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CORRIGENDA

Sectaon 6, Analysis of temperature profiles
Section 7. Effect of errors in temperature meagurement

In both the sbove sectiong use 1s made of temperature-velocity
distributions suggested by qulre9. These distraibutions aincorporate
the i1ndex "n" of the power law velocity distribution, which ig
normally of the order of 1/7. It must be stressed therefore that the
curves labelled "n = O" in Figures 20 - 24 have no physical significance

and should only be regarded as gaiving an sbsolute lower (or upper) bound
to the theoretical values.

Setting n = 0 in formulae such as for recovery factor is only
justified on the grounds of its being a convenient and (in most cases)
sufficiently accurate approximation.

28th September, 1953
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Part III - Measurements cof cverall heat transfer
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R. J. Monaghan
and
J. R. Cooke

SUIIARY

Results are given of overall heat transfer measurements and of
pitot and thermocouple traverses of the associated boundary layers op
a flat plate at M4 = 2.43.

A mean value of 0.906 was obtained for temperature recovery
factor and the overall heat transfer measurements from plate to stream
agreed well with the formula

/N5
kpw = 0.045 k Rey T )

which ig the modification of a known low speed formula in accordance
#1th the results of Ref.2.

There was some forward movement of boundary layer transition, a
variation in the exponent of the turbulent velocity distribution and an
1ncrease 1n displacement thickness with heat transfer. However, no
decrease in skin friction below its zero heat transfer value was found.

Under zero heat transfer conditions the temperature distribution
acrcss the boundary layer varied as the square of the velocity distrabu-
tion. For a given free stream temperature, the difference between zero
heat transfer and heat transfer temperature distributions showed an
approxutately linear variation with velocity.
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k| Introduction

This note forms part of a series giving the resulis of an
investigation of the boundary layer on a flat plate mounted in one
wall of a 5" x 5" supersonmic wind turmel, with and waithout heat
transfer, In the former case, direct measurements are also made of
the overall heat transfer rates.

The fairst note gave details of the tumnel and equipment and
the results of preliminary tests, made at a Mach number of approximately
25, with the plate in the tunnel wall boundary layer.

The second2 gave details of the removal of this boundary layer by
suction at the leading edge of the plate and subsequent pitot measure-
ments of the plate boundary layer under zero heat transfer conditaons.

At this stage the nozzle was redesigned to give more uniform
flow conditions in the working section, and the results of check tests
of the zero heat transfer boundary layer were included in the second
note2. The tests were then continued wath heat being tremsferred and
the present note gives the results of overall heat transfor tests and
of pitot and thermocouple traverses of the boundary laycrs associated
with them, The moan Mach number over the plate 1s now 2.45.

A subsequent ncte will give the results of check tests at
M= 2,82,

2 HExperimental Apparatus

The general arrangement of the tumnel as set up for the present
tests at M = 2.43 was modified slightly from that described in Ref.f
and 1s as shown in Fags.] and 2. General vaiews of the tunnel and
equipment are shown in Figs.7/e and 7b.

A sangle saded nozzle 1s now used and the copper hot plate wis
mounted in the flat wall, The tunnel axas 1s horizontal and the hot
plate 1s vertical. Details of the latter and of the heating system
are as given in Ref.1 and the suction slot follows the design used
in Ref.Z2.

2.1 Improvement of heating sysbtem

Teste had shown that the largest single source of tare loss in
the heating system as described in Ref.1 was from the boiler, Further-
more, this loss varied with the condition and packing of thc cork amd
kapok then used for insulation,

The heat loss from the boiler was therefore reduced by surrounding
it wmath a coil of copper tubing through which steam at atmospheric
pressure was passed. Fige! shows the system of lagping adopted. By
this means the tare loss of the whole system was kept down to 0.004 %
0,002 keal/sec, which was always less than 1 per cznt of the net heat
transferred to the eir stream trom the hot plate. Carc was taken to
keep the pressure low in the coils in order not to transmt heat to the
boiler and steam was circulated in them for about half an hour before
the beginning of a test in order to heat the laggang.



2.2 Static pressure meesurement

Static pressures were measured at points on the plate indicated a
1n Fig.2 and the manometer system was the same as described in Ref.1
except that the sloping gauge was replaced by an absolute micro-manometer
(F1g. 3). This was used to measure the reference pressure 1n each bank !
of water menometers through a four-way connection.

The scale 1s graduated zn mllimetres wath a vernier reading to
Q.05 mm, and an optical system 135 used for sighting the level of the
meniscus. To prevent contamnation of the mercury, a glass wool
filter 2nd a silica gel drier are fitted an the pipe-line.

2.% leasurement of plate temperature

The surface temperatures of the plate were mweasured at the points
indicated on Fig. 2 using manganin-constantan thermocouples set in the
plate as described in Ref.1. The readings wers taken with a Tinsley
constant resistance potentiometer and mirrcr gelvanometer, whaich has a
least count of 0.04°9C.

2.4 Presswe and temperature measuresent in the boundary layer

To obtaan pitot pressure and total temperature measurements in
the boundary layer and to ensure that these would be mede at the same
points, a traversing pitot-thermocouple (Fig.,) was designed. Full
details of 1ts construction and performence arc given in Appendax I.

The instrument consists of a small diameter pitot head made from
quartz tubing, with a thermo-junction placed inside 1%. Prtot pressures
are read in the ordinary way by comnecting the tube to a manometer, bub
when weasuring temperatures a vacuum puwo 1s connected to the tube to
induce a small flow of auir over the thermo-junction to raise the heat
trensfer rate to the thermocouple and reduce the effect of heat losses
to the shield. 1In this way recovery factors of over 89 per cent were
obtained even for tubes as small as 0.005 in. diameter at the t1p, the
recovery factor (B) being defined by

Ty = T
B"';hm
H -
where T 1s the static temperature of the stream tube

Ty 1s 1ts totel temperature
and. T+yn 18 the thermocouple reudang.

Further details of the calibration of the tubes are given in
Appendix T.

P1tot pressures were read to wathin 0.01 in. on a mercury gauge
fitted wath sighting wires and vermier scale (Fig.7b) and tempsratures i
were measured on the Tinsley potentiometer (Fig.7a) which under test
conditions of' fluctuating temperature enabled readings to be made to
within 0. 05°¢C.
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2.5 Pitot tube traversing geer

The pitot tube traversing gear was similar %o that dsscribed by
Lukesiewioz and Royled, but for convenience it 1s shown in Fig.5. A
general view of the installation 1s shown an Fig.7b.

Considerable difficulty was experienced at stagnation temperatures
below -30°C, both in the traversing gear and in the pltot response rate.
The former froze solid, but this difficulty was.overcome by steam
Jackating the holder (Fig.5).

The poor response of the pitot was attributed to "snow" in the
tumel air creating an ice blockage at its mouth, Support for this
explanation was given by a curious shot blasting effect noticed on
the support tube after a number of these low temperature runs. The
pitot was freed by touching 1t on the hot plate and also by injectaing
ethyl alcohol, but these were only temporary ocures,

2.6 Mechanical indrcation of transition

Only a limited smount of success was obtainedz using chemical,

methods to indicate transition, so for the present tests a mechanism
was designed to traverse a pitot tube along the plate as well as
normal to it. Because of its method of operation, this instrument
was called a "creeper" and full detalls of its construction are given
in Appendix II end 1llustrated in Fig.6.

The instrument proved very successful and with it a quick survey
of boundary layer state was possible. The fore-and-aft traverses were
made with the tip of the pitot just touching the plate and in this way
the curves of Fig.10 were obtained.

A disadvantage (as compared with the chemical method) was that
the fore-and-aft traverse was confined to a single linc. However, thuis
was the line on which the normsl pitot traverses were taken, so that the
two types of traverse are directly compareble,

3 Flow conditions over plate during tests

Figs.8 and 9 show the Mach number and surface temperature
distributions along the plate during the various tests., The Mach
numbers were cobtained by combination of the measured static pressures
on the plate with the tunnel stagnation pressure, The tempsratures are
from direct measwrement by the surface thermocouples.

Fig.10 shows the movement of boundary layer transition with heet
transfer, as determined by the "ereeper" traverses along the surface,

All the measurements are along the centre-line of the plate.

3.4 Mach number distributions

The full line in Fig.8b shows the longitudinal Mach number
distribution at the position of the plate, but recorded on an unbroken
flat wall., Comparison with the broken lines (recorded with the plate
in pesition) shows that the plate introduces a disturbance which is
evident on the centre line in the region of X/p = 0,3 (1.e. about
four inches from the leading edge). Likely sources of this disturbance
are the points where the leading edge of the plate entors the boundary

layers on the side walls, This explanation issupported both by exper:imen:hsﬁ

-6 -



made with a reflection plate spanning the working section of a super-

sonzc wind tunnel and also by a transition photograph already published

(Fig.13 of Ref.2) of the plate in the present tunnel. The latter shows

the beginmng of a disturbance at each corner and also that the transi- »
tion region 1s tongue-shaped., Thus 1t as almost certain that the

disturbance shown in Figs.B8a and 8b is inherent in the general design

end cannot be eliminated without extensive alterations. 1

Dovnstream of */p = 0.4, Figs.8a and 8b show that the variation
in Mach number was always within one per cent of a mean and this was
considered satasfactory. There was no sigmficant variation with
stagnation temperature (TH1).

During the heat transfer tests (Fig.8a) the mean Mach mumber over
the plate length (excluding the disturbance at X/ = 0.3) was 2,43 and
for convenience this mean was taken to apply throughout the whole test
series, (The different mean value cxhibited by one of the zero heat
transfer curves arises from a slight error in the spacing of the liners.)

3+2 Surface temperature distributions

3.21 Under zero heat transfer conditions

Under these conditions the temperature recovery factor (B) is
defained by

T, -~ T
.1
8= =g (1) .
Hy 1
where T_ is the surface temperature of the plate !

Iy and TH1 are static and total temperatures in the stream
cubside the boundary layer.

The theoretical value of B for a lamnar boundary layer 1s 0.85 and
the measured value for turbulent layers is approximately 0.90, Hence
it might be expected that the surface temperatures at the front of the
plate would be less than those at the back by about 8°C, when My = 2443,

Fig.9%a shows the distraibution measured when the interior of the
plate was open to room air and the tunnel stagnation temperature was
held at the level for zero overall heat transfer in accordance with
the results of Section 4,1 below (which gives mean B = 0,90). Contrary
to expectation all the temperatures lie within 1°C of a mean value and,
epart from the possibility of a slight rise at the very front
(*/p < 0.2), they decrease umiformly from the leading edge to the
trailing edge of the plate., However it should be noted that the mea-
sured? rate of growth of the "laminar" boundary layer over the forward
portion of the plate was greater than theory would predict, so that the
forward temperatures are not those of a true lamunar layer.

3,22 During overalil heat transfer measurements i

F1g.9b shows that with steam in the plate the swrface temperature
distrabution followed a defimitc pattern at all tunnel temperature ’
levels. Purthermore the variation at each level is sufficiently small,
to justify the use of mean pleje temperatures in the analysis of the
test results.

~7 -
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Similar temperature distributions were obtained during the pitot
traverse tests, when the plate was heated by process steam.

3.3 DlMovement of boundary layer transition with heat transfer

Pig,.10 gives the rcsults of the "creeper" traverses along the
centre line of the plate and shows a definite forward movement of
transition with increasing heat transfer from plate to stream, Based
on distance from the leading edge of the plate to the beginning of the
transitiog regon, the Reyno%ds number of transition decreases from
0.55 x 10® through 0.35 x 10° to 0.34 x 10° as the temperature ratio
TW,/TH1 increases from 0,946 (zero heat transfer) through 1.37 to 1.60.
This is in qualitative agreement with Lees theoretical result that the
addition of heat has a destabilising effect on the compressible laminar
boundary layer,

For given Mach nunber and temperature conditions, Lees theoryh
gives a minimum critical Reynolds number (Recr baged on momentum

thickness) below which small disturbances will be damped out., Further-
more, for Reynolds numbers equal to the critical, the initial rate of
amplification of such distnrbances should vary approximately as the
reciprocal of the root of Ry . Combination of the two might there-

cr
fore give an indication of the Reynolds number for transition (ReT).

Values of Re have been calculated using Ref.4 for the cases

of Fig.10 and are cgéfared in the following table with semi-empirical
estimates of the order of Ry . (The latter are based on the curves

of Fig.10 and on theoretical estimates for the variation of 8 in the
campressible laminar boundary layer on a flat plate. The transition
"points" were taken at the begimming of the transition regions
indicated on Fig.10.)

T/, = 0.946 1.37 1.60
Ry = 85.5 2,04 1.15
Theoretical
1/\[&52; = 0.108 0.70 0.93
RGT = 460 410 L340
Experimental

There is no correlation between these figures, In particular,
the experimental movement of transition with heat transfer is too small
probably because transition in the zero heat transfer case occurs too
early,

Lees also showslF that theoretically Re can become infinite

when the free stream is supersonic provided sg§ficient heat is with-
drawn from the boundary layer. Some tests were therefore made with a
tumnel stagnation temperature of approximately 313°%K and a plate
temperature of approximately 250°K, which conditions satisfied the

-8 -



theoretical requirements for infimite Rg,,. when Mj=2,43. (The

low plate temperature was obtained by circulating alecohol cooled by
Cardrce (solid Carbon dioxide),) These tests were made before the
"ereeper" was available, but pitot traverses showed that at most the
transition point had only moved back one inch.,

However it 1s probable that in addition to free stream turbulence,
both the corner disturbances referred to in Section 3.1 ebove and the
residual turbulence left over from the tumnel wall boundary layer play
major roles in determining transition, even on the centre-line, so that
it is doubtful whether any appreciable lengtheming of the laminar
boundary layer could be achieved wanth the present rig. Attempts now
being made to reduce the general turbulence level in the tunnel should
help to clarify this point.

4 Meagurements of kinetic temperature and of oversll healt transfer

ko1 XKinetic temperature

This was measured using the experamental technique described in
Ref,1, Briefly a1t consisted in measuring the inlet and outlet tempera-
tures of room air circulating through the plate and in changing the
tunnel stagnation temperature slowly until the outlet tempsrature
equalled the inlet temperature, when zero heat transfer conditions
were reached. Probably on account of the large heat cepacity of the
copper plate there is an appreciable time lag inherent in the system,
As & result, zero heat transfer was reached at higher stagnation
temperatures when the stagnation temperature was rising than when it
was falling,

Table I gaves the results of the measurements, When stagnation
temperature (TH) was rising, the mean value of Two/‘l‘H1 was 0,943,
where T,, is the wall (plate) temperature for zero heal transfer.
For falling THy , the mean velue of TWO/TH1 was 0.955. The overall
mean value, whach was subsequently used in the analysis of the heat
trangfer test results, was

TWO

5y

The corresponding mean vealue for the temperature recovery factor,
based on My = 2.43 is

= 0,949 .

Ty - T
8 = 21 o 0.906

Ty - T4
Thas compares with the value
B = 0-1/3
= 0,898 when g = 0,72

suggested by Squ1re9 for turbulent boundary layers, where ¢ 1is the
Prendtl muber (opi/k).

gThe value for B obtaaned in the preliminary experiments1 was
0.881.

-9 =
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4.2  Overall heat transfer

Teble IT gives the results of the overall heat transfer measure-
ments obtained by the same method as described in Ref.1. The plate was
maintsined at approximately 373°K and readings were taken over o range
of tunnel stagnation temperatures from 233°K to 323°K.

The values for heat flow (Q) given in column 3 of the table are
for the nett heat transferred from the plate to the air stream. As
prevaously mentioned, the heat losses in the system did not exceed
0,004 % 0,002 keal/sec, which was elways less than 1 per cent of the
nett,

As in Ref.1 the mean heat transfer coefficient ky, is obtained
from the formula

s
Pyu g ®p (Tw"mwo)

kh:

where S is heated area of plate
P4, vy are free stream density, velocity
g is accelleration due to gravity

o, is specific heat of air at constemt pressure
(assumed constant)

Ty, is wall (plate) temperature

and Ty, 1s wall (plate) temperature for zero heat transfer, obtained
from stagnation temperaoture by the formuls of Ssection A.d.

(Note the change in notation from Ref.{ where Ty and Iy, were
denoted by Tp and T, respectively.)

The experimental values of k; and the corresponding free stream
Reynolds numbers (Re) based on plate length are given in Table II.

Now the results2 of Part II of the present investigation
suggested a formula for the variation of skin friction with Mach
number and heat transfer. This is

G'F'i = GF‘W
when T, (2)
Re; = Rey 0
1 Sw T

where subscript "1" denotes incompressible values

subscript "w" denotes that density and viscosity are.oveluated
at wall temperature (T,)

and Ty is free stream static temperature.

The comparisons made in Ref.5 have shown that in subsonic flow
through pipes with hagh heat transfer rates, the same formula might also
be applied to the heat transfer coefficient Ly .

- 40 -



Application to the present case 1s hendicapped by a scarcity of
low speed results for heat transfer from a flat plate, and there is
considerable scatter in those that are available'2. The correlation
given by a curve ascrabed to Colburn in Ref,12, for Re > 2 x 104 dis

>
iy 0%/3 = 0,036 Re /7 (3)
Modifying this equation in accordance with egquation (2) and
taking o= 0,72, gives

T /5
k= 0,045 (Rew E;;) (&)

as the corresponding compressible flow equation, or in terms of free
stream density and viscosity,

] . 2416
Ky = 0.045 Re 7 (-1> 2 (ka)
TW
wherein it is assumed that

0.8

B4 T,

- . ﬁ) (5)

w

a8 is approximately the case for the temperature rangs of the tests.

Equation (4a) suggests that the experimental values of ky Rs-!/5

should be plotted against T1/Ty, or ageinst THy /T, since T1/TH1
was constant during the tests. The }3¢ter has been done in Fig.11 which
shows a definite variation in ky Re > with temperature ratio
THy/Tw , and also that 1ts mean value 1s considerably less than the
low speed velue 0.045. If, following equation (4a), we assume that

7 2.16

- Re1/5 o (lfﬁ{j—B__
Tw

then application of the least squares method gives the curve of best
fit to be

Xy re'” . 0.052(3}1-1-) (6)

as shown in Fig,.,11., Since for M1 a 2.43 we have

T

'1,_1 = 004585

Hy

then squation (6) is equivalent to
2:16
T\ 5
ky, re!/ . o.0048 -51—) (6a)

W

end the constant is practically the same as thet of equation (ha).

-] -
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Thus equation (2) can be saxd to give a good correlation of the
experimental results on the basis of a known incompressible flow
formula. Obviously the agreement is dependent on the value of the
constant in the latter, so that tests at other Mach numbers are
required before a defimxte conclusion cen be reached., This is
emphasised by the fact that the experimental points in Fig.11 would
be fitted better by a curve

1.45

o w5 (2)3

Tw

than by the variation chosen above.

5 Boundary layer measuremants

The results are given in Table III of pitot and thermocouple
traverses of the turbulent boundary layer corresponding to two heat
transfer rates gaven by Ty = 373°K and Ty, = 276,5°K and 237°K.
Under these conditions the laminar boundary .layer at the front of
the plate was very short in extent (see Fig.10) and was found to be
too thin for accurate measurement.

The measurements were enalysed as in Refl,2 except that the
density variations across the layer were obtained from the measured
temporature drstrabutions. A more detarled analysis of the temperature
distributions themselves and of the effects of errors in them is given
in Section 6 below.

A few pitot and thermocouple traverses were made of the zero heat

{transfer boundary layer to obtain the appropriate temperature distributim.

5.1 Velocity and temperature distributions

Representative turbulent velocity and temperature distributions
for the two heat transfer conditions are gaven in Fig.12a and 12b. The
faired power law curves giving the best fit with the experimental values
were obtained by large scale log-plots of the experimental values.

Under zero heat transfer conditions the experimental velocity
profiles were found? to follow the law

a ()" ()

Under heat transier conditions Figs.12a and 12b show that this is
no longer the case. When Tw/Ipy = 1.35 then (F1g.12a)

&) )"

and when TW/TH1 = 1.57 then (Fig.12b)
1/5
2o, (X
(‘11> <6> (9)
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Also shown in Figs.12a and 12b are the measured temperature
distributions used in the snalysis. ILow speed measurements made by
Elia<36 gave approximate ldentity between the distributions of u/1:.1
and Tw"'T)/(TW -T4), as is assumed in Reynolds analogy. The correspond-
ing temperature function in compressible flow is

Ty = Ty
® = 7= Ty, (10)

and Figs,12a and 12b show that Reynolds analogy is not applicable,
Purther analysis is made 1n Section 6.

Fig.12c shows the results of the zero heat transfer measurements
with pitot and thermocouple. Here the temperature distribution i1s of
different form and this also will be considered in Sectuon 6 below.
The velocity distrabution follows the 1 /7th power law in shape as in
Ref.2. The faired curve 1s the mean curve found in Ref.2, but in the
present cose a dafferent vaelue of §%X/8§ would give a better it with
the experimentol values.

5.2 Displacement and momentum thicknesses

Velues of displacement (§*) and momentum (6) thicknesses are
given in Table III and are plotted in Frgs.i13 and 14, For comparison,
the zero heat transfer results of Ref.2 ave reproduced in Fig.]5.

The ratios (H) of displacement to momentum thickness are plotted
in Pig.16 for all cases.

Now
-
when ? (2)
T
Rei = El
w -

gives the compressibility variation suggested in Ref.2 for skin friction
coeffrcient. Details are given an Appendix III of the application of
this formula, in conjunction with the momentum equation and the suggested
formula

! H T v1 %2
— o — a5 (1)
Hy Ty *

for the variation in H, to predict values of &% end © appropriate
to the temperature conditions of Figs.13 and 14, The resulting curves
are shown in Figs.13 and 14 by the full lines labelled 'Predaction of
Refl21'-

(In obtaining these, the formula

Op; = 0,46 (log Rei)“2'6 (12)

-3 -
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giving (by equation (2))

_2.6

T
Cp = O.46 (log Rey -1-> (12a)
w T’W

was chosen for skin friction coefficient since it 1s valid over a wider
range of Reynolds number than the Blasius power law formula, However
the position of the effectave start of the turbulent boundary layer
was determined as ain Ref.! using power law considerations.)

For constant Mach number, equation (11) predicts that H should
ancrease if Tw/T4y a1s increased. The experimental results of Fig.16
show such an increase, although it 1s less than would be predrcted by
equation (11).

On the other hand, therc 1s no agreement between the experimental
and predicted values of §* and § an Figs.13 and 14, both sets of
predicted velues being too low.

Now equations (11) and (13) gave good agreement with the
experamental values of &% and @ in the zoro heat transfer case
(Fig.15). In power law form the curves of Fig.15 are spproximated by

o = 0.0265 Ro, /5 x (13)

X

&
5 = H = 54,056

from equation (11). Figs.13 and 14 show that equation (13) also gives
velues of € in good agreement with experimcnt under heat transfer
conditions., Furthermore, rcasonsble estumates of §X are obtained by
conmbination of equation (13) with the appropriate values of H from
equation (11).

The conclusions to be drawn from the present experimental results
are therefore that, at My = 2.43,

(1) under zero heat transfer conditions, combination of the formula

-2.6

T
Op, = O0.46 (log Rewﬁ> (128)

with the momentum equation gives a pgood estimate of the variation
of ©/x with Rey ,

(2) when heat 1s being transferred the same variation is valid, (this
1s contrary to the prediction of a decrcase given by equation (12a))

and
(3) both with and without heat transfer, equation (11)

H Tyr Ye{ 1 o
—_— — —— 5 4
B T T, Tz M (11)



gives a reagoneble estimate of the increase of H with increasge
of Tw/r, .

Against conclusion (2) it should be noted that the overa.]q. )eat
transfer results (Section 4 sbove) showed a variation of ky Re'/5 with
Tw/14 , which might suggest that there should be & simslar variation in
skin friction (and hence in momentum thickness), Also, some skin
friction measurements (Ref.7, analysed further in Ref.5) for subsonio
flow through pipes have shown a definite decrease with increasing hesat
transfer from the wall, The present lack of decrease may be genuine,
but since the flew over the plate is gubject to disturbances (Seotion 3
sbove), there is always the possibility that these dlsturbances are
maskang ony temperature effect,

5.3 Mean skin friction

Plots of mean skin friction ceefficient asgainst Reynolds number
are given in Figs.17 and 18, The former is a plot of Op and Re
based on free stream density and viscosity, the latter of Cp, and
Rey T1/T, in accordance with the suggested formula (equation (2)) of
Ref,.2.

In the absence of pressure gradients
w = 2 . (14)

end the experimentel velues were obtained in this menner. Thus Figs.17
and 18 only represent an alternative presentation of the momentum
thickness plots of Figs.l3-15.

Once again, equetion (13)
T -2.6
Op, = 0.4 (log Rey =t (13)
w T

was chosen for comparison, since in incompressible flow it is valid ever
& wider range of Reynolds number then the 1/5th power law formula.

Fig.17 shows the variation in O vhich would be given by equation
(13) for the temperature conditions of the tests. No such variabtion was
found experimentally but the predicted curves show thet,

(1)  at zero heat iransfer the slope of the curve gives approximately

QE' o RB-1/5

but
(2) when Ty = 373°k and TH1 = 237°K the slope 1s approximately

CF o Re—'l/zhﬁ .

This change in exponent would correspond in incompressible flow
to a change in velocaty profile from
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and Fig.12b showed that the velocity profile changed to

PR AV
uy (f5>

This poant is 1llustrated further by Fig.418 which shows the ranges

of Rey 1/T, covered by the experiments and the points at which the
slopes correspond to different powcr laws.

to

I

It 18 evident therefore that the changes in velocity profile
shown by Figs.12e and 12b correspond, if only qualatatively, with
the vardation in skin fraiction given by

) T "'"2.6
Op_ = 0.46 (%og Rﬁw-51> (13)

W

5.4 Log-law velocity profiles

One of the major assumptions (see Appendix III)} in the theory of
Ref,2 was that the incompressible constants could be retained in the
general log-law form for the velocaity distribution near a wall

2 = A4+Blogix (14)
Ue v

provided density and viscosity were eveluated at wall temporature,

If so, then

u,

T qu ) \/{;E;}

and local skin friction (TO) can be eveluated from the momentum
aquation

p1 1.112 ) dx

Values of de/dx were estimated from the experimentel curves for
6 in Figs.13=15 and the resulting velocaty profiles are showvm in Fig.19.



The usual incompressible velues for A and B are

A = 5-8 or 5-5

B = 5.5 or 5.75

but Fig.19 shows that contrary to the assumption of Ref.2, A decreases
and B increases with increasing heat transfer from wall to air stream,
(The zero heat transfer curve in Fig.19 1s based on more extensive
experamental evidence then the corresponding curve in Ref.2. This
accounts for the reductions in value of A and B to 5.45 and 5.4

respectively.)

The actual values ere

M1 = 2.43
A B
TW/TH1
0,948 5.45 5k
1435 3.65 F.6
1.57 1.65 6.1

If the values of 39/ax used in obteining these profiles were
20 per cent too high in the case Tw/TH1 = 1,57, then changing to the
correct values would only alter A and B to 2,1 and 6,7 respectively.
Thus errors in measurement alone could not account for the variation
shown in the table and the assumption of Ref.Z 1s obviously inadequate,
Further work, both experimental and theoretical, is needed to assess
the extent and effects of its 1nadequacy.

6 Anslysis of temperature profiles

The measured temperature profiles have already been considered
in Section 5.1 above, in conjunction with Fig.12 which showed that
Reynolds analogy dxd not apply. This 1s allustrated further by Fig.20,
where total temperature 1s plotted against velocity and the experimental
valuss for each temperature level all lie below the corresponding
linear variation postulated by Reynolds analogy.

Nor is any correlation of the experimental results obtarned when
they are plotted in the form

T, =T
“w o CH against - ,
Ty - Ty, Uy

Included ain this figure are results from a single test when heat

was being transferred from the eir stream to the plate (TW/TH1 = 0.816).
In this case the diameter of the pitot tube was 0,020 inches, but at the
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other temperature levels measurements were made with tubes ranging in
drameter from 0,024 inches down to 0,004 inches and no sagnificant
size effect could be found, except possibly in the zero heat transfer
case (see enlarged plot in Fig.23) where a traverse was made with en
oversize tube (0,040" 0.D.).

In the analysis of these results it 1s convemzent to consider
first the zero heat transfer profiles and second the profiles when
heat was being transferrcd.

6.1 Zero heat transfer condations

For thas case Squire9 has suggested a total temperature
distribution equivalent to

Jn+d
o = Two = Ty - o B Ly u
°© T om -1 nyl u (15)
Wy H1 0'n+3 -1
wilth
2 Dl
T 7 Y 043 _
o T Tre g\

where o is Prandtl number (assumed constant)

and n is given by the velocity profile TluT = (%)1
(settang, n=0 for convenience in equations (15) gives the well known
factor 3 for kinetic temperature rise,)

Experimental values of @, are therefore plotted against (u/u1)2
in Fig.2{a, which shows however that a mean line through them would not
pass through the origin (and would not agree with either of the straight
lines given by equation E15) with ¢"=0.72 and n=0 and /7). However
the experimental values are obtained by the division of two smell
quantities, so that small errors are greatly magnified. A better plot
is gaven by Fig.22a which considers the static temperature distribution.

The static temperature distribution corresponding to equatzon (15)
ebove given by qulre9 is equavalent to

TWO -I % u
———— = gh¥ 16
Tyo = T4 7 GETjZ (16)
with
ad
1

2Jg Op



and Fig.22s shows that the experimental peints lie close to either
of the lines given by equation (16) with

o = 0,72 and n = 0, /7.

If snything, the experimental values are more nearly parallel
to the line for n=1/7 and it cen easily be verified that their
displacement from it is equivalent to the corresponding displacemont
of the total temperatures in Fig.Z21a.

From equations (16), this result means that

In »
to- o n+3 w2
Ty + o 2 78 o (17)

is nearly constant across the layer®, whereas i1t is usually assumed
that the total temperature

u?®

S

can be taken as constant,

Also showm on Fig.22a are the theoreticel distributions given
by CrooccolO for the compressible laminar boundary layer on a flat plate
under zero heat transfer conditions. For WY/uy < 0,8, Ref.11 has shown
that these are given approximately by

T - T 1 2
wo ~ T4 Wy
with
2
1 u1
T, =2 Ty 4 g% ———
WO 1 2 Jg Op

and the similerity of equations (16) and (18) s evident.

6,2 With heat transfer

Under zero heat transfer conditions it has been shown that

0, « (2

o

°7 \w

is approximately the case for either leminar or turbulent boundary
layers.,

T4y' 1is exactly constont according to equation (46) if n=0,
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Por laminar boundary layers with heat transfer, Ref.11 shows that
the temperature function

(TW_T) - (Two"
T

w ~ Two

o

has an approximately linear variation with U-/u1 s Wwhere

(Two - 1) o

is the zero heat transfer temperature distribution (given by equation (18))
consitetent with the free stream temperature under consideration.

For the turbulent boundary layer wath heat transfer i1t thereforc
seems reasonable to altempt a simlar correlation®, i.e. to plot
experimental values of

(T =T) = (Tyo=- Ty
e

aguinst = .
= Two b

This 1s done in Fig,27b, which shows a good correlation of the
experimental results. (In derlv:.xe%wthe experimental temperature function
it was necessary to assume that o"T)o/T1 would not vary with Ty .)

Fig.21b shows that the total temperstures are correlated on the
same basis Just as well as the siatic temperatures.

Also shown on Figs.21b and 2Z2b are
9

(1)  the lamanar distributions given by Crocco

and
(2) the streaght line

(TW"T) - (Two"T)o - G“% u (19)
Ty - Two

with ¢ = 0.,72.

The latter (equation (19)) looks as 1l 1t might form a reasonahle
extrapolation to the wall of the experamental curve.

Further experimental ewvidence 1s needed before a temperature
distribution can be defained wath confidence bubt the present aindication
is that combination of equations (49} and (16) should give a reasonable

Ed .
The same conclusion can be reached from conzideration of the

incompressible (1sothermal) turbulent boundary layer with heat transfer.
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estimate., This is

3
-1 /3 2
T= T = 0T (By) &y 0 ("z‘JL‘> =)
HEEZERNGR L
o
for n=x .
Y7
Note that equation (20) is equivalent to
- 1 —1
TW_T.H_... = o /3 . (2-1)

v - %{1' u4

where Iy' is given by equation (17), i.e.

soid 2
TH' = T+C.'.'n'+'3 ZJQOP (17)

wvith n=0 or 1/7.

6.3 Effect of errors in temperature measurement

6.31 Zero heat transfer ‘conditions

Fig.23 shows, cn enlarged vertical scale , the various zero heat
transfer total temperature distrabutions discussed in Section 6.1 and
previously depicted in Fig.20. Square's dvistribution’ (equation (16))
for o =0.72 and n=1/7 gives

when

0,88 approx.

so that for u/u.| > 0.88 an arbitrary extrepolation was made as shown.

Displacement, momentum and energy® thicknesses were then caloulated
from a typical pitot traverse, using the following temperature distribu-
tions:~

% Energy thackness is given by
)
5 [ _pu /%H
E = j — -1\ ay
P1 | Ty,
o]

and for zero heat transfer ‘SE should be zero,
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(1) mean experimental
(2) Squire, n=0
(3) Squire, n=1/7, and

(4) TH/TH1 = 1 as was assumed 1in Ref.2, (which corresponds to
constant energy across the layer).

The results are grven in the following table

Squire T
Temperature Experimental —TE_ =1
Distribution =0 n = 1 /7 1
5> 0.0672 0.0672 | 0.,0677 0.0676
) 0.0181 Q0177 00,0169 0.0169
SE -0.00242 ~-0.00172 ; 40,00032 -
I
I

These results show that while the maximum change in 5% is less
than 1 per cent, 6 changes by 7 per cent, and the variation in og
1s over 100 per cent, involving a change in sign.

Fig.2h shows the actual distrabutions of energy across the
boundary layer, corresponding to the above values of 8g . For zero
heat transfer, 8E should be zero, so that the positive and negative
arcas enclosed by ecach curve should cencel. Fig,2l. shows that only
1n the case of Squire's curve for n = 1/7 is there a positive area,
which 1s strong evidence in favour of this temperature distribution
compared with the n=0 and experimental distributions. (The value
of 8y is positive, but 1t could be made equal to zero by slight modi-
fication of the extrapolated portion of the n=1 /7 temperaturc
distribution in Fig.23.)

Two main conclusions follow. First, if the n=1 /7 distribution
is accepted, then the table shows that the simpler practice of assuming
constant total energy across the boundary layer gives almost identical
results to 1t for §* and 6§ . Second, 1f the correct temperature
distribution 1s in doubt (as at still is), then deductions concerning
the boundary leyer will be more relioble if based on &% than if based
on 8 .

6.32 Under hest tramsfer conditions

Calculations of §*, ¢ and k; have been made for the case
5[-'W/fl'.'H.1 = 1.57 and Rey = 2.7 x 106 (8.05 1nches from L,E.) using an
experimental pitot traverse in congjunction with

(1) the associated experimental temperature distribution of Fig.20,

and
(2) Reyrolds emslogy, (also shown in Fig.20).
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The values of Ik were obtained from the energy thickness b
using the formula

Ty )
kh'"m-?n EE"
w WO

and comparison is made in the following table between velues of
kp Rex/5 thus derived snd the value for the seame value of Tw/2g,

obtained in the overall heet transfer tests (Fig.11).

gzggﬁfiziign Experimentel Reynolds Analogy
5 00599 04060
o 0,0106 0.0102
ky, 0.00092 0.00118
k, Rey” 0,078 | 0.0228
*n Re'/? 0.026
from Fig.14

Once again, values of 8% are seen to be more reliable than
values of © and it 1s evident that choice of temperature distribution
has considerable effect on the values of ky . It 1s also obvious
that neither dastribution ais satisfactory and reference to Pag.14 shows
that the decrease in € obtained from use of Reynolds analogy would be
insuffacient to make any alteration to the conclusions drawn from that
figure,

In general therefore it 1s obvious that further work is necessary
before definite conclusions can be reached concerning temperature
distributions in the turbulent boundary layer and the present resulis
should not be regarded as being more than part of a progress report,

7 Conclusions

For the flat plate at My = 2.43.

(1) A mean value of 0,906 was obtained for temperabure recov ry
factor (Table I), as compsred with Squire's suggested velue o3 = 0,896
O = 0-72) ’

(2) There was some forward movement of transition with heat transfer
from plate to stream (Fig.10).

(o) Overall heat transfer measurements from plate to stresm agreed
well with the formula

7y /5
kp, = 0.045 (Rew HT&)
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which is Colburn's formula for low spesd flow (as presented by McAdams ! 2)
modified in accordance with the results of Ref.Z2.

Pressure and temperature measurements in the associated turbulent
boundary layers were obtained with a specially designed pitot-thermoocouple
(Fig.4) which had a high temverature recovery factor. The technique is
still being developed and the following are interim conclusions,

(4) The exponent (1/n) in the expression

1
u J /n
L
u4q &
for velocity distribution varied from 1 /7 to 1 /B over the test range
of heat transfer rates (Fig.12).

(5) Displacement thickness increased, but there was no decrease in
momentum thickness (or skin friction) with heat transfer.

(6) Reynolds analogy did not apply between the temperature and
velocity distributions in the boundery layer (Figs.i2 and 20). Instead
(a) under zero heat transfer conditions (between plate and streem) the
temperature distrabution varied as the square of the velocity distribu-
tion (Fig.22a), and (b) for a given free stream temperature, the
difference betwecn zero heat transfer and heat transfer temperature
distributions showed an approximately linear variation with velooity.

List of Symbols

X distance along plate from leading edge

y distance normel to plate
F length of plate
5 full thickness of boundery layer
u velocity at & point in the boundary layer
Wy velocity in stream outside boundary layer
e X
2
U friction velocity {: (&)]
Pw
T local skin frietion

b}

totel skin friction on length x
p density

O mean skin friction coefficient = ¥/4 py ulx

=]

static temperature



List of Symbols (Contd.)

Ty total temperature
subscripts
1 denctes free sbream value
w denotes plate surface (wall) value
Wo wall value for zerc heat -transfer
Q overall heat transfer rate
S heated area of plate
n o= VS
T - Two
kyy = ___.1}.._.___..
P+ w g Cp
where g 1s accsleration due to gravity
Cp 1s specafic heat of alr at constant pressure
Y kinematic viscosity
- w &
Re Reynolds number based on plate length | = -
1
u X
Rey Reynolds number based on length x (: v, )
W ¢
Rey = v
w
Re Reynolds number based on momentum thickness of boundery layer
o Prandtl number (taken as 0,72 for air)
Gx displacement thickness of boundary layer

[

o
= PR A
a5y

0

momentum thickness of boundary layer

&
= L -2
Of P1 W ( u1>dy
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List of Symbols (Contd.,)

QE energy thickness of boundary layer
&

/_&5_/3&-1\. iy
] Pq Uy \TH1 7

B temperature recovery factor

T..-T
= -HQ—"151 for flat plate

T
Hy 1

Tgp = T '
T for thermocouple

where T., = measured temperature of thermocouple

T - T
& = B 4 temperature function analogous to velocity
Ty - TH1

ratio “/u; according to Reynolds analogy.
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AFPENDIX I

Traversing Pitot Thermocouple

To measure the temperature distribution in the boundary layer
traversing Pitot Thermocouples were made up and one is shown in Fig.l.

Requirements

The requirements for taking temperature measurements in a boundary
layer on the Copper Hot Plate were:-

(1) an air flow over the thermooouple to give a high recovery factor,

(2) =& Pitot Head of small diameter sance the Boundary Leyer is very
thin, (only of the order of 0.2" even at the end of the plate},

(3) temperature and pressure readings to be taken by means of a
single tube (both temperature and pressure readings are then
guaranteed to be at the same point in the boundary layer).

The traversing Pitot Thermocouple described in this Appendix
was mpde to fulfll the ebove requirements.

The traversing gear used was the same as for Pitot Tubes and the
"Creeper". The E.M.F. of the thermocouple was measured on the seme
Tansley Constont Resistance Potentiometer as used for the couples in
the plate and the stagnation temperature thermocouple.

A Copper-Constantan couple was used, giving one microvolt for a
temperature difference of the order of 0.025°C. Readings are there-
fore obtainsble to within 0.04°C, but the accuracy under test condi-
ti1ons was nearer * 0.05°C due to flow fluctuations.

Construction

Two main sizes of Pitot Thermocouple were made, the main
difference being in the thickness of the thermo-junction wires and
the Pitot Head Diameter. The first type had thermo-junction wires of
0.004" diemeter and a pitot head of 0.020" outside dlameter. The second
type {as shown in Fig.4) had 0,002" dismeter thermo-junction wires and
& head of from 0,005" to 0.010" outside diameter.

The method of construction was much the same in both ocases, the
wires being threaded through the supporting immer glass and quartz tubes
to insulate them from the steel supporting tubes, It should be pointed
out that the wires are themselves insulated with a shellac type coat
and sre also silk covered but the inner glass end quartz tubes help in
assembly and are an added insulating medium, The couple is threaded
into the quartz pitot head; the head 1s then inserted into the 1.5 mm
stainless steel tube and sealed into it. The thermocouple wlres are
retracted as the head is inserted in the 1.5 mm tube. This is to teke
up any slack and counter any possibility of the wires rubbing and
causing o short circuit back in the support tube. Exiremse care had
to be taken to ensure that the couple remained near to the tip of the
head and that the small couple wires did not smop - this being
particularly difficult in the case of the 0,002" wires.

The seal is made by coating the quartz with pletimm (liquid
platinum process) copper plating this coat and then soft soldering the
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Joint. This method has been very successful and if reasonable care
is taken an airtight joint should be obtained.

At the other end of the support tube the wires £it into a glass
seal which also contains a lead to the manometer, The seal here is
by a straight fusion of metal to glass,

In between the lead and the manometer a T-plece iz inserted and
a connection made to a vacuum pump, Vhen this by-pass is open air flows
over the thermocouple wires and through the by-pass - the thermocouple
then having quite a good recovery factor., Vhen this by-pass is closed
the pressure in the traversing tube rises to give the total head, By
this means it is possible to obtain readings of temperature and pressure
at the same position (and nearly the same time).

Performance
Typlcal temperature recovery factors obtained with different

s1zes of pitot head are listed in the table below. Recovery factor is
defined by

Ty = T
Ty - T
where T 1is the static temperature of the stream tube

Ty ids its total temperature

and Tip is the thermocouple reading.

] 0.D. of tip | *
{ of pitot head | 0,075 ! 0,040 ] 0.020 | 0,0085 | 0,005
i ( inches) i
!
f 1
| B 0.995 | 0.970 ' 0,960 . 0,920 0.898

The majority of the reaswrements werc made with tips of 0.020"
diameter and less, These recovery factors were measured in the free
stream and it had to be assumed that they would remain constant through
the boundsry layer.

A rough check was made of radiation effects by mounting a vertical
steam heated ocopper plate and a pitot thermocouple in an evacuated flask,
There was no rise in thermocouple temperature until it was only a few
thousandths of an inch from the plate, and by directing a small air jet
at the pitot head this rise could be delayed until the shield was
touching the plate.

However the whole technique is still under development and
systematic tests of the various effects have yet to be made,
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APPENDIX IT

Mechanical Indication of Transition

Following the tests with a chemical coating to indicete the
position of transition from laminar to turbulent flow as given in
Appendix I of Ref,2 it was decaded to try and obtain this by a
Mechanical method.

Requirements

In order to traverse the transition region an anstrument had to
be designed that could fulfil the following requirements;-

(a) be inserted with the tumnel in position, i.e. go through & 0,75"
dremeter hole in a liner 2.25" thick,

(b) give a length of traverse slightly greater than the distance
between the pitot traverse holes (Fig.2) so that the complete range of
transition could be covered, and

(e) be sufficaently rigid to prevent vibration troubles.

Construction

An instrument, which becouse of its method of operation is
called a "Creeper" was mxds end is shown in Fig.6. It had been found
that 1 mm stainless steel hypodermic tvbing (used for pitot heads)
could be flexed to a small radius and still retain its elasticity.

By enclosang a length of thais trbing an a sheath, but, leaving it
free to slade, : b was possible to traverse the pitot lonmgitudinally
s well as vertrcally.

Iwo mean points had to ho watched in meking the instrument,first
that the piltot carryinz tube should be a good sliding fit in the guide
tube to elaminate vibration, and secondly that the guide peg should be
a good fiv in 1its slot, to prevent rotation. Copper was used for the
radaus portion of the instrument as the {1 mm hypodermac tube has to be
inserted prior to selting. Copper in i1ts amnealed condition can be
cold set end no heating 1s necessary (heeting would have destroyed the
elasticrty of the hypodermic tube).

The pitot head is traversed by rotating the traverse operating
tube so that pressure is exerted on the collar and transmitted through
the 1 mm hypodermic tubing to the pitot carrying tube, The traverse
operating tube carries an insert threaded 4" B,.S.F. 26 T,P.1. When
hard against either of the csllars, oune revolution of the traverse
operating tube will wove the pitot head 0.0384". By setting the zero
poant by one of the thermocouple junctions or pressure points on the
plate it was then possible to obtain the position of the pitot at any

point on the traverss. Provided that cach traverse was made continuously

in one direction, the same accuracy was obteansble either wey (o new
zoro was set before each traverse to allow for backlash in the thread
and between the two collars).

Creeper traverses taken with this instrument are shown in Fig.10,
the transition region being clearly marked,

The adventages of this instrument may be summed up as follows:-



(2)
(3)

and

(&)

are,

(1)

and

1t does glve a clear indication of transition (or a single line),

1t 15 easily made and providing sloppiness in vital parts is
avorded gives an accuracy within the limits of the test,

it can be inserted or removed from the tunnel easily and despite
1ts length does not show any vibration tendency except at full
traverse when a slight surging on the mercury U tubes is noted

pitot traverses across the boundary layer can be taken at any
point (on the single line} by using this instrument.

Disadvantages (as compared with chemical indication of transition)

the indication of transition is limited to a single line as
0ppose? to the overall picture given by a chemical method (Ref.2,
Fig.13), '

any increase in length or cranking to give indication on an off
centre line would bring about vibration and the need for a
steady, theceby introducing complications to the present simple
and easy method of mounting.

In general this instrument has proved successful and 1s a very

useful additional piece of tunnel equipment.



APFENDIX TII

Formulae used for comparison with the experimental results

The results2 of Part II of the present investigation suggested
the following formula for the variation of turbulent skin friction
with Mach number and heat transfer,

It

Cry CPy

g IIT .1

when Rey = RGW'E‘
w
S

where subseript "i" denotes incompressible values
D 1y

subscript "w" denotes that in the compressible case density
and viscosity are evaluated at wall temperature (Ty)

and T4 is free stream static temperature.
This formula was based on the assumptions,

(1)  that Reynolds analogy between momentum and heat exchange was
valid

and

(2) that the incompressible constants could be retained in the

general log-law form for thc velocity distribution near a
wall

= A + B log Z%I I1I.2

B
U

provided density and viscosity were evaluated at wall temperature,

The same analysis gave

H Ty yet ., 2
— = e o LM

(where H is the ratio 56 ) but comparison with experimental data
and the nature of assumption (1) above suggests that a better form
would be

H o v v i g2
B T T O My III.4

Application of formulase

1 Skin friection

If we take ‘the incompressible formula

Cry = 0.46 (log Rei)nz'6
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for mean skin friction coefficient, then application of the formula IIT,t

gives

T .,-2.6
Cp, = 0.46 (log Rey =) III.5
w Tw
as the correspording formula for compressible flow,
Under the experimental conditions of the tests,
0.8}
T .

Wl § I11,6

Moy Tw
and hence in terms of free stream density and viscosity equation III.5
becomes

Ty Ty, ~2.6
Cr = 0..6 G (log Re + 2,8 log T III.6

which is the form applied in Section 5.3 of the main report,

On the other hand, the Blasius formula

b

Cp 0,074 Rey /5

1

when combined with formula ITII,1 gives

_ 7y /5
VR, = 0.07: RSW'E; III.7
or in terms of free stream conditions
1 T 2.16
cp = 0.07% Re /5 (E:; 5 IT1.8

2 Momentum thickness

If there are no pressure gradients the momentum equation for flow
over a flat plate gives

' op = 2 IT1.9

where 6 1is momentum thickness given by the integral

5
. u fy _u
6 = qu%é u1>ay II1.10
o}

Combination of equations III.6 and ITI,9 then gives the variations
in momentum thickness used ain Section 5.2 of the main report.
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3 Drsplacement thickness

Displacement thickncss 8%, given by
&

x fu
5[< Py “1)

cen then be estimated from the values of the momentum thickness by
use of eguation I1I.4, i.e.

T
H w oY-1 1 o
Rl s /3 W ITI.4

For the ocomparisons of Section 5.2 the values

Hi = 1 -3
o = 0.72
8.11(1 M1 = 2.’4—3

were used.
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TABLE I

Measurement of Kinetic Temperature

M1 = 2=}+.3

(Under zero heat transfer conditions, when Iy = Toyr , it
15 assumed that well temperature I, = Tyy = Toyp )

0 T Direction of change
WO Hy Two 8 = Ty =714 of stagnation
ox oK Eﬁ: TH1-T1 temperature TH1
292,68 311.0 0.941 0,899
291.6 309.4 | 0.542 0.893 Asconding
288.8 305.5 0,945 0.898
Mean ascending 0943 0,894
291.9 | 305.. 0,956 0.
91.9 i 305 .4 95 919 Descending
291.5 i 305.7 0.954 0.915
Mean descending 0,955 0.917
Overall mean 0.949 0,906

-.55....
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(Table is arranged in chronologrcal order. Divisions occur befween each complete set of test

TABLE II

Measurements of Overall Heat Transfer

My = 2443

Two/TH; = 0.949

runs)

Plate Length (a; = 13.4 28 = 0,340 metres
Heated Area (8) = 57.6 sq in = 3,72 x 102 sq metres
|
§
Plate Temp. Stagn. Temp. Heat Flow | ¥ h x 102 ky, x 103 1
Ty qQ x 102 k cal e | ko /5 i
oK °K kcal/sec [m2. sec OC = h/?1u1 gCp x 107 x 102

372.8 292.6 11,34 3.20 1,45 3.33 2.92 047845
372.8 292,3 11,41 3.2 1,45 3,34 2,92 0.7835
3711 273.0 12.85 3.08 1,34 3.70 2.77 0.732
376 273.0 13.04 3041 1.36 3.70 2,79 0.732
373.2 323.0 7.76 3.13 1.4 2.56 2,84 0.866
373.‘.1‘ 322.8 ;7_97 3.20 1 .}.|..8 2.96 Z2.91 0.865
373.1 233.0 17.25 3.05 1.21 L7 2.63 0,625
373.0 233.0 17.36 3.07 1,22 71 2.65 0.625
372.7 242.5 16,52 3.91 1,30 o33 2.75 0.650
372.6 241 .8 16.07 3.02 1,26 %433 2.67 0.6L8
372.3 232.6 17.05 3,02 1.23 L.60 2.65 0.6235
372.3 232.5 17.16 3.04 1.24 4.60 2.67 0.6235
372.6 263.2 13,95 3405 1.325 3.83 2,75 0.706
372.6 26341 13.97 3405 1.325 3.83 2.75 ! 0,7055




- g -

TABLE IT (Contd.)

. .
i’iate Temp. %&gﬂ. Temp. Hgaz ﬁ%czm* hkxc;gz I, x 1 o3 Re ) ke, Re1 /5 TH1/,_EW
1 = 10” 2
ox oK keal/sec | p2 oo .0g | = h/p1u_1 g Cp x x 40
372.6 283.0 11,94 3.08 1.38 346 2,81 0.759
372.7 283.0 11.87 3.06 1.37 346 2.79 0.758
373.0 293.8 11.06 3.16 1.4 3.3 2,90 0.7875

) S (Eqﬁ _%o)




Measurements of turbulent boundsxry layer on

TABLE ITL

flat plate with heat being transferred

M-‘] = 2:43
x = distance downstream from leading edge of plate

(2) Ty =373°% T, = 276.5°%K Ty = 127K
x Rey 8% 6 §x _28 Tube Dia..
Inches | x 1076 | Inches Inches H= 8 “p x inches
4,20 1,19 0.0306 0.0067 4.57 0.0032 0,020
5.90 1.60 0.,0L03 0.0084 4., 80 0.00285 0,020
8.00 2.05 0.0502 0.0100 5.02 0.0025 0,020
8.30 2,30 0,053 0.,0118 L4453 0.00285 0.009
10,75 2.70 0.0712 0.0140 5.09 0.0026 0,020
12.85 3.40 0.0830 0.0171 4,85 0.00265 0.020
(b) Ty = 373K Ty = 257°K T4 = 109°K
x Rey 5% 5 H e & _ 26 | Tube Dia.
Inches | x 1076 | Inches Inches 6 x inches
2.45 0-811- 0.0196 000055 5.60 0.00285 0'020
4.25 1.42 0.0382 00,0067 5.70 0.00315 0.020
6.00 2,12 0.0446 0,0085 5.25 0.0028 0,020
10,80 3.70 0.0743 0.0133 5.58 0,00245 0.020
12.90 Lhe39 0.0855 0.0164 5.21 0.00255 0.020
- 38 -
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