paper should be identical to 
measurements of adiabatic wall effectiveness provided the turbulent 
Lewis numberisunity. !Che direct measurement of the turbulent Lads 
number, however, is very difficult and subjeot to large inaccuracies. 
However, the measurements of Z&my, Krause and Woo [28] suggest that, for 
mass concentrations of hdium of the order usodin the present measurements, 
the turbulent Lewis number & unity. 

It is probable that the simplest oheok of the appropriate 
value of the turbulent Lewis number is to repoat some of the measurements 
using a different traocr gas and OM whioh is likoly to have a different 
turbulent Lewis number, say argon. It is intended to carry out this test 
in the near Future althou& it should be rcmombomd that for the purposes 
of the present investigaation it is not of importance. 
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Notation -_I 

of/” 

a 

H 
12 

H32 

m 

R1 

R2 

R3 

RC 

T 

u 

51 C 
+ u 

x 

Y 

Y+ 

6 

dimensionless shear stress 

tip height of total-head probe 

shape factor 

shape factor 

mass flow ratio 

Reynolds number based on 
displacement thickness 

Reynolds number based on 
momentum thickness 

Reynolds number based on 
kinetic-energy thickness 

Reynolds number based on slot 
height 

Reynolds number base& on distance 
along the wall 

temperature 

velocity in the main-stream direction 

mean velocity at the slot 

dimensionless velocity 

distance along the wall in the 
main-stream direction 

distance normal to the wall 

dimensionless distance normal 
tothewall 

boundary layer thickness 

Defined by 

T/( PUGI 2 

u/ JT/p 

Js 
Y-F- 



3 Cisplaoement thickness 

momentum thickness 

s3 kinetic-energy thiclaess 

Q effeotiveness 

V kinenatic viscosity uf fluid 

P fluid density 

T wall shear stress 

@ any conserved property 

Subscripts 

c refers to properties at the slot 

G refers to properties of the main-stream fluid 

w refers to properties at the wall. 

YG 

i 
(1 -*/u,)ay 

0 

I” 0 
G”/uG(l -“/dG)dy 
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Distance upstream 
of working seotion 

inches 

Half-width Half-height 

inches inohes 

0 9.00 6.00 
1.8 9.04 6.03 
3.6 9.10 6.07 
5.4 9620 6.14 

7.2 
9.0 

10.8 
12.6 

14.4 
16.2 
18.0 
19.8 

ii.6 
23.4 
25.2 
27.0 

28.8 19.64 13.10 
30.6 20.24 13.50 
32-4 20.77 13.85 
34.2 21.23 74.15 

36.0 21.65 ?4.44 
22.05 14.68 
22.41 14.92 
22,72 15.14 

- 
377.8 
39.6 
41.4 

23.00 15.33 
23e24 25.49 
23.44 15.64 
23.62 15.74 

50.4 23.76 
52.2 23.87 
54.0 23.94 
55.8 23.99 

57.0 

(4' - 911) 

24.00 16.00 

Table 1 : Contraotion profile 

9.34 

;*2 
10:19 

Lo.67 
Il.30 
12c.42 
14.22 

15.93 
17.16 

'18.13 
18.94 

6.23 
6.36 
6.55 
6.80 

7.12 

8’% 
9:54 

10.62 
11.44 
12.08 
12.63 

15.84 
15.92 

2/ Table 
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0.912 

1042 
1083 

2.75 

3.24 

4.24 

4*83 
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Table 2 : Results of hytisdymmic measurements effected 
with the injection slot sham in figure 4a. 

XAX /UC = 1.40 

YC = 0.285 inches 

X/Ye 
&s) 

Rx R1 R2 "3 

34.6 87.55 530000 -1557 -1832 -3872 

53.5 87.33 819000 - 466 - 673 -1454 

77 88.7 1063000 1233 922 1682 

116 88.0 1581000 1863 1387 2507 

137 8605 1701000 2618 1952 3507 

j79 85.5 2198000 3002 2255 4054 

203 85d 2510000 3653 2811 5102 

H 
H3 

0.850 2.114 

0.692 2,160 

1.337 1,823 

1.343 1.807 

1.3442 1.797 

1,331 I.798 

I.300 1.815 

%J2 

0.0036 

0.0030 

0.00245 

0,00230 

0,00206 

0.00188 

OoOOl84 

Table i/ 



+c 

0 0 
0.21 10.08 
0.42 20.16 
Oc.83 40,32 
1.67 80.65 
2.50 120,97 
3.33 161.29 
4.17 201.61 

(k 

0 
0*21 
0042 
0.83 
1067 
2c5o 
3.33 
4.17 

1: 08 
2oti6 

kz; 
+20:97 
161.29 
201,61 
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Table 3 : ITydrodynamio measurements obtained with the 
injection slot shown in figure 4b. 

RUN I : UC m& = 2,66 

m = 2.26 

YC e 0,248 inches 

% z 1.95x104 

RUN 2 

%i RI R2 R3 

0 -10869 -26365 -89990 
87880 -11663 -23679 -72651 

172900 -12431 -23% -67059 
346200 -12743 -20464 33771 
680600 -12101 -16874 -40506 

1010000 -12695 -16716 -38766 
1367000 -128y3 n6261 -36837 
1696000 -11212 -13880 -30991 

: 
“SAX 

4s 
r I,94 

In 

YC 

Rc 

Rx 

i37Go 69.2 
67.9 l69000 
6707 337600 
6763 667700 
67.3 1020000 
66,8 lj48000 
66,9 1682000 

= 1.65 

= 0.248 inohes 

= 1~16 x lo4 

RI R2 

-5567 -10066 
-5306 - 8227 
-5393 -7748 

-3657 -3162 I 43$1: 
:p;g - - 2858 2062 

H 

0.412 
0.493 
0.537 
0,623 
0,717 
0.759 

:-,“,’ c 

R3 H 

-28006 0.553 
-2og6o 0,645 
-18872 0,696 

- 9526 0,836 
: g;; 0,852 

0,840 
- 4476 0,691 

H3 

%Z 
21895 
2.628 
2.401 
2.319 
2,265 
2,233 

H.. 3 

2.187 
2,149 
2,147 
2.171 

c 2 f/ 

0.0102 
0.0095 
0.0080 
0.0059 
0,00490 
0.00414 
O,OO$ 

c '2 d 

0,0076 
oeoo69 
0~0052 
O"~Oj85 
0,00322 
0.00284 
0,00247 



0 
0.2’ 
O"4.2 
0.83 
1.67 
2.50 
3.33 
L-*17 

0 
O"21 
0.42 
0.83 
1.67 
2,5o 
3033 
4017 

X/Ye 

> k88 
190.76 
39.53 
79cO5 

ll8o58 
158.10 
197.63 

X/Ye 

z.88 
19.76 
39.53 
79.05 

118.58 
158.10 
197.63 
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RUN 3 : UC /UC = 2.01 
MAX 

<G 
(Ws) 

66,9 0 -6183 -11269 
6709 86520 -6205 - 9970 
67.3 17'700 -5921 - 8706 
67.5 343300 -4871 - 6368 
6701 679500 -3649 - 4376 
6805 1037000 -2999 - 3521 
68.2 1377000 -2090 - 2567 
67.1 1595000 - 206 - 675 

m 

YC 

RC 

RX 

= 1.75 

= 0.253 inches 

= I.46 x IO4 

I?1 R2 

RUN4 :u, /u-=I&8 
%.u’ li 

m = 1.22 

YC 
=. 0,253 inohes 

Rc 
= 1.054 x IO4 

67.7 0 -1899 
6708 86520 -14.08 
67.4 171400 -14.61 
68.0 345500 - 658 
67.2 683000 - 246 
6803 l043000 1025 
68.2 1379000 1892 
66.6 1684000 2710 

Rx 5 R2 

-3112 
-1799 
-1777 - 836 

62 
1369 
2005 

R3 H H3 

w079 
0.0073 

-31943 0,549 2.835 
-25835 0.626 2.604 
-21534 0.680 2.3474 
-14646 
- 9539 
- 7542 
- 5531 
- 1663 

0,765 2.300 0.0053 
0.834 2,180 0.00386 
0.852 2,142 0.00310 
0.814 2.155 0.00265 
0.305 0.464 0.00226 

R3 

: $$ 
- 3859 
” 1795 

** ii!: 
2399 
3553 

H 
H3 Of/" 

0.610 2.434 
0.783 2,227 
0.823 2.172 
0.786 2.146 
8.965 -2.761 
1.490 2.691 
l.382 1.752 
1.352 1.7-P 

o.oolcg 
o,0045 
0.0035 
0,0026 
0,0023 
0.0020 
0,00185 

RUN 5/ 
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RUN 5 : uc 
m4 

= 1.00 

0 
0.21 
o-42 
0083 
1 .A7 

I 2.50 
3.33 
4017 

0 
oc21 
W2 
O*83 
1.67 
2050 
3033 
4017 

4% 

90.88 
19.76 
39.53 
79.05 

-l18.58 
158.10 
197.63 

“/yc 

te96 
IV.92 

;;':i 
ll9:52 
159.36 
199.20 

67.2 
67-6 
66.3 
66.8 
66,l 
68&z 

m 

YC 

Rc 

86YlO 
170300 
341800 
676000 

1045000 
1465000 
1737000 

RUN 6 : uc /uc 
MAX 

$4 
67k 
6904 
67.4 
6992 
6902 
67.7 

m 

YC 

RC 

88t50 
~73600 
357300 
691400 

1054000 
141yooo 
1737000 

= 0.855 

= 0.253 inches 

= 7.49xio3 

R1 R2 

1250 a97 
2191 1796 
2391 1916 
2752 2108 
33% 2519 
3798 2912 
4631 
4555 %9" 

= 0.906 

= O-753 

= 0,251 inches 

= 6,65xjo 3 

R1 R2 

2197 1383 
2772 2121 
2909 2184 
2994 2262 
3539 2695 

3895 3020 
4167 3225 
4316 3303 

R3 

1587 1,393 
3318 1.220 
3510 1.247 
_I&32 1.305 
4499 1.331 
w7 I.304 
6204 1.331 
a* 1.w 

R3 

2x37 

2,“: 
4046 
47a4 
5444 
5810 
5935 

H 

H 

~*!%a 1.723 
1.336 1.7?2 
1,332 I.782 
I.323 I.780 
1.350 1.775 
I.290 1.~03 
1,292 1,802 
1,307 10797 

H3 

q.768 
10847 
I.831 
1,804 
1.786 
1,795 

:-g: 0 

H3 

0 2 
f/ 

0,0023 
0,oorya 
0.00176 
O.OOlX 
0.001@+ 
0,00165 

c 2 
d 

0,ooiaj 
0,00171 
0,0017G 
O.OOl74 
O,OOl73 



0 
o-21 
OJQ 
0.8j 
1067 
2050 
3033 
4017 

i.96 
19092 

;;% 
ilP:52 
159.36 
199c.20 

A 

0 0 
o-21 9.96 
0.42 19.92 
0.83 39.84 
1067 79068 
2.50 119.52 
3.33 159.36 
4J7 19902 

X/Ye 

- 27 - 

RUN 7 : uc /uG = 0.824 
MAX 

68,O 
68.8 
67-5 

$1; 
6901 

2: 0 

RIXf8 

(*>3, 

"63 
67:3 
0.7 
66.9 
68.9 
68e7 
67.3 

0 
89570 

174900 

g;E 

14.61000 
1704000 

= 0.691 

= 0.251 inches 

= 5,95x103 

5 R2 

2679 1671 
3300 23% 
3318 2397 
3503 2541 
4022 2987 
4032 3096 
4.222 3214 
4479 ye29 

: u%Ax /uG = 0.968 

m = 0.817 

YC 
= 0.251 inch03 

RC 
= 6.96~10 3 

Rx R1 R2 

0 
87290 

172600 

2%: 
1065000 
1392000 
f693000 

1612 1081 
2197 1769 
2485 IyGo 
2845 2132 

z 2543 2965 
4085 3121 
4345 3275 

R3 
H 

2804 1.603 
4202 1.376 
4203 I.384 

4674 5300 :-z 
5564 11302 
5794 1,314 
6166 1,306 

R3 * 

1888 1.491 
3245 ia+2 
3562 1,268 
320 1.335 
4528 1.38 
5321 I.306 

H3 of/’ 

1 J-I8 
1.753 
1.753 o.oo170 
1.761 0.00165 
1.774 0.00166 
1,797 0.00:76 
1.803 0.00277 
1,798 0.00173 

H3 c2 f/ 

1.746 
1.8% 
1.818 
1.792 0,OOlYO 
1,731 0,00176 
4,795 0*00175 
1.794 0,00173 
q.787 0.00170 

4/ Tablo 
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Table 4 (continued) 

RUN7 RUN8 RUN 9 

x/Y0 '1 x/Y0 -6 x/Y0 ;1 

4 I.00 4 1.00 4 1.00 

12 1.00 12 1.00 12 1.00 

28 0,89 28 0*92 28 0.685 

44 0.707 44 0.815 44 0.452 

60 0.570 60 0.700 60 0.367 

76 0.489 76 0,601 76 0.312 

92 0.436 92 0.560 92 0,291 

108 0,406 108 0,520 108 0.266 

131 0,363 f3f 0.477 131 0.230 

155 0,330 155 0.446 155 0.193 

168 0.306 168 0.414 168 0,188 

180 0.288 180 0.390 180 0.175 

204 0.257 204 0,342 204 0.260 

RUN 10 

x/Y0 71 

4 I .oo 

12 1.00 

28 0.91 

4i 0,841 

60 0.782 

76 0,707 

92 0.70 

108 0.70 

13l 0.647 

155 0.597 

168 0.558 

180 0,523 

204 0.457 
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