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SUMMARY

A now apparatus, dosigned to investigato the effects of slot
geomatry on the cffectiveness of film cooling, is described and ncw
measuraments of the impervious wall offectivoness are presented, Tho
neasurcments werc performed in the range 2,24 € m € 0,47 using heliunm as
a tracer gas and gas chromatographic equipment to detect the releovant
concentrations, Tho appropriate hydrodynamic quantitios are reported in
detail,
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1e Introduotion

Previous experimental investigations of wall jets [1,2,3,4 and 5]
indicate that tho adiabatio wall effectiveness of the film cooling process
is considerably affected by the geomotry of the injection regione The
slot geometries employed by the authors of references 1 to 5 range from a
simple two=dimensional slot to an injeotion region made up ef a series of
holes in line and, for the same mass flow rate through the slot and for
similax free stream velooities, the measured values of the adiabatioc wall
effectivenoss at locations downstream of the slot differ by hundreds of
porcent, These differences may be attributed t¢ a variety of variables,
for instance, three dimensional flow, froe stream turbulence, jet turbulence,
density gradients oto, It is not possible to separate these effects from
the reported data,

Many investigations of the adiabatio wall effectivencss have been
carriod out using simple, two-dimensional slot configurations [6,7,8,9,10,
11,12,13 and 14] and under conditions which would suggast that the effooct of
threc dimensional flow, free stream turbulence, etc. would be small,
Nevertheless, discrepancies ef the order of 100% exist and, although the
variables mentioned above may play some part in explaining these disorepancies,
it is likely that the various geometric configurations of the injeotion
region are a principal cause, A oritical review of the existing exporimental
data with particular reference to the goometry of the injection region is
contained in reference 15, This review suggested the need for a systematio
investigation of the effects of slot geomotry using a single apparatus in
order te climinate the spurious effoots which stem from analysing data obtainsd
on different apparatus,

The present report has two main purposes:

(i) to desoribe new apparatus dosigned to carry out an investigation
of the effoots of slot goometry and the techniques which are being cmployed
. to obtain the nccessary measurcments,

(ii) to present now values of effcotiveness, obtained from
concentration measurcments on an impervious wall, and the correspending
values of the relevant hydrodynamic quantities., The measurements of the
impervious wall effectiveness are diroctly ocomparable with values of
adiabatic wall effectiveness if the turbulent Lewis number is unity -~ this
possibility is discussed in seotion 5.5« For the purposes of the present
investigation, however, it is not important for the two to be identical
since the measuroments reported here will be compared with later measurcments
which will be performed with differont slot geometries but using the same
mass transfer technique,

The dotailed hydrodynamic data reported here, werc mecasured for
two main reasons, The first was to determine the properties of the wing
tummel and to ascertain its advantages and disadvantages, The second was
to provide an ompirical relationship between the slot properties and
those at some location downstream of the slot. Such a rolationship is
necessary if a method of predicting the effectiveness is to be developed
from a theory involving integral equations, such as that of D, Be Spalding [16],

2./
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2, Description of the Wind Tunnsl

The wind tunnel designed for the present investigation can
conveniently be described in three scetions, i.e., the fan, the expansion-
contraction scotion and the working scction,

The fan was manufsactured by Carter Thermal Enginecering Ltd,
(Gyro flow fan, size 244", arrangement 1) and is capeble of delivering
10 000 £t 3/hin againgt a pressurc hcad of 8 inches of water when running
at a speed of 1920 rpm, The fan was chosen to run as a blower since this
results in the static pressure in the working section being closc to atmospherice
Adjustment of the fan spced, and hence of the working section frec stream
velocity, is achieved by changing the fan or motor pulley wheel, These
pulley wheels are of the variable radius type and hence a 15 = 257% reduction
of speed is obtainable without removing the pulley wheels, Bsfore
entering the fan, the incoming air is filtered through a surface area of
approximately 70 £12 of felt, :

The delivery side of the fan is of reotengujar section
2' - 03" x 11 = 94", This is expanded to a rectangular cross-section
of 48" x 32" in a distance of 2' = 11", maintained at this cross—seotion
for a distance of 9" and then contracted to the dimensions of the working
seotion, 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
Aeronautical Engineering Department of Imperial College and the form of the
2' ~ 8" to 12" contraction was scaled from the former. Table 1 gives the
dimensions of the contraction. The expansion-contraction section was
constructed from wood by A, B, Fuller Ltd,

These copper screens were looatsd in the expansion-contraction
section, all three being 20 mesh, 28 swg., One was located at each end
of the L' = 0" x 2' = B" section and one half way along-the expansion seotior,

The working secction was manufactured in the Mechanical Engineering
Workshop of Imperial College., It is &' ~ O" Jlong, has an 18" x 12"
crossesecbion and was mamufactured from Dural and Perspex, 'The top plate of
the working seotion 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 seotions 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 seotion, over
& 3" width of the working section (13" on cach side of the centre line)
and over s distance of up to 4" from the top surface of the base plate:
only a small modification is required to extend this 4" to the full 12"
height of the working scotion, '

The base plate of the working sestion i5 made from 3" thick
Dural and has a large number of 0,020" holes drilled in it as shown
in figure 1, These holes serve as static pressure taps or, as we shall seo
later, as sampling holes through which somples of the air olosc to the wall

can/
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can be oxtractod, The plate can be adjusted to ensure that the gradient
of statio pressuro in the tunnel is zero or to impose a linear pressuro
gradient on the flow,

On the samc frame as the working scotion, the secondary fan
(Sturtevant 3 Hoavy Duty Monogram Fan) and motor arc mounted, Tho air from
this fan is dircoted into an 18" x 9" x 28" plonum chamber boforo discharging
through & slot at tho leading edge of the base plate of the working secction.
This is shown diagrammatically in figurc 2, The slot can readily be changed
or replaccd by an insert which permits tho flow to conform to the usual
flat plate boundary layer, A pressurc gradient can be imposed upon
the flow by adjustment of the tumnel basc plate. The flow from tho
secondary blowor 1s again controlled by means of the pullcy wheols on tho
fan and motor shafts but in this case thoro is also a slide plato en the
pressure side of the fan, A filter box is attached to the suction sido
of th% fan, the incoming of air having to pass through an area of
25 += of folt.

2o Hydrodynamic Measuremonts on a Flat Plate

In order to test the porformanco of the travorsing equipment,

the total head probe and the tumnel itself, tho secondary air strecam was
blaniesd of f and velocity profiles rceorded with a flat plate boundary layer
configuration, The static pressure gradient along the working section
was arranged to bo sensibly zero by adjusting the tunnel base plate. The
boundary layer was arranged to have a leading edge at entry to the working
section by having the base plate above the level of the lower surface of
the contraction and preceding this base plate by a 'splitter plate,

Volocity profiles were measured at two values of x, tho distance
downstrcam of the lcading edge. Thesec profiles are shown in-figure 3
which graphs the value of ut against y* on semiwlogarithmic coordinates,
Also shown on this figure gre the line

u+ = 1 in (7Q7y+) e 301
0,41
and tho curve
u"' = y"' ese 32

These ecquations ropresent the Universal Volocity profile, the former
boeing valid in the region y*»> 30 and tho lattor in the region y*< 5,

It should be estressed that the Universal Velocity profile is not
sufficiently universal for tho constants 0,471 and 7.7 in equation 3.4

to be considored as cexact, A variety of values for these constants havo
been suggested in the past and the volucs used here fit the available
experimentel, data as well as most, In ordor to locate the measured points
on this ocurve it was necessary to dotermine thoe value of the dimensionloss
wall shear stross, This was done in tho manner suggested by Clauser {17]
i.e., by pletting the date on a graph of u/u, against ugy/v, lines

of constant shear stress, /2, having proviously beon drawn on the graph
with the aid of equation 5,#. In this way the following values of cp/2

were obtainod:
2.83 x 10° o/2 = 0.00182 (0.00196)
9uh x 10 cp/2 0,00220 {0.00236)

RX
R
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These may be compared with the values given in parenthesis which wore
obtained with the aid of the equation

- - 1/5
OiJZ = 0.037 RX vae 303
derived on the assumption of a % pover profale [18].

The values of shear stress given above and the experimental data
plotted on figure 3, indicate that the apparatus and the experimental
techniques are generally satisfactory. Two specific points ardse out
of the data shown in figure 3. Firstly, a smooth curve drawn thro%gh the
experimental points for the measurcment at an Ry value of 2.83 x 10
would indicate an i1ncrease above tho line represented by equation 3.1 in
the range 20 < y*< 60, Earlier measurcments, made with a total head
probe which was supported less rigidly than the one used for the present
measurements, indicated an even greater incrcase above the linc represcnted
by equation 3.1, Similar curves have been reportcd by Townsond [19},
Bradshew and Ferriss [20] and Patel {21]. Bradshaw and Ferriss suggested
that the recason for the experimental data being higher then might be
expected from the requirement v = rg, is the cffect of turbulent fluctuations
on the total head probe. The present measurement would support this
conclusion since the stiffening of the probe, and hence the reduotion in
amplitude of the vibration of tho probe tip, resulted in a deorcase in this
rise in the curve,

It should be noted at this point that no displacement correction
has been applicd to the data shown in figure 3, A corrcotion of the form
0.15 4, whore d is the tip height of the total head probe, can be partly
justified'(seo, for example refercnees 22 and 23) and would tend to remove
the risc in the curve, Howover, thce justification for the corrceotion
does not appear to be complete and oonsequently it has not been applied,
In tho measurements presented in figure 3, and for the subscquent velocity
measurcments of this paper, tho total=hcad probe tip dimensions wore:

outside: 0.063" x 0.0096"
insides 0.053" x 0.0036"

Thus a displacement correction of the order of 0,15 d would not be
sufficicnt to remove the rise in tho ourve,

The scecond point which arises out of figire 3 is the tendency of
the data at the Roynolds mumber, R, of 9,4 x 109,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 frem plotting the variables
ut and y+, both of which involve a constant value of shear stress, for
a boundary layer which is not fully turbulent, The magnitude of the
Reynolds number, i.ese Ry = 9ub x 105, 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,

heof
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4, Hydrodynemic Measurements on a Flat Plate with Tangential
Injecotion

Two similer, but slightly different slot geometries have been
used in the present series of experiments, Both are shown diagrammatically
in figure 4. The slot shown in figure L4a was used for the preliminary
measurenents required to test the performancs of the equipment with
secondary injeotion, These data are reported in Table 2, The data
reported in Table 3 were obtained using the slot shown in figure 4h,

No major problems were sncountared in maling the velocity
profile measurements, It was disocovered that, with a slot height of
approximately 0,25", a slot velocity of 180 £t/s could not be exceeded
due to leaks caused by the pressure in the secondery system. No attempt
was made to eliminate these leaks at 180 ft/s, Instead, the slot
veloolty was always kept below this figure and no significant lesks wers
cbserved for these lower velocities, The two~dimensionality of the
tunnel and of the slot £low were cheoksd on geveral occasions at different
values of x and y by recording velooities over a 3" span of the tummel.

No significant velocity differcnce could be detected,

It does not seem necessary in this paper to present diagrammatically
ell the data tabulated in Tables 2 and 3, However, in order to demonstrats
the trends of the measurements and to indicate the experimental precision,
it does scem desirable to present some data in graphical form, Consequently,
figures 5, 6 and 7 have been preparcd end present the quantities Ry, H,, and
o¢/2, respectively, plotted against the dimensionless distance, x/&b for
several experimental runs which were seleoted to demonstrate the variation
of Ry, Hyp and 0p/2 over a wide range of the parameter m, Tho smooth
curves shown on figures 5, 6 and 7 do not represent predictions, They
are smooth lines drawn through the experdimental points,

It may be seen from figure 5 that the values of dRy/dR, for runs
1, 2 and 3 are in agreement with tho value of cf/2 shown on figure 7
although there are deviations from the smooth line of up to 7%. For the
othor runs, however, the values of dR,/dR,, at downstream positions, do
not agree woll with the appropriate value of cg/2 and it is doubtful if
the pressure gradient term or the divergence term could account for the
disorepancies, It is likely that the reason for the diserepancies is twoe
fold: first, the general difficulty in obtaining accurate measurements of
Ro and secondly, the tendency of the slot velocity to decrease with time,
It has boen observed that the slot velocity deoreases by up to approximately
5% in the timo taken to measure the velooity profiles for any particular run
- the porcontage desorease, docreascs with inercesing slot velocity and
is nogligible for the higher slot veloeity runs.

It is also possible that the values of Rp measured at
xyyc of 10 (and in some cases of 20} arc subjoct to some inacouracy
sincs the velocity profilos exhibit a minimum, Tt is also likely
that these profiles will not be well ropresonted by two paramoters,

Figurc 6 domonstratos the tronds of the shape factor, Hyp, for
the same oxperimemtal runs as are shown on figures 5 and 7. It may be
seon that the value of Hqp becemes singular for run 4 and that this

occurs/
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ocours when the value of the Reynolds number, Rp, is small. This presents
a mathematical difficulty if an integration procedure is devised, using Hqo
(or H32) as dependent variable, for a flow which tronscends from a ncgative
value of R, to a positive one, Dotails of a procedurc to overcome this
difficulty may be found in refercnce 24,

It may be seen from figure 7 and from table 3, that some values
of tho dimensionless shear stress, cp/2, have been omitted, All of the
values of oﬁ/2 were obtained by plotting the oxperimental values of the
velocity ratio, u/ug, against tho Royn®lds mumber v, and drawing lines
of constant shcar stress based upon equation 1 on the same graph. The
resulting profilps, if they are of the 'Universal! form, have a portion of
their length which lies along ¢nc of the lines of constant shear stress,
thereby indiocating the value of the shear stress which is assumcd censtant
over tho innor region of this profile, The values of u/u, and u.y/v for
run 4 are shown plotted in figure 8 and it mey be secn that for low values
of the dimensionless distance, x/y., the profiles have a slope which is
always different from that indicoated by the lines of constant shear stress,
Thus for thesc runs it is not possible to cvaluate a value of shear stress
from the data with satisfactory precision, The data of run 4 wore chosen
for figure 8 bocause they show the development of a wall jet towards a
conventional boundary layer flow for which the velocity, u, is at no time
greator than the free stream velooity, u,.  The trend indicated on figure 8
was, however, also shown by tho velocity profiles obtained for other runs,
In come cases {notably for the lower slot velocities), a value of the
dimension.esa shear stress could not be determined precisely for values
of the dimensionless distance, x/yy, less than 4O, This is probably due,
at least in part, to the wall layer still being transitional, i.e. the wall
layer has not doveloped to a fully turbulent form,

It may also be seen from figure 8, that the region of
each profile (for x/y. » 40) which is parallel to, or coincident with,
a ling of constant shear stress is short and in séme cases very short,
This makes it difficult to ascribe a value of shear stress to a particular
profilo with certainty. However, the values of dimensionless shear
stress read from figure 8, and from similar figures are consistent, as
shown from figure 7. 1In addition, thesc velues have been shovm to agree
well with thoory [24] although the mcasurcd values do tend to e lower than
the prediocted values,

It should be noted that in all of the mecasurements with
tangential injeotion reported in this paper, the boundery 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 1ip of the slot.

ko1 Initial conditions necessary for integration

rocedures

The integration of the integral momentum equation or integral
mean kinetic energy equation requires initial conditions and usually
values of R, and Hyp are provided at some value of the independent
variable Rye However, any two of the properties Ry, Rp; Hyp, Hz2 and
cf/2 may be chosen at the given valus of Rx' In the case of wall jet

flows/
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flows it is desirable to be able to predict the valus of the initial conditiops
based upon bulk flow measurements and the slot geometry and usuazlly these
initial conditions are required at a value of R, which is downstrecam of

the ond of the potential core region (i.e. the region where the slot

velocity ug is preserved),

Inspection of the definitions of the Reynolds numbers
R1, Ry and Ry reveals that, for a given systematic uncertainty in the
measured velocity ratio, u/u,, 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 R, would scem
to be goenerally more satisfactory than or R3.

The ohoice of the shape faotor, Hy,, leads to a diffioulty which
is demonstrated by figure 9., At values of the parameter, m, close to
unity the value of Hqp becomes singular in a imilar way to that demonstrated
by run number 4 on figure 6, Again this occurs whon the value of tho
Roynolds number R, tends to zoro and, it is possible that this phenomenon
can be disrcgarded and a smooth linc drawn to conncot the curves on cither
side of m =1, This pussibility is cxamined in reference 24 and confirmod.
A similar difficulty may be cxpoctod with the use of the shape faotor Hzp
which is also shown on figure 9. The data obtaincd by Nicoll [25] arc” shown
on figurc 9 and lend genoral support to the present measurements, Nicoll's
measuroments were obtained with an essentiglly rectangular slot woslocity
profile, in ocontrast to the present measurcments, and this would indicate
that the curves presented in figure 9 may apply to all simple, two-dimcnsional
slots. Purther measurcments are requircd to support this suggestion,

The dimensionless shear straess, o./2, might be chosen as a
suitable initial value, It should be remefborod, however, that for the
present measurements, c,./2 was obtained by plotting the velocity profiles
on a Clauser plot and that for low values of the ratio, x/yc, and for low
values of the paramcter, m, the resulting shecar stress values arc subject
to somo uncerteinty. If the shear stress had becn obtained by direot
measuremont (assuming that this is more precise than the present method, and
this is frequently not the case) thon cf/2 would be a suitable propexrty for
use as an initial condition,

The above discussion suggests that R, and Rq or Ry should bo
used as initial conditions although it may be ¢qually satisfactory to
substitute either of the shope factors for R4 or Rz. Figures 10 and 11
show the present data for R and Rp, togethor with that of W.B, Nicoll [25],
plotted to take account of the slot Roynolds number. It may be scen that
the data arc well ropresented by the smooth curves, A similar plot for
Rz is not shown here bocause tho scatter in Rz appoared to be slightly
higher than that of Ry and Ros No attempt has been made, at tho
present time, to formalise these corrclations in the form of cquations or
to test their validaty with rospeot to the present measurcment or to
measurcnents obtained with slightly differont slot configurations,

It is intended that this will be done in the near futurec.

4e2/
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Lo2 Turbulence intensity

The effoot of free stream and of Jet turbulonce on the
adiebatio wall effoctivensess is quantitetively unknown although for cases
where the jot velocity is of tho samo order of magnitude as the free stream
volooity, it represents the principal mechanism for mixing, For this
reason it scemed desirsble to moasure turbulence profiles close to the slot
and at velocity ratios close to unity, Two series of measurement were
made; the first, for & value of tho paramoter m of 1,62 and at a value of
X as close to the slot as was praotical, is presented in figure 12 angd the
second, for a value of the parameter m of 0,852 and at three stations down-
stream of the slot is presented in figure 13, These measurements were
effected using a Disa, constant temperature, hot wire anemometer,

Little need be seid about these measurements at the present time,
It remains to compare future measurements made with the same value of the
parameter m, the same mainstream velocity etce but with a substantially
different slot turbulence profile to determine the downstream effecta
of the turbulence 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 ths Impervious Wall Effectiveness

The purpose of the present program of research is to investigate
the effeots of the slot geometry on the valus of the adiasbatic wall
effeotiveness dovnstream of the slot, However, as has pregviously been
pointed out, it is equally satisfactory to imvestigate the effects of slot
goometyy on the offectivensss based upon mass transfer measurements 1.e.,
the impervious wall effectiveness,

The adiabatic wall effectivensss is usually defined in terms
of the acnserved property, h, i.e.,the spscific enthalpy, and if constant
£1luid properties are assumed, this definition becomes

where T is temperature. The great majority of past measuremonts of
offeotiveness have been effected by measuring the temperaturcs at the
Wy G and C states,

Thore arce two drewbacks to the use of temperature as a conserved
property -

(i} 4n the determination of the adiabatic wall effeotivoness the

wall should bhe adiasbatic but all practical walls have a
finite conduotivity and hence are never truly sdiabatic,

(41)y
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(i1) o tempersture difference is required between the primery
and secondary flowa. 7This temperature difference must be
large encugh to permit accurate measurements at downstream
locations but small eno so that property variations
(e.g., density gradients) can be ignored. A satisfactory
balanoe between these two requirements is not easily attained,

Consequently, it was decided to use ma3s conservation - instead of enthalpy
conservation - to determine the effectiveness. This implies the use of mass
concentration for the concerved propertiy in the definition of effectiveness,

Ty " U
P~ T
where mp refers to the mass concentration of a tracer gas at the slot, mg
refers to the mass concentration of the tracer gas in the free stream and my
refers to the mass concentration of the tracer gas at the wall at any
downstream location. The mass concentration, mg, mey be arranged to be
zero and the impervious wall effectivencss becomes

ioea’ T] =

n = mW/mC

The use of mass concentration as the conserved property overcomes
the problem of the non-adiasbatic wall encountered where enthalpy is used as
the conserved property. The wall, in this case, is virtually impervious,
the only mass {low through the wall being that rsquired f>r sampling and
this is a very small quantity indeed.

The second drawback attributed above %o the meaaurement of
effectiveness based upon temperature is also present where mass conservation
is employed and this may be more or less sericus depending upon the choice
of tracer gas end the equipment used to measure concentrations. For
instance, 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
gas must be readily detectable to a high precision. These requirements
are very difficult to fulfil. Gases which ere most readily detectable
are thoze 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, 80 does the
precision of its measurenent.

New prcblems also arise in using masas concentrations; e.g.,
the value of wall concentration is obtained by analysing a semple of air
which is sucked through a sampling hole in the bage plate of the wind
tunnel. To what extent is the concentraticn of the tracer 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

ia/
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is concerned with providing answers to queations of the type posed above
and to describing the method which was used to obtain the impervious wall
effectiveness measurements reported in Table L.

5.1 Chromatographic equipment

A Shandon KG-2 Chromatograph was selected to measure the
concentration of the tracer gas in eir, Preliminary tests indiocated that
& stainless steel column, 4 mm bore, 2 metres long and packed with Linde
type Molsoular bpieve was suitable for separating helium or hydrogen from
air, Some difficulty was experienced in separating argon from air, The
seme equipment with a stainless steel ocolumn, 4 mm bore, 75 cm long and
packed with Silica Gel satisfactorily separated carbon dioxide from air,

The thermal conductivity cell, which is an integral part
of the Chromatograph, permitted very low concentrations of helium in air
to be detected to a high precision, For example, 0.%% by volume cf
Helium in air can be detected to approximately 1% of the 0.5%. This
together with the fact that the concentration of helium in air is very low,
i,¢ayless than 30 ppm, and the experience gained in conducting preliminary
tests suggested the use of helium as the tracer gas with slot concentrations
of the order of 0,5 to 1.0% by volume,

Furthor tests indicated that eithor nitrogen or argon would be a
stiitable ocarrier ges, In either caso, the holium passed through the
detector in approximately 30 seconds, followed by oxygen approximately
90 secconds later, Por the range of concontrations between 0,5 and 1% (by
volume), the helium and oxygen peeks, as indicated by & potentiometer
recorder, were of approximately the samc height end since the oxygen peak
is not sonsitive to changes in concentration of the order of 1% of the tracer
gas 1.0,,0,01% of oxygen, but is scnsitive to changes of the order of 1%
of tho oxygen, the oxygen peak provided a running chock on the quantity of
gas injected into the chromatograph, This proved to be of importance since
syringe injeotion was latterly preferred to injeotion by means of an injection
valve. In fact the effectiveness at any downstream positlon, x, wos
calculated by taking tho ratio of helium to oxygen peak at the valus of x,
divided by the ratio of helium to oxygen at the slote. It should be noted
that although previously offectivencss was discussed in terms of mass
concentration and it is now found that thoe chrometograph indicates a
concentration based upon thermal conductivities, the difference is of no
consequence since the calculation of offcetivencsss uses a ratio of two
concentration velues based upon the same property. Provided the relationship
betwoen mess concentration, or velume concontration, and concentration
besed upon thermal conductivity values is o linear one, this proccdure is
Justifiocd,

Thus it is proved desirable to calibrate the chromatograph in
the region of concentrations which was intended for use, This
calibration was carried out by injeoting known amounts of helium into a
bottle of known (approximately) vblume, stirring the mixture with a
magnetlic stirrer and injecting 1 ml of the mixture intg the chromatograph,
This injection was repeated several times to ensure reproducibility,
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The whole process was then repeated with a variety of concentrations and the
resulting curve of the ratio of helium to oxygen peak heights against the
volume of helium in the bottle, is presented in figure 14, It may be seen
from this figure that in the peak height ratios range from 0.5 to 1,5,

These dota mey be represented by a astraight 1ine, The maximum deviation
from this line is of the order of 2% and these points are the avorage of
many readings whero scatier at any one velue of the ratic of peak heights
did not excocd &%,

The measurements shown in figures 12-19 were almost all obtained
with poak hoight ratios in the range 0.5 to 1.5, A very few points, wero
obtained with peak height ratios as low as 0,3 and these were at the furthest
downstroan locations,

502 Sampling mothod

A veriety of methods were $ried in order to obtain samples of tho
helium air mixture at the wall., In all of these the 0,020" holes drilled
in the base plate of the wind tunnel were used, the samples being obtained
by sucking through certain of thesc holes,

Having selocted helium as the trocer gas 1t was not economically
possible to have it flowing for e lengthy periocd of time, Conscquently
continuous flow measurcments were ruled out and a method had to be found of
obtaining samples in a short time (sey 3 or 4 ninutes) and measuring their
concentration after the tracer gas had been shut off. The apparatus designed
for this purpose isshown in figuro 15, It consists of a series of 15
bottles of 20 ml capascity with a glass valve at the bottom end, The bottom
stem of ocach bottle is sealed into a large vessol and projocts dowrmards
into a pool of high vacuum oil, The upper stem is corrected through a
pieco of thick wall rubber tubing to an additional valve and thenco, by
moans of small bore pve tubing, to the scleoted holes in the base plate of
the wind tunnel,

To measure the effectivoness of a particular jot configuration,
the two fans are switched on and the veloocities adjusted to the selocted
values, The two valves on each sampling bottlo are opened and air pressure
is appliocd through the '™ picce provided until the o0il level in cach bottlo
is olose to the upper valve. The uppor valves are then closed, tho pressuro
connection closed off and the vacuum conncetion openod, The vacuum pump
is turned on, Holium is then added to tho scoondary air flow at inlet to
the fan, the flow mto of helium being measurcd by & rotemeter, The alr
and helium are allowed to flow for cbout 15 scconds and then the upper valvos
on all bottles arc opensd and the oil is sucked into the large glass wvossel,
flushing each bottle in the process, The air plus helium mixturc is
allowed to flow through each bottle for approximately 2 minutes and then
both valves on cach bottle are closcd and the holium and vacuum pump ars
turned off, Tho mixture in each bottle is then ready for sampling,
For all of tho measurcments recorded here, the sampling procodurc began
shortly after the helium flow had been shut off, Sanpling was
effected with the aid of 1 ml gas~tight syringe, samples boing obteined by
plercing the thick wall rubber tubing with the needle of the syringe,.
Samples obtained in this way were immodiately injeobted into the
chromatographe

o/
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Two specific tests were carried ocut to check the precision of
this method of sampling. The first investigated the possibility of leskage,
by diffusion, from the sampling botiles and the second the effect cf the
rate of sampling upon the measured value of contraction. -

In the firat test it was found that there was no eppreciable
change in the concenlration measured by the technlique described above after
a vime of 24 hours, provided all the conneotions and sbtop cocks were
prcperly greesed and provided the injection needle was sharp., It was
found to be good practice not to let the samples remain in the sample
bottles for longer than necessary and, preferably, for less than one
hour., It was also found desirable, if a 1 ml sample was removed from a
particular sample bottle and another was required from the same Lottle at
gome later time, to smear the bole in the rubber tubing, caused by the
injection, with high vacuum grease.

The test of the effect of sempling rate was carried out
in n very simple manner., The rate of flow of the sample was controlled by
inserting a length of caplllary tubing between the glass vessel containing
thc high vacuum 0il and the vacuum pump. A sampling rete of approximately
1 nl/s was selected and a set of saemples obtained for a particular seiting
of the secondary and main stream velocities., This test was repeated with
flow rates of approximetely 5 ml/s and 0.2 ml/s. The helium concentratiouns
of the various samples were determined as indicated and the reosulting
values of the impervious wall effectlveness were significantly the
same for the three sarnpling flow rates at any particular downstream
position. It was concluded that providing the sampling rate was mainiaired
within these limits it should have no effect on the resulting value of
effectiveness,

5.3 Two-dimensionality of the tracer gas flow

One further question remained to be answered before effectiveness
nmeasurement by the method indicated above could be considered satisfactory.
Was the flow of helium two-da.menslonal at exit from the slot and at
downs trean positions?

Tests of the two-dimensionality of the flow of the helium tracsr
gas at the slot were carried ocut 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, %/yg, of &

and the resuliling values of helium concentration were found to agree
within + 1.5%. This test was carried out on several occasions and
the results were always within the 1,5% scatter band. The value of m for
these tests was 2,26. Similar tests conducted et x/y¢ of 12 and 23
yielded values of helium concentration within a scatter bard of 1,57,

Tests of two~dimensionality at downstream localion were
carried out in a similar manner to those indicated above. Figure 16
indicates the departures from ‘wo-dimensionality encountered wiih the slot
used for Run numbers 1 and 2 and figure 17 those encountered with the slot
used for Run numbers 3 to 5. The results shown on figure 16 -guggested
the need for better mixing of the secondary flow, Consequently rods and
screens were ingerted in the secondary flow plenum chamber and these
were present for all subgequent measurements.

The/
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‘ The offecct of these dopartures from two-dimensionality may he
Judged by reference to figure 18 which shows the measured value of
offoctivensss plottod against the porrmeter m for various values of

x/ ce These axes have been chosen because thoy give a reasonably clear
view of the experimental reproducibility, The data shown were oblained
using three slot heights (nominally tho same), the first as shown in

figure 16, the sccond as shown in figuro 17 and thé third of height 0.251"
with a total variaetion of 0,011" across the contre 12", the centre 6" being
constant to within 0,003", It may bo secn from figure 18 that some of tha
effectiveness moasurements for Run number 1, 2 and /4 have been duplicated,
Initially effectiveness measurements were made for Runs 1 and 2 using the
slot shown in figure 16 « several sets of moasurements were made and

these were averaged to aoccount for one of the points shown for Runs 1 and 2
on each line of constant x/ys. Similarly one of the points attributed

to each of Runs L4 and 5 were obtained using the slot shown in figure 17.
All othor points were obtained using the slot shown in figure 17, All
other points were obtained using the 0.251" slot., This serves to

indicate that the results ara roproducible to at worst 7% of the local
value of offeotiveness and that this disoropancy may be dus in part to the
departure from tvo-dimensional flow, This deviation is equivalent to

¥ of the maxioum velue of offectivoness, )

5¢t Present measurcements

The results showm in figure 18 have been averaged and thesc
average valucs of the impervious wall offcctivoness are presonted in
Table 4 and graphod on more usual coordinates in figurc 19, The data
presented in Teble 4, Run 10, were obtained without the usual accompanying
hydrodynsmic profiles, Hence it was not possible to obtein direotly
values of m and Rpe However, the maximum velocity at the slot and
the free stream velocity were measured for this run end the appropriate
values of m and R, obtained from figure 20, This figure indicates the
precision with which the parameters m and Rp; were obteined, the maximum
deviation from the smooth lines being approximately 4% in the case of m and
1o5% in the ocase of Rge

The results shown on figures 18 and 19 exhibit the trends which
should be exhibited., It appears from figure 18 that the maximum
effectivencss at any particular downstream position is obtained with a
velue of m which is between 1 and 1.2, Under ideal circumstances, this
maximum should be attained when m = 1 and it must be assumed that the
present deviation from unity 1s caused by the particular velocity profiles
at the slot and by the geometiry of the slot.

It is unlikely that debtailed comparisons of the measurements
presented in figures 18 and 19 with those of other authors would be
useful since it has already been shown [15] that such measurements tend to
be specific to one apparatus. In gddition, it is possible that the
turbulent Lewis number is not unity in the present measurements so that
direot comparisons are of limited value. However, 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 tho
measurements for me 1 together with the corrolating eguation suggested by
Stollery and E1-Ehwany [27].

i.e.,/
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evaluated for runs 7 and 9,
This equation was derived on the assumption that the flow is boundary
layer like and that the boundary layer thickness, & , is given by

&5 = Ou37x Rx —1/5 ece el

A seventh power velocity profile wes also assumed, It may be seen from
reference 27 that equation 5.1 prediots values of effectiveness which are
approximately 30% low in most cases, This suggests that the effectiveness
values obtained for runs 7 and 9 are of the correct order of magnitude,

5«5 The turbulent Lewis number

It has already 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
Iswis number is unity, The direct measurcment of the turbulent Lewis
number, however, is very difficult and subjeot to large inaccuracies,
However, the measurcments of Zakkay, Krause and Woo [28] suggest that, for
mass concentrations of helium of the order used in the present measurcments,
the turbulent lewis mumber is unity.

It is probable that the simplest oheck of the appropriate
value of the turbulent lewis number is to repeat some of the measurcments
using a differcnt tracer gas end one whioch is likoly to have & differsnt
turbulent Lowis number, say argon. It is intended to carry out this test
in the near future although it should be remombored that for the purposes
of the presont investigation it is not of importance.
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Defined by
dimensionless shear stress -r/(puG)2
tip height of total-head probe -
shape factor 61 /62
shape factor 83/52
mass flow ratio pcuc/pG_uG
Reynolds mumber based on

displacement thickness 5, uG_/ v
Reynolds number based on

momentum thickness BzuG/ v
Reynolds number based on

kinotic-energy thickness 6_‘5“(} v
Reynolds number based on slot

height U,7g/v
Reynclds number based on distance

along the wall qu/ v
temperature

velocity in the main-stream direction

mean velocity at the slot

dimensionless velocity u/ fr/p
distance along the wall in the

main-stream direction

distance normal to the wall

dimensionless distance normal *Jr/p
to the wall vy

; v

boundary layer thickness

81/
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- - . y‘G'f

3, displacement thickness \1~“/hG)¢y
o

8, momentum thickness fy Grt:t/1.1(}(1-u/ aG)dy
o
Yo, , 2

55 kinetic-energy thickness f (u/uG) [1-(u/uG) lay
0

7 effactiveness (¢wP¢G)/(¢c"¢G)

v kinemtic viscosity of fluid

p fluid density

T wall shear stress

¢ any conserved property

Subscripts

¢ refers to properties at the slot
G refers to properties of the mein-stream fluid
w o refers to properties at the wall,
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Table 1 : Contraction profile

Distance upstream Half-width Half-height
of working seoction
inches inches inches
0 2,00 6,00
1.8 9,04 6.03
306 9010 6007
5elr 9,20 6,14
7.2 9,3 6,23
940 9454 6,36
10,8 9,82 6455
12,6 10,19 6.80
Vo 10.67 7.42
16,2 1130 75k
8.0 12,42 8,28
19,8 14422 954
2106 15493 10.62
23,5 17.16 1144
25,2 18,13 12,08
27.0 18,94 12.§3
28,8 19,64 13,10
30,6 20,24 13,50
224 20,77 13.85
a2 21,23 1%.15
36,40 21465 ol
37.8 22,05 14,68
39.6 22441 14,92
L4 22,72 15.14
432 23.00 15,33
45,0 23424 25,49
46,8 23 lids 15464
11’8.6 23062 15.7’4‘
504k 23476 15484
5242 23,87 15,92
5440 2394
5548 2399
570 24,00 16.00
()_'_r - 9n)

Table 2/



x
(£t)

g.,912

1,83
2,75
302k
b2k
4eB3

3446

- 23 o

Table 2 : Results of hydrodynamic measurements effected
with the injection slot showm in figure L4a,

u /hG = 1440

CMAX
Vg = 0,285 inches
u R R R R H H c /2

87.55 530000 -1557 =1832 -3872 0,850 2,114 0,0036

53e5 87.33 819000 = 466 =~ 673 1454 0.692 2,160 0,0030

77

116
157
179

203

88,7 1063000 1233 922 1682 1.337 1,823 0,00245
88,0 1581000 1863 1387 2507  1.343 1,807  0,00230
8645 1701000 2618 1952 3507 16342 1,797  0,00206
85,5 2198000 3002 2255  LOBL 1,331 1,798  0.,00188
85.8 2510000 3653 2811 5102 16300 1,815 0,00184

Table 5/
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Tabla 3 ¢ Hydrodymamic measursments obtained with the
injection slot shown in figure Lb.
RUN 1 T u, fu, = 2,66
Chay ©
m = 2,26
g = 0,248 inches
R, = 1.95 x 107
x/yc U, Rx R, R2 R3 H H3 cf/2
(£%/8)
0 68,41 0 ~10869 26365 «89990 0.412 3,413
10,08  69.3 87880 11663 ~23679 ~72651 0,493 3,068 00,0102
20,16 68,1 172900 12431 -2316L -67059 0,537 2,895 0.0095
40,32 684 346200  ~12743 <2046L <5377 0,623 2,628 0,0080
80,65 67,4 680600 ~12101 16874  -40506 0717 2.401  0.0059
120,97 66,5 1010000 =12695 16716 =38766 0.759 2,319  0.00490
161,29 66,8 1367000 ~12828 16261 36837 0.789 2,265 (Q,00414
201,61 664 1696000 =11212 «13880 30991 0.808 2,233 0.0036
RUN 2 : ou, Jfu, = 1,94
Cyay’ @
m = 1.65
Rc = 1416 5 10}+
x/yc u, R, R, R, 33 H H3 cf/2
(£t/8)
0 68,8 0 ~5567 ~10066 28006 0553 2,782
10,08 6942 87110 ~5306 =~ 8227 20960 0,645 2,548 0,0076
20,16 67,9 169000 =5393  « J7L8 18872 0,696 2,436  0.0069
40,32 67s7 337600 0,0052
80,65 67,3 667700  -3657 = 4373 = 9526 0,836 2,187 0,00385
120,97 67,3 1020000 3162 - 3710  « 7974 0,852 2,149 0,003%22
161,29 66,8 1348000 =2400 -~ 2858 = 6135 0,840 2,147 0.00284
201,61 66,9 1682000 -1426 - 2062 w4476 0,691 2,171 0,00247

RN ¥/



(£1)

0,21
Osb2
0,83
1.67
2.50
3033
Leo17

(£t)

0,21
0okl
0.83
1.67
2,50
3035
bet7

/3¢

' 9,88
19,76
39453
79.05
118,58
158,10
197.63

x/¥q

9,88
19.76
39653
79.05

118,58
158,10
197.63

(£t/s)

6649
6749
6703
6705
6741
6845
6842
67,1

RUN &4

o
(£t/s)

6707
678
674
68,0
67.2
£8,3
6842
66,6

u Ju, = 2.0
CMAK G
4] = 1.75
Yo = 0,253 inches
RC = 1o}+6 x 104
Rx EH RZ RB
0 -6183 11269 =31948

86520 ~6205
171700 5924
343300 -48T1
679500 ~3649

1037000 -2999
1377000 =2090
1595000 - 206

u /uG = 1,48

- 9920 ~25835
- 8706 ~2153L
- 6368  ~14L646
- 4376 = 9539

- 3521 =~ 7542
- 2567 =~ 5531
- 675 = 1663

4

-~ 1575
- 4006
- 3859
=~ 1795
- 76

1164

2399

“uax

m = 1,22

yc =+ 0,253 inches

B, = 1,054 x 10
R R, R,

0 ~1899 ~3112

86520 -1408 -1799
171400 1461 =177
345500 = 658 -~ 836
EBI000 - 246 27

1043000 1025 688

1379000 1892 1369

1684000 2710 2005

3553

0.549
0,626
0.680
0,765
0,83
0.852
0.814
0,305

0,610
0,783
0.823
0,786
8,965
1430
1,382
1.352

2,835
2,604
2,74
2,300
2,180
2,142
2,155
0464

2034
2,227
2.172
2,146
-2, 764
2,691
1,752
1,772

cf/E

0,0079
0.,0073
0,0053
0,00386
0,00310
0,00265
0,00226

0,0049
0.0045
G,0035
0,0026
0,0023
0,0020
0,00185

RUN 5/



(£t)

0021
0ok2
0a83
167
2,50
3033
Lot7

(£t)

021
0,42
0,83
1,67
2,50
3033
bo17

X/

9.88
19.76
39053
7905

118058
158,10
197063

/¥,

0
9.96
19,92
3984
79.68
119,52

159436
199420

RUN 5

G
(£t/s)

6702
6706
6643
66,8
66,1
6802
69,6
6702

RUN 6

u

G
(£t/s)

68

68 .4
67 ok
69 ol
67 ol
69,2
69,2
67.7

0
86710
170300
341800
676000
1045000
1465000
1737000

c. /%

0
88460
173600
357300
691400
1064000
1419000
1737000

- 26 -

= 1,00
= 04855

= 04,263 inches
= 749 x 107

Ry R,

1250 897
2194 1796
2364 1916
2752 2108
3354 2519
3798 2912
L634 3,80
L4585 3399

= 0,906

= 00753

= 04251 inches
= 6.65 x 10°

R, R,

2197 1383
2772 2121
2909 . 2184
2994 2262
3539 2695
3895 3020
4167 3225
4316 3303

1587
3318
3510
XH02
L4539
8227
6204
€058

2381
3802
3890
Lon6
L4784
Shly
5810
5935

1,393
1,220
1,247
1,305
10331
14308
1331
1.340

1.;583
1,306
1332
1,323
14350
1,290
14,292
10307

1,768
1847
1.831
1,804
1,786
1.795
1.783
1,782

1,721
1.792
1,782
1,788
1.775
1,803
1,802
1797

RUN 7/

0.0023

0,00198
0,00176
00,001 7L,
0,00164
0.00165

0,00183
0,001 71
0,00176
0.001 74
000173
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RUN 7 : u, fu, = 0.82%
CMAX G

mn = 09691
e = 0,251 inches
Rg = 5,95 x 107

x x/yc U, R, R, R, ZR3 H H 3 c f/ 2

(rt) (rt/s)

0 8] 68,0 0 2679 1671 2804 1,603 1,678

0s21 9,96 68 .8 89570 3300 2398 4202 1,376 1,753

0ak2 19,92 675 174900 3318 2397 4203 1,384 1,753 0,00170
0.83 39.84 68,0 252800 3503 2541 b7 1,379 1,761 0,00165
1,67 79,68 675 689600 1022 2987 5300 1,346 1,774 0.00166
2,50 119,52 69.1 1058000 4032 3096 5564 1,302 1,797 0,00176
3633 159436 68,7 1401000 4,222 3214 579  1.314 1,803 0,00277
LA7 199,20 66,8 1704000 479 3429 6166 1,306 1,798 0,00173

RUN 8 t+ u, fu, = 0,968
GMAX G

i = 0:817

Yo = 04,251 inchos

RC = 6,96 X 103
b x/yc v, R, R, R, R3 H H3 cf/2

(£t) (£t/s)

Q 0 677 0 1612 1081 1888 1,491 1. 746

0.21 9.96 68,6 87290 2197 1769 3245 1,242 14834

042 19,92 67.3 172600 2485 1960 3562 1,268 1,818

083 39.84 677 346800 2845 2132 3820 1,335 1,792 0,00190
1,67  T79.68 €649 £88800 3427 2513 L4528 1.38 1,781 0,00176
2,50 119,52 68.9 1065000 3872 2965 5321 1,306 1,795 0,00175
3033 159,36 68,7 1382000 4085 321 5597  1.309 1,794 0,00173
Lo 17 199.2 67,3 1693000 4345 2275 5852  1.327 1,787 0,0017C

Table 4/



Table L (continucd)

RUN 7
Xy, 0
L 1,00
12 1,00
28 0489
L 0,707
60 0,570
76 0,489
92 0,436
108 0,406
131 0,363
155 0,330
168 0,306
180 0,288
200 0.257

- 98 -

RUN 8
Xy, T
L 1,00
12 1,00
28 0,92
4y 0.815
60 0,700
76 0,601
92 0,560
108 0,520
131 0477
155 Qo446
168 0,414
180 0,390
20l 0,342

RUN 9
x/yo 9
4 1,00
121,00
28 0,685
Ll 0,452
60 0,367
76 0,312
92 0,291
108 0,266
131 0,230
155 0,193
168 0,188
180 0,175
204 0,260

RUN 10
XV?G i
b 1,00
12 1,00
28 0,91
Lo 0,841

€0 0,782

76 0,707

92 0,70
108 0,70

131 0,647
155 0.597
168 0,558
180 0,523

204 0,457

Table L/
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Comparison of the universal velocity profile with velocily measurements obtained from flow on a flat plate
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