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SUMMARY

Commerclally available heatmeters have been used to measure the steady-
state heat transfer rates in the vicinity of z compression corner. Results at
all Mach numbers are qualitatively simalar in that, betk ahead and downstream

of the corner, tine measured heat transfer rate was lower than expected.

In the compression region close to the corner, the adiabatic wall tempera-

tures were alsc low.

The measuring technigue is discussed and same potential sources cf error

are indicated.

*

Replaces R.A,E. Technical Report No. 66171 - 4,R.C. 28LD6.
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1 INTRODUCTICN

Heat transfer rates have been measured i1n the neighbourhood of a 150
compression corner. The lach number of the flow approaching the corner was
varied from 2.5 to 4.36, corresponding to a Reynolds number range of 13.25 to
8.33 x 106 per foot.

The tests were undertaken with applications such as multi-shock 1ntakes
in mind. The corner angle was chosen so that it would generate a shock wave

which, while fairly strong, would not separate a turbulent boundary layer,

Heat transfer rates were measured by the siteady state technigue developed
by Naysmith1. The present state of this method 25 discussed 1n detzil since 1t
cars on the conduct of the tests and the validity of tare results presented

here.

2 TECHNIQUZ FOR LIEASURING STEADY HEAT FLGOW

The basis of the method 1s that sensitive heatmeters, cammercially avail-
able, are embedded, together with surface-temperature thermocouples, in the skan
of an internally cooled model. Rale of hecat flow inte the skin and skin surface
temperature can then be rclateds The arrangement 1s shown in Fag.3(a) and 3(h)

is a diagram of a heatmeter disc.

The hecatmeter discs, develcped by Hatfleldz, give an electrical signal
when subgected to heat flow 1n a direction wnich produces a temperature differ-
ence between their opposite faces. The slignal 1s generated thermo-eclectrically
at the junctions bétween copper electrodes and the faces of the tellurium—silver
disce The high sensaitivity of these meters compared for example with a meter
consistang of a constanton disc with copper elecirodes, is due to two factors,
namcly a tenfold increase in ihermo-electric power and a decrease of the same
order in thermal conductivity. The manufacturer supplies a calibration factor
with each heatmeter, giving the voltage output for unit heat flow normal to the
faces of the disc. This calibration relates to fairly small heat flows, about
0.1 CHU per sq f't per sccond, at a temperature of sbout 1500. Arasing from the
tests reported here, there are some doubts about the applicability of these

calsbrations to heatmeters mounted in cold models.

The thermal conductivity and thermo-electric power of a sample of
tellurium-silver allcy, about 3 inches diameter by % inch thick, were measured
in the Basic Physics Division of the National Physical Leboratory under the
supervisiocn of Dre. Re.W. Powell shose assistance is gratefully acknowsledged. The

conductivaty was found to be 1.9 x 107 CHU per £t second °c at SOOC and
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2«3 x ‘10-)+ CHU per ft second °c at -60°C. The thermo-electric emf generated at
a Junction between the sample and a copper wire changed at & rate of 450 uV per
0C n the range —19000 to AOOC. This sample was cf course much larger than the
ordinary heatmeter disc (the size was dictated by the method of measuring the

conductivity) and the material was found to be harder and more brittle than that
used 1n the heatmeters., It is not known what effect these differences may have

had on the thermal and electrical behaviour.

In order that heatmeters can correctly measure heat flow to the surface of
a model, the model skin should have a thermal conductivity close to that of the
meters. This condition has been achieved by embedding the meters in a surface
coating of epoxy resin, leaded with about 1.2 times its own weight of fine
aluminium particles. The low conductivity of this coating has the advantage
that it reduces conductivity along the skin, so ensbling sharp pesks in heat
flow (e.gs near re~attachment in rearward-facing step flows1) to be measured.
This same property howsver limits heat flow into the model for a given internal
coovlant temperaturc and it is thus desirable to keep skin thickness to a minimum.
The limit on skin thickness together with the need to study non-uniform dis-
tributions of heat flow lead to a requirement for small, thin heatmeters, Such
meters are currently being developed and improved methcds of calibration are
being sought*, whach in future should cover wider ranges of heat flow and
temperature. It is hoped to make calibration easier and quicker by reducing the

2
thermal inertia inherent in calibrators baszd on Hatfield's criginal desi .
£ gn

3 EXTERTMENTAL APPARATUS

3.1 licdel

Fige1 shows the general errangement of the model waith leading dimensions,

while Pig.2 shows in cross-section the internal construction.

A gurmetal casting provides a manifold for the coolanit, together with inlet
and outlet passages. A perforated brass plate covers the manilfold and forms the
bottom of the coolant chember. The top of the coclant chamber is aanother brass
plate, which, on its outer surface, carries the resin skin, and the

instrumentation.

Static pressure tubes were swoated to the brass platc, whale heatmeters
were attached to it by a thin film of resin. With thess canmpenents in place the

resin skin was first cast on, then worked to give a smooth, flat surface.

Thermocouples were installed as shown in Fig.3{s), and fanally 0,020 inch

diameter pressure holes were drilled through the skin into the hypodermic tubes.

* See foctnote to pe 1lke



Pressurc tubes and electricel leads werce all taken out sparwise without crossing
the cherdwise centre-line in crder to minimise interference with heat transfer
near this linc. The posaitions of the pressure orifices, heatmeters and thermo—

couples arc listed in Table 1.

The span of the model was large enough to ensure that the regien (at
ieast outside the boundary layer) influenced by the tips remained several inches

clear of the chordwise centre-line. 7This is indicated in Fig.d.

3.2 Itodel cooling eguipment

he circuit diagram of the cquipment used for cooling the model is shown
in Figel4s The equapment 1s only sligntly different fram that used by Naysmith
and descrzbed by him in Rer.5. Non-inflammeble trichlorocthylene is now used
in place of aleohol zs the Loct transport medium, necessitaing the replacement
of all rubber parts such as seals, floxible hoscs cte, by similar parts made

from nylone

The terperatuwre of the circulating fluid and thercfore the medel, 1s
controllcd by sclecting the proportiron of the tcotal {lor allowsd e pass through
the coclers The cooler ibtself is simply a coil of copper tube lmmersed in a

tanl: containing a mixture of sclzd carbon dioxade ond trichloroethylene.
3.3 7ind tunnel

The tests were made in the Hizgh Supersonic Speed Vind Tunncl at R.A.E.
Bedford. This 1s a closed circurt, comtinuous flow tunnel with a warking szctaon
L £t by 3 4. At the time of the tests a wooden nozzle provided o fixced ilach
number nominally cqual to L. Stagnation pressure can be varied between 15 and
220 inHge

This facality has been described in detarl in Refs.3 and 4.

L Data recording facilitics

. 5 -
Pressure tubes were lea to the Madwood” scelf-baliancing capsule manomcters,
which are standard ancillaries Lo thz tunnel. Thesc 1nstruments measwre
absolute pressures up to 60 infg, with an accuracy of +0.02 inHg on digitiscd

output.

Thermocouple and heatmeter veltages were measurcd by the sclf-balancing
d.c. potentiomcters normally uscd in conjgunction with stramn-—gauge foree
balances. For heat transfer tests coon potentiometer has been fitted with a
twelve-way switch which 1s scanned automatically. The twelve positions are

covered in about 20 secondse. With ton potentiomcters available for simultaneous



scanning, this is the total time required to record Iron any number up to 60
measuring stations. (Each station requires a channcl for a thermocouple and
another for a heatmeter.) Ranges of 1, 2, 4 «cveee 32 mallivolts are available,

with on accuracy bettor then 7% of full-scale.

Information from digitisers, fitted to ‘he menometers and potentiometers,
is puncned on to cards which constitubte both the data record and the input to

an automatic computer.

& DESCRIPTION OF TESTS

Because the frec stream lach number in the high-supersonic wind tunnel was
at the time of these tests fixed at i = 4, a range of differcnt liach numbers
upsircam of the corner was cbtained by pitching the models At cach Mach number
the model temperature was changed in a serics of steps and at cach constant

tomperature heat flow and temperaturc were recordeds

At the begainning of the ilests, beforc an operating iechnaque far the cool-
ing plant had been established, same difficulty was cxpericnced in maantaining
constant temperatures. Thas is reflected in the scatter of data at the lowest
fach number, which was the first of the scries. 7To gauge the importance of
temperature variation, some data were cbtmined laser with continuvously varying
temporature.

Because of the possibality of fa2ilure of whe model skin, cooling was
limited in the first test to about 10°C bolow recovery tcaperatures In subsc~
quent tests the model was coocled progressively further, finally reaching about
30°% below recovery (i.c. about =10°C).

The maximm rate of heat ftransfer dad not, however, change very much from

one test to another, end was of the order of C.1 CHU per sguarce oot per second.

Test conditions ore semarised in Table 2, which slso gaves the approxi-~
mate total pressures above shich no boundary layer scparaticn on the model was

visible on the schlieren screen.

il

All dota were obtained at a totcl cresgurc of 220 wfig and a total

termperature of hOOC as wmeasured in the tunncl settling chambor.

e specific humidity of the sarstrean was between 140 and 200 parts per
millicn by weighte The reference Junctions of the thornocouples were maintained

o
at 50C in a toemperature controlled water bath.



5 DATA REDUCTION AND THEORY

In reducing the heat flow and temperature results, advantage has boen
taken of the capacity of auvomatic computing in ordcer to remove some sources of
crror. The computer programme allows non-lincer calibrations for both thermo—
couples and hecatmeters to be uscd and ensures that both heat flow and tempera-—~
ture at cach data pecint, arc non-dimensioneliscd with the aid of total pressure

and temperaturc measurcd at the same time.

A% thig stage of the process, the data are available asi-

T = (pu.C 7y 0 2 non~-dimensional heat flow

P ‘a
TW
T = T_T s & non—-dircnsicnal tomperature
T
a
where @ = heat transfor rate per unit area
p = air densaity
u = air vclocity
T = air static ftemperature
TW = model surface temperature
GD = specific heat of air at constant pressure

and suffix a denotes a reference flow conditzon uscd an forming non—famensional

variables.

The reference condition, which musi be constent, is compuited automatically fram
free stream total mressure and total teomperature, ul rcflercnce liach number and

the ratio of frec stream total pressurc to total vressurc at the refercnce state,
arc supplicd to the computer. The data, in thas form, can be plotted mechanically

as gravis of w versus v for cach measuraing station.

The final results arc cbizined from o straight linc, fitted by the "least-
squares" methoa, t0 the = and T data. Farstly the slope of the lanc, and the
value of v at ® = 0} s.ce zoro heat transfer, are found. From these, Stanton
number and recovery factor cerrvesponding to the reference luach number Ha’ are
computca.

By definition:-

Q

Ik

puC, Sp(T. = T)

recovery temperature (temperature at
zero heat transfer)

af T

i

and S Stantcn nunber .

w3



Hence, if @ is linearly related to Tw’

44
T pu.Gp ST

- w

S0 that gr L (g)

dt Ta !

. o
if (8p), = pucy, (4, - 1,)

The recovery factor, r, is defined by:~

- 1] —

so that () 5
(v = 1) 1

a [(T)ﬂ=0

The computer output consists of (S ) and (r) for each measuring station along
the model, together with values of (T) and “unlt" Reynolds number ﬁt—

\" /a
averaged over all the data points making up a complete run.

Figs.5 and 6 show the linearity of the heat flow versus teumperature rela-
tions measured in the tests. The examples have been chosen to cover the whole
test lach number range, and various flow condivions aleng the chord of the model.
For the transiticnal boundary layer, Fig.5(a), there is a slight suggestion of
non-linearaty. The paucity and poor quality of the dala in Fig.6{a), arise from

their having been obtained from the Farst run (see section 4).

Stanton numbers were estimated by an intermediate temperature netnod, for

the folleowing conditions:~

(2) A4head of the cormer

(i) The laminar boundary layer on an ideal flat plate with a thin,

sharp leading edge.

(i1) The flat plate turbulent bsundary layer, with effective origin
at the leading edge.



() APt of the corner

The flat plate turbulent boundery layer appropriate to the ilach number and
unit Reynolds number dovmstrcam of the single, oblique shock wave; the manentum
thickness immediately behind the shock was calculated from the momentum thick-
ness of (a)(1i) above at the corner, allowancc being made far the pressure jump

at the shock wave.

Since the surface temperatures in the tests were never far from recovery
temperature, estimates were made only fer recovery surface temperatures. The
formulae used in the estimates were those recamuended in Ref.7. The specifiec
heat of air was assumed constant. For both laminar and turbulent flow, the

intermediate temperature (T7) was taken as:-

'nx _ M [ . m -

S O-;(TW Le) + 0.22(Tr T) ,
where Te = air static temperaturce st outside the boundary layer.
FOI‘T =T,

W T
o= o7 40720 -T)
e r G
X
Tees -%— = 1+0.72r ﬁiiiil mi ,

with li, = Mach number Just outside the boundary layer.

The recovery factor, r, 1s given by:-
%
r = (P::\ ’
Nt/
for laminar layers, Fﬁ being the Trandtl numcer at temperature ™5 and
T = 0089

for turbulent layers.

Reynolds analogy factors between Stanton numbers (ST) and skan fraction

coefficients (cf) were assumed, giving final formulae, for an isothermal wail:-—
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-2/3 SRR X5
S, = 0.332 (P" (R) * ("9 E_) for laminar flow |,
T r X \o¥ He

and

w2
1]

T To B\ -2
T 0.288 x 0.61 (—-%)]—logw [ R, *—f; -—%)] 2% por turbulent flow .
™/ L A S

In these formilae, Rx 1s the Reynolds number formwed from fluid properties just
outside the boundary layer and the distance x from the origin of the layer. The

coefficient of viscosity of zir is, as usual, denctea by u.

The ratics of the momentum thicknesses (62) on e¢ither side of the corner

shock wave were cbtuined fram Neosh's formulai-

-;2 _ I ‘20
(Pe Ve e 62)2 = WPg Mg g 02)1 »
where ( )1 and ( )2 denote conditions upstrecam and downstresm of the shock

WavQ.

Of several available formulac quoted by Gookeg, tnis 15 the simpleat.
6 RESULTS
6.1  Pressure

Pressures were scaled by *exing the average pressurc well shead of the
corner as unity. Since this study concerns heat transfer rather than pressure
distrabutions, Mach numbers, densitics, and velocities were taken from measured
pressures rather than nominal flow conditions. Flow changes across the corner

o o .. . .
correspond to a corner angle of 45.1° #0.17, which agrecs satisfactorily with

the gecoametrical angle.

The pressure distributicns, which confirm the abscnce of any significant
scparation at the test Reynolds numbers, arc illustrated in Pig.7.

6'2 Heat flOW at I-i_T = l{-. 36

Since the results of all test are qualitatively samilay, detailled des-
cription will be confined to one test, namcly that illustrated an Fig.8, for

whicn ﬁ1 = L. 36.
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6.2,1 Region szhead of corner compression

The recovery factors shown in I'ig.8(b) rise to a peak before falling away
towards the turbulent boundary layer value of 0.89. This behaviour, which is a
characteristic of transition rogions between laminar and turbulent flow10, 18
broadly consistent with the Stanton numbcrs of Fig.8(c). In the same region,
Stanton numbers rise from values appropriate to a leminar layer, finally rcaching
some 75% of the estimated valuss for a turbulent layer, Comparison of rccovery
factors and Stanton number suggests that transition affects the former earlier
than the latter, and recovery factors continue td be slightly affected after

Stanton numbers have apparcntly rcachcd their finel level.

6.2.2 DRegion near corper

Recovery factors, wvhethcer derived using upstrcam Mach number (M1) and
corresponding static temperature (T1) or oconditions at the loewer Mach numbers
associated with the corner compression, fall avprceiably reachaing & minimum
slightly downstream of the corner. Sianton nusbors on the other hand, risc
sharply if defined using density and veclocity ancad of tac cempression, but
remain constant if estimated local donsity an% v?1001ty arc used, Local density

ou

and velocity were estimated by assuming that —-tocel was tne same function of

(p)local

es it would be if the pressurc risc from p, %o (p) were produced

lo%al
by a1single obligue shock. Thus (Pu)local vwere found by using tables of flow
changes through oblique shosks in moajunciion with the pressure distrabutions
of Fig,7. 4As may be scen from the lewer line ia Fag.8(a), wall temporaturc
rose appreciably through the compression region vhen heat wes being traasferred

to the model.

6.2.3 Region downstream of sorncr compression

Both recovery factor and Stanton number rise initially, the former tonding
to return to the normal level fer a turbulent boundary laycr., Stanton numbers
based on leocal densiiy and velocity tend on averagé to some BO% of the estimated
values behind the corner shock weve. Apperently, the proporticnate increase of
Stanton numbgr through the shock agrecs fairly well with the theoretical estimate
cxecept in the immedicte neighbourhood <f the cormer, On botn sides of the
cempression region, however, the Staston number levels from experimert are below

the estimotes,

In the forward part of the region espceially, the true dimensionsl rate of
heat transfer is much lower than would be estinmoted for the measured surface
temperature because of the combined 2ffect of lew Stunlon muber and low recovery

facter,



12

6,3 Effects of reducing Mach number shead of cormer

Test results for M1 ranging from 3.97 to 2.495 are shown in Figs.9 to 12.
Reduction of Kach number ashead of the corner tends to move transition nearer to
the leading edge of the meodel. Reynolds number at the end of transition, as
indicated by recovery factors, falls slightly from about &,5 x 106 at ﬁ1 = 4,36
to 3.9 x 106 at L, = 3.52. At the remeining Hach numbers, My = 3.23, 2,495,
transition appears to be shead of the first instrumented station., This implies

that trensition is complete at Reynolds numbers below 3.3 x 106.

Ahend of the corner Stanton numbers fall further below the estimates as
M1 is reduced, until at M1 = 2,495 they are only about 50% of expccted velues.

Dowastreem of the corner, the principal effect of Mach number reduction
is to delay the return of recoveory facter to the flet-plate boundary leyer level,
For M1 € 3,59 this retura doess nnt ocour within the length of the model. The

probable reason for this low-lech number behavicuar is that the 150 corner angle
1

is then close to the limiting angle for attached flow. According to Kuehn1 s

this limiting angle falls from aboud 23° when K, = & to 17° when ¥, = 2.5 at

1
rclevant Reynolds numbers.

6.4 EBffect of unsteadiness in surface tomperature on heat flow

During the M1 = 3.97 run, data were.reaorded at frequent intervels during
& period when coolant tempercture was allowed to vary. Time histories of heat
flow and model surface temperature arc shown in Fig.13. In Fig,14 these
measurements are compared with the mean relation between heat flcw and tempera=-
ture for nominally steady conditions, Anclysis of the deviations of heat flows
from the steady-state relaticn shows that, at given terperature, the error in a
heat flow measurement correlates well wath the meon rate of change of temperature
during some 5 or 6 minutes preceding the acquisition of the data; that s in
Fig.13, a slope A-A rathcer then B-B, determincs the error of the date at time C,
A meen change of ﬁpc per minutc in model surface teuperaturc, preceding time G
produces en error of about 2 x 107 in non-dimcnsionsl heat flow mcasured ab
“that time., This numerical result is not gencral: it would be expected to depend
on the thermel properties of the thermocouple, skin and heatdeter to wvhich the
neasurenents relate,

7 GEIERAL DISCUSSION

The most striking result ol these tests is that on both sides of the corner,
heat transfer through the turbulent boundary layers asppeors to be much lower than
one would expect., This and the considersble scatter of the Stanton nurbers foster

suspicicn of the accuracy of the heatmeter calibraticns. A brief attempt
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to celibrate somec of the mcters in the mede™ indacoted that, in this environment,
these meters may be some 10, less sensitive than in the meker's calibreting
apporatus. Even if the Stenton numbers were raiscd by this amount, they would

still lie considersbly below the estimates™.

It is thought that errors in the meesurcment of surfoce temperature would
not be large cnough to exploain the remeining discrepancy. Suga crrors woulid,
however, be in the correct sense, because the thermocounles would tend to measure
the lower temperature at some point within the sldn, 1f they failed to measure
surface temperature, Sone indisation of the possible size of these crrors nay be
gained from the fact that the terperature gradient in the resin sizin is scme
40-50°C per inch at a heat flow of 0.1 CHU/TtZ scc, The progressive divergence
betveen theory and experiment as Mach number fails 1s consistent with errcr in
the temperature measurements. This is becausc the dafference between recovery
and surface temperaturcs necded to generate a given heot transfer, fallls with
Mach number; consequently wcacurencat errcrs becone more important at the lower

Mach numbers,

The experimental results have been prescented as tney were obtained: with
neither heat flux nor woall femperature constant aleng the model. Reliable methods
for relating Stanton nurbers in comﬁressiblc Jow et arbitrary wall conditions
to Stanton numbers at standard conditions such as an isothersal wall do net, to
the authors' knowledge, exist. Such rethods are needed in order thet heat trans-
fer rates and wall tewmperatures for real vehicles may be calculated, since the
temperature and heat flow disiributions will depend act only on acrodynanic
(convesctive) heat transfor, bul alsc con interncl end exverncl radiatlion, internal
heat paths provided by the structure, and the coolors or heat sinks contained
therein. The interaction of these facters can correctly be obteined only if

heat tronsfer coefficicnts appropriabe to any arbitrary wall conditions arc known.

In incoupressible flow, ncthods have been developed for the cffects cof
varisble wall temperature (actual distributions being approxarated by combinations
of "step" and linear "romp" changes of tupme:ature12), end for the clfects of

13

transition ©. For compressable flow the effeet of o step change in wall tempera-

ture is examined in Ref'.1k,
8 CONCLUSIONS

Heat transfcr measurcments an the vicimzty of o 15° compression cerner,
with epproach Mach numbers ranging frem 2,495 to 4.3%6 have shown the following

features:-

¥ See foctnote toc pe ke
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(1) Measured Stanton numbers for turbulent flow cre lower than had been

estimated; the accuracy of these measurenents 1s, however, uncertain®.

(2) Away from the immediate visinity of the corner, ratios of Stanton

numbers upstream and downstream of the conmpression are as expected.

(3) Low recovery factors in the immediate ncighbourhoed of the compression
lead to low heat transfer; this region extends furthest at the lowest approoach
Mach numbers where the corner shotk weve is nesily strong cnough to scparate
the boundary layer. The measured recovery fectors are probably rclisble, since
heat conduction from tempercture and heat scnsors, a likely source of errer in
the tests as a whole, should becoue unimprrtant as recovery tenperature is

approached,

* After this Report was first issued, further calibraticns of single heat-
meters were performed by staff of the 8 ft Superseonic Tunnel at R,A.E. Bedford.
The new calibrations indicate that the calibrating tecnnique evelved by Hatfield
and used by heatmeter manufacturers cverestimates heatmeter sensitivity by cne-
third. Complete acceptance of the new calibratiens, which sheuld be more
accurate than those menticned on page 13, weuld bring the Stanton numbers of this
experiment much cleser to estimated values,



Zeble 1

Poscitlions of anscrumented stetions

(Distances fron luading cdge are along the airswept surface.)

¢ dern 3tatic presuure top Heatmeter and
Di::;?ie §€02 (ofFset: port or thermocouple (offsct:
(inch§=)ag starboard) port or starboard)
~ (inches) (inches)
2.9 0,6 5 0.4 P
4.0 0.6 P Q... 8
5.1 0,6 8 0.4 P
5.35 - Q.4 8
5.6 0.6 S O P
5.85 0.6 P O.h 3
6-1 - O-l' P
6.35 0.6 P C.y S
6.6 0.6 3 -
6.85 6.6 P Q.4 8
! 0.6 3 G P
(7.25) (Corner)
?OLl' On6 P O.I.}. S
7.65 C.6 S Oy P
7.9 C.6 P Oo 3
8.15 0.6 3 0.4 P
9: 25 - Ool}' S
10035 O-6 S O.ll" P

Note:- Spaces in the tablc dencte stefions where instruments
were unserviccable; additienally, at 8.15 inches fron
leading cdge, no heat {low data were cbtoincd in the

test ot m1 = 4,36,
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Summary of test conditions

Table 2

Nominal total pressure of free stream 220 inHg
Nominal total temperature of free stream 4LO°C

Ahead of corner

Aft of corner

Mox, free stream

MIni 1Ty 41 total pressure
Mach "Undt* Nach Unat’ for visible
number Reynolds number Reynolds separation
nunber numbey <P
- 1/8% - 1 /1% inHg
2.495 13.25 x 106 1.87 16.33 x *106 L5
3.23 13,21 x 106 2.4 17.70 x 106 &5
3.59 11.83 x 106 2.65 15.73 x 106 L7
3.97 9.92 x 106 2.91 13.18 % 106 70
4,36 8.33 % 106 3.20 | 14.58 x 106 100
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STIBOLS

specific heat of air at coastant pressure
Mach number

heat transfer rate per unit area

Pe Yo
Reynolds number = ——eodew
e
recovery factor
Stanton number = Q/b11CP(Tr - TW)

tenperature

total temperature in main stream

a1r velocity

distance from virtual origin of boundary layer
ratio of specific neats for air

momentum thickness of boundary layer
ovefficient of viscosity for air
non-dimensional heat flow rate

eir densiby

non-dimensional suriace temperature

intermediate temperature

reference condition

outer edge of boundary loyer
zero convective heat transfer
model surface

ahead of corner compression

downstream of corner compression



18

10

11

Author

A, Naysmith

H'S‘
F.J.

Hatfield

Vilkins

J. Poole

D.R.

A.C,

J.Fl

Andrews

Browning

W. Crane

R.J. Monaghan

G.F,
R,%.

L.F.
R.L.
J. G.

J.F.

J.C.

J.L.
J.D.

Midwood
Hayweard

Crabtree
Dommett
Voodley

Nash

Cocke

Potter
Whatfield

M. Kicghn

Ea e A

Title, etc
Heat transfer and boundary layer messurements in a region
of supersonic flow separation and reatiachment.

R.4.E. Tech. Note Aero 2558, (A.R.C. 20601) say 1958

A new heat flow meter,

J. of Beientific Instruments, Vol,27, Jan. 1950
4 description of the R.A.3. high supersonic speed tunnel.
R.A.Z. Tech. Kote hero 2678, 1960

Sone notes on the model testing facilities afforded by
the high supersonic speed wand tunnel at R.A.l. Bedford.
R.A.B. Tech. Note fero 2582, (i.R.C. 20922) August 1958

M¥easurements of the effect of surfase cooling on boundary

layer transition on a 15o cone,
Part I, Tests at M = 2 and 3 in an 8 inch x 9 inch wind
tunnel at R.4.E. Bedford.

4.2.C. 19836, C.P, 381, Sent. 1957

in avbometic self-balancing capsuie manometer,
£e2.Cu TPy 231, July 4955

Estimation of heat transfer to flat nlates, cones and
blunt bodies,

R.n.E. Tech. Report No,65137 (4iR.C. 27233), July 1965

_dn analysis of two-dimensional turbulent base flow,

includang the effect of the epproaching boundary layer.
HeRoCo Reand B, 3344, July 1962

Separated supersonie flow.

R....B. Tech. Note .ero 2879 (..R.C. 24935), March 1963

Bffects of unit Reynolds number, nose bluntaess, and
roughness on boundary layer transition.

LLiRD Report Wo,255, April 1960

Experimental investigation of the pressure rise reguired
for the inciplent scparation of turbulent boundary layers

in two-dimensional supersonic flow,

NaSs Memo 1-21-594, Fehruary 1959



No.

12

13

14

Luthor
W.C. Reynolds
W.he Kays
S.d. Kline

W.C. Reynolds
W.M, Kays
S«de Kline

R.d. Conti

19

REFERENCES (CONTD)

Title, eto
Heat transfer in the turbulent incompressible boundary
layer. III - Arbitrary wall tenperature and heat flux,
N:S.i Yemo 12-3-58V, December 1958

Heat transfer in the turbulent incompressible boundary
layer., IV - Effect of location of transition and predic-
tion of heat transfer in a known transition region.

N.8. hemo 12-4-58W, December 1958

Heat transfer measurements at a llach number of 2 in the
turbulent boundary layer on a flat plate having a step~
wise temperature distribution.

NuS4A TN D-159, November 1959






INSULATION
THERMOCOUPLE LEADS
] COOLANT
F PIPES

/

Ji | \ D=
STING

2\

LLE THICKNESS £ Q-003 tn

15°

N

HEATMETER LEADS

COOLED SURFACE (RESIN CQVERED)

STEEL NOSE - CAP

i5°
=]

——— COOLING CHAMBER BLEED

[TO=
='/ ————
:E COOLANT

UNDER SIDE INSULATED

~

T =4ir1,_
.-\\"‘-j\-\\‘\.
I3*—M,= 4 36
\\ ‘—_“'__‘M|=359
— M|=2 495
c M
w T

-i——M|B3 23
M,=3 97

A

PLAN VIEW SHOWING
TIP MACH LINES

(I S O N B A
0 10

INCHES

FIG.| GENERAL ARRANGEMENT OF MODEL



od
-1 o
d} -+ —— o+ + o+ H o+ o+ + ‘w
® -6 -0—0—0 - — |o
) o &
& - e—0—6- -—a»;e—-e - © o
—+ -+ — + +
o
o

_—_’—/\-_/'ﬁ—-‘
® DENOTES THERMOCOUPLE AND HEATMETER | POSITIONS
+ DENOTES PRESSURE TAP LISTED 1N TABLEI

ALUMINIUM LOADED
RESIN SKIN 0:17¢n THICK

COOLING CHAMBER
WITH CHORDWISE
SPLITTER FINS
INSTRUMENTED

STATIONS :
/ b . .’_—"/-

i = o
AN A =\ N
”‘{\).\,,\} > PLTIC FOAM OOLANT Q
>N

Rz, ANSULATION MAN!{FOLD % FEEDER

I o= Sl SR S S A A S SR S AR SR SR A S S AR AR A A

N o o \i

LINCH

FIG.2 DETAILS OF MODEL



COPPER /CONSTANTAN

THERMO COUPLE
BEAD
OBLIQUELY
DRILLED
HOLE

THEMOCOQUPLE POSITIONED

O-17 in

PPROX

SLOT FOR LEADS
SLOT A HOLE REFILLED
WITH LOADED RESIN AFTER

—

T "= WIRE dia 0:0048 in

\V (a0 sw.G)

T coOLANT

CHAMBER
COVER

FIG.3 (a) THERMOCOUPLE & HEATMETER MOUNTING

b4
[»)
[v'd
[+
HEAT FLOW %
SOLODERED c
COPPER GAUZE | COPPER <
! LEADS Q
HOT JUNCTION S8l o °1

COLD JUNCTIQN ! _
COPPER GAUZE \
TELLURIUM - SILVER DISC

Q 2 1n
APPROX

FIG.3 (b) DIAGRAM OF HEATMETER

FIG.3 DETAILS OF INSTRUMENTATION



© DRY AIR
< PRESSURE
TRICHLOROETHYLENE VAPOUR S’ gf,p"p‘ LS;E
MODEL. COOLANT TRAP | |3
3 :
TO
MODEL
COOLER
KIRCULATING BY -PASS
PUMP ®
e 7))
P o
&
!
o
,®
a
o
COIL IN TANK FILLED | g
WITH TRICHLOROETHYLENE,
COOLED BY ADDITION OF
SOLID (.',0e
FROM
MODEL
il

FIG. 4 LINE DIAGRAM OF COOLING RIG



dINHOD 40 WAWVIYLSAdN IdNIVvY3IdNIL ANV
MOTd 1V3H N3I3MLI38 SNOLWLVIIY Q3UNSV3IN 40 S3TdAVX3 S Did

3903 ONIgV3T WOY4 Y ¢ [NOILISOd

3903 9NIAVIN NOY4 UISE-S : NOILISOd
65€ ='W 9¢ - =
‘Y3AV1 AdvaNnos iINIINSgYNL (Q) s o114 ‘Y3AVT AYVANNOE TVYNOILISNvYL (P)s '©id
m.0| / m.OI
~ m o MO
LN _ L[y
X b, % L .
+€ N 2¢ I-g Mo 3 8- 9H 3\ t4 2+ Mo 3
mwr > . 3
- N S
. F XM S
9890 HOLV3 A Em_a_umm =l o } . c
\\o v 2150 Y0L10v3 AHIACIIY yr -
e -0+ x S 0+
Q x ©
% / |.|_
DB, %,
N /
/ ° O _+ X O_+
/ﬁxx

S 14+




03

+1 0 |
a
. . ‘E
o
Cov FACTOR 0888 |
,—l;. o2 \\ o RECOVERY FACTOR O 86— |_0J +05 \KK RECOVERY FACTOR 88 |
y a4 N f
3‘“ © \ l ut\,l b & .X
Q N o (t .
~ o Y
S o N } -‘v\ 275 2:80 N 2-85 2.9
2 ? < x T
o —
\ - T.
xX, 2
@ \ \\
Ly -05
158 1-59 160 I-61
xX
Te

FIG. 6((9 TURBULENT BOUNDARY LAYER FIG.6(b) TURBULENT BOUNDARY LAYER

CLOSE TO CORNER COMPRESSION; WELL DOWNSTREAM OF CORNER
M|= 2:495, M2= 1-87 COMPRESSION
POSITION: 9-25in FROM LEADING EDGE M=436 ; M= 3-20

POSITION : 10-35in FROM LEADING EDGE

FIG.6 EXAMPLES OF MEASURED RELATIONS BETWEEN HEAT FLOW
AND TEMPERATURE DOWNSTREAM Of CORNER



78

PRESSURE RATIO

- M1=4' J6 S
4.0 /‘ Ma=3-20
M=3-37]
" M,=2 9
y  M=359
Maza‘BS
f M=3-23
20 ]
Mp=24
'%fﬂ M,=2:495
| M= 187
i
1
20 |
i
|
|
|
|
|
[
]
.0 - 9 Q—-‘EM \
| i:d Mz » \P /W
— g {Pli
i
(o} 2 4 [ 8 tQ

INCHES FROM LEADING EDGE
(ALONG AIRSWEPT SURFACE)

FIG. 7 PRESSURE DISTRIBUTIONS FOR ALL TESTS




095 I
= ;/’\’\

WETr >/

.y
- -
X

3,0 S
o L x ’ /
090 ﬁ\x}
i /.L-x
11‘ /x
-
max COOLING //.
) N X x |
|
- X ;_C‘QEQL‘L‘EEN
o) 2 & 6 8 10
DISTANCE : INCHES FROM LEADING EDGE
FIG.8 (0) WALL TEMPERATURES
~ 7
LAMINAR/ TRANSITIONAL % TURBULENT
NATURE / %
oF /. - 7
LOCAL. ~// RETURN TO
FLOW NORMAL FLAT PLATE /// EFFECTS % FLAT PLATE
BOUNDARY
BOUNDARY LAYER //sHocK Z BounpAr
095 | li
1
X | T=T,
T . T' Mz=M,
N
T 1/ \"1\ |
= 590 pd X, x |
~ v
f"\ ] —I'
T IN\W.
Flr- T\ A DOWN
2z ) T=T, STREAM
" 085 |l M—Mz
F g CORNER 1 cpMPRessmg]
o 2 4 6 8 T

DISTANCE : INCHES FROM LEADING EDGE.

FIG-8 (b) TEMPERATURE RECOVERY FACTORS

FIG8 TEST RESULTS FOR M =4:36 (PART I)



0-0020
CORNER
+ //ou'a/’lu't
3 0005 ¢ \x
; /
'1'_
}-
[+ W
S ©0010 ~ .
' Rovegeer | ] | 7T 7
N =~ J.S_T‘rgﬂ_og_;c_,_ﬂ__hl LE /
a L ¢
n /-l[\/\, ~
0-0005 x y
- V
’ pq.z/f |V P8 = e
TLAMINAR, E5 DOWNSTREAM OF
SHARP L -2 OB COMPRESS ION
0 I
0 2 4 6 8 (0
DISTANCE : INCHES FROM LEADING EDGE
FI1G.8 (c)STANTON NUMBERS
0:15 I
max COOLI‘NG\
|
|
010 X : \\
v 1
3,) |
o MAART!AL COOLING
- | »
L
| \
} 0:05 — : q
3 S A >
VAN
o | AW
CORNER
o A
0 2 4 6 8 10

DISTANCE : INCHES FROM LEADING EDGE
FI1G. 8 (d) HEAT TRANSFER RATES

FIG.8 (concLD) TEST RESULTS FOR Mp4-:36



o B__gﬁq :
|
|
3l 0 . S—
ahin Tw=T ¢ : |; ;;
|
0-90 l
1 ’___—v——‘—-""v
MAX COOLING L
\ I
1 '.
FIG.9 (a) WALL TEMPERATURES
T o0 RN
- > ‘\|T = T|
g; M=
= | IDOWNSTREAM
o |\,/T‘>Tz i i
El= 0.85 . M =Mz ICOMPRESSION
il '
« < { :
FIG. 9 (b) TEMPERATURE RECOVERY FACTORS
0 0015
_—— ’/DLLE/J'LLl
i-;
]
0 0010
~ %3045,\( A
& N IQSI‘EQ&QRLQM AT L E
ot A
G\‘\ )\M
1 0'0005 AN
' / DOWNSTREAM
CAMINAR,EsT_FOR pll= polly, OF
’ ““““ PHARE L £ 2 COMPRESSION
0 _
FIG. 9 (¢) STANTON NUMBERS
CORNER
i 1 | L 1 1 | i 1 1 | 1 1
0 2 4 6 8 10 12
DISTANCE * INCHES FROM LEADING EDGE

FIG 9 TEST RESULTS FOR M73:97



i —o J
0-90 TweTp !' ]
1
2| S O o
'.—
Nj l\{AX COOLING |
0-85 !
3
FIG.10 (a) WALL TEMPERATURES
o
o 2N
x 0-90 ;
- ' T= Ty
> Nooal M S My
NG \ A-r‘..—-r?’}_UGWNSTR‘EAM
& ! M=M, COMPRESSION
L“‘_ A 0'85 ]I ___',_
T = ‘ =
-
FIG.1Q (b) TEMPERATURE RECOVERY FACTORS
0-0015 I
ru=pl,
53
i \
I
& 00010 TURE T e
E ST e g ¢ ea
Ky B £ U=aU e
> DOWNSTREAM OF
COMPRESS 10N
0-0005 154 = ~
a \ p—od /\/
u l|
L
o pa ] T&_Ej:l: FOR SHARP L € l
0 | B
FIG. 10 (¢c) STANTON NUMBERS
CORNER
| . 1 4. i i | L * i 1 | 1 |
0 2 4 o 8 10 12

DISTANCE: INCHES FROM LEADING EODGE

FIG.10 TEST RESULTS FOR M=3-59



TWET'.
090 ; e ]
A-—W__—-ﬁ
3|0 1
Oﬁsg lmax CQOOLING
i
FIG.!I (u) WALL TEMPERATURES
o
@ 090
— | T=T,
] — W\. MEM,
— ~
N et i
i 085 L —
o | —_:rz DOWNSTREAM OF
T | M=M,[ COMPRESSION
FIG Il (b) TEMPERATURE RECOVERY FACTORS
0-0015
pugplu|
XBULE -
73 00010 —ENT, EST. FoR ori6INTAT LE ==
7 ~ == \
N,
8- A
3 N /
0-0005
> A A
' i = DOWNSTREAM OF
0 COMPRESSION
FIG I (c) STANTON NUMBERS
CORNER
l 1 | i 1 ¢ | { L | 1 1 i |
o 2 4 6 8 10 2

DISTANCE' INCHES FROM LEADING EDGE

FIG. 1l TEST RESULTS FOR M,;=3-23



N
b3
/-_'_\ 0-30
¥
aY Ol T=T,
S M=M
= '
. )
He 085 T==Ta} DOWNSTREAM OF
TS M=Mz[ COMPRESSION

FIG. 12 (b) TEMPERATURE RECOVERY FACTORS

0-0015
usE osu
L ~ RGN AT g [T~ 2
4001 ==
=0
Q
g\ / ’
S W /S~
f / , '
#°0-0005 A\ _,/
~ . N PrPU =4\
™ AM
L g |
o ]
FIG.12 (c) STANTON NUMBERS
CORNER
i . 1 ; ] . I ¥ | | ! |
) 2 4 6 8 10 2

DISTANCE. INCHES FROM LEADING EDGE

FIG 2 TEST RESULTS FOR M, = 2-495



® ! l |
® @ — DENOTES COOLING RIG HEADER
TEMPERATURE STEADY
=z 1 O
)
-
3 \\H\
- a '
i N\k“*-kul’- i
T3 o8
Y o
&
D0
"ﬁ%
22 0 ®
10 20 30 40 50 60
TIME min
g 3-9
,:_’_ ]
4 4
5 = 3°¢C @
|.-
% ~ A 1
o B——+h— - B
= f"; 37 yxﬁ—y: L
4 Y
< A~ C
= 4
o ¥ ®
fau }
[a]
z 35
O 10 20 30 40 50 [218)
TIME min

FIG.13 TIME HISTORIES OF UNSTEADY HEAT
FLOW & TEMPERATURE



I'ﬂ ’ [ —
® DENOTES COOLING RIG
- 7 mun HEADER TEMPERATURE
i \ STEADY
5 AN o
v
5 |'2 ¥ | ]
- - —--MEAN LINE FOR ‘STEADY'
X TIME ZERO CONDITIONS
o \ NB - TIMES MARKED BESIDE DATA
< . POINTS RELATE THIS
2 \-Q ‘ \ GRAPH TO PREVIOUS FIGURE
. \ 22 min
g “
: 0.8 \
"
w *
b 31 min
o 40 mun .
¥ 0-6
S J6min
<
ul
=
0-4 49 mm"
36 37 3.8
Tw /T,

MODEL WALL TEMPERATURE

FIG.14 COMPARISON OF ‘STEADY AND 'UNSTEADY' DATA

Printed in Englond for Her Majesty's Stationery Office by
the Royal Adrcraft Establishment, Fornborough. Dd.129528. K.4.






A.R.C. C.P, No. 965

June 1566
Hastings, R. C.
Browm, C. B.
Atkinson, Susan

53306.011.6‘:
536.55 :
533.6.011,5 &
952,552

A.R.C, C.P, No, 965
June 1966

533.6.011,.6

HBStlngs. Ro c- 536-55 H
Brown, C, 8, 533.6,011,5 ¢
Atkinson, Susan 532,552

HEAT TRANSFER IN THE VICINITY OF A 15° COMPRESSION
CORNER AT MACH MUMBERS FROM 2.5 T0 L.h

Commercially available heatmeters have been used to measure the steady-state
heat transfer rates In the vicinity of a compression corner., Results at
all Mach mumbers are qualitatively similar In that, both ahead and down-
stream of Che corner, the measured heat transfer rate was lower than
expected,

In the compresslon region close to the corner, the adiabatic wall tempera-
tures were also 1ow.

The measuring technique 1s discussed and some potentlal sources of error
are Indicated,

HEAT TRAIISFER IN TIE VICINITY OF A 15° COMPRESSION
CORNER AT MACH NUMBERS FRQ(I 2.5 TO L4

Commerclally avallable heatmeters have been used to measure the steady-state
heat transfer rates In the vicinity of a compression corner. Results at
all Mach numbers are qualitatively similar in that, both ahead and domn-
stream of the cormer, the measured heat Lransfer rate was lower than
expected.

In the compression region close to the corner, the adlabatic wall tempers-
tures were also low.

The measuring technique 1s dlscussed and some potential sources of error
are indicated,

A.RC. C.P. No. 965

June 1366 533.6.011,6 3
Rastings, R, €. 536.55 1
Brom, C, 3. 533.6.011,5
Akinsen, Susan 532,552

HEAT TRANSFER IN THE VICINITY OF A 159 COMPRESSION
CORMER AT MACH MUMBERS FROM 2,5 TO L.}

Certrercially available heatmeters have been used Co measure the steady-state
heat transfer rates in the vicinity of a compression corner, Results at
all llach numbers are qualitatively similar in that, both ahead and down-
strean of the corner, the measured heat transfer rate was lower than
expected,

In the compression reglon close to the comer, the adlabatic wall tempera-
tures were also low.

The measuring Technlque is discussed and some potential sources of error
are Indicated,

gy TIavHOVIad

BQUYD L






C.P. No. 965

© Crown Copyright 1967

Published by ,
HEr MAJESTY’s STATIONERY OFFICE

To be purchased from

49 High Holborn, London w1
423 Oxford Street, London w1
134 Casile Street, Edinburgh 2

109 St Mary Street, Cardiff
Brazennose Street, Manchester 2

50 Fairfax Street, Bristol i

35 Smallbrook, Ringway, Birmingham 5

7-11 Linenhall Street, Belfast 2

or through any bookseller

C.P. No. 965

5.0, CODE No. 23-9017-65



