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SUMITARY

This report pgives aetails of a 5% x 5% zupersonic tunnel
designed for heat transfer snd boundery layer rescarch and the
prelimanary results obtained wal: 1t a4 a Much number of 2.5, 4
stean heated copper plate L' x 1L as let into one wall and provaision
1s made for measwuring the plate Lemrs rators p and the heat dissipated
from the plate to the 2ar streem nivel o range of temperaiure differ-
ences, HMzasurements of boundary layer profile and platc temperature
without heat transfer have also been made.

The ratio of stagnation {emmirature to wall temperature for

T
zero heat transfer (kinctic temperalure) was found to be _2 = 1.07

T
Ty = T1 - . v
givaing T o - 0.88 which compares with Squire's theoretical
=~ T
o 1

estimates of /3 - 0.896 (turbalont boundary layers) and Ul/z: 0.549
(laminar), for Prandtl No, o = 0,72. Wathin the range tested, ths
heat transfer was proportional to the dafference between the actual
plate temperature Ty and the platc temperature giving sero heat
transfer Tw and was alsc independent of the temperature level,  The
velocity profile of thie boundary layer on the plate agreed well with
the profile for incompressible turbulent fiow, Caleulatiion of mean
heat transfer coefficaents from the boundury layer measurements,
using Von Karman's relaticn vetween skan fraiction and heat transfer,
agreed wath the heat transfer mecauwrements wathin the limats of the
scatter of the experaiments,
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1 Introduc sion

Exporimental confarration was required of theoretical predictions
of the heal uronafer cosfficients and kinetoe temperntures obtained
on bodies imrerzed n supersonlc alr sitrecms, T twmnel bo be
described in thais report was buili to susl e h.oa o Altitude Test
Plant wnd o Mach aunber of 2,5 was chosen 1o berng tne haghest obtain-
ablz mth 4 reasonable size of {unnel. £ wvar o lized that for
obtaining knovn bouadory loyer condatioans oa hae awat transfer swrfacce
1t saculd be an the f{orm of a efreanlincd Lody luce .ed an the centre
of the a'r strean free from the offcacs off tie Doundary layer on the
woells, A prelimainsry design [or such o body was +ocepared but con-
siderable ff.caltzos 2n obloaning wnsfo~a h.aling wna accurately
measuring the hoat daissipotion trom such o body %o v wncounterea. It
was ther.fore declacd, In the firot alsmance, to mkc measurements
from a heatida surfeec lot inbto o wall of the tunnel and to try to
cbtasy similar boundary layer conditions 1o thnae ¢noa central tLoly
by provading < &lo. oo the Jeawing cuge o i s wlices lhrough vhich
the boundary layer could be removed by su.tior.

Prelamainary checks of the tunn:l performance were made wath a
dummy wcoden plate an placc cor the heated copper plate. The resulte
showed thac 1t was nscessary 1o taper the aczzle walls outwards
towards the exat te obtain an approxamocely congtant Mach number an
the working scetioa, The average Mach numbor then obtained was closc
to 2.5. A& traverse through the boundary layer near +he leading edge
of the plate with 1 patot tube U,018" daa. indicated thet with no
suction on the 8lot ithe boundary layer was about 0.,2" thick, Owing
to the lov pressurc in the tunncl the largest vacuum pump then avelle
zble could ornly removec a small quantaty of .ar through the slot and
this had 10 appreciacle effect on ths boundary layer cven when the
plate was razscd dbove thu tumnel wall and a Jeading insvead of a
trailing cntry provaded for the suction stot,  Steps have been taken
W provade o largsr suction copacity nd in the meantamc the hot plate
was 1nsialled and some measurements of heat iransfe- were made with
the plate level wath the walls ond without any sustion on the slot
in order to gaan expericnce on the tochniague of hest tronsfer measure—
ment 1n the turmel, This report contains a descraption ol the tunncd,
hot plate and cxperamcntel appar.tus uvsed and gives actaals of the
results obtazned 1n the obove eonditions,  When ihe lacger suction
capacity 1s cwvailable further efforts will be made to vemove the
boundary layer completely from the leading edge nnd so obtain a
laminar boundary layer startang at the luading <ldge of the plate and
persasting as far back 28 possible,

2 pescription of dpparatus

The gemerar arrangement of the tunnel zs set vp for heat trans-
fer measurements i1s shomn on ¥ig.l. The tunnsl is operated witnh its
ax1is horazontal and the hot plate vertical. Dry «:r is supplied to
the tumnel 21 atmespheric pressurc from a rofrigeratang and heating
plant, the temperature of the air can be varicd between -50°C and
+60°¢, The atr is c¢xhausted from the tunnel by the altitude Test
Plant.

2.1 Nozile¢ Desgign

The nozzle shape was determined graphically usang Busemann's
method, no allowance being made for boundary layer, Taple I gives
deturls of tiw shoape used. The leading damensions were originally
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Entrance 5 x 6.5, inches

Throat 5 % 1,808 inches
Working sectaon 5 X 5 anches
Length of nozzle 15,8 inches
Length of Juct 20.2 inches

Length of test plate
including guard rang 14,0 inches

When the width of the tunnel at the exat end was increased to allow
for the boundary layer the damensions became

Entrance
Throat
Exit section

x 6,06 1nches
x 1,56C8 inches
X 5,235 inches

o

The designed operating conditions for the nozzle are

Pressurs ratio /P, = 0,055
Mach number M = u/a = 2.54L8

Temperature ratio T1/Ty, = 0.436

where P = pressure at end of nozzle.

P, = stagnation pressure.
u = velocaity at end of nozzle.
a = velocity of sound an air ot the conditions at end of nozzle.

Ty = free streem temperature {absolutve) at end of nozzle.
T, = stagnation temperature (absolute).

In practice the pressure ra.losmeasured from the static holes
in the hot plate had a mean value of C,059 gavang a mach number of
2.5.

2.2 Hot plate

The best method of supplying an accurately known quantaty of
heat to a body is by electracity. This method was considered when
designing the hot plate but was abandoned because of the dafficulty
of ensuring a uniform plate temperature when the local rate of heat
transfer is uxpected to vary considsrably over the area, An
indirect electrical method was therefore chosen in which the pl.te i
heated by steam, the requarcd guanii.s of sicam being gensrated in an
glectrically heated boaler, By this neang 1t can be ensured that the
temperature of the plate remains practically constant in spite of
large variations in the local rate of heat flow,

The genersl arrsngement of the not plute i1s shown on Fig.2 and
the diagremmatic arrangement of the stzam Leating circuit is shown on
Fig.3. The hot plate and ite associated guard rang were milled out
from a solad block of copper. The guarcd ring surrounds the plate on
all four edges, separated from 1t by n air gap except for 2 thin
connectang iink of covper {c preserve o smooth surface, The interior
of the plate 1s well ribbed for stiffness ond to promote a high rate
of heat trensfer between stezm and vlate, Heat flow from the back
of the plate 1s minimised by & thack copper plate attached to the
guard ring and separzted from the hot plate by a small air gap, To
prevent the accumulation cf =zar an the steam space, the electric boiler
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is adjusted to supply more steam than required by the plate and the
gurplug 18 tekeén cul from the bottom of the plate and condensed in a
small cooler. Any entrained air is carried out by the surplus steam.
The electracal input to bthe boiler is measured and the condensate is
collected over a known tame and wsighed, TProm this the heat dissipatoc
from the plate can be calculated allowing for all logeses. The boiler
and connecting pipcs are corcfully ansulazd, The guard ring is mian-
tazned at the same temperature ir the plate by circulation of steam from
an independent supply at the zame pressure 28 in the boiler. In order
to demonstrate that th: heal transfer 1s proportional to tomperature
dgafference and to provide a chock on the plate temperature required for
zero heat transfer, « rumber of tesis were run at a reduced steam
pressure,  Fou thrs purposc the steam circuit is as shown in Fag.h,

The circuit 1s coupled to the main vacuum pump laine which gives o

steam temperature of abou. 557C. It 1s then possaible to obtain a
stagnation temperaturs slaghtly in excess of the plate temperature.

2.3 Pressurs neLsurements

Fig.h showe tns points at which provision 1s made for measuring
the static prossure both 1n the tunnel walls and in the hot plate,
Fig.,6 shows dicgrammntically the connections between the menometers anc
the tumel., 1t was found neeeasary to £i1 by-passes round several of
the water mancome tere toprevenl the Icwvel rising too high during
starting. Hach bunk of water manomsiers is connected to a mercury
reference manometer. A spcelil morcury sleoping gauge vas constructed
to read directly absolut. pressures up to abeut 3" Hg. wath 2 three-
woy connection 4o cach Tenk of watcr menomcters. The diametcr of the
preseure measuring holes ir the tunnel valls and the hot plate is
about 1/32 incl.,

2.4 Tomperature mecsurements

Faig.2 shons that provision is made for fitting thermocouples into
ihe hot plate of vwwesn cach pressuve messur ing point along the centre
line, The thermocouple wares are of manganin and constantan C.2 mm,
drameter silk and enamsl covered. The Jjunction 1= made in the plate
by driving a copper peg into a small hole in the plate through which
the barcd ends of the wird protrude. The feace of the plate is af'ter-
wards filed flush and polasned, The junetionsg are connected through
a double~-pole 165-way switch to a compensator, the circuilt of which in
shown diagrammatacally in Fag.7. It will be secn that the e,m.f. of
the couple is talanced by 4 sensitive mirrer galvanometer agaanst
voltage drop across a resilctance of known value, The current required
to balance the ~,m,{. of the couple 23 then a measure of the gouple
e.m,f. and hence the tempersture of th: hot Junction end i resd on
a sengitive amp, mer.os, ™ coid Junclion as mainteincd at 0°C
in a flask of 1re and watcr,

The shunt on the meter as adjusted so that 1CG divaisions on the
geale correspond spproximotely to 1 temperoture difference of 1000C,
There are 12 couples on the plate, the remsining positions on the switch
are useld for measuring room temperature, stegnation temperature at the
tunnel entrance and car temperature at the nozzmle in the boundery layoer
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3.1 Stagmation pressure and temperature

A8 the air 1s not crawn an to the tunnel directly from the
atmosphere but comes from the arying and heating plant through a long
pape it 1s necessary toc calculate the {rue stagnation pressure and
temperature. The stagnation pressure can be obtained from the static
pressure at the entrance to the tunnel when the areas of the entrance
and throat are known and ascuming asentropic flow botween the two,

In this way 1t was found that

Py = 1,020 P

where P 18 the static pressure at the entrance and P, is the
stagnaetion pressure,

The maxinmum veélocity of the anr at the tunnel entrance is of
the order of 180 ft./ssc. so tnat the daifference between the stagna-
tion temperature and th. lemperature measuredby the thermocouple in
the air stream is of the order of 0.2°C. The mercury thermometer ie
however located in the large auct in front of the tunnel where the
velocity 1s much lower so that the correction is negligible.

3.2 Wall temperature

In order to determine the heat transfer coefficient from heat
flow measurements 1t 13 necessary to define the temperature difference
giving rise to the heat flow, In this case the upper temperature is
easily determined from the readings of the thermocouples embedded in
the surface of the hot plate. The lower temperature, that is, the
effective air tempereturc, is not so easily arraved at, The free
stream temperature [ 1s obviously not the appropriate one to use as
air at free stream velocity can nover be darectly in contact with the
statronary plete surface owang to the boundary layer, It can also
e shown that owang to the sxchange of heat in the boundary layer the
stationsry layer of air in contact with the wall when no heat is
flowing through the wall dous rot gquite atitain stagnstion temperature
Ty but 1s slightly lower. This wall temperature ot zero heat flow,
sometimes called the kanctic temperature may be defined by the

equation )
— m L
TW = L F -2%0;
Ty = T +
Echp
. Z
c Ty = Ty (1= B) = B¢
2chp
whaich may be reduced to
Y17
J'P Y
AtnTOl—(w——-— (1 - B8)
‘o

Several determinations of [ were made after the conclusion of the
heat transfer tests and are desecribed in detaal an para. 4.1,

3,5 Hsat logsss from hot plate and boiler

The net heat dissipation from the hot plate to the air stream is
obtained by subtractaing vurious losses from the total electracal input
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to the boiler, Th® rources of neat 1cds are:— surplus steam from the
hot plate, heat loes from toiler, comecting pipes and manomestsr, heal
loss to the ad jprenl turmel vall Yy ~cniuclion, and heat loss from the
hot platc surlfacc to the nuide of the tunnst by radaation.

The heat lost from the swrplus stoem is readaly caleulated from
the amount of cordonsute <2u?lecwed durin, sn exporiment, The hoat
lost by conduction rrom beiler minometers cie. oad from the hot plate
to the tunmel z8 crlewiioed fyrom ibe ropul’s of a beést vhere heat loss
from the surface of thae clawe -ws prove~tey by on ainsulsting layer of
cork. The lose by rodistaion 2701 ta. plate as calculated assuming
average emassiviticz for copner oo tinpel surlaces,

L Experamental Ieaults

The programme of tests wos avringed to give measurements of
heat transf'er cover as wad- o roage o Lemperature as possible in
order to wverify that heot fransfor is groporticnal to the temperatur:
aifference butweer thoe xaretre tem 2 Glyr: dn the bourdary layer and
the temperature of the hot plato. The lowest stagrnation temperaturs
obtained was —50°C ind “ne haghest +62°0, As mentaoned an pero.2.Z2
a number of tusts were dons wath ths sbeam ecireuit connccted to the
vacuum pumps o redace the hol plre: temperaturce from 1009C to about
55°C, gavaing values o' T, - 1. guite closc to zuro.

“he results o' the heat transfer mrsurements are given in

detail an T.ble II. in ¥1g.8 they .re wlotted in the form of
i
Qe zgainst Tﬁ te show the relavionship betwesn heat transfer
AT »

1 T
and %emperaturc dafference, It va1ll be seen that there im & certoan
amount of seatter in the results omd tb 5 they are nol guits on &

straight lanc., In g, 9 the sane reselle are plotied after havang
been corrscted for variation in ~ir flow wae to changs of barometric
%*

u

pressure and af'ter fairing onto 2 constant value of ml = 2,54 X 10b
v

1oy Cooae7 1 .
or 10 whera
(inches) L metreas |’
i
Uy = free stream velocity

v

i

1 = kanematic viscosity at free sireanm condations,

1,

The points now lie quite close to a siraight line vhich neeta tho
l’I‘
abscissa at a value of —£ = 1,07. 4s wall le shown later thas value
It
agrees closely valh that measured witeout heat transfer, From thiz
evidencse a mecan heat trenzfer coefficicnt Eﬁ can be derived from the
experimental results by the formula




- (63
Values of ky are plotted against v_l, on Fig.10.

1

4.1 Measurement of kainetic tlsmperaturs

Owing to the exchange of heat between the low speed regions of
the boundary layer and the frec s™ie-» car, the wall of the tunnel does
not quite attain stagnation Zemperature when no heat flows through the
walls. As already explained, 2t 1r necessary to know this temperature
to obtain the effectave temperature difference for heat transfer, In
crder to meazure the kinstic temperature 3t 1s necessary to be quite
sur¢ thnat no heat is being transfurred through the walls, This con-
dition was obtained by raising the stagnation tomperature in the tunnel
above room temperatur:s arnlal the zanstie temperature was equal to the
room temperature., TFzz.ll shows the experamental rig used to ensure
that the corrsct conditions werc kewng obtained., The copper plate
as used for the heat tests was fitted in the tunneil, but mstead of
the boiler a vacuur rumn ves coup’cd un oo that air from the room was
drawn through both the gusrd ring and the plate. Thermome ters were
fitted an the anlet and clLtiet pipes and gave gquite a sensitiwe
indication of whether any heat was beaing transferred to or from the
plate.

The test proceduse was to operate the tunnsl for a ghort time
at a stagnation temperature a 12ttle below the value necessary for
zero heat transfer and to heat up the tunnel air supply gradually
until the zero point wos passed, recording at freguent intervals the
stagnation tumperature, plate toempsr-ture, anlet and outlet circulat-
ing air temperatures end roon tempsroture, The process was then
repeated with the stagnation temperature slowly falling. It was
found that there was an appreciable time lag between the change of
stagnation temperature and change of temperature daffercence in the
circulating =ar due to the heat capaicaty of the copper plate and some
difficulty was experisnced in controlling the tumnel air heaters to
give sufficiently slow ard smcoon chenges of temperature, Pig,l1l2
shows o typical time and temperature chart fur one of these experiments.
FProm theae it is guales 2a0sy to pick out the conditions requared for
zero heat transfoer,

The following table gaves the results obtained from several
observations, taken with increaring anld decreasing stagnation tempera-

tures, The value of .2 1r sbout 1% lower for decreasing stagnation
Tp

temperatures than for increasang temperatures. The average value of

1,071 agrees very close wiih the intersection of the line through the

heat transfer results on Fig.S. ’

Wall Stagnastion T Tw T1 Direction of change
Test | Temperature| Temperature| £ To ~ T of stagnation
No. T °C abs. T, °C abs T = temperature
1 -+ To
Ty

40 291..7 213.0 1,079 0.8683 ascendang
L0 296.0 318.9 1.077 0.8713 ascending
Ll 287.9 309.1 1.C74 C.87A0 ascending
LO 295 .4 315.C 1,063 0.8853% descending
L1 287 .L z05.3 1,061 0,8965 descending
L1 288.1 307.7 1.063 ,8853 descending
Mean - . 1.071 0.8805 -




4.2 Measuremcnts ol boundary layer

In order to correlace the hcat transfer results with theorestaical
estamates 1t 18 nccessary to have measurements of the poundary laysr on
the plate., IFor this purposze a wocden model of the hot plate was made
and fitted anto thes tunnel; new side wvalls were alse made incorporating
observation vindows., & number of holcs were drilled an the tunnel
wall opposite Lo the plate intc whach 2 p_tot tute was fatted., The
pitot tube was fatbed with o micrometer traversing gear cnabling the
distance of the tube frow the wall to be measured to 1/1C00 inch,

The measurang tube was made from hypoderric needle O,0LE anch dirameter,
Full details of the tube and traversing geas are gaven on Figs.b and ©
of Ref.2, By this mesns the velocity distiabution an tnc boundary
layer without heat trangvsr was measzurcd at  voracus distancus {rom the
lcading edge of the plale,

5 Correlation of Experimcntal Heat Transfer Results with Bouncary
Layer wessusuiehos wnd wieh Theocy

5.1 Mean heat transfer coefMicient Eﬁ ane Lts experimental variation

T i
mth £ and (~“

v
T? 1

Measurcments of the plate tomperature in the zero heat transfler
condxtion have shown that

r‘L\
1.06 ¢ -2 <1,08
TP
Also extrapclation of plois of the rale of heat transfer from the plate
T
against == has shown that the hoat Flow becomes zero when
Tp
TO o
£ - - 1,07 for Mach Number M = 2.5,
Tp

This corresponds to

|

DT oss e 4 for o = 0,72,
To = T3
where Ty = adiabauic wall temperature {kineililc temperature)
Tl = free stream temperature
T, = stagnation temperature
0 = Prandtl number (E%gf)

The value 61/3 (=0.896) has been quoted by Squlrel for turbulent
boundary layers in low spaod flow,

uy
The variation of k w2 lh = 1s shown on ¥ig.10, The broken

1/5 .

lines show a variastion as which fats reasonably well despite
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the scatter of the experimental resulis. This is the variation which
is satisfied approximetely by turbulent boundary layers in low speed
flows for Reynolds numbers greater than 109,

As the boundary layer has only been mzasured for the zerc heat
transfer case 1t 18 necessary to show that hcat transfer coefficients
calculated for tnis case are of general waladaty. Fig.l3 shows that

Tt

i
this is the case within the limits of the range of -2 covered by the

tests, In this fagure the caperi ental walucs of kH have bsen brought

u =
to % = 2,5 x 107 (-—$£~*} = ]07 L assuming a L/5th power

vy irclies o metres
variation and plotted agasrst ﬁﬂ. The results show a scatter of about

P
iﬁ% about a mean but there is ro sign of any con- stent variation wilh
temperature.

5.2 Boundary laver conditions

Fig.lh shows the velocity profile measured at different distances
from the leading edge of the plate (from 1.3 to 10.3 inches), For the
condition of zerv heat transfer with the duray plate on which these

u 1
measurements were made, Ji = 2,0 x 109 (T;E;EE) « The variation of

1
free stream Mach number alcig the tunnel as deduced from the statac
pressure measurements aleng the plate-and aloar the opposite wall are
shown: on Fig,1h. The Reynolds nuzbor valuss sce bagsed on distance from
the effective starting point of the boundary layer as determined later,
The values of u/uy werc determinsd from the pitot measurements using
Raylesgh's pitot tube fo-rvla und assuming constant® total energy across
the boundary layer. Values of thz displ:zement thickness & were
computed from the formula

/ \
5% = [ 3 .. Pu \ay
J =y
o

where u is the velocity asc T poinl of measurement in the boundary laysr

P is the density at the point of measarement

uy is the free stream velo-ity
pl ig the froe strecwm Jensuiy

¥ is the distance from the wall to the centre of the pitot orifiecc

¢ is the full bourdary layer thickness,



The displacement thickness is used an preference to the full boundary
layer thickness because of the indefanite nature of the latter,

All the profiles shown are of a fully turbulent nature, TFor
small values of y/0%* they follow the 1/7th power law of Blasius®, but
for larger values the varistion iz closer to a 1/6th powsr law. The
best agreement over the whole range is obtained with the broken line
derived by Schultz—Grunow3 from low specd tests at Re = 107,  This

indlcates that compressabilaty has little effect on the zero heat
transfer turbulent velocaity profile, ecxcept possaibly very close to the
wall where the experaimental results are in any case less accurate.

The experimental ratios of dasplacement thicknessz to momentum
thickness are shown on Fig.l6 and Table III and compared with values
calculated from 1/5, 1/7 and 1/9th power laws., The momentum thickness
5 was calculasted by the formula

S

n

1

e~:/ fu {1-—31_\[13; (1)

pl U.l \ ul /

The free stream Mach number is taken as that measursd at the outer edge

of the boundary layer by the pitot ian conjunction with the stetic pressure
at the wall. Here agnin tne experimental walues lac between the 1/6th
and 1/7th power law variations.

The use of a 1/7th power law as a working approximation there-
fore secems Justafaed, partaicularly as it 1s in agreement with low spced
resultes of about the same Reynolds number.

If

then

5 = kReX'l/5x (2)

where x 1s the dastance from the start of the bowndary layer, and
51, [y W/
k is a constant. Therefore O t;; should be a linear function of
/
K. Values of this ar. plottaed on Fig.lY against the distance x from
the leading edge of the plate, The values taken for & are the means
between the values obtained by scaling Jp the momentum and displacement

thickness accordang to the 1/7th power low from Table IIT.

Thrse series of measurements of the boundary layer on the dummy
hot plate were made. The farst series (symbol "x") were made before the

¥ This states that
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heat transfer tests and were not sufficient in number to determine the
profiile properly. The second series {symbol "@") were made when the
dummy plate was replaced at the conclusion of the heat tests and gave
results gresater than the original seriss except for the position in
front of the leading edge of the plate, indicating a disturbance at the
leading edge producang thackening of the boundary layer on the plate.
This was attributed to air lesking into the tumnel through the suction
slot and a third series of measurements (symbol "+") was made with a
small amount of suction applied to neutralize the leakage. These
results agree well wath the original series enabling a mean curve to
be drawn such that

-1
= 0.418 Re_ /5 X (3)

Cn
!

where

X X + 7.5

1]

indicating an effective start for the boundary layer 7.5 inches ahead
of the leading edge of the plate. A similar curve through the second
series of measurements without suction gives

G
i

0,461 Rex"1/5 X ()

where

X¥=x+ 7.8

4}

&5 it was not possible to be certain that there were no leaks during the
heat transfer tests, especially as sealing was more difficult with the
hot plate, it was decided to evaluate skin friction and heat transfer
coefficients usang both boundary layer profiles. Equation (3) will

be called "Boundery Layer Approximation No,l" and equation (4) will be
"Boundary Layer Approximation Wo,2",

5.3 Caleculation of mean heat transfer coefficients from the
experimental boundary layer profiles

For a flat plate in an air stream without pressure gradients,
the momentum equation gives

T 86
&=~ (5)
5;
pl ulz X

where T_ is the local shearing stress at the plate (skin friction) and
& iz the momentum thickness.

(g) is given by equation (1} and for X = (y/ﬁﬂl/7, constant total energy
ul

gnd M = 2.5
&
~ = 0,06
5 S5
Using either equation (3) or (4) and substituting for &, expressions
for ‘o _can be obtained, in the zero heat transfer case, in terms of
£ 2
1 ur

(5},) [: 2.4 X 105] and X.
Y1
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Assuming that Von Karmans extension of Reynolds analogy
between turbulent heat transfer and skan friction iz valiad and using
the constants gaven in Ref.l and & Prandtl number ¢ = 0,72, then

1w Py
= = - 2,68 |~
N T T
sy o y 2

from which ky can be determised as & Tunclion of X, Integrating

betwesen values of X corresponding to the leading and treiling edges
of the plate and divading the result by plate length gives values of
the meanr heat transfer coefficient EH. The valuss of ky calculated
by thiz method from the two boundary layer approximations of para, 5.2
are shown on Fige.lO and L3, It will be seen that the mejority of
the experimental results lac hutween thess two values.

1t Ls poscible thnot the scatter of the heat transfer results
was due to variations in bouadary laycr thicknoss caused by leakage

round the plate. There .s also some iniication of a thickening of
the boundary layer caused by the sloi vithout tcakage 80 that a

completely undisturbed boundary layer might gave 2 result sliightly
lower than that given by approximation nunber 1.

& Conclusiong

The design of the hot plate and the method of mcasuring heat
transfer appear to be quiate satisfactory provaded that leaks are kept
to a minimam, The present resulls show a scatter of about +5% but
1t is thought that thais could be reluced with grezter attention to
reducticn of loaws, The veloelty Jigiribution an the tunnel is
adequute for the purpose of those tests and 2 reascrnably constznt Mach
numbcer ig obtained. The slot oy removal of the boundary layer by
suction was not effoctive and requires ' Te made much loarger and to
have a leading instoed of 2 broaling eniry,

Direct measurement of woll temperature for zero heat transfer
(kinetic temperature) and extrapolation of the heat transfer tests are

. . 0
in close agreemert in givang a value of T 1.07 at a Mach number
w

of 2.5 which leads 1o a valuc of B = Tw-T1 = 0,68 and compares with
Tt

Squires'1 estimate of Ul/j = 0,89 for turbulent boundary layers and

Ul/2 = 0,849 (leminar),

The experimental rezults show cleaviy that the heat transfer s
proportional to dafference Tbetween plate tewpsrature and wall or
kinetic temperature and that the heat transfer coefficient does not

vary with -2 wathan the renge of temperatures covercd by the teats,

T
To F
(O.6< T <luo3)a
Tp



edge of the plate and there is a discontinuity in the rate of growth
of boundary layer at the leadang edge of the plate. There is some
doubt as to the actual boundary layer thackness during the heat testa
but 2t is thought to lie between values given by the two relations

-1/5
5 = 0,418 Re, / X where X = x + 7,5 inches

and -1/5
& = 0.461 R X where X = x + 7.8 inches

Calculation of average heat transfer coefficients Eﬁ from thesge

two estimatcs of boundary layer thickness assuming constant total energy
in the boundary layer and using Von Karman's cxtension of Reynolds
analogy gaves upper and lower wvalues which embrace the majority of the
experimental points (Fig.10). From this it may be concluded that Von
Karman's anslogy is valad for compressible turbulent flow and that
variation of the leakage round the plate would account for the scatter
of the experimental results, The value of the results is limated by
this variation and further tests should be made wath better known and
more constant boundary layer conditions on the plate.

No attempt can therefore be made atl this stage of the work to
compare the cxperimental results with theoretical estimates, except
to state that a theory which gaves higher results than those measured
cannot be accepted wnereas a lower result may be acceptable.
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Table I

Shape of Nezzle

Distance from Width of Distance from Width of
Throat Nozzle Throat Nozzle
¥ inches ¥ inches x 1nches ¥ inches
0,00 1,803 5.00 L 3hdy
25 845 .25 L2l
50 L9951 50 492
(5 2,132 .75 558
1.,0C L3310 6,00 L0520
25 453 25 676
.50 651 50 L 727
75 ORI W73 e
2,00 971 7.00 816
« 25 3.,12E L 25 852
.50 265 .50 B8l
«75 402 75 .91l
3,00 532 8,00 934
.25 .65L .25 .953
.50 . 770 .50 . 968
.75 .880 .75 .SE0
4. 00 . 585 9.00 .989
.25 4,083 .25 596
50 175 .50 999
.75 262 V75 5,000
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Table II

Heat Transfer Measursments

Stagnation Plate T Heat Flow | Heat Mass Heat

Expt. Temp, Temp. TQ Q6 x 102 Tranzsfer | Velocity Transf'e
No. To Tp D k.cal./sec. Qé/AITD Plu Coeffic
%K. CK. x 103 kg.sea./m3 kg %

2L 243 371.61 C.654 15.5 11,2 9.59 1.27
2l 243 371.5] 0.65k 15.5 11.2 9.5% 1,27
25 225 371,91 0.606 17.8 12.8 10.19 1,23
25 205 371.91 0.£06 17.5 1.4 1C.18 1.21
27 223 371,91 0.59g 17.5 12.6 10,16 1,19
27 222 372.0! 0.598 17.3 12.8 10,16 1.18;
2 772 371.9| 0.732 12.0 8.66 6,10 1,28
28 272 371.9| 0.732 11.9 8.55 9,08 1,26
29 285 37L.9| 0.768 10.7 7.71 8.57 1.30
29 286 372,0] 0.769 10.6 7.64 8.66 1,350
L3 315 224,61 0.971 3,10 2.56 8.52 1.38
Ly 328 324,81 1.010 1.77 1.46 8.354 1.34
4y 327 324,71 1.006 1.85 1.53 8.34 1.30
L5 334 324,99 1.027 1.27 1.05 8.26 1.35
L5 335 325,01 1,020 1.13 0.934 8.2 1.31
L5 27% 325.5| 0.839 7.46 5.25 8.95 1.35
L6 274 325.0 | 0.841 7.51 6.19 9.06 1.35
47 263 225,21 0.870 6.15 5.08 £.92 1.29
4f 283 325,5( 0,870 5,21 5.12 8,90 1.30
Lo 293% 325.01 0,902 .38 Lohdye 8.77 1.37
48 293 324,91 G.903 5.4k L.49 8.77 1.39
43 304 325,71 0.93% 45 3.66 8.61 1430

\
i






Table ITXI

Measurements of boundary layer on du
hot plate in zero heat transfer condi

¥ = distance downstream from leading edge

Descraption of T . ! o*
escraiption of Tests inches ¥y FI inches
Early Tests 1.28 2 446 2.1 x 100 0,056%
No Suction x 1.35 2.362 247 % 102 0.0587
4.29 2,456 o.65 x 100 0.0761
5.33 2,422 2,42 x 1o§ 0.0780
10.33 2.1 2.2 % 107 0.09L,9
Later Tests 1.26 2.0448 2.29 x 100 0.0436
Ne Suction ® 5.35 2.460 2,96 x 102 0.0872
10.35 2,416 2.36 x 102 0.1095

™

Later Tests 1.:6 2,417 2,99 x 102 0.0587
With Suction + 10,35 2.426 2,28 x 100 G.103i;
Ahead of Plate & -0.9 2.381 2.4 x 105 0.0380

(O is obtained from &% and ¢ by scaling up in accordar
power law velocity profile),
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FIG. 4.
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THE LETTERS AND NUMBERS REFER TO THE MANOMETERS
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FIG.5. LOCATION OF STATIC PRESSURE POINTS IN
TUNNEL AND HOT PLATE.
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FIG.6.
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FIG. 7.
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FIG.7. DIAGRAM OF COMPENSATOR CIRCUIT.
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FIG. I3.
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(EXPERMENTAL VALUES ARE MEAN OF SCALED-UP VALUES OF

DISPLACEMENT AND MOMENTUM THICKNESS _ACCORDING TO ¥
POWER LAW. SEE TABLE II)
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