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SUMMARY

This report describes the results of two distinct studies of the
aerodynamic heating of nose tips. In PART 1 of these studies we examined
experimentally the development of laminar, transitional and turbulent
boundary layers over ablated nose shapes at Mach numbers from 8 to 13 for
Reynolds numbers up to 80 x 106 based on model diameter. Two groups of models
were employed in this study, blunt elliptic, blunt biconic and triconic models
were used in the first phase of this investigation where the greatest emphasis
was placed on examining the length and structure of the transition region and
the parameters which influence it. The second phase of this study was devoted
to examining the flow over "highly ablated'" nose shapes, over which flow sepa-
ration and gross flow instabilities occurred. Here we studied how nose tip
configuration, roughness and model incidence, as well as the Mach number and
Reynolds number of the free stream, influenced the occurrence and structure of
large scale periodic instabilities. These studies demonstrated the strong
effect of pressure gradient and roughness on the length and characteristics
of the transition region. In turn these parameters, along with nose tip geo-
metry, strongly influence the occurrence of flow instabilities over highly-

indented nose shapes.

In PART II of this investigation, we studied, in detail, the
generation of disturbances in the stagnation region of the flow as a particle,
which comes from the model surface, interacts with the bow shock. Here we
were primarily interested in gaining a knowledge of the magnitude and mechanism
of heating enhancement. These studies which were conducted at Mach 6 and 13,
demonstrated that there was little heating enhancement as the particle (between
100 and 800 microns in size) transversed the shock layer; however heating levels
between 3 and 10 times the stagnation point value can be generated as the par-
ticle penetrates the bow shock. Four distinctly different flow regimes were
found to exist for different penetration distances and particle trajectories.
Of these the most dramatic is one where a flow instability similar to that en-

countered over the highly indented nose shapes is observed.
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PART L

EXPERIMENTAL STUDIES OF TRANSITIONAL BOUNDARY LAYERS
AND BOUNDARY LAYER SEPARATION WITH GROSS FLOW
INSTABILITIES OVER ABLATED NOSE SHAPES



Section 1
INTRODUCTION

To develop a reliable and accurate re-entry system employing slender
high B vehicles, it is necessary to understand and formulate methods to analyze
the changes which occur to the ablative nose tip and the associated viscous and
inviscid flow field in which it is enveloped during re-entry. Small changes to
the shape of a nose tip can change significantly the drag and moment coef-
ficients of the vehicle, particularly if such shape changes are asymmetric in
character. While measurements from ablation tests have suggested that nose
shapes develop equilibrium or self-preserving profiles* under fixed free stream
conditions, complex non-equilibrium shapes can develop as the vehicle descends
through the atmosphere, and its boundary layer undergoes a transition from
laminar to turbulent characteristics. The flow fields over such ''mon-equilibrium"
shapes are complex, involving regions of shock wave-boundary layer interaction,
and shock-shock interaction. The large localized heating rates associated with
such interactions can ultimately create nose shapes over which flow instabilities
resulting from the alternate formation and collapse of embedded separated
regions can occur. The dynamic forces which result from such instabilities
seriously degrade the performance of the vehicle. Experimental studies have
demonstrated that small asymmetries in surface roughness or ablated shape for
these configurations can result in flow asymmetries of dramatic proportions.

A small angle of incidence can result in flow asymmetries of comparable magni-

tudes.

The movement of the transition point from the conical surface onto
the face of a nosetip begins a process which, because of resultant localized
increase in heating, may create an indented nose shape. The formation of an im-
i bedded shock over this configuration results in a significant increase in
! heating at the base of the shock (resulting from shock wave-boundary layer in-
teraction) which drives the ablating nose into a shape with a more concave
form. On these shapes, the shock-shock interaction can also cause intense

heating at the reattachment point of the shear layer which is generated at the

TR 3k i
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Discussed in Section 3.
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intersection between the how shock and embedded shock. In many cases nose
tips do not ablate symmetrically and the asymmetric flow field which results
can impress a pressure distribution on the nose which can cause asymmetric
forces of significant proportions. These side forces are of greatest magnitude
when a separated region is induced on one side of the nose tip while the flow
remains attached on the other. This situation can also arise on symmetric

highly-ablated nose shapes when they are pitched at angle of attack.

The development, through ablation, of nose shapes over which gross
aerodynamic instabilities occur, has been demonstrated in ablation tests using
camphor models and inferred from downrange observation of full scale flight
missions. Regions of gross instability on nose shapes in hypersonic flow were
first studied in detail over "spiked bodies". For a certain class of configura-
tions, where a spike pierces the bow shock and yet is of insufficient length
to permit an equilibrium separated region to be formed, a flow oscillation is
observed in which there is a periodic formation and collapse of the separated
region. A similar oscillation is observed over bi-conic configurations; and
studies have been performed to define the geometries over which these oscilla~
tions occur. Most of the studies which were conducted in hypersonic flow were
at low Reynolds numbers; however the recent high Reynolds number studies at
Calspan have demonstrated that transition to turbulence on the nose of the
vehicle can significantly inhibit such oscillations, Nose tip roughness,
which is an inherent feature of ablating nose shapes, was also found to play
an important role in the oscillation onset. The detailed heat transfer, pres-
sure and skin friction measurements made in the Calspan study identified the
importance of shock-boundary layer interaction and shock-shcok interaction as
the basic mechanisms which cause large heating rates driving an indented shape
toward shapes over which flow instabilities occur, Perhaps the most important
finding from these studies is the large sensitivity of the oscillating flow
fields to angle of attack. The large asymmetric pressure forces and heat transfer
rates generated under these conditions tend to drive the nose region into an
asymmetric form and the vehicle to increasing angle of incidence. The oscil-

lations generated under these conditions differ significantly from those observed

at zero incidence,



AT N A TR TP

In this study we investigated two aspects of the aerodynamics of the
non-equilibrium ablation of nose tips. In the first of these studies we obtained
detailed heat transfer and pressure measurements on blunt elliptic, blunt
biconic and triconic models at Mach number from 8 to 13 for Reynolds numbers
up to 80 x 106. Here, while we sought information on the laminar heat transfer
distribution over these nose shapes, we were primarily interested in examining
the length and structure of the transition region and the parameters which
influenced it. In the second study we examined the flow over highly ablated
nose shapes over which flow separation and gross flow instabilities occurred.
Here our studies were devoted to examining how nose tip configuration, surface
roughness and model incidence, as well as Mach number and Reynolds number of
the inviscid flow influenced the occurrence and structure of large-scale
periodic aerodynamic instabilities which can develop over these shapes.
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Section 2
STUDIES OF TRANSITION AND RE-LAMINARIZATION OVER MILDLY ABLATED NOSE SHAPES

2.1 INTRODUCTION

The development of computer codes to describe accurately the shape change
of a nose-tip of a slender RV as it descends through the atmosphere revolves
about an accurate description of the boundary layer and its interaction with the
ablation material. While the description of the development of nose tip
shapes in laminar flows may be considered to be relatively accurate, the
complexities in the fluid mechanics which arise when transition begins on the
bodies has yet to be fully understood or successfully described in an analytical
or numerical framework. It is clear that, at this time, in order to assist in
understanding the origins and development of turbulence over complex nose shapes,
we require an insight through experimental measurements. The problem of pre-
dicting the position of boundary layer transition on ablating nose shapes has
yet to be solved. While this problem is difficult enough for smooth bodies, on
nose tips we are faced with understanding the influence of ablation and rough-
ness. While recent analytical studies have used linearized stability theory
(Ko)land turbulent energy methods (Wilcox2 and Finsons) in attempts to describe
this process with some success, each employs some degree of empiricism in their
approaches. In correlating measurements of transition made in wind tunnels, we
are faced with the problem of evaluating the influence of tunnel noise on this
process, and some fheories (e.g., Wilcox's) attempt to account for this,
Aerotherm have suggested from their studies that transition can be correlated
in the form Ree(-‘frﬁf %}ozzli Where b is the roughness height and 6 the
momentum thickness at the beginning of transition. While this criteria is
simple, it has the merit of being in relatively good agreement with measurements
made by Aerotherm at Mach 5. Measurements of transition over sharp flat plates
and cones in the Calspan Shock Tunnels at high Mach numbers have been found to
be in remarkably good agreement in the ballistic range and correlations of

flight data as shown with measurements in Figure 1.

While the beginning of transition may be influenced by tunnel noise,
the characteristics of the transitional region and the turbulent boundary layer
which developed downstream of it does not exhibit this sensitivity., The length
and characteristics of the transition region, however, do depend strongly on the

pressure and entropy gradients in the inviscid flow and the roughness of the
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surface. For constant pressure, high speed boundary layers in the absence of
entropy graident, the length of the transition region can be related to the length
of the laminar run as shown in correlations of measurements on flat plate and
cones made at Calspan presented in Figure 2. However, as shown in Figure 3,
the length of the transition region on blunted nose tips cannot be related
simply due to the length of laminar run. Adding roughness not only increases
the level of heating, but also significantly modifies the length and character-
istics of the transition region as shown in Figure 4, The photographs obtainc
in the experimental studies on bi-conic configurations, show on Figure 5
indicate a wave-like structure in the boundary layer close to the transition
point. This structure has also been observed in experimental studies conducted
by Demetriades.42 The records of the heat transfer in the transition region on
this bi-conic configuration in the present studies show distinctive bursts in
heating which raise the local heat transfer rate to close to the turbulent
value. These bursts appear to be convected downstream over adjacent gages.
This result is not inconsistent with Emmons' spot theory in which the heat

transfer to the wall is related to an intermittancy parameter and through the

relationship
+ (1-
Cu RANS ¥y TuRs G-9)Cy LAMINAR
where ¥ is the fraction of time the boundary layer exhibits turbulent charac-
teristics, and CH rurs and C,, ., are the heat transfer coefficients for full
turbulent or laminar flow respectively. Clearly, ¥ assumes values from 0 to

1 through the transition region and can be rela}gg to the position in the

transition region by the expression Y = ;:g_, as shown in Figure 6.

A is a parameter chosen from correlation of the experimental data. While

this general approach has been used with some success to describe the
distribution of heat transfer to the wall in the transition region, it is
clear it must be modified, based on experimental measurements, when transition
is influenced by roughness, vorticity, entropy and pressure gradients. It is
of interest to note that while the Emmons' theory5 is in relatively good agree-
ment with the mean values of heat transfer in the transition region at high
Mach numbers, the fluctuation measurements of heat transfer made under these
conditions do not display the intermittent laminar and turbulence character

upon which this theory is based.
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Figure 4a EFFECT OF ROUGHNESS ON TRANSITION AND RELAMINARISATION OVER THE
BICONIC CONFIGURATION AT MACH 13
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Figure 5 SCHLIEREN PHOTOGRAPH SHOWING BOUNDARY LAYER TRANSITION OVER
A BLUNT BICONIC MODEL AT MACH 11
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One char.cteristic of the transition region which is important in
nose tip technology is the "heat transfer overshoot' which occurs close to the
end of the transition process. The generation of turbulence in the transition
region is such that the turbulent scale size larger than that for a corres-
ponding fully turbulent boundary layer is generated, and this results in in-
creased heating levels. This ''low Reynolds' number turbulent structure is in-
fluenced by viscosity and eventually dissipation drives the turbulent scale
sizes toward the local equilibrium values. However, this relaxation process
can occur over a region as long as 50 boundary layers thicknesses, as shown by
Holden® and Bushnell.? While this low Reynolds number effect causes heating
rates of only 125% in excess of the equilibrium turbulent levels, sophisti-
cated shape change codes which are now being developed should be formulated in
such a way that the flow downstream of transition is modelled correctly. Again

experimental measurements are needed to inspire and evaluate such models,

2.2 EXPERIMENTAL STUDIES OF LAMINAR, TRANSITIONAL AND TURBULENT FLOWS,
INCLUDING THE EFFECTS OF ROUGHNESS, ON ABLATED NOSE SHAPES

The three models used in the investigation of transition on ablated
nose shapes, chosen as representative of those that might be found in flight,
are shown in Fig. 7. These models were highly instrumented with heat trans-
fer and pressure gages to provide the spatial and temporal resolution required
to define accurately the characteristics of the transition and relaminarisa-
tion region, Figure 8 shows the model with the elliptic nose shape installed
in the 96" Shock Tunnel. Schlieren photographs typical of those obtained in
the studies are shown in Figs. 9, 12 and 15. The distributions of heat transfer
over the biconic, elliptic and tri-conic configurations at Mach numbers from 8
to 13 for a range of Reynolds numbers from 106 to 80 x 106 are shown in
Figures 10, 13 and 16. The pressure distributions over the bi-conic and
elliptic configurations varied little with Mach number and Reynolds number, and
typical distributions obtained on these configurations are shown in Figs. 11
and 14. The pressure measurements obtained on the tri-conic configuration are
shown in Fig. 17. Here the variations of pressure or heating distribution with
Mach number and Reynolds number reflects changes in the structure of the regions

of viscous interaction and flow separation over the convex surface of the model.

14
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Figure 9

A SCHLIEREN PHOTOGRAPH TYPICAL OF THOSE OBTAINED OVER
THE BICONIC CONFIGURATIONS (M = 11)
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Figure 12

SCHLIEREN PHOTOGRAPH OF THE FLOW OVER THE ELLIPTIC NOSE TIP
(M=13)
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Figure 15a A SCHLIEREN PHOTOGRAPH OF THE FLOW OVER THE TRI-CONIC CONFIGURATION
WITH BOUNDARY LAYER SEPARATION OVER THE SECOND SURFACE (M = 13)
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Figure 15b SCHLIEREM PHOTOGRAPH SHOWING BOUNDARY LAYER SEPARATION FOR
TRANSITION FLOW OVER THE TRI-CONIC MODEL (M = 11)
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Figure 15c SCHLIEREN PHOTOGRAPH FOR TURBULENT FLOW OVER
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Figure 16a HEAT TRANSFER DISTRIBUTION OVER THE TRICONIC MODEL AT MACH 12.8
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The experimental program was conducted at Mach numbers from 8 to
13 for a range of Reynolds numbers such that lamipar, transitional and turbulent
flows were obtained over the model nose shapes. Emphasis was placed on ob-
taining measurements which would assist in attempts to evaluate the models,
in particular those of the transitional and relaminarization regions, which
are used in the shape change codes. We performed simple calculations to de-
termine laminar and the heat transfer distributions over the biconic and

elliptic configurations using the modified Lees equation8’9

¢ = , £ P.Ve Y
9 stac P J+1) , SsPcUc. 'Y'“ds
()
where j = 0 (2 dimensional), j = 1 (axi-symmetric); A& =\[]E§;Z?— for spheri-
cal nose and 2 for 2:1 elliptic nose. In this expression Pc = Pe/Po, Uc = Ue/Uoe,
Y = rb/a and S = S/a, where a is a reference length (3 = RN for a spherical
nose and RN/4 for the 2:1 elliptic nose. The stagnation p.int heat transfer was

determined using the Fay-Riddell method. For turbulent flow we use the

relationships developed by Mirels (REF 12)
cyty/ Pe Ue
- A SO
F vee So

where 4w 0.03 k AHJ-LQ)(& 1 )o.s
Ao “a

F&u! CL°'Z

and AH = H0 - Hw, k = Mirels' roughness coefficient and PR is the Prandtl
number. The three comparisons which are shown in Figs. 18, 19 and 20 demonstrate
relatively good agreement between theory and experiment, and indicate the flow

remains completely laminar to the end of the afterbody.

The characteristics of the transition region over the bi-conic con-
figuration were explored by progressively increasing the unit Reynolds number
of the free stream, thereby moving transition first onto the conical surface
and then toward the hemispherical nose tip. Typical distributions of heating
obtained from these studies are shown in Fig. 21. Here we see that the length

of the transition region is not simply related to length of the laminar run
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