
To the Graduate Council:

I  am submitting herewith a thesis written by Robert John
Butler entitled "Boundary Layer Transition on Reentry
Vehicle Nosetips." I have examined the final copy of this
thesis for form and content and recommend that it be
accepted in partial fulfillment of the requirements for
the degree of Master of Science, with a major in Aerospace
Engineering.

a AotyA
C Professorrawford, MajRoger A.

We have read this thesis

and recommend its acceptance;

Accepted for the Council:

Vice Provost

and Dean of the Graduate School



STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of

the requirements for a Master's degree at The University

of Tennessee, Knoxville, 1 agree that the Library shall

make it available to borrowers under rules of the Library.

Brief quotations from this thesis are allowable without

special permission, provided that accurate acknowledgment

of the source is made.

Permission for extensive quotation from or

reproduction of this thesis may be granted by my major

professor, or in his absence, by the Head of Interlibrary

Services when, in the opinion of either, the proposed use

of the material is for scholarly purposes. Any copying or

use of the material in this thesis for financial gain

shall not be allowed without my written permission.

Signature

Date ^*7



BOUNDARY LAYER TRANSITION

ON REENTRY VEHICLE NOSETIPS

A Thesis

Presented for the

Master of Science

Degree

The University of Tennessee, Knoxville

Robert John Butler

May 1989



ACKNOWLEDGMENT

The author wishes to acknowledge the many personnel

whose assistance was instrumental in the conduction of the

experimental work and in the preparation of this thesis.

The author would first like to thank Maj Wester for the

management support required for the completion of this

effort. The author is particularly indebted to Emmett

Edenfield and Jim Blanks for their technical expertise in

the subject of RV boundary layer transition. Furthermore,

the advisory support provided by Dr. Crawford, Dr. Kraft,

and Dr. Peters was outstanding. And finally, this project

would have come to a standstill without the secretarial

help from Kathy Swanson, Kathy Green, and Carol Pratt.

Thanks.

11



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 is compared and correlated. A

simplified correlation is 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.

Ill



TABLE OF CONTENTS

CHAPTER PAGE

I. INTRODUCTION 1

II. BACKGROUND 3

Anderson 8

Van Driest 10

Bishop 11

Finson 13

Dirling 15

Demetriades 17

Batt and Legner 17

III. THEORETICAL ANALYSIS 21

Flowfield 21

Linear Stability Theory 25

Transition 30

IV. ARC-HEATED TUNNEL TESTING 34

Flowfield 34

Testing Technique 41

Data 45

V. BALLISTIC RANGE TESTING 49

Material Preconditioning 49

Testing Technique 55

Data 5 8

VI. DATA ANALYSIS 60

Arc Inferred Roughness 60

IV



CHAPTER PAGE

Range Inferred Roughness 65

Material Roughness 67

Batt and Legner Correlation Fit 69

Revised Correlation 75

VI1. CONCLUSIONS AND RECOMMENDATIONS 79

BIBLIOGRAPHY 82

VITA 85

V



LIST OF TABLES

TABLE PAGE

1. Arc Tunnel Flowfield Properties 26

2. Arc Tunnel Operating Conditions 42

3. Arc Model Recession Data 47

4. Arc Model Transition Data 48

5. Ballistic Range Transition Data 59

6. ASCC Boundary Layer Solution 62

7. Inferred Roughness, Arc Bulk Enthalpy 63

8. Inferred Roughness, Arc Peak Enthalpy 64

9. Inferred Roughness from Range Data 66

10. Data Fit to Batt and Legner Correlation 73

11. Data Fit to New Correlation 77

VI



LIST OF FIGURES

FIGURE PAGE

1. Typical ICBM Reentry Conditions 4

2. RV Nosetip Ablation Pattern 5

3. Recovered Flight Nosetip 7

4. Anderson's Correlation 9

5. Bishop's Correlation 12

6. Finson's Correlation 14

7. Dirling's Correlation 16

8. Batt and Legner's Correlation 19

9. Nosetip in Arc Tunnel Flowfield 23

10. Mack's Amplitude Growth Curve 28

11. Transition Model and Flared Nozzle 35

12. Pressure Ratio at Nozzle Stations 37

13. Pressure Probe and Heat Transfer Probe 38

14. Pitot Pressure Across Nozzle at 2.5 Inch Station . 39

15. Heat Transfer Across Nozzle at .1 Inch Station ... 40

16. Nosetip Profile Shape Change 44

17. Nosetip Recession Graph 46

18. Material Preconditioning Model 51

19. Ballistic Range Model 52

20. Probability of Exceedance Curves 53

21. Nosetip Surface Temperature Map 56

22. Nosetip Surface Temperature Graph 57

23. Material Surface Roughness 68

VI1



FIGURE PAGE

24. Material Probability of Exceedance 70

25. Height Probability of Exceedance 71

26. Batt and Legner Correlation and Plotted Data 74

27. New Correlation and Plotted Data 78

VI 11



LIST OF SYMBOLS

a  Static Speed of Sound

C  Any Constant

Cp Specific Heat at Constant Pressure

D  RV Nosetip Diameter

F  Dimensionless Frequency

Hb Bulk Enthalpy

Hi Enthalpy of Air Injected into Arc Heater

HinF Inferred Enthalpy

Ht Total Enthalpy

h30 Thirty Percent Exceedance Height

K  Material Roughness

Ki^iF Inferred Material Roughness

K30 Thirty Percent Exceedance Material Roughness
Height

M  Mach Number

Me Mach Number at Edge of Boundary Layer

Mt Mass Flow of Air Injected into Arc Heater

P  Pressure

Pch Chamber Pressure of Arc Heater

Pe Pressure at the Edge of Boundary Layer

P'o Total Pressure behind the Shock Wave

Pt Total Pressure

Pw Pressure at the Nosetip Wall

PWRin Power Supplied to Arc Heater

PWRl Power Lost in Cooling Water

ix



Qo Heat Flux

R  Blasius Length Reynold's Number

Re Reynold's Number

Rek Reynold's Number at the Peak of Material Roughness

Re© Momentum Thickness Reynold's Number

Reex Transition Momentum Thickness Reynold's Number

Rn Nosetip Radius

S  Streamlength
•

s  Recession Rate

Sir Transition Streamlength

T  Temperature

Te Temperature at Edge of Boundary Layer

Tt Total Temperature

Tw Temperature on the Wall of the Nosetip

u  Velocity

u* Dimensional Velocity

Ue Velocity at the Edge of the Boundary Layer

Uk Velocity at the Peak of Material Roughness

X* Dimensional Length

yho Reference Height Determined from Exceedance Curve

yo Arbitrary Reference Height

ys Surface Height

V  Ratio of Specific Heats

0  Momentum Thickness

p  Density

Pe Density at the Edge of the Boundary Layer



pk Density at the Peak of Material Roughness

Pw Density at the Nosetip Wall

p* Dimensional Density

Q  Nondimensional Frequency

CO* Dimensional Frequency

p  Absolute Viscosity

Pe Absolute Viscosity at the Edge of the Boundary
Layer

Pk Absolute Viscosity at the Peak of Material
Roughness

p* Dimensional Absolute Viscosity

V* Dimensional Kinematic Viscosity

XI



CHAPTER I

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 is 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 using 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 1 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 looked at in a theoretical

manner. Although solving the hypersonic boundary layer

stability problem is beyond the scope of this paper, some

methods examined produced results very similar to

equivalant experimental correlations. Finally, the

transit ion-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 involved

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 usually occurs between 70,000 and 40,000 feet

alt itude.

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 low 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 layer 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 (i?eo) » the

material roughness height (fe), the boundary layer momentum

thickness (0) , wall temperature (Ty,) , and boundary layer

edge temperature (Tg). The Anderson correlation is:

, Te k\ n
R = 215 r-^ (1)

\Tw Q J

and is graphed in Figure 4. This correlation first showed

that the nosetip surface roughness and the boundary layer

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 important to point out that
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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] is 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 (fe) be

divided by:

k  \
1 + 350 (2)

Rn }

Notice that his modification shows the importance of the

nosetip curvature radius {Rn)• From his previous

experience, Van Driest knew that the surface curvature

provided a stabilizing influence on the boundary layer,

because it induces a favorable pressure gradient. Van

10



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

correlat ions.

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 (Rn) • 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:

e  n

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.

F inson

During the middle seventies, Finson [7] listed 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/^1 , innn ® \f r, \-1.64 (4)= 3.510^^1 + 1000
n

which is graphed in Figure 6. The material surface

roughness parameter is 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 (^/e) [5]. He studied

the effects of this variable on the transition location and

developed the following correlation:

ft ̂  16o(— — (5)
\ p u qJ

e  e

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 limit [5]. The smooth wall limit is 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] using all the ground and flight test data

available. They recognized a problem with the PANT

database at low surface roughnesses. Freestream

disturbances in the wind tunnels induced numerous

shortcomings in the PANT database. , First when the low

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 is

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 ikjo)

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:

i? ^ = 500
ed

k

or/ k
1 + 350 —

\  R
n

(6)

which is graphed in Figure 8. Their formula looks 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 is -1.5, much

steeper, because it is not influenced 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 is performed. But

first, we must understand the arc-tunnel flowfield with

which we are concerned.

Flowf ield

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/lb.RO and y = 1.25.

Because the flow has a total enthalpy of 2500 Btu/Lhm, we

know:

= — = 8040"A (7)
c
p

Knowing the total temperature and the Mach number, the

freestream temperature, speed of sound, and velocity can be

calculated.

T, = = 3784°i? (8)
Y- 1 9

(1 + M-)
2

flj = = 2849/i/s (9)

f/j = Mj = 8547 ftis (10)

22
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The total pressure of the tunnel is 100 Atm; therefore,

using the isentropic relationship for pressures, the

freestream pressure is calculated.

P = = 4,885 psf (11)

The density is calculated by:

p

1  slug
p, = = .00075 —f- (12)

Using the viscosity relationship in [19], the absolute

viscosity can be determined.

1^1 =
15 734.7.317(7,)'-^

1  7+216
10~^°= 1.36 10~® — (13)

ft's

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].

M2=.435 (14)

P, = 9.97^ = 48,362^5/" (15)
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slug
p = 4.8p , = .0036 —f (16)

fr

= 2.1Tj = 7,946°ft (17)

=-255?^^ = 53,978p6/ (18)

Finally, the speed of sound, velocity, and viscosity can be

determined in the subsonic region upstream of the

stagnation point.

(y/?T2)^^ = 4,128/i!/s (19)

M202= 1,796/?/s (20)

^^2 =
is/' 734,7317(^ji.&l

2  \T
10~^° = 2.0 10"® (21)

2 + 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 is considered very

unsteady compared to cold tunnels. Although there is a lot
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Table 1. Arc Tunnel Flowfield Properties

Condition
at 1

Condition
at 2

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

ft3

P 1.36-10-6 2.0-10-6 slug

ft.s
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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 in

Figure 10. The parameters in Figure 10 are nondimensional

and require some interpretation. We will concentrate on

the dimensionless frequency (F) , defined as:

CO

F = - (22)
R

In Equation 22, (co) is the nondimensional freqency, and

(F) is the square root of the Reynolds number. Mack uses

starred notation to show dimensional quantities. We are

interested in determining the dimensional frequency (co*) .

(co) is defined as:

(0* X*
CO = (23)

U^*R

Therefore, substituting Equation 23 into Equation 22

yields:
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F = (24)
U*R^

Now, knowing that:

u *x*

R^ = R = (25)
e  V *

substituting Equation 25 into Equation 24 produces

F - ^ (26)
iu*r

And finally, substituting absolute viscosity in for

kinematic viscosity yields:

V * = — (27)

Pi

F = (28)

Rearranging Equation 28 reveals the formula:

F{U^*)^p^*
0^* = (29)

Pi*
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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.

= AQ'iKHz (30)
Pi*

11G-='(1/
0) ♦ = = 58 KHz (31)

P2*

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 is an

approximate analysis, it does show that flowfield

disturbances are probably not a driving factor in the

stability of the boundary layer.

Trans i t ion

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:

R , = (32)

and the Reynolds number based on the boundary layer

momentum thickness:

h  ®
(33)

Taking the ratio, we obtain:

© Pe Pfe
i? R , (34)

Expecting transition to occur at a critical roughness

height yields a constant material roughness Reynolds number

{Rek — Ci) . When this occurs, the momentum thickness

Reynolds number would be designated with a subscript t and

we would obtain:

0 P. P*
i? _ = C — (35)

Ik p 1/
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Multiplying by {pwlpw) yields:

0 P. P^ P*
R ̂ ^ = C, (36)

^ ^ p p, p U
^ uj k k

From the perfect gas law, we know:

p  T P
^ e w e

p  ~ T P
w  e w

(37)

Substituting Equation 37 into Equation 36 reveals:

0  ̂ P P. ̂
i?, =C,- ^ (38)
^6^ ^ k T P p, p U,

e  w k ^ e k

Now multiplying by ( pg/pe) yields:

a T P p p p U
R„ = C 2-2-i-Ji^-i-i (39)

' k T P p li U.
e  w ^ e k ^ e k

Examining the magnitude of (0) and (k) , ue can assume that

(0/fe) is roughly equal to one. This is a realistic

assumption since current carbon-carbon composite materials

have a roughness on the order of 1 mil. As (k) approaches

(0) , Uk ^ Ue, Pk ^ Ue> arid pk ^ Pe- Therefore, Equation 39

can be reduced to:

P) T P p
C  w e w

=  (40)''Qr ^ k T P P
e  LC ^ e
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From the perfect gas law, we know;

T  P p
€  £ W

— = — — (41)
T  P p
w  w e

Substituting Equation 41 into Equation 40, we obtain:

P) T r
_ c w e

R .T = C- — — (42)
edT ^ k T T

e  w

Cancelling terms and rewriting in a familar manner yields:

=  (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 layer. 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 IV

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 limitations in 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.

Flowf ield

The internal arc tunnel conditions were calculated in

Chapter 111. 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 is

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 versus axial location 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

parameters 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 .1-inch axial stations to obtain radial

profiles of the pitot pressure and the heat flux. Typical

results of a pressure sweep at the 2.S-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 losses. The bulk enthalpy

(//g) is calculated using:
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Copper Body

Rn = 0.04 in

% Piezoelectric Transducer

45

BodyCopper

25Rn

Null Point Calorimeter Slug

Figure 13. Pressure Probe and Heat Transfer Probe
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"b- k(PWR,^, - PWR^/M^
i;\ L> 1

+ Hj (44)

The bulk enthalpy is about 2500 Btu/lbm. From the measured

heat flux and total pressure, the inferred enthalpy

can be calculated using the Fay-Riddell equation for heat

flux on the stagnation point of a hemisphere.

6.882 Q HP IRS'^
0  0 N

+ H (45)
w

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 is

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 .1-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 the 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 images 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 is 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 laminar recession rates

(Figure 17). Typically, the turbulent 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) is 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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Figure 17. Nosetip Recession Graph
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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



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 laminar surface roughness. The wall

temperature difference can be included and adjusted for in

all the current correlations. But the laminar heated

surface roughness for a bal 1istic-range model nosetip must

be provided to the material before launch.

Material Preconditioning

Because the flight time in a ballistic range is

relatively short, boundary-layer transition models must be

provided with their laminar 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 (Po' = 10 Aim) of the

arcjet for a duration of two seconds which provides a

laminar boundary layer around the nosetip. The low-

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 least one extra nosetip sample is

preconditioned for further surface characterization.

The extra nosetip sample is 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 ik].

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^) is 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 (3/^^) 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 is equal to 100 percent. The baseline

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 (^30)- Finally,

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

^30- ̂^^30 (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 (hso) is too low. The most popular shape factor

is the hemispherical 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.

54



Testing Technique

After the surface roughness is 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 launch 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 (Sj,^) 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

Model Time (S)

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

was calculated for each data point. The actual material

roughness {kso) 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

can be determined by solving for k in:

ft ^ = 500
ev

k T,
e T k

(1 + 350 —
R

n

■1-5 (47)

The transition location is 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 {Te) , wall temperature (^1^,) , momentum

thickness (0), and the momentum thickness Reynold's number

(/?e0) . 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 used 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 low 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 location, 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 lead 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 (3/0) is selected and the value

of (l's-3'o) 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 iyho) •

Then a new probability of exceedance curve can be

determined using the new reference height. The resulting

curve is 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 measured 30 percent exceedance height (/130) 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 i4/u) to

determine the final material roughness value ikjo) • 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 (fe) and

inserting the other known quantities into:

ft ^ = 500
ev

k

@ T k
(1 + 350 — )

ft
n

(48)

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 is significant that

the arc data falls on the Batt and Legner curve within a

reasonable band of error. This is 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 (Te/Tw) 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
0Tw n +i!bUK/Rn)

Batt and Legner
ReST

Experimental
ReOT

%
Error

R

A

N

G

E

19.5 5.8 104 + 1700

14.1 9.4 79 + 740

11.9 12.2 96 + 690

9.8 16.3 109 + 570

11.1 13.6 77 + 470

12.0 12.0 92 + 670

11.0 13.6 85 + 625

A

R

C

3.8 67 62 -7

4.3 57 37 -35

4.1 60 67 + 12

3.4 78 72 -8

4.1 60 54 -10

4.1 59 51 -14
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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;

k -c,
R =CA-) - (49)
eO 1 0

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

equation to solve for the two unknown constants, one

obtains:

i? = 18,500 (50)
€0 0

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

Re0T
K

0 Kinf
%

Error

104 3.23 1.17 + 2

R
79 3.27 1.20 + 5

A 96 3.34 1.15 0

N

G

109 3.39 1.10 -4

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

R

C

67 3.91 1.07 -7

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 layer 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 is critical to understand fully

nosetip shape change effects on RV performance and

accuracy.

2. 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.

3. 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 used in 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
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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 refined.

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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