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SUMMARY

Local heat transfer and surfacc pressure have been measured over
regions of separated flow associated with a turbulent boundary layer. The
separated flow was appropriatc to aft facing steps of varaous heights behind
a sting mountcd cone of 45 semi~angle. The maximum Mach number achieved
was obout 4 and the maximum Reynolds number about 50 x 106 based on cone
length.

Two diffcerent forms of wake were detected: one associated with
reattachment on the sting, 1.e. a relatively great convergence of the wake
boundary, and one assoclated with reattachment on a conical surface aft of
the sting, i.e. a smsll wake convergence. Differing patterns of heat trans—
fer and pressure distributions werc obtained depending on which type of flow
occurred.

Some collapse of the separated flow heat transfer data with respeot
to Mach number was obtained by comparing them with estimated values appro-—
priate tc local conditions outside the wake. Close to the step the heat
flow in the separated region was about 25% of the ecstimated value for
attached flow to a solid surface replacing the wake boundary. Towards and
beyond reattachment the ratio of the two values rose te near unity. The
measurcments suggest that the amount of heat transfeor rise at and beyond
reattachment is dependent upon the wake convergence, becoming smaller as
the convergence increases. This 1s qualitatively consistent with the kncwn
effect that increasing convergence implies increasing boundary layer thick-
ness ab rcattachment,

There was no evidence of a marked meximmn in the heat fiux in the
reattachment region.
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1 INTRODUCTION

Fiow separation is likely to become unaveidable and extensive with
increasing Mach number and recent work has shown that the separation of the
boundary layer can have a large effect on aerodynamic heating, A theoretical
study by Chapman! predicts that a reduction, independent of Mach number, of
4% in overall heat input is achieved by detaching a laminar boundary layer,
The reduction is relative to the heat input to a2 solid swface corresponding
to the flow dividing boundary between the free stream and the separated air.
This prediction i1s supported at least qualitatively by various wind tunnel °
experiments (e.g., Ref.2-4),

On the other hard the same paper predicts a marked Mach number effect
for the turbulent flow case and indicates a large increase in overall heat
input in a separated region at subsonic and low supersonic speeds. This
prediction has not been substantiated by experiment. For example, Larson
measured a reduction of about 4O% over a Mach number range of 0.3 to L4,
which was apparently independent of Mach number,

A theoretical examination of heating distribution in a separated region
has not yet been satisfactorily made for either laminar or turbulent flow
regimes. Experiments have produced some apparently conflicting data notably
relative to the existence of a peak heating rate near the reattachment
region (cf. Refs. 3, 5, 6).

Most of the experimental work so far attempted has been at relatively
low Reynolds numbers - about 18,000 te 1.6 million - and subject to the
usual limitations of wind tunnel tests, A4 useful extension of the experi-
mental data seemed possible by means of the free flight technigues, using
rocket propelied models. This has the advantage of freedom from constraints,
and the measurement of local heat fluxes is in some ways less subject to
uncertainty because conduction effects are relatively unimportant on account
of the suitability of time and space scales., There are of course obvious
disadvantages such as lack of flow visualisation.

This note describes an exploratory series of experaiments with a vehicle
propelled by a single stage rocket motor and capable of achieving Mach num-
bers between 4 and 5 in free flight at low altitudes, Pressure and heat
transfer data were obtained in regions of detached turbulent flow aft of
sting supported heads with rearward facing steps.

2 DESCRIPTION OF TEST VEHICLE AND HEADS

The complete test vehicle is illustrated in Fag.1. A photograph of
the heads flown is given in Fig.2.

2.1 Details of test heads

The heads belonged to a systematic family., They each consisted of a
forward facing cone with a step down to an axial cylinder representing a
sting then a divergence aft in the form of a truncated cone to the rocket
motor diameter. These components will be subsequently referred to as the
forward cone, the step, the sting and the aft cone respectively.

The forward cone had a base diameter of 11" and a semi-angle of 150.
The aft cone base diameter and semi-angle were 10,14" and 20° respectively,
The base of the aft cone was at a constant distance of 21.1" from the base
of the forward cone, Heads with three values of step herghts, s, of 1",
2,56" and 4.13" were flown. The corresponding ratios of sting diameter to
forward cone base diameter were 0.82, 0.54 and 0.25,
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The tips of the forward cones were machined from solid mild steel to
British Standard Specification 315. The remaining head components were
fabricated from mild stecl plate. The mean external waoll thiclmess was
0.053" for the skirt of the forward cone and 0.030" for the other head
components._ The centre line averages of the suwrface finishes were assessed
by Talysurf7 and were of the order of 410 to 50 micro inches. A typical
surface profile is illustrated in TFig.3.

A total of six vehicles was flowm ~ two with each head configuration.
One of each configuration was flown primarily %o establish surface pressure
distributions and thus obtain some assessment of the nature of the separated
flow regions behind the steps. Heat transfer data were obtained from the
other set, The selection of stations for temperature measurement was based
on the information regarding reattachment obtained from the pressure-
measuring flights. Details of the vehicle are summarised in tables 1 to 3.

2.2 Instrument instollation

Free stream velocity, atmospheric pressure end ambient temperature were
measured by instruments external 50 the vehicles in accordance with the usual
procedures at the Aberporth range®.

Static pressure was measured at 21 stations on each of the pressure-
measuring heads as indicated in table 2 and Pig.k, by meang of 465 fic/s
telemetry9 and variable inductance transducers type awea’0, Laoteral and
normal accelercmeters were also included to confirm that f1lights were
effectively at zero incidence.

Temperature measurements were taken approximately 80 times per second
at each of 11 stations on the heads of the heat transfer vehicles by means of
chromel-alumel thermocouples and a specially modified 465 Mc/s telemetry
system . A sub-commutation switch was inoluded in the telemetry equipment
to provide calibration voltoges during flight at 12 levels appropriate to the
temperature measurements. These were each sampled sbout 6 times per second.
This allows account to be taken of any minor telemetry vagaries provided they
do not occur too rapidly. The locations of the stations are indicated in
Pig.4 and these together with local wall thicknesses are detailed in table 3.
Inner panels of durestos were placed over each station to form insulating air
gaps 0.1" thick in order to reduce frec convective heat transfer from the
measurang wall to the interior,

3 DESCRIPTION OF TESTS

The vehicles were ground launched at an elevation angle of 25o and were
accelerated by the rocket motor to maximum Mach numbers between 3.8 and 4.0 1n
3.3 to 3.6 seconds, The meximum heights attained were 9,000 £t to 11,000 £t
in 19 seconds to 21 seconds. A summary of the flights is given in table 1.
Typical trajectory date appropriate to head H2 are presented in Fige5 and the
variation of free stream Reynolds number per foot with Mach number in Fig.b.

The flights of all vehacles were satisfactory with the exception of that
of H3 which suffered a telcmetry failure soon after maximum velocity, apparently
because of unduly high lateral accelerations occurring at this time,

L DATA REDUCTION

Height and velocity were deduced from kiné-theodelite and radar measure-
ments. Ambient temperatures and pressures were obtained from radiosonde
measurements made about the time of flight. The order of the uncertainty of
the basic data is given ain table L.



L. Pressure measurements

Pressure data were reduced by the usual procedures'? to the ratio of
the local static pressure to the free stream static pressure, p/po.

4.2 Temperature measurcments

The thermocouple signals were read every cycle of the commutator
switch, that is about every 1/80th second for cach station end were smoothed
and differentiated by means of cubic least square polynomials u51ng the
moving-arc tcchnique over suitable stretches of datal?,

For a 'thermally-thin' skin the nett local heat flux is then given by

dTW
Yett = ° 9 Tyt 1
where Yoty = the nctt local heat flux
TW is the temperature
c 1s the specific heat .
> of the measuring wall

o is the density
T 1s the thickness

w o

This relationship assumes that temperature gradients normal {to the surface
of the wall are negligible. This was found to be a good approximation for
most of the data, except those appropriate to the forward cone stations
where the wall thickness was greater than elscwhere. AdJjustments were made
where necessary for such temperaturc gradients on the basis of the one-
dimensional heat flow ccr:ections presented in Ref.4),..

We can write the heat balance equation as

qnett ¥ qaero + qlateral - qradiation B qconduct:r.cn = Yfree convection

eee (2)
where dpero is the local aerodynamic heat flux end 13 the quantity we

wish to evaluate,

U ateral is the change in local heat flux arlsing from tcemperature
gradirents in the planc of the wall,

% adintion is the nett loecal heat flux arising from radiation from

both surfaces of the measuring wall,

q is the local heat flux across the air gap between the

conduction
measuring wall and the durestos inner wall, arising from the
conductivity of air,

d. . is the additional local heat flux across the air
free convection

gap arising from free conveetion of the air in the gap.
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Compared with q_ the heat fluxes on the R.H.S. of equation (3) should have

been for the most part relatively small and the data were mostly reduced on
the assumption that

Yhett = %aero ” (3)

This assumption was not satisfactory for head Hi where temperature
gradients induced significant modifications to the local heat fluxes to the
sting. Adjustments were applied in this case from the relation

d o Tw
qlateral = mw'EE (]%N ax ) (hJ

where kw is the conductivity of the wall

X is the length measured parallel to the axis of the head from the
step~ating junction.

No adjustments were made for the other heat flux compenents. An assegs—
ment of their likely magnitudes 1s made in Appendix 1 and estimates of the
largest components ~ radiation and conduction to the interior from the measuring
wall - is given in Fig,7. None of the corrsctions were significant for data
appropriate to accelerating flight.

Heat transfer coefficlents were evaluated from the relationship

H
qaero

h = == (5)

m El - 1 i
r W

where 1 1is the specific enthalpy of air

suffix x»r refers quantities to conditions for Lero = O.

The zero aerodynamic heat transfer specific enthalpy, ir, was calculated from

the relationship

i . 2
i, 0= i, (1 + 0.2R M) (6)

where R 1s the recovery factor
suffix o refers to free stream conditions.

Where q = 0, experimental values of R0 may be determined since then

acro

iw = ir. However, in this experiment, lack of information regarding the

emissivity of the surface of the measuring wall and the temperature of the
durestos inner wall were such that recovery factors derived in this way were
not sufficiently relisble for use in the analysis, and a constant value of
Ro = 0,91 was applied. This mean value is reasonably consistent with the

present data when account is taken of the possible uncertainties (see section
5e2.2 below). It 1s also consistent with the wind tunnel turbulent flow results
sunmariged in Ref.1 5 relative to enthalpy recovery on the forward cone.
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The values of heat transfer coefficient so obtained in the separated
flow regions and further aft werc compered with the theory of van Driest
appropriate to a turbulent atbached boundary 1aycmﬁ° The comparison was
made in terms of two theoretical heat transfer quantities:

(a) hfp’ the flat plate value of the heat trinsfer coefficient,

evaluated appropriate to firee stream conditions, local wall lemperature
and a length equal to half the wetted length of the forward cone rplus the
distance from the step-sting junction.

(b) h,, evaluated in the same way as hfr’ ezcept that instead of

free stream conditions, local conditions appropriate to the local surface

pressure and isentropic flow from the shoulder of the forward cone were
taken,

Hgat tranafer cocefficients based on Eckertts intermediate enthalpy
theory1 were also evaluated for stations on the forward cone

5 RESULTS AND DISCU3STION

Schematic diagrams of the salient features of the flow field over the
separated flow regions based on the description giwin ain Ref.1R” arc presented
in Fag.8. The boundary layer on the forward cone separates from the solid
surface at the shoulder and entrains a bubble of air behind the step, In the
present experiment the measurcments indicated that the boundary layer re—
attached to the solid surfacc on either the sting or on the af't conec. Quite
different levels of surface pressure and heat transfer were assoclated with
these two modes of reattachment. '

51 Surface progsures

Varintions of surface pressure with Mach number at typiosl stations
are illustrated in Fig.9. Theoretical surfacc pressures from Refltd 8pro-
priate to 15° and 20° semi-angle cones and appropraaic to a 20° wedge ™~ at
zero incidence, are also given, for comparison with the experimental values.

5e.1.1 TForward cone

On the forward cones the measured pressures deviated from the estimatbed
values by amounts dependent on test vehicle and Mach number. On all test
vehicles the deviations were greater than would be expected from random
experimental uncertainty. Such a discrepancy cvald arise because the heads
were, in faci, not at zero incidence, Now the stations on the forverd cones
were located at meridian intervals of 420° and thus the mean values of the
surface pressure, p, for three such stations, on the basis of lirst order
theory, should be independent of small angles of incidence. A comparison of
these mean values with theory - 1s made in Fige]0 and it con be seen thet
agreement 1s good.

5.1.2 Incadence effects

Angles of incidence and the orientation evaluated by means of Ref.21
and the mean surface pressures are presented for all three forward eones in
TPig.11. The angles of incidence varied between about 1 and 3~ and the
rotational change in the windward meridian Qid not excecd about 180°% Also
presented in this figure are similar data for the angle of incidence of the
vehicle derived from accelerometer measurements and normnl force coefficienta,
estimated on the assumption that 2ll components were at the same ngle of
incidencc. It can be seen that the angles of incidence of the vehicles as
a whole are substantially less than those For the forward concs, being for
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the most part less than 1°, Further, the windward meridians were in general
different. The variations of both sets of angles were not oscillatary in
character. There 15 no apparent influence of step height.

Such behaviour is suggestive of aercelastic effects. Measurements of
the stiffness of a similar vehicle indicate that it may not be inconsistent
with the aerodynamic and structural properties of the wvehicles.

he1.3 Region of separated flow

The pressure distributions on the step and along the sting are plotted
in Pig.42. Por the most part the differences between the data appropriate to
accelerating and decelerating flight were small on the step and sting suggest-
ing that the influence of the incidence of the forward cone is not so signifi-
cant there as on the forward cone itself (Figs.9a and 9¢). Further confirmation
that this is so is gigen by the good agreement between corresponding pressure
measurements at the 0 and 480 meridian positions. The large differences
between accelerating and decelerating pressure distrabutions which are apparent
on head P2 (Fig.412b) are not incidence effects: they arise fram the presence of
differing modes of reattachment whose character 1s discussed in detail below.

In Fig.12a, appropriate to head P4, we see that the pressure distribu-
tions are qualitatively the same at all Mach numbers. The characteristic
features are a region of low, almost constant static pressure extending from
the base to sbout 1.5 step heights along the sting followed by a rapid rise in
pressure extending -to about 3 to 4 step heights from the base. The surface
pressure then rises more gradually towards the free stream value until the aft
cone, when there is a sharp rise ‘o near the theoretical value for a cone in a
free air stream (Fig.9a). The variation of the surface pressure along the
sting is characteristic of flow behind a rearward facing step in a supersonio
air stream and conforms in essentials to the qualitative description, appro~
priate to a step on a flat plate, given in Ref 18.

One would not expeot the boundary layer reattachment point to be well
defined by the pressure measurements. It rrobably occurs towards the end of
the rapid rise in pressure, i.e. on the sting, fram 3 to 4 step heights from
the base., The gradual rise of pressure afi of this region is probably a
feature arising from the axisymmetric flow field associated with the forward
cone and is not a characteristic of 2-dimensional flow.

The static pressure variations for head P2 shown in Fig.12b are seen to
be somewhat similar at the higher Mach numbers to those for head P1 except that
the pressure tends to recover to a valuc greater than the free stream value.
This latter feature 1s consistent with the axisymmetric flow cxpanding towards
and reattaching on the smaller sting”2, At the lower Mach numbers we obtain a
somewhat different picture. The low pressure region is seen to be more
extensive but the reduotion an pressure not so great as for the other condition
and the rise is more gradual, extending smoothly over the aft cone sting
junction. Such a distribution of pressure suggests reattachment of the boundary
layer on the aft cone and not on the sting. The static pressure variations for
head P3 are similar at all Mach numbers and suggest that reattachment occurred
on the rear cone over the whole speed range investigeted.

In Fig.13 a direct comparison of the static pressure variations for the
three heads is given in a plot of p/p0 against base calibres from the step for

free stream Maoh numbers of 2 and 3, The figure summarises the variation of
surface pressure distribution as the step height increases.

The variation of the statio pressure at the step-sting junction with
Mach number gives a good indication of when the flow regime changes, This
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variation is illustrated for the threc heads in Fig.14e It is seen that at
Mach mumbers sbove 2.5 during accelerating flight and above 1.8 during deceler-
ating flight the static pressure at the step-sting junction on head P2 is
comparable with that on head P1 and thus indicates that reattachment 1s then

on the sting, Below these Mach numbers this static pressure is comparable

to that on head P3 thus indicating a similar flow regime and presumably
reattachment to the aft cone. The hysteresis effect is discussed in

section 5.1.4 helow,

This interpretation is given a more gquantitative basis in Fig.15.
This shows the variation with Mach number of thc angle between the anitial
direction of the expanded flow at the step to the free stream direction, 6,
based on the static pressure at the step-sting junction given in Pig.il for
head P2, and the Prandtl-Meyer data of Ref, '0 That small negative values
of 6 occur at the lower Mach numbers is attributed to the influence of back
pressures from the aft aone, Johanneser”” noted a similar effect on a flat
nosed cylinder with an annulsar gap of rectangular section in which a similar
flow regime was cbtained. The distance from the step-sting junction assuming
0 is independent of x 1s also indicated in Fige15. This assumption should
give a fair approximation to the actual flow since the tendency for the angle
to increase as the flow convierges to the axis of the head will be compensated
to some extent by the increasc of static pressure due to rejection of air
from the mixing layer. Schlicren photographs presented in Ref.’ of a sting
mounted hemispherc-cylinder qualitatively support the assumption. Fig.15
confirms that at the higher Mach murbers reatbachment on hcad P2 is on the
sting some 3 to 4 step heights from the step-sting junction, while at the
lower end of the lach number range rcattachment is on the aft cone.

The significance of these modes with rcspect to the measurement of
base pressure has beon examined by Kavanau’# on a sting mounted cone cylinder
model. He referrcd to the relevant wakes as undisturbed and disturbed
respectively, since the former was unaffected by the location of the sting
supporte

5edel4 Hystercsis effcet on head P2

Some further discussion of the mechanism of the hysteresis effect
apparent for the date on head P2 (e.,g. Pig.14) is perhaps aspposite. In the
inatial stages of accelerating flight the rcattachment point is on the aft
cone and this component exerts a dominating influence on the separation
bubble. As the Mach number inoreases beyond about 4.8 the reattachment
point moves forward along the aft cone towards the sting. The angle through
which the flow turns just aft of reattachment also increases until the
reattachment point reaches the vicinity of the aft GOne/éting junction when
the angle begins to diminish as the influence of the sting is felt. This
gives rise to a reduction in recampression pressure and thus in bubble pres-
suree Hence there is an increase in the expansion angle at the step. This
results in an unstable condition and a rapid movement of the reattachment
point towards the base of the forward cone away from the influence of the
aft conc corresponding to a Mach number of about 2.5.

During decelerating flight the separation bubble is i1nitially not
influcnced by the aft cone but as the Mach number diminishes the reesttachment
point moves slowly af't along the sting towards the aft cone until about
M = 1.8 when the influcnce of the aft cone results in an incrcase of recom
pression pressure and thus an increase of bubble pressure and a reduction of
the expansion angle at the steps An unsteble condition ensucs and the
reattachment point moves rapidly aft on the af't cone.

Thus we see that the hysterenis loop arises through the action of back
pressures from the aft cone on bubble pressure during accelerating flight.
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This action is absent durang the decelerating part of the loops The minor
discrepancies outside the loop could arise fram the different Reynolds number
and wall temperature conditions appropriate to the flight history.

Be2 Heat transfer

Wall temperature histories for typical stations are presented in Fig,16
and wall temperature distributions along the heads at varigus Mach numbers are
shown in Fig,q17. The maximum temperature recorded was 710°K at station 1 on
the forward cone of head Hi., The history of the heat flux to the sting at 2"
from the step on head H1 is gaven in Fig.18 to illustrate the correction
required for temperature gradients along the surface of the sting. The cor-
rection was for the most part smaller at the other stations on this head and
was negligible for stations on heads H2 and H3.

The convection for temperature gradients could not be determined
accurately on head H1 for the station at 0.6" from the step because there was
no other station between this point and the step. The temperature distribu-
tions, however, indicated that the convection was significant relative to the
local heat flux in this region.

Be2e1 Heabt flux to forward cone

A comparison of the heat fluxes to the forward cones of heads H1 (tyo
stations) and H2 (one station) with the theoretical values of van Driest?® and
Hckert is given in Fig.19. This fagure illustrates the reliability of the
experimental technique and gives a measure of confidence for heat transfer data
from areas where thecoretical comparisons are more uncertain or not available.

During heating, the heat flux lies for the most part between the two
predactions. The histories for the two stations on head HY are in fair agree~
ment except near maximum velocity where the valuas differ by an amount greater
than would be expected from the accuracy of the measurements. A discrepancy
of this order could arise through the forward cone flying at an angle of
incidence of up to sbout 27 in the plane of the thermocouples. Such an angle
of incidence 1s comparable to the values derived from the pressure measurements
on the forward cone of head P1 (Fig.711a). @%Fing cooling, the discrepancy
between the theoretical value of van Driest ® and nett heat flux is consistent
with radiation from the wall surfaces of emissivity near unity and conduction
to a cold durestos inner wall through the air gap (Fig.18c). This suggests
that the original polished surface finish on the forward cone has by this
stage been modified such that the surface is covered by a more highly emissive
oxide coate The extent of the development of such a coat 1s likely to be a
strong function of the temperature history., Finishes of the more genily heated
and less exposed areas of the separated flow region should not have been
significantly modified.

5:2.2 Recovery factor

On the forward cone the recovery factors were in good agrecment with the
wind tunnel data summarised in Ref,1% for two out of the three stations at
which it was possible to determine values. Ref.15 indicated that a value of
about 0.88 is appropriate to zero heat transfer and local conditions for the
present experiment. The relevant values at stations 1 on heads H1 and H2 were
088 and 0.89 respectively assuming that radiatave and conductive heat losses
were negligible, If an emassivity of unity had been obtained, these values
would be increased by about 0.0k, Thus the data from these two stations
suggests that an emissive oxide coat wos not established on the forward cones
until after the times of zero heat transfer.

-1 =



At the other forward cone staticn at which a recovery factor was
determinable, namely station 2 on head Hi, the value was 0.,80. It ig daf-
ficult to account for the discrepancy between this and the values at the
other two stations., The discrepancy is equivalent to an error in heat flux
of about 2.7 CHU/ft2 sec or in wall temperature of about BSQK. The uncer-
tainties of temperature and heat flux at the time of zero heat flux are
estimated to be of the order of 16°K and 0.6 CHU/ft2 sec respectively and
are too small to explain the discrepancy. The maximum heat losses through
radiation and conduction should not have exceeded 1.5 CHU/ft2 sec and would
of course be expected to be similer for =211 stations on the forward cones.
Contact between the metal wall and the durestos cover at the station might
be possible and could perhaps be the source of the discrepancy.

Pig.20 illustrates the veriation of experimental recovery factor afi
of the step with sfation position. On first examination it appears that the
recovery lactor tends to be greater close to the step. This trend is the
reverse of that found by other investigators (e.g. Ref.6). However the
uncertainty in the experimental determination of recovery factor on the
sting in the present experiment is such that little weight can be atteched
to the variations suggested in Pig.20. The constant value of 0.91 relative
to free strecam conditions for the recovery factor used in the computation
of the experimental heat transfer cocfficients is reasonably compatible with
the experimental values.

5.2+3 Reference heat transfer coefficients

It is convenient to refer the experimental heat transfer coefficients

to the theoretical values, hA and hfp’ described in section 4, the basis for

which is illustrated diagrammatically in Pig.21.

hA is approximately the value appropriate to attached flow aft of the
step 1’ the wake boundary were replaced by a solid surface. hA enables some
account to be taken of the substantial veriations in local conditions that
occur cver the separated and reattached flow regiocns*., It also gives a
basis of comparison with Chapman's theory! and with the results of some
other investigators (e.g. Refs.2 and 3).

hfp is the value of the heat transfer coefficient appropriate to a

flat vlate at zero incidence in the free air stream and takes no account of
variations in local conditions. It is thus a less likely medium for collap-

sing the data than hA’ However, comperison of the data with he allows an

appreciation of relative magnitudes. This comparison might be }egarded as
analogous to the use of the surface pressure ratio, p/po, to correlate the

pressure data. The variation of hA/hfp with p/po is illustrated in Fig.22
Tor MO = 2 and 3,5 and accelerating flight conditions appropriate to head H1.
The data for the higher values of p,/po refer to isentropic recompression such

as may be appropriate to the reattachment region.

5.2.4 Heat transfer aft of step

Detailed plots of hm/hfp, where b is the measured heat transfer

coefficient, are given in Pig.23., From these the broad pattern of heat
transfer variation behind the {orward cone is clear. On, and immediately
af't of, the step the heat transfer falls to a low value and then rises as

*4 similar basis for estimating the heat transfer appropriate to attached
flow to such bodies as hemispherc cylinders, where substantial vardlations in
local conditions occur, has given fair agreement with measurements.
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the regaon of reattachment is approached. As with the pressure distribution,
the pattern of heat transfer variation changes as the reattachment point moves
on to the af't cone.

Perhaps a clearer picture of the heat transfer measurements can be
cbtained from the hm/hA plots (Fig.24). For heads H1 and H3 the variation of

hﬁ/h.A with distance along the sting is apparently unaffected by M¥ach number.
All heads have closely similar values of hm/hA behind the step - about 0.25 ~

but thercafter the patterns differ: head H1 showing the effect of reatbachment
on the sting and head H3 reattachment on the aft cone. Head H2 shows clearly
the effect of transition from one type of flow to the other over about the

same Mach number ranges as for head P2. The relationships for heads H2 and H3
are similar at a Mach nuwiber of 2 but thereafter they begin to differ in form
until at a Mach number of 3 the relationship for head H2 is similar to that for
head H1.

Where reattachment is on the sting the most rapid rise is complete by
about 2 step-heights aft of the step which on the basis of the pressure data
of Figs.12 and 15 is interpreted as about 2/3 of the distance %o reattachment.
The subsequent level and slope of the rise sccm to be influenced to some extent
by the step height, The level is less for hecad H2 (step height 2.56") than it
ig for head H1 (step height 1") and the maximum less apparent and relatively
further from the step in units of step height. The trend in level would seem
to support qualitatively the remarks in Ref,2 regarding the thickening effect
of convergence on the separated boundary layer in such an axially-symmetric
configuration, giving rise to reduced heating at and subsequent to reattachment.

On head H3 where reattachment is on the aft cone the wvalues of hm/hA

rise te about unity near the base of the aft cone. There are no data aft of
this peint to establish whether this represents a maximum value. 4 level of
unity is in conformity with the convergence effects because in this case there
should be little convergence and boundary layer thickening relative to reattach~
ment on the sting and hence at reattachment relatively greater heating. A plot
indicating the effect for the three heads at;io = 3 1s given 1n Fige.25.

The discussion above is bascd on results for accelerating flaght and on
results for decelerating flight down to a Mach number of 3.0. At kach numbers
below 3 in decelerating flight the wall temperatures are similar to the
recovery temperatures and trends in the heat transfer data become obscured by
increased scabter.

5:2,5 Compariscn with theory

Chapman expressed the results of his theory1 in terms of the ratio Qm/QA,
where Qm is the heat flux integrated over the model wall bounding the separated

region, QA is the heat {lux antegrated over the wake boundary, assuming the

latter to be a s0lid surface with the flow attached to it.

Values of the ratio appropriate to the Mach aumber range in the present
experiment are given in table 5.

Some of the assumptions that Chapman made were nanifestly invalid for
the configuration tested. For example, the length of the rcattachment zone
was not small compared with the length of the separated boundary layer. Nor
was the Mach nuiber constant along the separated layer: in this respect
reattachment on the aft cone conforms more closely to the theoretical model
than reattachment to the sting. The walls of the models were not isothermal
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though in the carly stages of accelerating flight variations in wall
temperature were small (Fig.17).

Some experimental values of QH/QA have been calculated for both modes

of reattachment and are presented in table 5 for comparison with Chapman's
theoretical values,

The experimental values were adjusted to isothermol wall conditions
by assuming that the local heat transfer coefficicnts were independent of
wall temperaturce When reattachmenl occurred on the sting the reattachment
roint was assumed to be threec step heights from the step and the wake boundaxry
to be in the form of a truncated cone: when reattachment occurred on the aft
cone the wake boundary was assumed to be a cylinder of the same diameter as
the base of the forword cone, It 1s secn that the experimental values are
in considerabie disagrecment with the mognitudes predicted by theory. Also
from Fig.24 there does nob seem to be any marked trend with Mach number over
the renge of the prescnt investigation.

5.2.6 Comparison with other exneriments

This conclusion is elso corrcborated by Larson's data in Ref.2, The
test configuration in his investigation was a cone cylinder with an aft
facing step followed by a sting and divergence aft to the cylinder diameter
again - it was very similar to the test configuration of the present investi-
gation. The overall scope of his mcasurements included Mach numbers from
0.3 to 4 and Reynolds numbers based on local stream conditiops and wetted
distance from the cone apex to reattachment of 107 to 4 x 10°. For an
evaluation of QA’ the solid wall of the cylinder was actually replaced aft

of the step and the heat transfer to it measured. It was implied that this
measurement corresponded to the heot transfer appropriate, to the wake
replaced by a solid surface., ~ This implication would have been far from
valid in the present investigation as can be geen fram the comparison of
the pressure distributions in Fige13. - Larson found that over the Mach
nurber range of his investigation Qm/QA was sbout 0.6 and apparently inde-

pendent of dach number, He attributed the discrepancy between theory and
experiment to an error in the basic assumption of the theory. Chapman
assumed that the total temperature of air drawn into the boundary layer
from the reverse flow reglon is the same as the wall temperature whereas
Loerson found from a probe survey that it was much closer to the total
temperature of the flow outside the boundary layer.

Although Lerson found no marked Mach number effect on Qm/QA, he did

£ind that the ratio varied as the Reynolds number to the power - 1/5. Values
of the ratio based on his data are presented for comparison with the present
experimentol data in table 5. The two sets of values dc not seem to cor-
relate, The values for the present investigation are generally greater than
his trend predicts. It may be that the trend with Reynolds number is sensi-
tive to details of the geametry of the reattachment region,

Larson also varied the atep height on his configuration but, because
the heat flux over undefined areas of his variants was not teken into account,
the effect of this variation could not be satisfactorily assessed. The data
from the variants did however corroboratc the trend with Reynolds mumber.

Powers ct a13 in a shock-tube investigation cbtained a mean value of
about 1/3 for hm/bA for turbulent flow in the wake of a step behind a

hemisphere-cylinder. The ratios of sting to base diameter (0.3 and 0.6)
were similar to those used in the present expeviment (0.25, 0.54 and 0.82).
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The basis of their hA was a theoretical one which tock dissociation into

account. Reattachment in their experiment was on 2 ¢ylindrical sting and
appropriate to an expansion angle of about 207, The local Hach number prior
to detachment was estimated to vary between about 1.8 and 2.4 corresponding
to a local value just outside the wake boundary of zbout 2.8 to 3.0, The
relevant local Reynolds number based on wetted dislance from the stagnation
point to reattachment for this flow rcgime varied fram about C.5 x 106 to
1.6 x 109, Within this range hh/hA was apparcently independent of Reynolds

number and observed variations within the separated region were less than
the experimental scatter of about * 20%, The mean value of 1/3 quoted is
in fair agrecment with the levels near the step~sting junction for the
present data.

6 CONCLUSICNS

(a) Local heat transfer and surface pressure have been measured over
regions of separated flow associated with a turbulent boundary lsyer. The
separated flow was appropriate to af't facing steps of various heights behind
a sting mounted cone of 15  semi-angle. The maximum Mach number achieved was
about 4 and the Reynolds number about 50 x 100 based on cone lengthe

(b) Two different forms of woke were detected: one assoczated with
reattachment on the sting, i.e. a relatively great convergence of the wake
boundary, and one associated with rcattachment on a conical surface aft of
the sting, 1l.e. a smell wake convergence., Differing patterns of heat transfer
and pressure distributions were obtained depending on which type of flow
occurred, but for a given type of flow the trends in the hecat transfer and
pressure variations were similar (Fig.26).

(¢) Some collapse of the separated flow heat transfer data with respect
to Mach number was cbtained by camparing them with estimated values appropriate
to local conditions outside the wake. Close to the step the hect flow in the
separated region was sbout 25% of the estimated value for attached flow over a
solid surface replacing the wake boundary. Towards and beyond reattachment
the retio of the two values rose to neor unity. The measurcments suggest that
the amount of rise at and beyond reattachment is dependent upen the wake con~
vergence, becoming smaller as the convergence incrcases. This is qualitatively
consistent with the known effect thol increasing convergence implies increasing
boundary layer thickness at reattachment,

(d) There was no evidence of a marked meximum in the heat flux in the
reattachment region,

LIST OF SYnMBOIS
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referring to frec stream conditions
h experimental local heat transfer
m -
coefficient J
i specific enthalpy of air CHU/1b
k thermal conductivity cu/et °C sec
. 2
e static pressure 1b/ft
LY
o 3 = oy v
L ero aerodynamic heat flux i
4 onduction heat flux conducted across internal alr gap [

addational heat flux across air gap arising

q
cobl
free convection from frec convection

e m—

change in local heat flux arising from
temperature pgradients along the
measuring wall

Dateral

CHU/ftZ see
qnett nett local heat flux f

nett local heat flux arising from the radia-
tion from both surfaces of the measuring
wall

qradlation

U nett local radiative heat flux from the
external suwrface of the measuring wall

9.4 nett loczal radiative heat flux from the
internal surface of the measuring wvall

Q, aerodynamic heat flux, adjusted to iso- CHU/sec
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the wake boundary assuming the latier to
be o so0lid surface with the flow attached
to it

Q aerodynamic heat flux, adjusted to iso- CHU/ sec
thermal wall conditions, integrated over

the model wall bounding the separated

region

R recovery factor -
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8 step height
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hg wetted distance fram apex of forward cone } a

a angle of ancidence degrees
€ emissivity of surface appropriate to radiative heat flux -

3] angle between directions of local flow and free stream fegrees
g = s -
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Suffixes
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r refers to conditions where Yere = 0

w refers to measuring wall or measuring wall temperature conditions
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APPENDIX 1

COMMENTS ON NCON-AERODYNAWIC HEAT FLUXES TO MEASURTNG HEADS

On all heads the heat flux arising from radiation and conduction to
the interior were signifiicant towards the ends of the flights and in parti-
culaxr with respect to the definition of conditions for zero aerodynamic heat
flux and thus the evaluation of experimental recovery factaors,

The heat flux arising from radiation is composed of two ccmponents

namely the radiation heat flux from the external surface of the measuring

wall, ULy ? and that from the internal surface, Qs

! ux
e = B &g (T; - Tg)
where B  is Boltzmaxn's constant = 2.78 x 10712 CHU/£42 sec (%K)%
e 1s the emissavity of the surface

is the temperature appropriate to the incoming radiation*
to the external surface

suffix e refers to the external surfacc of the measuring wall.

j 4y = BE (T} -1 (7
-1
where E = [j—-+l——1:|
E:i Ed

suffix 1 refers to the internal surface of the measuring wall
4 refers to the external surfage of the durestos wall.

At launch both surfaces of the measuring head were relatively free
from oxidation., The emissivity of steel in this condition is of the order
of Q.1 over the temperature range of the experimentzf. However it is likely
that the outside surface will cxidise during flight particularly if the wall
becomes hot, In this condition the relevant surface emissivity becomes ocbout
0.875, The emissivity of the inside surface may olso be increased by the
decomposition of carbonifercus cmaonations from the durestos immer wall as it
is heated. The varistion with temperature of the quotient of Lpdzation and

surface emissivity 1s indicatcd in Fig.7. In view of the uncertainty of the
su?face co?dltlon no satisfactory estimate could be made for Lesdintion in
this experiment,

*For example solar radiation which can give rise to a heat flux of
0,068 CHU/ft2 sec.
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The heat conducted acrcoss the air gap between the two walls may be
cbtained from

ké(Tw - Td)

qconduction ¥ Ta (ED

where ka is the mean thermal conductivity of air in the temperature range

Td to TW

Td is the temperature of the external durestos surface

T, is the thickness of the air gap.

The variation of g with TW for an assumed value of Td is shown

conduction

in Pig.7. Over the temperature range of the experiment % onduction

It is also subject to uncertainty since

is com~
parable in magnitude to Upndintion®
it is dependent on the temperature of the insulated wall which might be subgect
to appreciable variaticns.

Pree convection is not likely to make a significant contribution to the
heat flux across the eir gap compared with conduction, since under the condi~
tions of the experiment the relevant Grashof number has a maximum value of the
order of 6,500 for w%ich free convection has been shown to have only a small
effect on heat flux?°,

The diffusivity of the air gap was comparable to that of the measuring
wall and thus effects on the heat flux across it arising from its heat capacity
would be negligible.




TABIE 4

Summary of Flights

Reference No.
Date

All-up weight
before firing

]110

Telemetered {

Static pressure at 24
stations. Normal and

P1 P2 P3
3044e58 1647458 [2.10.58
784 790 738

H1

21.7.58

782

H2

2.10,58

789

Temperature at 11 stations.

H3

Le2.59

57

measurements latcral acceleration.
Step height inches 1 2456 Le13 1 2,56 ket3
Sting diameter/
base diameter 0.818 0.535 0.250| 0.818 C.535 0+.250
Length of sting,
inches 19.6 15.3 11.0 19.6 1543 11.0
Wetted length of
aft cone 1.6 6.2 10.7 1.6 6.2 10.7
Meean wall [Forward
thicknesas /cone - - - 0. 0520 Q.0b45 1 0.0527
inches Qther head

components - - - 0.0310 0.0296| 0.0298
Maximum velocity £/s | 4334 4136 4261 4385 4187 440l
Maximum Mach No. 3.90 3,75 3,86 3.95 3,81 403
Time to maxiwum
velocity, sec 34 3l 3,40 316 3438 3436 3. 60
Time to 2,000 £f/s 9eLidy. 8.00 9, 20 9.80 8430 9.40
Maximum altaitude £+ | 9840 40,310 110,060 9220 9670 9120
Time to maximum *
altitude, sec 20.54 20. 65 20. 45 19.28 19. 74 19'35#4J
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TARLE 2

Location of Pressure Orifices

1

« Head Reference }o, P P2 P3
Step helght L 2,568 L, 130
Ccoordinates® Coordinates™® coordinates®
Locatio Statvion Statlon gtation
mn NO. ¥ X N, ¥ x E @ No. J x E
{nches | Inches g degrees inches inches degrees | Inches i Inches ] degraes
Forward Cone 1 20,50 - - 0 1 20,50 - - 0 1 20,49 - - 0
2 20,50 - - 120 2 20,51 - - 120 2 20,58 - - 120
3 20.50 - - 240 3 20.51 - - 240 3 20,50 - - 240
Step L - 0,25 0.25 180 4 - 0.7 0.27 150 b - 1.00 § 0,24 180
5 - 0.75 0.75 0 5 - 1.95 | .76 0 5 - 3,01 | 0.73 0
Sting 6 - 041 0u1 0 6 ST oy | 0,06 o 6 - 0.90 | 0.03 0
7 - 0,8 0.8 0 7 - 1.87 | 0,72 0 7 “ 1 179 | Q3 0
8 - 12 1a2 180 8 - 2.72 1.06 180 8 - 2,69 0.65 180
9 - 1.6 1.6 0 9 - 3464 | 142 9 9 - 3.59 | 0.87 0
10 - 2. 2.4 0 0 - B3 ] 2,12 0 10 - 5,37 1430 )
11 - 2,8 2.8 160 11 - 6u32 | 247 130 11 - 6,28 1,52 180
12 - 3.2 342 b} 12 - 7.23 | 2.82 0 12 - 7.18 174 0
13 - 5.0 U0 O 13 - Feb2 Jeb2 J 13 - 8.59 2,18 o
14 - L8 L.8 180 i - 9.92 3,88 180 1 - 9,88 2439 180
{ 15 - 5.6 5.5 0 15 - 10.61 | L.22 0 15 - 10,78 | 2.61 0
16 - T2 T2 0 16 - 12,62 | 493 2
17 - 10.6 1066 0 17 - 13.82 5.0 180
18 - 1.0 1.0 J 18 - 15.05 | 5.87 0
19 - 15,7 15,7 180
20 - 19.0 19.0 0
t Aft Cone 21 - 20,4 T {204 Y 9 - 17.08 | 6.67 0 16 - 11,83 | 2.86 0
20 - 18.59 Te2b 180 17 - 12,86 EPR A 180
21 - 2.9 8,2¢ 0 18 - Ok | 3.40 0
19 - 15,26 | 3.70 180
20 - 16.48 3.99 0
21 - i 18480 | 4455 0

® coordinates are defined in Fig.1

¥~ wetted distance frcm apex of forward cone

X = wetted distance from step-zsting junction
X

step helght

¢ = angular coordinste defining angular position normal to axis of symmeiry




TABIE 3

Location of Thermocouples

Location of station
Head| Step |> o2~ ngii Surface
P ltion Coordinates* il (e 15 N
Ref, [height Ref thick—= N
Noe. !inches N * | Component ness |,
O y x £ ¢ inches inches
inches| inches degrees
4 1 1 Forward Cone|19.22 - - 0 0.Ch371 12~1h
2 f 190 22 - - 180 0.0502 hand
3 Step - 0.75 | 0.75 0 0.033%5] =
)-]- " - O' 25 0. 25 0.0335 -
5 Sting - 0.6 0.6 0.,0300| 30~35
& - 1a2 Te2 0. 0301 ~-
7 - 1.6 1.6 Ce 0301 -
g - 2.0 2.0 0.0301 -
10 - 3.2 | 3,2 0,030k | LO=45
14 N/ - 7.2 | 7.2 0.,0310| =
H2 |2.56 1 | Porward Conei19.22 - - 0.0545 | 18-20
2 Sting - 1o5% | 0.60 0,0295 | 20-25
3 - 2.30 | 0,90 0,0294 -
)+ - 5. 07 1.20 0.0295 15"'1?
5 - 4e 10 { 1.60 0.,0297 ~
& - L.61 |1.80 0,0296| 18-20
7 - h.12 2.00 0.0295 -
8 - 666 | 2,60 0.0296 -
9 - 8,19 3,20 0.0297 -
11 v - |13.00 {5.08 0.0300 | =
H3 Lel3 1 Forward Cone 19,20 - - 0.0627 | 13=15
2 Step - 2,06 | 0.50 0.0315 | 3540
. 3 Sting - 2,06 | 0,50 0.0280] 25
& - 5.50 11,33 0.0290 | 30-35
5 - G.50 2. 30 0.0295 | 15-29
6 - [43.96 }3.38 0,0310 | 28
7 - 15.16 3,67 G.03C7 -
8 - 15.76 | 3.82 0.0304 | 28
9 - 16.56 | Lo 0.0300 -
110 -~ [18.16 !4.40 0.0294 | 25
11 \/ ~  |20.16 4.88 | o  |0.0280( -

*  Coordinates are defined in Fig.1

t

wetted daistance from apex of forward cone

wetted distance from step—sting Jjunction
X
= step height

-~ angular coordinate defining angular position normal to axis of symmetry

S g HoN




TABIE

Tucertainty in Basic Measurements
5

Basic measurement Uncartainty
Velocity + 2 f/s
Height +5 ft

Ambient pressure t 0.07 1b/in.2

Ambient temperature + 1%

1+

Surface pressure ( Forward conc 145 lb/in.2
( Aft cone 9
Sting + 0.5 1b/un.

Wall temperature random compcnent * 8%

(individual measurements) J/ systematic component * 15%

TABLE

Comparison of 2 with Theory

A
Free stream 2 .
Hach Hox Local* 3.0 | 2.2 | k5 zfz., 3.4 252
Reynolds No. | Free stream/ft| 13.3 | 14.8 | 2.1 | 20,1 (24.L |23.3
x 107" Local* 1440 | 45.5 | 44e9 | 2041 | 5644 | 19.7
Head Ref. No. H1 H3 HA H2 H3 H2
Mode of Reattachment®* s a s 3 a s
0 Experiment 0,81 | 0.39| 0.71{ 0.49 | 0.45 | C.43
i Lerson? 7 .38 0.30| 0.38| 0.35] 0.29| 0.35

Chapman 1.6 1.0 0.9

i

Local values of Yach number and Reynolds number are appropriate to
conditions gust aft of detachment. The length for the latter is
from the apex of the cone to reattechment.

denotes reattachment on the sting which is assumed to occur at
3 step heights from the step-sting junction

denotes reattachment on the aft cone and for the purpose of evaluating
Qm/Q A’ reattachment is assumed to ococcur at x = 21.7".

1
Tarsont's value is obtained from Qm/Q! = 0.2 R; /5.

The data for the present experiment arc¢ relevant to accelerating flight.
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Some collapse of the separated flow heat transfer data with respect
to Mach number was obtained by comparing them with estimated values appro-
priate to local conditions outside the wake. Close to the step the heat
flow in the separated region was about 29% of the extimated value for
attached flow to a solid surface replacing the wake boundary. Towards and
beyond reattachment the ratic of the two values rose Lo near unity. The
measurements suggest that the amount of heat transfer rise at and beyond
reattachment Is dependent upon the wake convergehce, becoming smaller as
the convergence increases. This 1s qualitatively consistent with the known
effect that Increasing convergence implies Increasing boundary layer thick-
ness at geattachment.

There was no evidence of a marked maximum in the heat flux in the
reattachment region.

Some collapse of the separated flow heat transfer data with respect
to Mach number was obtained by comparing them with estimated values appro~
priate to local conditions outside the wake, Close to the step the heat
flow in the separated region was about 29% of the estimated value for
gttached flow to a solid surface replacing the wake boundary. Towards and
beyond reattachment the ratic of the two values rose to near unity. The
measurements suggest that the amount of heat transfer rise at and beyond
reattachment 1s dependent upon the wake convergence, becoming smaller as
the convergence increases. This is qualitatively consistent with the known
effect that increasing convergence implies increasing boundary layer thick=
ness at reattachment,

There was no evidence of a marked maximum in the heat flux in the
reattachment region.

Some collapse of the separated flow heat transfer data with respect
to Mach number was obtained by comparing them with estimated values appro-
priate to local conditions cutside the wake. Close to the step the heat
flow Iin the separated region was about 29% of the estimated value for
attached flow to a solid surfaece replacing the wake boundary. Towards and
beyond reattachment the ratio of the two values rose te near unity. The
measurements suggest that the amount of heat transfer rise at and beyond
reattachment is dependent upon the wake convergence, becomlng smaller as
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