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ABSTRACT

Predicting reentry vehicle (RV) performance is a very
difficult task and requires a detailed understanding of the
nosetip boundary layer. Nosetip boundary layer transition
typically occurs between 70,000 and 40,000 feet altitude
and is a complex hypersonic fluid mechanics process that
depends on surface roughness, wall temperature, nosetip
geometry, and freestream conditions. The state of the
boundary layer drives the ablation characteristics of the
nosetip, which in turn, effects the vehicle performance.
Therefore, accurate ground testing is vital in providing
realistic RV preflight predictions.

The current work analyzes the transition studies
completed by many authors and makes recommendations on
which author's correlation best fits wind tunnel, ballistic
range, arc tunnel, and flight data. Using the best
correlation, a new data set encompassing ballistic range
and arc tunnel data 1is compared and «correlated. A
simplified correlation 1s suggested to reconcile some
differences between the arc and range data sets.

Furthermore, the study was enhanced by looking at the
boundary layer problem using a linear stability model and a

Reynolds number theoretical approach.
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CHAPTER 1

INTRODUCTION

Thirty years of missile development has focused
attention on the reentry vehicle (RV) nosetip and its
aerodynamic boundary layer. During the 1960s, RV survival
was the major concern; thus, the associated nosetip
boundary layer and heat transfer rates were of considerable
importance. Since new carbon-carbon composite materials
were developed, the emphasis has shifted to understanding
the boundary layer and predicting when and where transition
will occur to improve the accuracy of future RV's. The
current work analyzes the transition studies completed by
many authors and makes recommendations on which correlation
best fits wind tunnel, ballistic range, arc tunnel, and
flight data. A new data set consisting of ballistic range
and arc tunnel data 1is compared and correlated. In
addition, ground testing techniques for future boundary
layer transition experiments are suggested. Furthermore,
the theoretical boundary layer problem is briefly examined.

Since the early seventies, many authors have predicted
ground and flight test results wusing different
correlations. Each of these works is briefly covered with
concentration on the work of R. G. Batt and H. L. Legner

[1], who proposed a method of predicting flight results



using wind tunnel or ballistic range test data. The

techniques used to acquire boundary layer transition data
in the ballistic range and arc tunnel are reviewed. New
carbon-carbon data sets produced in the ballistic range and
arc tunnel are analyzed. Since I have proposed that the
Batt and Legner correlation will fit the new data, a
comparison is made. If in fact the arc tunnel data is an
accurate simulation, in the future it could be used in a
more quantitative manner and replace other types of ground
testing.

In order to round out this study, the boundary layer
transition problem was also 1looked at in a theoretical
manner. Although solving the hypersonic boundary 1layer
stability problem is beyond the scope of this paper, some
methods examined produced results very similar to
equivalant experimental <correlations. Finally, the
transition-inducing, unstable frequencies prevalent in the
nosetip boundary layer were estimated to ensure that the
same frequencies were not being produced by the arc tunnels

in question.




CHAPTER II

BACKGROUND

For the past thirty years, the reentry community has
tried to predict accurately ICBM reentry profiles, material
ablation characteristics, and the inaccuracies 1involved
with these processes. Typical ICBM reentry Mach numbers,
enthalpies, stagnation point pressures, and heating rates
are shown in Figure 1. Note that the maximum heating
occurs at a fairly low altitude on the order of 40,000
feet. RV nosetip materials (graphites and carbon-carbon
composites) sublimate under high heating rates forming a
surface microroughness distribution characteristic of each
material's composition and fabrication technique [14]. The
nosetip surface roughness creates disturbances within the
laminar boundary layer. As the RV altitude decreases and
the Reynolds number increases, these disturbances amplify
and the boundary layer undergoes transition to turbulent.
Transition wusually occurs between 70,000 and 40,000 feet
altitude.

Now if we focus on the RV nosetip boundary layer, we
can follow the ablation characteristics of the nosetip as
shown in Figure 2. At high altitudes the boundary layer is
laminar and the nosetip will tend to blunt itself, because
the highest heating rate occurs at the stagnation point.

As the RV flies lower, the boundary layer transition point

3
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Figure 2. RV Nosetip Ablation Pattern



will move forward onto the nosetip just upstream of the
sonic point. The turbulent boundary layer creates a more
severe heat transfer, increased ablation rate, and
accelerated shape change. This produces a nosetip shape
which has a 'laminar island" located around the stagnation
point. Finally at 1low altitudes, the boundary layer is
entirely turbulent and the nosetip forms a pointed cone,
"fully turbulent shape." A recovered nosetip from the NRV
flight test program [14] is shown in Figure 3. Notice the
""laminar island" which has formed on this graphite nosetip.

Historically, the reentry concerns focused on RV
survival. Thus, adequacy of thermal protection and heat
transfer associated with the onset of transition were
studied [2]. As technology progressed, ballistic vehicle
targeting dispersion became a prime factor; therefore, how
the turbulent boundary layer effects nosetip shape change
is currently the driving factor in RV design. In this
section, a review is made of past investigators who tried
to model and predict when and where transition will occur
on an RV nosetip and the effect on shape change. Reda [14]
examined the work of many of these authors and compared

their correlations with his ballistic-range data set.
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Anderson

The Passive Nosetip Technology (PANT) Program [23]
studied the nosetip boundary 1layer transition problem
primarily in wind tunnel experiments conducted in the early
seventies. In numerous wind tunnel experiments, different
nosetips were examined with a variety of surface
roughnesses, Mach numbers, temperatures, and pressures.
The PANT database is the largest of its kind. Anderson is
well known for developing the data <correlation which
predicted transition onset and progression from the PANT
results [14]. His correlation is very similar to today's
more refined formulas. It features many common factors
such as the momentum thickness Reynolds number (R.), the
material roughness height (k), the boundary layer momentum
thickness (©), wall temperature (T,), and boundary layer

edge temperature (7,). The Anderson correlation is:

R —215(Te k)‘” W
€6 Tw 8
and is graphed in Figure 4. This correlation first showed

that the nosetip surface roughness and the boundary 1layer
momentum thickness were the driving factors in transition.
In a physical sense, the material roughness can be thought
to generate flow disturbances; as these disturbances grow
larger, they start to interrupt the boundary layer and

transition occurs. It is 1important to point out that

8
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transition always occurred upstream of the sonic line in

the subsonic region of the boundary layer. The PANT

database included a very wide range of surface roughness

values. Later we will find that the low surface roughness
values tended to skew the data because of freestream
disturbances in the wind tunnel flowfield {1]. With the
low roughness data included, the Anderson correlation
predicted transition too early and did not correctly
predict transition progression (the slope of their curve

was too shallow).

Van Driest

Van Driest [20] 1is well known for quantifying the
stabilizing feature of the nosetip surface curvature. Van
Driest provided technical comments on the PANT correlation
which slightly modified Anderson's correlation [14]. He
suggested that the material surface roughness (k) be

divided by:

k
(1 +350——> (2)
Rn

Notice that his modification shows the importance of the
nosetip curvature vradius (R,). From his previous
experience, Van Driest knew that the surface curvature
provided a stabilizing influence on the boundary 1layer,

because it induces a favorable pressure gradient. Van

10



Driest's curvature term will show up in many of the later

correlations.

Bishop
Bishop divided the transition problem into two distinct

regions. The first region of interest is where the flow
strikes the stagnation point and makes a sharp turn (strong
curvature) to follow the nosetip contour [14]. In the
strong curvature region, the flow is dominated by
streamwise (Goertler) vortices which are destabilizing.
The second region (weak curvature), is dominated by the
nosetip curvature radius (R,) . We are most interested in
the weak curvature region, where S/R, > .3, because nosetip
transition onset will first occur in this region. Bishop's

correlation [3] for the weak curvature region is:

T
k
R (1+4.5—1’M2>“’2=5.6(—>“’3 (3)
ef T e an

[4

which is graphed in Figure 5. Note that the temperature
ratio and most of the other terms are similar to the PANT
correlation. However, Bishop includes the edge Mach number
as a stabilizing influence to the boundary layer.
Physically if the edge condition has a very high Mach
number, a fluid particle near the wall wouldn't have the
ability to significantly disturb the freestream flow [14].

Bishop defined his roughness height to be the roughness

11
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elements which have a roughness greater in height than 85

percent of the other elements [3]. This is interesting,
because later we will find that the biggest problem
associated with the early correlations was the inconsistent

definition of the material roughness height.

Finson

During the middle seventies, Finson [7] 1listed the
various parameters that were expected to influence nosetip
transition and then investigated their influence. From

Finson's analysis, he developed the correlation([7]:

5 _
R .= 3.5-105(1 + 1000 ——)(R >“'6“ @
eb R ek

n

which 1is graphed 1in Figure 6. The material surface
roughness parameter 1is not apparent, but exists in the
surface roughness Reynolds number term. The other
influencing terms, momentum thickness, nosetip curvature
radius, and momentum thickness Reynolds number, are not
new. Once again, the destabilizing influences are the
momentum thickness and the momentum thickness Reynolds
number, while Finson included his own variation on the

stabilizing influence of the nosetip curvature.

13
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Dirling
Dirling placed heavy emphasis on the surface

roughness/momentum thickness ratio (k/g) [5]. He studied
the effects of this variable on the transition location and

developed the following correlation:

p, U,
R :160(—k—k—>"1'0 5)
ed p U o
€ [
The Dirling correlation is graphed in Figure 7. It can be

seen that the correlation is divided into two regions.
First, where k is small, the boundary layer is not affected
by the surface roughness and will undergo transition when
the momentum thickness Reynolds number reaches 160. The
momentum thickness Reynolds number of 160 is defined as the
smooth wall 1limit [5]. The smooth wall 1limit 1is an
important concept which will exist in the final
correlation. The second region of importance is where the
surface roughness is large and is the driving factor in the
boundary layer. In this region, Dirling's formula is very
similar to the PANT correlation but has a slightly steeper
slope of -1.0. Dirling included the influence of the
surface curvature by defining the surface roughness with

the Van Driest's term included.

15
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Demetriades

In the early eighties, Demetriades carried out a study
on boundary layer transition by taking measurements on the
inside of a supersonic nozzle and varying the surface
roughness [4]. He showed that all the previous
correlations predicted transition too early and did a poor
job predicting transition onset at low surface roughnesses.
Demetriades confirmed the theory of the smooth wall limit
on the momentum thickness Reynolds number. His analysis
showed the momentum thickness Reynold's number smooth wall
limit to be 200. His work helped to explain why flight
nosetips were undergoing transition at lower altitudes than

expected.

Batt and Legner

The most comprehensive study was completed by Batt and
Legner [1] wusing all the ground and flight test data
available. They recognized a problem with the PANT
database at 1low surface roughnesses. Freestream
disturbances in the wind tunnels induced numerous
shortcomings in the PANT database.  First when the 1low
surface roughness data was included, the correlations had
too shallow of slope and did not ©predict transition
progression correctly. Second, the wind tunnel freestream
disturbances caused the ©boundary layer to undergo
transition at low surface roughnesses which produced a

correlation with a low smooth wall limit for the momentum

17



thickness Reynolds number. It is the author's opinion that

the most important part of Batt and Legner's analysis 1is
their consistent use of the surface roughness. Past
investigators used arbitrary or inconsistent roughness
definitions. Batt and Legner took the known data and
calculated consistent surface roughness values. Instead of
trying to identify the complex element shape and spacing of
the nosetip surface, they assumed that the larger roughness
elements dominated the boundary layer. They quantified
this by defining the 30 percent exceedence height (k3¢)
definition for the material roughness. They calculated the
probability of exceedance <curve for the individual
roughness heights and determined the 30 percent value for
each tested material. By making all the data sets
consistent, Batt and Legner could analyze the data in a

more accurate fashion. Batt and Legner's correlation is:

(6)

which is graphed in Figure 8. Their formula 1looks very
similar to the past ones but differs in some respects.
Note their smooth wall limit is 500, consistent with flight
test values where freestream turbulence is not present.
And their transition progression slope 1is -1.5, much
steeper, because it 1is not 1influenced by the poor low

18
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roughness PANT data. Finally, they accounted for the
nosetip curvature by using the now familiar Van Driest
term.

In summary, the Batt and Legner correlation seems to be
the most accurate work completed to date, and it will be

used to analyze the new data sets.

20



CHAPTER III

THEORETICAL ANALYSIS

Although solving the boundary layer transition problem
in a theoretical manner is beyond the scope of this paper,
a linear stability theory example is considered to assure
the arc tunnel test results are reasonable. Furthermore, a
short theoretical transition analysis 1is performed. But
first, we must understand the arc-tunnel flowfield with

which we are concerned.

Flowfield

For the current analysis, consider the flowfield
produced in a high temperature arc-heated wind tunnel.
Arc-tunnel transition tests are typically performed at 100
Atm total pressure and 2500 Btu/Lbm total enthalpy. Using
an underexpanded convex parabolic nozzle in a freejet
tunnel, the flowfield will be at high pressure and low Mach
number very near the nozzle exit; and the flow will expand
to a higher Mach number and lower pressure away from the
nozzle exit. Because high temperatures are produced in the
flowfield by a rotating electrical arc, there are small
fluctuations in the flowfield which occur at the same
frequency of the arc rotation rate. The arc rotation rate

is measured at about 250 Hz.

21



A typical transition model has a hemisperical nosetip
which will produce a standoff normal shock wave as shown in
Figure 9. Knowing the model location and the tunnel total
conditions when transition occurs, one can calculate all
the other flowfield properties. The freestream Mach number
for transition onset is typically around three. For a
rough-order-of-magnitude <calculation, frozen flow with
constant Cp and y will be assumed. From [8], 6500 degrees
Rankine air would have a Cp = .311 Btu/1b.RO and y = 1.25.
Because the flow has a total enthalpy of 2500 Btu/Lbm, we

know:

= 8040°R (7)

<Ol

Knowing the total temperature and the Mach number, the
freestream temperature, speed of sound, and velocity can be

calculated.

Tt
T = ————————— = 3784°R (8)
g e
2
_ Ve _
a, = (RT )™ = 2849 fius 9)
u1:M1a1:8547ﬁ/s 1o

22
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The total pressure of the tunnel is 100 Atm; therefore,
using the 1isentropic relationship for pressures, the

freestream pressure is calculated.

Ptl

P, = = 4,885 psf (a1)

1
a1+ ‘1—2—M2)Y’Y‘1

The density is calculated by:

P1 slug
p,= — =.00075 — (12)
1 RT1 ﬂ3

Using the viscosity relationship in ([19], the absolute

viscosity can be determined.

734.7 slug
15 10-10= 13610 ¢ =L

B, = .317(T1) _—
T1+216 ft's

(13)

Now that all the conditions upstream of the shock wave are
known, the subsonic conditions behind the shock can be

calculated using the normal shock relationships in [8].

M, =435 (14)

P = 9.9P1 = 48,362 psf (15)

24



slug

p,=4.8p =.0036 — (16)
2 1 ft3
T,=21T = 7,946°R a7
P, = .255P, =53,978 psf (18)

Finally, the speed of sound, velocity, and viscosity can be
determined in the subsonic region wupstream of the

stagnation point.

a,= (yRT)'? = 4,128 fus 19)
U2=M2az= 1,796 fi/s (20)
734.7
=317 ‘-5(——>] 107%=2010"% (@
E ‘ Ty T,+ 216 @

All the flowfield conditions are summarized in Table 1.

Linear Stability Theory

Mack in {12] used linear stability theory to address
supersonic boundary layer transition. We will apply his
technique to the arc-heated flowfield in order to calculate
the frequency (order of magnitude) at which flow
instabilities are prevalent in the flow. As mentioned
earlier, an arc tunnel flowfield 1is considered very

unsteady compared to cold tunnels. Although there is a lot

25




Table 1. Arc Tunnel Flowfield Properties

Cor;ctil‘ltnon Cor;tglztlon Units
T 3,784 7,946 °R
Tt 8,040 8,040 °R
M 3.0 435 --
a 2,849 4,128 ft/s
U 8,547 1,796 ft/s
P 4,885 48,362 psf
p .00075 .0036 slug
B 1.36-10-6 2.0-10-6 ;;S_q

26



to learn about arc-tunnel flow variations, it is known that
the flowfield fluctuates at about the same frequency as the
arc rotation rate. The arc rotation rate has been measured
at about 250 Hz and will be compared to the unstable
frequency in the nosetip boundary layer. Therefore, the
unstable frequency for the flow upstream and downstream of
the standoff shock wave needs to be calculated. Mack's
analysis produced amplitude growth curves as shown 1in
Figure 10. The parameters in Figure 10 are nondimensional
and require some interpretation. We will concentrate on

the dimensionless frequency (F), defined as:

(22)

| e

In Equation 22, (w) is the nondimensional freqency, and
(R) is the square root of the Reynolds number. Mack uses
starred notation to show dimensional quantities. We are
interested in determining the dimensional frequency (w*).

(w) is defined as:

w* X*
- U,*R

® (23)

Therefore, substituting Equation 23 into Equation 22

yields:

27
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F =
U*R®
1
Now, knowing that:
UI*X*
2_ —
R _Re— v *

(24)

(25)

substituting Equation 25 into Equation 24 produces:

w*v *
1
F_

- 2
()

And finally, substituting absolute

kinematic viscosity yields:

u*
ero L
1 pl*
w* pl*
F= 5
(Ul*) pl*

(26)

viscosity in for

(27)

(28)

Rearranging Equation 28 reveals the formula:

2
- F(Ul*) pl*
w" = *

By

29
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Using the results shown in Table 1, the unstable frequency
(order of magnitude) associated with the flowfield in front

of and behind the standoff shock wave can be calculated.

1105w **p *

w* = = 403 KH: (30)
*
By
11072 (WM p,*
0, = = 58 KH: (31)
*
By

As expected, using the lowest dimensionless frequency, the
unstable frequencies in the boundary layer are several
orders of magnitude higher than the known dominant
fluctuations in the arc flowfield. Although this 1is an
approximate analysis, it does show that flowfield
disturbances are probably not a driving factor 1in the

stability of the boundary layer.

Transition

Predicting RV nosetip transition at flight conditions
using a theoretical calculation has proven difficult for
all investigators. However, Batt and Legner [1] have
suggested that advances can probably be made using the

following type of analysis.
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Two definitions for Reynolds number have been used for
transition correlation by past investigators. They are the

Reynolds number based on the material roughness height:

(32)

and the Reynolds number based on the boundary layer

momentum thickness:

p, U O
R, = —— (33)
pe
Taking the ratio, we obtain:
eP b U
R =—--<2+_2*p (34)

Expecting transition to occur at a «critical roughness
height yields a constant material roughness Reynolds number
(Rer = Cyp) . When this occurs, the momentum thickness
Reynolds number would be designated with a subscript t and

we would obtain:

(35)

| ®
o
~F
C:IQC:

e0T 1

O
A

=
®
b\



Multiplying by (puw/pw) yields:

=C, - =2 2=-= (36)

(37)

=C,~ — = 2 = — (38)

=c - =222 (39)

Examining the magnitude of (0) and (k), we can assume that
(e/k) is roughly equal to one. This 1is a realistic
assumption since current carbon-carbon composite materials
have a roughness on the order of 1 mil. As (k) approaches
(), Up v Uesy up v Yo, and pp v pe. Therefore, Equation 39

can be reduced to:

|
2
e

0T 1

> | ®
ﬂlﬂ
"U"'c
s o ©
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From the perfect gas law, we know:

T

€

©

w

— (41)
pe

P
_ e
P

w

=

w

Substituting Equation 41 into Equation 40, we obtain:

T T

w [4
T
(4

(42)

> |®
3

w

Cancelling terms and rewriting in a familar manner yields:

kE\_10
ReGT:CI(a) 43)

This equation now looks very similar to the experimental
correlations developed by earlier investigators. It is
interesting to note that once again momentum thickness and
surface roughness are the driving factors of the stability
of the boundary 1layer. The -1.0 slope of this equation
falls in between the values determined by Anderson (-.7),
and Batt and Legner (-1.5). Equation 43 will be used in
Chapter VI to produce a new data correlation which will
help reconcile differences between arc and range transition

data.
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CHAPTER 1V
ARC-HEATED TUNNEL TESTING

The arc-heated tunnel can provide data on transition
behavior for realistic nosetip materials under conditions
simulating the high enthalpy and pressure loadings of
reentry [1]. In the past, inherent 1limitations 1in arc
tunnel testing, such as freestream turbulence and
measurement resolution, have required investigators to
carefully qualify results. The arc results were primarily
used to screen material samples to get a rough idea of
their ablation rate and transition onset pressure. We will
examine whether arc data can be used in a more quantitative
manner to predict transition onset and progression. But
first we must understand the arc tunnel flowfield and

testing techniques.

Flowfield

The internal arc tunnel conditions were calculated in
Chapter IIT. Using these total conditions and expanding
the flow through an axisymmetric flared nozzle (convex
parabolic contour from throat to exit) provides a test jet
with a 1.38-inch exit diameter with a nominal exit Mach
number of 1.9 (Figure 11). Because the gas 1is
underexpanded and exits on a parabolic path, the flow will

continue to expand as it passes downstream from the nozzle
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exit. Although the total pressure in the flow stays
constant, the total pressure behind the standoff shock
(Po') will decrease dramatically at stations farther
downstream from the nozzle exit. Figure 12 shows the total
pressure ratio (P'/P,) versus axial 1location from the
nozzle exit. This flow expansion feature of the flared
nozzle allows for transition testing to be accomplished in
the arc tunnel.

Diagnostic probes are used to measure flowfield
paramcters in the expanding jet. The pitot-pressure probe
and the heat-transfer probe are shown in Figure 13. The
pressure probe contains a piezoelectric transducer and the
heat transfer probe contains a null-point calorimeter slug.
These probes are swept through the supersonic flowfield at
the 2.5-inch and .l-inch axial stations to obtain radial
profiles of the pitot pressure and the heat flux. Typical
results of a pressure sweep at the 2.5-inch station are
shown in Figure 14. Results from a calorimeter sweep are
shown in Figure 15.

Now that we know the internal tunnel conditions and
some flowfield parameters, we can calculate two important
enthalpies. The bulk enthalpy is determined with an energy
balance calculation which calculates the energy left in the
flowfield after water cooling 1losses. The bulk enthalpy

(H,) is calculated using:
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Hp= \k(PWR, - PWR VM | + H, (44)

The bulk enthalpy is about 2500 Btu/lbm. From the measured
heat flux and total pressure, the inferred enthalpy (H,,)
can be calculated using the Fay-Riddell equation for heat

flux on the stagnation point of a hemisphere.

_ ; ¥ 172
H,. .= 6882 Qo/(Po/RN) + Hw (45)

The inferred enthalpy is generally twice as large as the
bulk enthalpy in arc-heated wind tunnels. This paradox
will cause a problem when trying to determine an enthalpy
to use in further calculations. The arc-tunnel flowfield

conditions are shown in Table 2.

Testing Technique

A model ramping technique is used to simulate reentry
conditions on the model nosetip. The arc tunnel is started
and is given time to reach steady state conditions. Once
on condition, a computer-controlled model sequence 1is
started and the model is injected into the flow at the 2.5-
inch axial station for a 2.0 second-dwell. During the
dwell, the model heats under low pressure conditions which
simulates the high-altitude laminar heating on a RV. The
models are then moved toward the nozzle exit at a rate of

.6 in/sec for roughly four seconds. This ramp of
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increasing pressure simulates the RV decreasing in altitude
and Mach number. The model boundary layer will undergo
transition from laminar to turbulent during the pressure
ramp. The arc tunnel produces true flight temperatures for
realistic flight times; therefore, the model nosetip will
reach carbon sublimation temperatures. The sublimating
carbon adds blowing to the nosetip boundary layer. When
the model reaches the .l1-inch axial station, the model is
laser controlled in order to measure steady state-ablation
rates at that given station.

The primary data are 16-mm motion pictures which are
taken during the testing sequence. Boundary-layer
transition data is obtained by examining the film data
during th: ramp phase. The data of interest from the ramp
phase are the nosetip shape change profiles at different
times in the sequence. The shape change profiles from one
model are plotted in Figure 16. Generally, traces of the
projected nosetip 1images are made at approximately .6-
second intervals, although a trace is also made when any
significant nosetip shape change is observed. Boundary-
layer transition is observed by the increased ablation rate
at the outer edge of the model. The higher ablation rate
is caused by the increased heating rate which results from
the turbulent boundary layer. This 1is seen by the gouging

of the model material in sequential nosetip traces. As the
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model progresses, the transition point will eventually move
to the stagnation point and the model will form a pointed
shape (fully turbulent shape). Once the model has reached
a fully turbulent shape, turbulent recession rates can be
measured and compared to the 1laminar recession rates
(Figure 17). Typically, the turbulcont recession rate is

roughly twice the laminar ablation rate.

Data

Two models made of the same material were tested in the
arc tunnel. Using this data, transition onset pressure and
turbulent recession rates were determined and tabulated in
Table 3. The transition-onset pressure was measured by
interpreting the transition location and ramp time which
are shown in Table 4. The transition location
(streamlength) 1is measured from the stagnation point.
Other interesting data is the progression of the transition
location. Two later transition progression data points,
for each model, were selected and tabulated to show how the
transition point moves toward the stagnation point as the
flowfield pressure increases. This data will be used to
compare with past results and ballistic range data from the

same material.
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Table 3. Arc Model Recession Data

Transition RECESSION
MODEL Pressure RATE
NUMBER (Atm) (in/s)
1 57 14
2 54 .16
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Table 4. Arc Model Transition

Data

Model Type Time (S) Location (In)
1 Onset 5.89 27
1 Progression 6.36 15
1 Progression 6.36 27
2 Onset 5.50 .35
2 Progression 6.21 23
2 Progression 6.21 21
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CHAPTER V
BALLISTIC RANGE TESTING

The ballistic-range ground-test facility can subject
models to a short duration, real gas hypersonic
environment. To date, the most comprehensive study of
nosetip boundary layer transition in the ballistic range
was completed by Reda in [14]. The ballistic range can
provide actual RV velocities with a variety of pressures to
account for altitude changes. But the ballistic range can
not duplicate actual RV flight times. For the purpose of
nosetip boundary layer transition, the reduced testing time
will affect the problem in two ways. First, the nosetip
will not reach true RV wall temperatures. Secondly, the
nosetip material will not have enough time to produce
accurately the 1laminar surface roughness. The wall
temperature difference can be included and adjusted for in
all the current correlations. But the 1laminar heated
surface roughness for a ballistic-range model nosetip must

be provided to the material before launch.

Material Preconditioning

Because the flight time 1in a ballistic range is
relatively short, boundary-layer transition models must be
provided with their 1laminar heating surface roughness.

This is accomplished by subjecting the nosetip material to
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the flow of an arc-heated wind tunnel. The process is
identical to the beginning of an arc tunnel transition test
described in Chapter IV. The nosetip material sample is
mounted to a model holder (Figure 18). The model is
injected into the low pressure region (P,' = 10Atm) of the
arcjet for a duration of two seconds which provides a
laminar boundary 1layer around the nosetip. The 1low-
pressure arcjet simulates the high-altitude heating
encountered by a RV. The nosetip material will ablate about
40 mils. The nosetip samples are then unscrewed from the
arc model holders and attached to the ballistic range model
bases (Figure 19). At 1least one extra nosetip sample is
preconditioned for further surface characterization.

The extra nosetip sample 1is cross-sectioned and
microscopic photographs (microscopy) of its surface
roughness are taken. Batt and Legner [1] standardized a
method to calculate the material surface roughness (k).
First, an arbitrary reference (y) is chosen. The surface
is then divided into many equally spaced stations. At each
point, the difference between the reference and the surface
height (y, -y) 1is calculated. These values are then
arranged into different bins according to their magnitude.
From these bins, a probability of exceedance curve can be
constructed, top of Figure 20. As (y,-y,) gets smaller,

fewer points will contribute to the probability of
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exceedance curve and the data will roll over. A new
baseline reference (y,) is determined by fitting the data
between a probability of 20 and 80 percent using a straight
line and determining the roughness height where the
probability 1is equal to 100 percent. The Dbaseline
reference will be a positive number; in this graph, it was
measured to be .08 mils. A new probability of exceedance
curve is now determined using the new baseline reference.
This is <called the roughness height probability of
exceedance and is shown at the bottom of Figure 20. The
curve typically has a Gaussian profile from which one can
choose the 30 percent exceedance value (hzg). Finally,

this number is adjusted by the shape factor (F), where:

k30: Fh30 (46)
Dirling defined the shape factor to account for the fact
that any plane of measurement does not pass through the
peak of each roughness element. Therefore, the measured
roughness (h3p) is too low. The most popular shape factor
is the hemispherical (4/w), but 2 has sometimes been used
for carbon-carbon composite materials. Because there is a
lack of carbon-carbon data, we will analyze the data using

the more common hemispherical shape factor.
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Testing Technique

After the surface roughness 1is characterized, the
models are launched from a two-stage light-gas gun into a
controlled atmospheric range. For the tests considered
here, the range pressure was 175 torr, which simulates an
altitude of 36,000 feet. The 1launch velocity was 16,000
ft/sec. At this velocity and pressure, the transition
location will be upstream of the sonic line on the nosetip
surface. Image <converter cameras are used to take
photographs of the model as it travels downrange. The
image <converter negatives are processed with an
isodensitometer which defines the relative film density as
a function of surface location. Each film density is
equivalent to a surface temperature on the nosetip of the
model. From this data, a surface temperature map of the
nosetip is constructed (Figure 21). In Figure 21, the
nosetip is travelling toward the camera (five degrees of
yaw) and the cool laminar island can be seen around the
stagnation point on the nosetip. Actual surface
temperatures can be determined and graphed versus film
location (Figure 22). In this graph, the higher temperature
transition region can easily be seen on each side of the
nosetip. The transition streamlength (S,;) is the distance
measured from the stagnation point to the positive change

in slope of the temperature curve. The model nosetip
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material will not reach sublimation temperatures of carbon,
but the carbon material will oxidize producing a small

amount of ablation (blowing into the boundary layer).

Data

Transition data can be taken at many different stations
in the ballistic range. The transition location will
change as the model travels downrange because the model
decelerates and the nosetip surface temperature increases.
This characteristic of a ballistic range test produces more
than one data point per shot and helps us understand the
transition location progression (slope of the correlation
line). Two shots were performed using the same nosetip
material as the arc tunnel data. The transition locations
are tabulated at different range stations in Table 5; this

data will be analyzed in Chapter VI.
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Table 5. Ballistic Range Transition Data

1 .005 .29
1 .015 23
1 .025 29
1 .04 .33
1 .05 .23
2 .025 .27
2 .04 .26
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CHAPTER VI
DATA ANALYSIS

This chapter contains analysis of the arc-tunnel and
ballistic-range data presented in the earlier chapters.
Using the Batt and Legner Correlation and a boundary-layer
computational code, an inferred material roughness (k)
was calculated for each data point. The actual material
roughness (k3p) was then determined from the microscopy
photographs of the preconditioned nosetips. Therefore,
knowing the actual material roughness, the ground test data
can be directly compared to the Batt and Legner
correlation. And finally, a new correlation is suggested

to help correct for the differences in the test data.

Arc Inferred Roughness

Using the boundary-layer transition data obtained in
the arc tunnel, and assuming it fits the Batt and Legner
correlation, an inferred material roughness height (k)

can be determined by solving for k in:

Z£ -15 e

T k

w(l+350—)
R

n

Re9: 500

| >

The transition 1location 1is known from the film data.
Therefore, the boundary layer conditions can be calculated

at the transition streamlength. The ABRES Shape Change
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Code (ASCC 86) [9] was utilized to determine the edge
temperature (Tg), wall temperature (T,), momentum
thickness (®), and the momentum thickness Reynold's number
(Re0) . ASCC was written by Acurex to model RV nosetip
shape change during flight, ballistic-range, arc-tunnel,
and wind tunnel testing. The arc tunnel option was used
and the arc conditions were programmed in the ASCC code.
The code solves a viscous, compressible integral-boundary-
layer equation which assumes a smooth wall, no blowing, and
chemical equilibrium. Thus, the values determined by the
code are wused as reference quantities for comparison
between correlations. An example of an ASCC boundary layer
solution is shown in Table 6. The nosetip radius was
measured from the film data at the time of transition. As
mentioned earlier, the flowfield enthalpy of the arc tunnel
is difficult to determine. For this test, the bulk
enthalpy was 2500 Btu/lbm, while the centerline inferred
enthalpy was 5200 Btu/lbm. Because this disparity exists,
two inferred material roughnesses were calculated for
comparison. The arc tunnel transition location, ASCC-
calculated boundary-layer conditions, and the resulting
bulk-enthalpy inferred roughnesses are tabulated in Table
7. A similar calculation was used to determine the
inferred roughness produced when using the peak (centerline

inferred) enthalpy (Table 8).
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The bulk-enthalpy inferred roughnesses are 1low when
compared to the actual material roughness. The bulk
enthalpy inferred roughnesses are all around .9 mils, but
the roughnesses determined from the peak enthalpy (roughly
1.20 mils) seem to be in close agreement with the actual
material roughness (1.15 mils). Physically this seems
reasonable, because the boundary layer is most affected by
the centerline flowfield expanding from the stagnation
point; therefore, it is more representative of the
centerline peak inferred enthalpy. Later in this chapter,
other correlations also show the peak enthalpy to yield the

most consistent results.

Range Inferred Roughness

A similar method was used to analyze the ballistic
range data. The transition location is read from the image
converter photographic data produced at different range
stations on two different shots. Once again, the ASCC code
was utilized to determine the flowfield and boundary-layer
conditions around the nosetip of the model. By assuming
the Batt and Legner correlation is correct, an inferred
surface roughness can be calculated to compare with the arc
data. The ballistic range transition 1location, ASCC-
calculated boundary-layer conditions, and the resulting

inferred material roughnesses are tabulated in Table 9.
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Note that all the range-inferred roughnesses are

significantly low (around .25 mils). This is surprising,
since it would be expected for the range data to more
closely match the actual material roughness of 1.15 mils.
It should be pointed out that the transition location does
not seem to change significantly with range station. But,
the wall temperature changes drastically from the beginning
to the end of the range. Most of the available
correlations would 1lead us to believe that this large
change in wall temperature should effect the transition
location more significantly than our range data indicates.
The wall temperature never approaches true RV nosetip
temperatures in the ballistic range. Therefore, the carbon
does not sublimate and contribute a large blowing parameter
to the boundary layer (although the carbon will oxidize and

produce a small blowing effect).

Material Roughness

The carbon-carbon material which was tested in the
ballistic range was preconditioned in the arc tunnel under
the laminar heating method described in Chapter V. One of
the nosetip samples was saved to be sectioned and
microscopied. From the sectioned sample, microscopic
photographs were taken of the material surface. The
material surface was then graphed at 360 power, as shown in

Figure 23. Station numbers are assigned to the x axis of
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this graph to keep an accounting record of each roughness
height versus station number. Using the Batt and Legner
method, a reference height (y,) is selected and the value
of (ys-yo) is measured at each station. By grouping these
values into bins, a material probability of exceedance
curve is determined as shown in Figure 24. Fitting the
data with a line between the 20 and 80 percent exceedance
values determines the new material reference height (yao).
Then a new probability of exceedance <curve can be
determined using the new reference height. The resulting
curve 1is called the height probability of exceedance
(Figure 25). To date, Batt and Legner reduced all the
previous data sets by selecting the 30 percent exceedance
value. The mecasured 30 percent exceedance height (hgg) for
our material is .9 mils. As mentioned earlier and explained
by Dirling, this value would be considered too low, because
any plane of measurement would not pass through the peaks
of each roughness element. Therefore, the roughness height
is multiplied by a hemispherical shape factor (4/m) to
determine the final material roughness value (k39). The
material roughness of our carbon-carbon material is then

1.15 mils.

Batt and Legner Correlation Fit

Characterization of the material roughness allows the

arc and range data sets to be compared directly to the Batt
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and Legner Correlation. The expected momentum thickness
Reynolds number at transition can be calculated by using
1.15 mils for the material roughness height (k) and

inserting the other known quantities into:

'ﬂlmq
t
o

(48)

k
R =500 —
€6 (o)

k
Wl +350 —
( R )

n

This prediction can be compared to the experimental
transition-momentum-thickness Reynolds number for both the
range and arc data sets. In Table 10, the expected and
experimental momentum-thickness Reynolds numbers are
tabulated. The percent difference is also calculated for
these values. The arc and range data is graphed in Figure
26. The arc data is shown by squares and the range data by
circles.

From the earlier calculation of the inferred material
roughness, it is not surprising that the arc and range data
do not match very well. However, it 1is significant that
the arc data falls on the Batt and Legner curve within a
reasonable band of error. This 1is the first time that
experimental arc data (onset and progression) has
accurately fit the predicted solution. But the range data
requires some explanation. The ratio (T./T,) seems to be
driving the ballistic range data too strongly. It should

be noted, if the wall temperature is slowly increased to
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Table 10. Data Fit to Batt and Legner Correlation

KTe Batt and Legner | Experimental %
8Tw {T+350K/Rq) RegT ReoT Error
R 14.1 9.4 79 +740
A 11.9 12.2 96 +690
N
9.8 16.3 109 +570
G
£ 1.1 13.6 77 +470
12.0 12.0 92 +670
11.0 13.6 85 +625
3.8 67 62 .7
A 4.3 57 37 -35
4.1 60 67 +12
C
3.4 78 72 -8
41 60 54 -10
4.1 59 51 -14
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Figure 26. Batt and Legner Correlation and
Plotted Data



roughly 70 to 80 percent of the edge temperature, the range

data will move to the left on the graph and overlay the arc
data. Thus, this would suggest a more simplified
correlation excluding the temperature ratio may be
interesting to investigate. In addition, the differences
between the arc and range data may be explained by the
significant destabilizing blowing produced by the

sublimating carbon in the arc tunnel.

Revised Correlation

As suggested from the ballistic range data and the
theoretical investigation in Chapter III, a correlation
just including the material surface roughness, momentum
thickness, and the momentum thickness Reynolds number
should be investigated. The theoretical section suggested

the following equation:

kG
Ree—Cl('e‘) 49)

By taking the arc and range data, and curve fitting the

equation to solve for the two unknown constants, one

obtains:

_ k. 433
Ree— 18’500(6) (50)

This correlation produces remarkable agreement between the

arc and range data. The experimental momentum thickness
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Reynolds number, material roughness/momentum thickness

ratio, inferred roughness, and the associated errors are

tabulated in Table 11. The new correlation is plotted in
Figure 27. The range data are again shown by circles and
the arc data are represented by squares. The inferred

material roughnesses are very near the actual value of 1.15
mils, with the largest deviation of 10 percent. For the
limited data analyzed, the simplified correlation tends to
confirm the relaxed effect of the wall temperature on the

transition location.
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Table 11. Data Fit to New Correlation
ReoT g KinF Er:'/oor
104 3.23 1.17 +2
R 79 3.27 1.20 +5
A 96 3.34 1.15 0
N 109 3.39 1.10 -4
G
E 77 3.52 1.15 0
92 3.36 1.16 +1
85 3.44 1.15 0
62 3.61 1.18 +3
A 37 4.01 1.20 +4
67 3.91 1.07 -7
C
72 3.26 1.26 +10
54 3.89 1.13 -2
51 3.90 1.14 -1
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

The current study was an intermediate step in fully

understanding RV nosetip boundary 1layer transition,

appropriate ground-testing techniques, and their associated

correlations. The following conclusions were derived from

this study:

1.

Modeling RV nosetip boundary-layer transition onset
and progression 1is c¢ritical to wunderstand fully
nosetip shape change effects on RV performance and
accuracy.

Of all the past investigators, Batt and Legner [1]
performed the most detailed analysis on the
boundary layer transition problem and their
associated correlation provides good predictions
for graphite material and shows promising results
for carbon-carbon composites.

Both the ballistic-range and the arc-heated wind
tunnel are viable testing techniques for measuring
boundary layer transition. It was shown that the
primary arc tunnel freestream fluctuations are at a
significantly lower frequency (250 Hz) than the
calculated transition linear-stability frequency

(58 kHz).
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4. In order to perform accurate ground tests, the
nosetip material surface needs to be completely
characterized using the probability of exceedance
method which was detailed in this paper.

5. The RV nosetip surface temperature doesn't seem to
affect the transition correlations as strongly as
previous investigators noted.

6. Of the two enthalpies (peak centerline and bulk)
measured in the arc tunnel, the peak centerline
enthalpy should be wused 1in calculations to
determine the flowfield conditions.

7. The current arc-tunnel transition data accurately
matched the Batt and Legner correlation.

8. The simplified correlation (not including the wall
temperature effects) developed in this study
appears to reconcile the differences between the
limited arc and range data available on common
materials.

Based on the results of this study, the following
recommendations are made for the benefit of future studies
in the area of RV nosetip boundary layer transition:

1. Further theoretical analysis of the boundary-layer
transition problem should be pursued. The Reynolds

number approach taken in this study gave

80



reasonable results, but could be expanded to

include many secondary effects.

Further testing on carbon-carbon materials should
be completed. If a wide variety of material
roughnesses could be examined, the new correlation
developed in this paper <could be Trefined.
Furthermore, actual carbon-carbon nosetips should
be tested in hypersonic wind tunnels to evaluate
better the transition-temperature effects and the
comparisons with early PANT data.

Flight-test data should be <collected on common
materials to be compared to ballistic range and arc
tunnel data. This would be a significant step in
determining the best ground-test facility and data
correlation to be used in the future.

The blowing parameter produced by oxidizing and
sublimating carbon should be quantified and

included in a future correlation.
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