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Investigation of Boundary-Layer Transition on Smooth 
Hemispherical Bodies 

Peter G. Cross* and Richard R. Burnest 
Naval Air Warfare Center - Weapons Divi.sion, China Lake. CA 93555 

The main goal of this project was to determine if known correlations can be used to pre­
dict the occurrence and location of boundary-layer transition on "smooth" hemispherical 
surfaces with very small roughness heights ( ~ 25 ~-tin) . A number of empirical correlations 
were evaluated against experimental data, however, no universal correlation was found that 
could acceptably describe the observed transition events during the flight tests analyzed . 
Only a sparse set of data was available for deriving and assessing the various correlations; 
correlations derived from a larger set of data may be better suited for predicting transition. 
The correlations examined implement many of the parameters traditionally used (such as 
geometry, surface roughness, edge Mach number, boundary-layer momentum thickness, 
and Reynolds number), but are based on an incomplete understanding of the relevant 
physics. Because these correlations do not account for the physical processes driving tran­
sition, they cannot be used to accurately predict the occurrence or location of transition 
from laminar to turbulent flow. In addition, two of the flight tests considered showed peri­
ods of higher heating inconsistent with predictions based on laminar theory that were not 
investigated by the original authors. Transition during these periods appears to be forced 
by transitory events related to the operation of the sounding rockets, such as motor burn­
out transients and other unidentified mechanisms. In order to be able to better predict 
transition, it will be necessary to obtain a clear understanding of the physical processes 
that cause transition. 

I. Introduction 

T RANSITION of boundary-layer flow from laminar to turbulent has a very large impact on the aeroheating 
experienced by air vehicles. For example, completely turbulent flow produces aero heating that is 3-

8 times greater than t.hat produced by laminar flow . However, contrary to what might be expected, a 
fully-turbulent boundary-layer is not the worst possible scenario. When a boundary-layer transitions from 
laminar to turbulent, the resulting aeroheating at the transition point can be significantly greater than if the 
boundary-layer were completely turbulent. In order to obtain accurate results from aeroheat.ing analyses, it 
is essential to be able to predict when and where boundary-layer transit ion occurs. 

Unfortunately, predicting boundary-layer transit ion is a very difficult problem that researchers have 
been struggling to solve for decades. 1 

• • The largest difficulty in predicting boundary-layer transition is 
that much remains unknown concerning the physical mechanisms that drive the transit ion from laminar 
to t.urbulent flow. Several fundamental "modes" of physical phenomena are believed to be responsible for 
causing boundary-layer transition- none, however, are very well understood.1 • 

1 and even less is known 
about possible interactions between modes. Additionally, virtually all wind tunnels have a higher level of 
disturbances present in the free-stream flow than for free-flight environments. '· 1 As a result, it is beli ved 
that transition will occur sooner on a wind tunnel test model than it would on a vehicle in free-flight . 

The traditional method of predicting boundary-layer transit ion is through the use of empirical correlations 
t.hat attempt to link boundary-layer transition to certain geometry, flow, and boundary-layer properties (such 
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as surface roughne s or curvature, edge 1\lach number , boundary-layer momentum thickness Reynolds num­
ber, etc.)_ I . ! 1\lany correlations for predicting boundary-layer transition have been created over the decades. 
but these correlations are only applicable to a limited range of vehicle geometries and flight conditions. No 
"general" boundary-layer transit ion correlation has been discovered that can be applied universally. As a 
result , it can be difficult to determine how to handle boundary-layer transition when performing aeroheating 
analyses. If the range of applicability for a transition correlation is not fully understood, the correlation 
could incorrectly be applied to problems for which it is not well suited. Such an analysis could easily lead 
to non-conservative results with potential negative consequences for system performance. 

II. Objectives 

The objective of this project was to determine appropriat e boundary-layer transition correlations that 
are applicable to the aerothermal analyses of "smooth" hemispherical surfaces with very small roughnes. 
heights (:::; 25 J.tin) . One goal of this project was to determine if known correlations can be used to des ribe 
and predict boundary-layer transition on these surfaces of interest. It was desired to identify at least one 
correlation that could be effectively used to predict boundary- layer transition on ''smooth" , blunt bodies 
(such as sphere-cone or sphere-cylinder geomet.ries) . Only flight test data was used for this effort, in an 
attempt to eliminate the influence of wind tunnel noise on the correlations. 

Ill. Literature Survey 

A literature survey was conducted as the first step in this project . This literature survey had several goals. 
First, it was necessary to identify correlations and parameters that can be used to predict the occurrence 
and position of boundary-layer transition. Second, it. was desired to obtain experimental data that could 
be used to assess th accuracy and applicability of these correlations. The different phases of the literal ure 
survey are discussed in more detail in the sections below. 

III.A. Boundary-Layer Transition Correlations 

A review of the literature was undertaken to identify candidate correlations that could be used to predict 
boundary-layer transition. Particular attention was given to correlations that would take into account the 
effects of roughness on boundary-layer transition . A review conducted by Schneider- identified a number 
of correlations that have historically been used to predict boundary-layer transition. These correlations are 
discussed in the sections below. 

From this paper it was also possible to identify a list of variables that seemed relevant. t.o the boundary­
layer transition phenomena that could be included in new correlations. 

I II. A .1. A/omentum Tluckness Reynolds Number· Correlations 

A commonly used variable for boundary-layer transit ion correlations is the moment tmt thickness Reynolds 
number, Reo , which is computed from the boundary-layer edge flow properties and the momentum thickness 
oft he laminar boundary-layer at the point of transit ion: 

Reo "" PeU~ (} 
J.te 

A commonly-used correlation involving the momentum thick ness Reynolds number is: 

Reo vs. Jll 

(I) 

(2) 

However, this correlation does not consider I he influence of surface roughness on I ransit.ion. In order I o I ake 
into account the surface roughness, it was decided to e\'aluate the correlal ion: 

Reo vs. 
k 
(} 

(3) 

which compares the momentum I hick ness Reynolds number to I he surface roughness normalized by I he 
boundary-layer moment mn I hick ness. It was decided to also compare Reo to I he surface roughness normalized 
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by the boundary-layer thickness (the edge oft he boundary-layer was defined to be the point where the velocity 
was equal to 99.5% of the freest.ream value) : 

Reo vs. 

and to the surface roughness without an) normalization: 

Reo vs . 

k 
t5 

k 

(4) 

(5) 

One additional correlation presented by Schneider2 that considers the momentum thickness Reynolds num­
ber, the edge 1\Iach number, and the surface roughness is that used on space shut tie studies; 

Reo k 
vs. (6) 

This correlation compares a Mach-normalized momentum thickness Reynolds number to the surface rough­
ness normalized by the boundary-la)er thickness. It was decided to also compare Reo/ Ale to to the surface 
roughness without any normalization: 

vs . k (7) 

A final correlation that was considered based on the momentum thickness was: 

Reo vs. R e (8) 

The purpose of this correlation was to determine what influence the free stream flow properties had on 
the transition momentum thickness Reynolds number. Note that this correlation did not take into ac aunt 
surface roughness effects. 

li/.A .2. Roughness Reynolds Number· Correlation 

The roughness Reynolds number, Reb is a commonly used correlation variable for determining the effects of 
surface roughness on transit ion. 2 The roughness Reynolds number is computed based upon flow properties 
wit hin the boundary-layer at the roughness element height : 

PkU~;k 
Rek = -­

Jlk 
(9) 

The roughness Reynolds number can be a useful parameter for determining if a given surface roughness 
will have a significant impact on boundary-layer transition . The literature suggests that surface roughnesses 
producing an Re ~; :::;: 10- 25 are unlikely to greatly influence transition , though in some cases an RPk as low 
as one can still be sufficient to cause transition Y However, for the three models and test fiights considered 
as part of this effort , the roughness Reynolds number was computed to always be less than one. Thus, it 
was decided to not pursue a roughness Reynolds number correlation for this effort.. 

III.A.3. Correlations SPlected for · Assessment 

For this effort it was decided to pursue the correlations given by Eq. (2), Eq. (3), and Eq. ( ) and assess 
the accuracy of these correlations for predicting transition on smooth , hemispherical surfaces. It was also 
decided to investigate a new correlation: 

RPe vs. (10) 

that took into account both the momentum thick ness Reynolds number at. transition and the posit ion of the 
transition point on the sphere (measured in degrees from the stagnation point) . 

IILB. Experimental Data 

Schn ider 1 has conducted a review of flight test experiments pertaining to boundary-layer transition. This 
review paper summarizes a large number of test efforts, and identifies references that cant a in data suit able 
for further analysis. Based on Schneider 's survey. it was possible to identify three sources of experimental 
boundary-layer transition data for smooth, blunt bodies that could be used for assessing the effectiveness of 
different correlations in predicting boundary-layer transition. A summary of each of these three references 
is given in the following sections. 
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11/.B. l. Buglia Sphere-Cone 

Buglia presents boundary-layer transition results for a test flight of a sphere-cone model with a cone half­
angle of 14.5", a base diameter of 17.56 inches, a nose radius of 6.498 inche , and a surface roughness of 2- 5 
Jtin, as measured by an interferometer. A schematic of the test item is presented in figure I. The flight test 
spanned a range of 1\lach numbers from 2.13 to 3.14; the unit Reynolds number varied between 13.1 x 106 

and 16.5 x 106 . It was assumed that t.he model angle of attack throughout the test was 0° . The sounding 
rocket propelling the test item had an M6 "Honest John" first stage motor, with an M5 "Nike'' upper stage. 

10 
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Figure 1. Schematic of the sphere-cone n ose c one test item utilized during the Buglia test flight , with thermocouple 
positions indicated; dimensions are in inches . 

Only the last second of data was analyzed in the original report. From reviewing the wall temperature 
histories, it appears that. the flow was laminar for much of the early part of the Hight . However, it seems that 
at about. four seconds into the flight. some mechanism (proposed by the present. authors to be vibrations from 
the first -stage rocket motor at burn-out) caused the boundary-layer to trip to turbulent. at the sphere-cone 
junction. At about. five seconds into th flight it appears that. laminar How was restored over the modeL A 
more complete analysis of the first seven seconds of flight. test data was made as part of this effort and is 
described in Section IV .A. 

Formal analysis of the Hight test data (as presented in the original report} began at seven seconds into 
the flight. At that moment transition was detected on the cone portion of the model; transition then 
quickly moved forward to a point. on the sphere 38" from the stagnation point. It was assumed that the 
transition position coincided with the position of the furthest aft thermocouple that recorded a Stanton 
number consistent with that predicted by laminar boundary-layer theory. Thermocouples located further aft 
of this selected transition point recorded Stanton numbers more comparable to that predicted by turbulent 
boundary-layer theory. However, it is likely that transition actually occurred between thermocouples. 

The flight profile and thermocouple responses from launch through eight. seconds of flight. time were 
presented in the original paper. No data was available after eight. seconds of flight. time. Analysis of 
the boundary layer was made by Buglia at the flight times 7.0, 7.2, 7.4, 7.6, 7.8, and 8.0 seconds, which 
corresponded to a free stream Mach number of 2.32, 2.47, 2.63, 2.8, 2.97, and 3.14 , respectively. 

11/.8.2. Chauvin and Speegle Sphere-Cone 

Chauvin and Speegle' present flight lest data for boundary-layer transition on a blunt cone with a cone 
half-angle of 25°, a ba.r;e diameter of 17.75 inches, a nose radius of 4.44 inches, and a surface roughness of 
approximately 25 Jiin, as measured by a profilometer. A schematic of the te t item can be seen in figure 
2. The 1\Iach number during the test varied from 2.5 to ·1.7. and the unit Reynolds number varied between 
12.25 x 106 and 21.7 x 106 . It wa.'l assumed t.hat. the model angle of attack throughout the test was 0°. This 
report. also present s data for a similar, sharp-nosed cone; the data for the sharp-nosed cone was not used 
during this study. The Chauvin test flight employed the same sounding rocket. set up as was used for the 
Buglia test. fiight. 
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Figure 2. Schematic of the sphere-cone nose cone test item utilized during the C hauvin test flight, with the rmocouple 
positions indicated; dimensions are in inches. 

Only the last two seconds of data were analyzed in the original report . Throughout this period boundary­
layer transition was fixed at a point on the spher 22° from the stagnation point . Transition local ion was 
det.ermined based on Stanton number calculations in the same manner as in the Buglia experiment, as 
discussed in Section lll.B. l. The wall temperature histories uggest that the flow was laminar for much of 
the early part of the flight. However, at about three seconds into the flight it seems that. something caused 
the boundary-layer to become turbulent on part of the conical afterbody. By about four and a half seconds 
into the flight the transition point had shifted forward onto the spherical port. ion oft he test item. At about 
five and a half seconds into the flight it appears that. laminar flow was restored over the model. A more 
complete analysis of the earlier port ion of the flight test was made as part of this effort and is described in 
Section IV.B. 

The original paper included data describing the flight profile and the thermocouple responses from laun h 
through about nine seconds of flight time. Chauvin and Speegle conducted analyses of the boundary-layer 
from measurements at five free stream l\Iach numbers: 2.5, 3.0, 3.5, 4.0, and 4.7, which were take11 at flight 
times of 7.2, 7.75, 8.25, 8.7, and 9.28 seconds, respectively. 

1/1.8.3. GaTlan.d and Chauvin Sphere-Cylmder 

Garland and Chauvin ' present flight test data for a sphere-cylinder model with a diameter of 8 inches. The 
RMS surface roughness on the nose section of the model was 25 JLin, and the aft section had a roughness of 
60 JLin, as measured by a profilometer. A schema! ic oft he test item can be seen in figure 3. The flight test 
spanned a range of l\Iach numbers from 2.0 to 3.88, and a unit Reynolds number range from 4.0 x 106 to 
18.9 x 106 . It was assumed that. the angle of at tack of the model remained 0° t hronghout the flight . This 
test used a two-stage rocket for model propulsion ; the first stage was an l\15 "Nike" and the second stage 
was au ABL "Deacon" . 

Transitiou position was determined from Stanton number alculat ions in the same manner as discussed 
i11 Section lll.B I. Transition occurred at a point on the sph re 15° from the staguatiou poiut early in the 
flight, and theu moved aft . After about five seconds of flight time transition moved off of the sphere and 
onto the cylinder, becoming fixed at trip a use by a junction between two cylindrical segments oft he model. 

The thermocouple responses a11d the flight profile data from launch through 29 seconds of flight time 
were provided by Garland and Chauvin. The original report contained analyses of the boundary-layer for 
several instances during the flight. ine of these analyses were found to be particularly relevant to this 
effort , and corresponded to four different Mach numbers: 2.0 (t = 2. 75 and 27.25 seconds}, 2.5 (t = 3.2 and 
5.45 seconds) , 2.8 (t = 3.45, 4.62, and 17.05 seconds). and 3.08 (t = 3.8 and 17.3 seconds) . 

IV. Flight Test Analysis 

Aerothermal analyses were p rformed on the Buglia and ham•in flight tests i11 order to obtain a bet.ter 
understanding oft he origins of observed temperature rises in the thermocouple data that were not discussed 
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Figure 3 . Schematic of the sphere-cylinder nose cone test item utilized during the Garland test flight, with thermocouple 

positions indicated; dimensions are in inches . 

by the authors. The ATAC03 computer program, a combined aeroheating and thermal analysis code,' wa 

used for these analyses. This code has been extensively validated against. experimental data and has proved 

to be capable for reproducing experimental data for simple geometries, like those used in these two flight 

tests . 
ATAC03 implements the method of steepest descent to trace the position of streamlines across t.he 

air vehicle geomet.ry; the boundary-layer along these streamlines is computed using the Momentum/Energy 

Integral Technique (1\'IEIT), described in more detail in the ATAC03 manual .' 1\IEIT employs different shape 

factors to model laminar and turbulent boundary-layers. Properties for transitional boundary-layers are 

computed as a weighted average oft he laminar and turbulent boundary-layer properties, with a transitional 

intermittency factor used as the weighting function . The transient., in-depth thermal response of the air 

vehicle wall is computed by implicitly solving a one-dimensional. finite-difference form of the conduction 

equation. 
Inputs to the ATAC03 code included a geomet.rical description of the test article , the test article material 

properties and thickness, the flight profile (altitude and velo ity as a function of time), and boundary-layer 

transit ion crit eria. Out puts from the analysis were the back wall temperatures as a function of time at the 

location of each thermocouple, which could then be directly compared to the experimental thermocouple 

data. 
For each flight test , a baseline analysis was performed using a laminar boundary-layer assumption . By 

comparing the predicted laminar thermal response to the measured thermal response from the flight. tests, it 

was possible to identify periods of time and locations where the boundary-layer was turbulent. A subsequent 

analysis was performed whereby the time and position of transition was manually adjusted such that the 

predicted thermocouple temperatures closely matched the experimental measurement.s. In this manner it 

was possible to discover regions of turbulent flow that were not discussed by the original authors. 

IV .A. Buglia 

While Buglia only discussed the turbulent boundary-layer present during the last second of the test flight , 

an unexplained increase in the measured temperatures was apparent during the time frame of the first 

stage burn-out. The baseline analysis of this flight test (assuming a fully laminar boundary-layer) yielded 

temperatures that did not match the experimental thermocouple measurements during the period of time 

corresponding to the first stage motor bum-out., as can be seen in figure I. 

During the 4.0- 5.0 second time frame, a rise in temperature can be observed (starting at. thermocouple 

#9, and possibly as far forward as thermocouple #8) that does not agree with the predicted thermal response 

based on laminar theory. Additionally, during the 2.0 3.5 second time frame a smaller rise in temperature was 

observed for thermocouples #II and #I2 (located on the conical afterbody) . Based on these observations, a 

time-dependent set of transition criteria were defined in order to investigate if transition at. these times and 

locations could explain the observed thermal responses. (No attempt. was made to reproduce the transition 

that occurs during the last second of the flight , since this had previously been analyzed by Buglia.) As can 
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be seen in figure 4, the resulting predicted thermal response agrees well with the measured thermocouple 
data, strongly suggesting that periods of turbulent flow were actually occurring earlier in the test flight . 

Three periods of turbulent flow were identified, as depicted in figure 5: the boundary-layer appears to 

relaminarize between these periods of turbulent flow. During the first period (approximately 1.5-3.5 s) 

transition only occurred on the conical afterbody, while during the second period (approximately 4.0- 5.0 s) 

transit ion occurred in vicinity of thermocouple #9 or thermocouple #8 (at or just forward oft he sphere-cone 

junction). This second period oft urbulence seems to coincide with the first stage motor burn-out transient, 
and it is speculated that vibrations caused by the burn-out transient could be inducing transition during 

this time frame. The third and final period of turbulence, during the last second oft he flight , was analyzed 

in the original paper by Buglia: transition began on the conical afterbody, then shifted forward onto the 

spherical nose of the test item. 

(a) Thermocouple #8 
900 r,=~~==~~=z==~----~--~--~--~ 

800 ~~ - 0 Experiment .1 Laminar 
700 '----'-ln;,;_:le'-rm-'lttent Turbulence 

0 
.J 

6oo _o o oooooo 
500o 3 5 6 

(b) Thermocouple #9 

~f : : : 
~~~--~--~----·3~--~--

6 

(c) Thormocouple #10 

~- 900~ e 80o · 
2 
I! 700 

~ 6oo 0ooO o 0 .. ~ -
~ 500 ~--~---L----~--~--~ 

0 t 6 

(d) Thermooouple #1 t 

700 0 0 =~c 
600 0 
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800 . 
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(e) Thermocouple #12 
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Tima. s 

8 
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8 

Figure 4 . Comparison of experimental thermocouple temperature response to predicted values for laminar and inter­
mittently turbulent boundary- layers for the Buglia flight test . 

IV .B. Chauvin 

Since periods of early transition were identified in the Buglia cast', data from other flight tests were reviewed to 

see if other instances of transition occurring during the motor burn-out could be identified. Upon reviewing 

the Chauvin flight test report, an unexplained increase in the measured temperatures was also apparent 

earlier in the flight (during the time frame of the first stage burn-out) that had not been discussed. 
Similar to the approach taken by Buglia, Chauvin also only discussed the turbulent. boundary-layer 

present during the last few seconds of the test flight . It was therefore decided to conduct a more detailed 

analysis of the Chauvin flight test, in the same manner as was performed for the Buglia flight test (see Section 
IV A). The predicted temperatures from the baseline analysis (assuming a fully laminar boundary-layer) of 

this flight test did not match the experimental thermocouple measur ments during the period of the first 
stage motor burn-out, as can be seen in figure 6. 

Starting at. about 3.0 seconds into the flight, a rise in temperature can be observed for thermocouples #9 
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Figure 5 . Mach number profile for the Buglia Hight test, with instances of turbulent ftow indicate d . 

#12 (located on the conical afterbody) that. does not agree with the predicted laminar thermal response. 

During the 4.5- 5.5 s time frame, this observed rise in temperature had shifted forward onto the spherical 
nose of the test item (starting at thermocouple #7, and possibly as far forward as thermocouple #6) . 

As was done for the Buglia flight. test., a time-dependent set of transition criteria were defined based on 

the observed tempera! ure rises that were inconsistent with laminar theory. (As before, no attempt was made 
to reproduce the transition that occurs during the last two seconds of the flight, since this had previously 
been analyzed by Chauvin .) As can be seen in figure 6, the resulting predicted thermal response agrees 
well with the measured thermocouple data, strongly suggesting that a period of turbulent flow was actually 

occurring earlier in the test flight . 
Two periods of turbulent flow were identified for the Chauvin flight test, as depicted in figure 7; the 

boundary-layer appears to relaminarize between these periods of turbulent flow. During the first period 

(approximately 3.0- 5.5 s) transition began on the conical afterbody, then starting at about. 4.4 seconds 

shifted forward onto the spherical nose of the test item. This early period of turbulence on the spherical 
nose seems to coincide with the first stage motor burn-out transient, and it is speculated that vibrations 

caused by the burn-out. transient could be inducing transit ion during this time frame. The second period of 

t urbuleuce at the end of the Hight was analyzed in the original paper by hauvin; during th is timet rausition 

was fixed at a point on the sphere 22° from the stagnation point . 

V. Correlation Assessment 

After the candidate boundary-layer transition correlations had been identified, it was necessary to evaluat e 
them relative to the available sources of experimental data. This was accomplished by conducting new 
boundary-layer analyses of the fiight test data in order to acquire all the necessary correlation parameters. 

It. was then possible to plot the data at transition for the various correlations, which were then evaluat ed by 

comparisons to the computed boundary-layer parameters at different moments during the test flight s. 

V .A. Methodology 

Boundary-layer parameters and profiles were computed using the boundary-layer solver (also known as the 
Harris boundary-layer code) .' Inputs required by the VGBLP boundary-layer solver included: 

• Descript ion of surface geometry 

• Free stream flight conditions 

• Wall tempera! ure distribution 

• Edge pressure distribution 

• Print stations for boundary-layer output 
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Figure 6 . Comparison of experimental thermocouple temperature response to predicted values for laminar and inter­

m ittently turbulent boundary-layers for the Chauvin Hight test . 
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Figure 7 . Mach number profile for the Chauvin Hight test, with instances of turbulent How indicated . 
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In each case, the surface geometry description (Z , Rl\1 I, S coordinates) and the free str am flow propertie. 

(total temperature, total pressure, l\·lach number) were extracted directly from the flight test reports, along 

with t.he wall temperature distribution. The edge pressure distribution (Peas a function of S) was obtained 

from an analysis performed with the ATAC03 computer program, since this data was not available from 

the references. The ATAC03 code required as inputs a description of the geometry, the free stream flight 

conditions, and an average initial wall temperature. The print station coordinates were selected to match 

the thermocouple positions in the original tests. 
From the VGBLP boundary-layer solver it was possible to obtain as out puts the following: 

• Integrated boundary-layer parameters (0, 8, 8' , Reo, R • . etc.) 

• Boundary-layer edge properties ( Jll e, Te} 

• Boundary-layer property profiles (u, T, p , Jt vs. y) 

A post -processing tool was also employed that used the VGBLP code results and a given roughness height 

to compute the appropriate roughness Reynolds number. Once all the necessary boundary-layer parameters 

had been computed with the VGBLP code and its post-processor it was possible to plot up the desired 

transition correlations. 
The VGBLP boundary-layer code was used to solve the governing axisymmetric boundary-layer equations 

using an implicit, finite-difference procedure. The boundary-layer profile was computed as a function of 

stream length through a space-marching technique. At each solution stat ion, a mesh with 200 points in 

the wall-normal direction and a geometric progression constant of 1.0 was employed; solution stations were 

spaced 0.001 feet apart in the stream-wise direction . Up to ten solution iterations were permitted at each 

station. All calculations were made with the assumption of a fully-laminar, constant-entropy boundary-layer. 

Sutherland's law was used for computing viscosity. A discussion of the methods employed by the ATAC03 

code can be found in Section IV . 

V .B. Results 

After the boundary-layer calculations for the test flights had been completed, it was possible to plot the 

various boundary-layer transition correlations presented in Section III A. Based on these correlation plots, it 

was possible to determine which correlations were useful for predicting boundary-layer transition on smooth , 

blunt. bodies, and to identify those correlations that appear to not be applicable. Only the most promising 

correlations considered are discussed here. 

V.B.J . Momentum Thickness Reynolds Number v.~ . Edge Mach Nurnbe1· (Reo vs. Ale) C01Telatwn 

A correlation for moment mu thickness Reynolds number at transition as a function of edge Mach number 

(Reo vs. llle} was obtained by plott.ing the transition point momentum t.hickness Reynolds number as a 

function of the corresponding edge Mach number. Only data from instances when transition occurred on t.he 

spherical nose of t.he test items was considered: the resulting plot can be seen as figure , where it can be 

observed that the data appear to follow a mostly linear trend . Because of this trend, a line wa.r,; fitted to the 

data from the three different test flights considered in order to obtain the ··Universal Fit" correlation . Lines 

were also individually fit to data from each of the three test flights to obtain the "Buglia Fit" , "Chauvin 

Fit", and ·'Garland Fit" correlations. 
The validity of these correlations for predicting transit ion was assessed by comparing the correlation 

curve fits to the computed boundary-layer data for the different test flights at instances when the boundary­

layer on the sphere was turbulent, as well as when it was laminar. The comparison between the correlations 

and the computed boundary-layer for the Buglia test flight can be seen plotted in figure 9; subfigure (a) 

represents times when the sphere boundary-layer was laminar; subfigure (b) corresponds to times when 

transition occurred on the sphere (symbols indicate the observed transition point during the test flight) . 

It can be seen that the "Universal Fit." correlation does not accurately describe transit ion in this case; it 

predict.s that the bounrlary-layer ought to be turbulent starting near the stagnation region for all moments 

in time. The "Buglia Fit" correlation only slightly better describes transition. The "Buglia Fit" correlation 

correctly predicts a laminar boundary-layer for the instances when it was observed t.hat the boundary-layer 

was, in fact , laminar. However , the "Buglia Fit." correlation predicts, for instances when the boundary­

layer was turbulent, that the transit ion point should occur farther forward on the sphere than was actually 
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observed. Additionally, this correlation predicts that transition should not occur for one instance (t = 7.4 

s) when transition was observed to occur. Finally, the slope of these correlations is very similar to the slope 

of the data describing the computed boundary-layer. As such, any small uncertainty in the boundary-layer 

parameters will result in a much larger uncertainty in the location oft he transit ion point.. 

A similar comparison was made for the Chauvin flight test, which can be seen in figure 10. As was th 

case for the Buglia flight test, the ·'Universal Fit" correlation does not accurately describe transition; in this 

case it predicts that the boundary-layer would remain laminar for all instances, even when the boundary­

layer was observed to be turbulent. The "Chauvin Fit " correlation describes transition somewhat bett er, 

and correctly indicates when the boundary-layer should remain laminar (see subfigure (a)) . However, since 

the slope of the correlation is nearly the same as th slope of the computed boundary-layer data (subfigure 

(b)) it is not possible to definitively predict the point at which transition would occur. 

The same comparisons can be seen in figure 11 for the Garland test flight. . In this case it appears that. 

the "Universal Fit" and the "Garland Fit" correlations describe boundary-layer transition with about the 

same accuracy. Both correlations accurately predict when the boundary-layer should remain laminar, and 

both predict that transition will occur for most instances when transition was, in fact . observed. However, 

as was seen with the comparisons to the Buglia and Chauvin test flights, the slope of the correlation cur\'e 

is similar to that of the computed boundary-layer parameter curve , which makes it difficult to definitively 

predict the transition location. 
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Figure 8 . Momentum thickness Reynolds number vs. edge Mach number (Re11 vs. A/, ) corre lation for transition on a 

sph re. 
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(a) Laminar boundary-layer observed on sphere. (b) 1\trbulent boundary-layer obsPrvcd on sphere. 

Figure 9. Comparison of momentum thickness Reynolds number vs. edge Mach number (R ,1 vs. /1/, ) corre lation to the 

computed boundary- layer for selected instances from the Buglia test Hight . Solid and dashed colored lines correspond 

to the observed laminar and turbulent portions of the boundary- layer, respectively ; symbols indicate the observed 

location of transition. 
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Figure 10. Comparison of momentum thickness Reynolds number vs . edge Mach number (Reo vs. /If, ) corre lation 

to the computed boundary-layer for selected instances from the Chauvin test flight . Solid and dashed colored lines 

correspond to the observed laminar and turbulent portions of the boundary-laye r , respectively; symbols indicate the 

observed location of transition. 
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Figure 11 . Comparison of mome ntum thickness Reynolds number vs. edge Mach number ( R~,. vs. /If, ) correlation 

to the computed boundary-layer for selected instances from the Garland test flight . Solid and dashed colore d lines 

correspond to the obse rved laminar and turbulent portions of the boundary- layer , respectively; symbols indicate the 

observed location of transition. 
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Based upon the limited data available, it seems evident that no "universal'" Re9 vs. Me correlation can 

be derived for predicting transition on a generic spherical surface, but it may be possible to derive specific 

correlations that are applicable to a particular test item. The sparseness of the data available could be a 

factor : a ·•universal" correlation derived from a much larger data set may be able predict transition more 

accurately. Since it was observed that the slopes oft he correlation curves were very similar to the slope of the 

computed boundary-layer parameter curves, it is believed that this particular correlation simply describes 

the relationship between the momentum thickness Reynolds number and edge l\lach number for a laminar 

boundary-layer on a sphere. In effect , this relationship simply correlates a boundary-layer to itself; it can, 

to a first order approximation, describe the relationship between momentum thickness Reynolds number 

and edge l\Iach number at any point on the boundary-layer (including transition), but it cannot accurately 

predict whether or not transition will occur at any given point on a sphere. 

V.B. . Atom ntum Thicl.-n. ess Reynolds Number vs. Position on Sphere {R 8 vs. ¢>) Correlation 

Once it was observed that the Re8 vs. Me correlation could not accurately predict transition, it was 

hypothesized that, transition might be predicted by correlating the momentum thickness Reynolds number 

at transition to the position of the transition point on the sphere (measured in degrees from the stagnation 

point) . Data from instances where transition occurred on the sphere can be seen plotted in figure 12. Because 

of the strong linear trend observed, a line was fitted tot he data from the three different test flights considered 

in order to obtain the "Universal Fit" correlation . 

The comparison between the R 8 vs. ¢>correlation and the computed boundary-layer for the Buglia test 

flight can be seen plotted in figure 13; subfigure (a) represents times when the sphere boundary-layer was 

laminar; sub figure (b) corresponds to times when transition occurred on the sphere (symbols indicate the 

observed t.ransition point during the te t flight) . It can be seen that the "Universal Fit'' correlation does 

not accurately describe transition in this case. While it does seem to accurately predict the times when the 

boundary-layer ought to be laminar or turbulent, this correlation cannot be used to predict the position at 

which transition occurs for the Buglia test flight. In all cases where turbulence was observed, transit ion is 

predicted to start near the stagnation point of the sphere, instead of farther aft on the sphere as was actually 

observed during the test flight . It can also be observed that the slope of the correlation curve is virtually 

identical to the slope of the curves for the computed boundary-layer parameters. 

A similar set of comparisons, except for the Chauvin flight test, can be seen plotted in figure 1<1 . The 

"Universal Fit" correlation does agree with the two instances where a laminar boundary-layer was observed , 

but it also predicts that the boundary-layer should have been laminar for two instances during t.he test 

flight when the boundary-layer was observed to be turbulent . As was the case for the Buglia test flight, this 

correlation predicts that transition should start near the stagnation region , and the slope of the correlation 

curve is similar to the slope of t.he computed boundary-layer parameter curves. 

The comparisons between this correlation and the Garland flight test can be seen in figure 15. The 

"Universal Fit" correlation agrees with the instances when the boundary-layer was observed to be lami­

nar, but also predicts that t.he boundary-layer should remain laminar for most instances when a turbulent 

boundary-layer was observed. 
Based upon these plots, it seems evident that. the momentum thickness Reynolds number vs. position on 

sphere (Reo vs. ¢) correlation cannot be used for predicting transition. Since it was observed that the slope 

oft he correlation curve was nearly equal to the slope oft he computed boundary-layer parameter curves, it is 

believed that this particular correlation simply describes the relationship between the momentum thick ness 

Reynolds number and the position on the sphere for a laminar boundary-layer. In effect., this relationship 

simply correlates a boundary-layer to itself; it. cannot predict whet her or not transition will occur at any 

given point on a sphere. 

V.B. :J. MomPntum Thickness Reynolds Number· 1,s. Rouyhne.~s Height Nornwliu d by MomPntum Thickne s 

{Reo V8. kfo} Corrl'lalion 

In order to take into account the effect that surface roughness might have on transition, a third correlation, 

based on the momentum thickness Reynolds number vs. roughness height normalized by momentum thick­

ness (Re9 vs. kfo), was explored. Data from instances where transition occurred on the sphere can be seen 

plotted in figure 16. A line was fitted to the data from the three different test flights considered in order to 
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(a) Laminar boundary-layer observed on sphere. (b) Turbulent boundary-layer observed on sphere. 

Figure 13. Comparison of the momentum thickness Reynolds number vs . position on sphere (Re ,, vs. r/>) correlat ion 

to the computed boundary- layer for selected instances from the Buglia test flight . Solid and dashed colored lines 

correspond to the observed laminar and turbulent portions of the boundary-layer, respectively; symbols indicate the 

observed location of transition . 
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Figure 14. Comparison of the momentum thickness Reynolds number vs . position on sphere (Rcn vs. t/l ) correlation 

to tho computed boundary-layer for selected instances from the Chauvin test flight . Solid and dashed colored lines 

correspond to the observed laminar and turbulent portions of the boundary- layer, respectively; symbols indica te the 

observed location of transition . 

Ameri an Institute of Aeronautics and Astronautics 
Unclassi fied 



1200 

1000 

800 

. .. 
a: 600 

400 

Unclassified 

1200 

1000 

800 

.,= 
a: 600 

400 

10 20 30 40 50 60 70 80 90 
Position on Sphl!fe ('I>). degrees 

-&-- 1=2.7 
--e- t=32 
~1=3.4 

I " 3 8 
~1=46 

--umversal Fit 

10 20 30 40 50 60 70 80 90 
Position on Sphere ('!>). degrees 

(a) Laminar boundary-layer observ d on sphere. (b) Thrbulent boundary-layer observed on sphere. 

Figure 15. Comparison of the momentum thickness Reynolds number vs. position on sphere (Reo vs. 4>) corre lation 

to the computed boundary- layer for selected instances from the Garland test flight . Solid and dashed colored lines 

correspond to the observ d laminar and turbulent portions of the boundary-layer, respectively; symbols indicate the 

observed location of transition. 

obtain the ''Universal Fit" correlation, but the observed linear trend was weaker t.han that observed with 

the previous two correlations. 
The comparison between the correlation and the computed boundary-layer for the Buglia test flight can 

be seen plotted in figure 17; subfigure (a) represents times when the sphere boundary-layer was laminar; 

subfigure (b) corresponds to times when transition occurred on the sphere (symbols indicate the observed 

transition point during the test flight) . It can be seen that. the "Universal Fit." correlation does not accurately 

describe transition in this case. While it does seem to predict the position of transition with reasonable ac­

curacy for times during the test flight when the boundary-layer was observed to be turbulent, the correlation 

predicts that transition should occur at all times considered, including those instances when it was observed 

that the boundary-layer remained laminar. 

Comparisons for the Chauvin flight test can be seen plotted in figure I . The "Universal Fit" correlation 

predicts the location of transition with moderate accuracy for the instances when the boundary-layer was 

observed to be turbulent. However, as was also the case for the Buglia flight test, this correlation predicts 

that the boundary-layer ought to be turbulent during the two instances considered when it was observed to 

remain laminar. 
The comparisons between the Garland flight test and this correlation can be seen in figure 19. As was 

the case for the Buglia and Chauvin flight tests , the "Universal Fit" correlation is reasonably accurate when 

predicting the location of transition during the instances when transition was observed to occur. For the 

Garland test flight this correlation also agrees quite well with most of the instances when a laminar boundary­

layer was observed . However, the correlation did predict that the boundary-layer should be turbulent for 

one instance (t = 5.4 s) when the boundary-layer was observed to be laminar. 

Of the correlat.ions described thus far, the momentum thickness Reynolds number vs. roughness height 

normalized by momentum I hick ness ( Re9 vs. kje) correlation performed the best for predicting the location 

of transition when it occurred. However, as these comparisons have shown, it will not be possible to use 

this correlation to accurately predict whether or not transition will actually occur. However, the correlation 

assessment made here was based on a sparse set of data: it may be that. a momentum thickness (RPe vs. kje) 

correlation derived from a much larger set of data could predict transition more accurately. 

V.B.4 . Momentum Thickness Reynolds Number vs. Roughness Height Normalized by Boundmy-Layer 

Thickness (RPe vs. k/a} Correlation 

A fourth correlation, based on the momentum thick ness Reynolds number vs . roughness height normalized 

by boundary-layer thickness (Re9 vs. k/o), was also explored. However, the results from this correlation were 

extremely similar to those of the momentum thickness Reynolds number vs. roughness height normalized 

by momentum thickness (Re9 vs. kje) correlation, and as such are not presented or discussed here. 
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Figure 16. Mome ntum thickness Reynolds number vs . roughness height normalized by momentum thickne ss (Re., vs . 
k/ 11 ) correlation for transition on a sphere. 
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(a) Laminar boundary-layer observed on sphere. 
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(b) 1\irbulent boundary-layer observed on sphere. 
Figure 17. Comparison of the momentum thickness Reynolds number vs. roughness height normalized by momentum 
thickness (R<(I vs. kj 11) correlation to the computed boundary-layer for selected instances from the Buglia test flight . 
Solid and dashed colored lines correspond to the observed laminar and turbulent portions o f the boundary-layer, 
respectively; symbols indicate the observed location of transition . 
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(b) 1\trbulent boundary-layer observed on sphere. 
Figure 18. Comparison of the momentum thickness Reynolds number vs. roughness height normalized by momentum 
thickness (Reo vs. kf n) correlation to the computed boundary-layer for selected instances from the C hauvin test flight . 
Solid and dashed colored lines correspond to the observed laminar and turbule nt portions of the boundary- laye r , 
respectively; symbols indicate the observed location of transition. 
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(a) Laminar boundary-layer observed on sphere. (b) 1\1rbulent boundary-layer observed on sphere. 

Figure 19. Comparison of the momentum thickness Reynolds number vs . roughness height normalized by momentum 

thickness (Re" vs . kfu ) correlation to the computed boundary- layer for selected instances from the Garland test flight . 

Solid and dashed colored lines correspond to the observed laminar and turbulent portions of the boundary- layer, 

respectively; symbols indicate the observed location of transition. 

VI. Conclusions 

A number of empirical correlations were evaluated against experimental data, however, no universal 

correlation was found that could accurately describe the transition events observed during the analyzed 

flight tests. In several instances, the correlations predicted that transition would occur when the boundary­

layer was, in fact , observed to remain completely laminar. In other instances, when the boundary-layer 

was observed to become turbulent , the correlations either predicted an incorrect local ion for the transition 

point, or they predicted that the boundary-layer would remain laminar. Several of the correlations explored 

appeared to just describe the relationship between various laminar boundary-layer parameters. While these 

correlations can describe the relationship between different boundary-layer parameters at transition, they 

cannot consistently and reliably predict the occurrence or location of the transition event. 

The correlations examined implement many of the parameters traditionally used (such as geometry, 

surface roughness, edge l'"lach number, boundary-layer momentum thickness, and Reynolds number). but 

are based on an incomplete understanding oft he physics causing transition. Because these correlation do 

not account for the physical processes driving transition, they cannot be used to accurately predict the 

occurrence or location of transition from laminar to turbulent. flow . However, only a sparse set of data was 

available for deriving and assessing the various correlations. Correlat.ions derived from a larger set of data 

may be better suited for predicting 1 ransit ion. 

Two oft he flight tests considered showed periods of higher heating inconsistent. with predict ions based on 

laminar theory that were not investigated by the original authors. Transition during these periods appears 

to be forced by transitory events related to the operation of the sounding rockets, such as motor burn-out 

transients, stage separation and other unidentified mechani. ms. 

In order to be able to better predict transition, it will be necessary to obtain a clear understanding of 

the physical processes that cau e transition. 
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Introduction & Background 

• Boundary-layer transition has large impact on aeroheating 
• Turbulent flow produces heating 3-8 times that of laminar flow 
• Aeroheating at transition can be significantly greater than that 

of a completely turbulent boundary-layer 
• Accurately predicting where transition occurs on a body is 

essential in order to obtain an accurate aeroheating prediction 
• Predicting boundary-layer transition is a difficult task 

• Much remains unknown concerning the process of boundary­
layer transition 

• Many correlations for predicting boundary-layer transition have 
been created over the decades, but ... 

• These correlations are only applicable to a very limited range of 
vehicle geometries and flight conditions 

• Correlations are based on sparse data sets 
• Multiple fundamental "modes" of physical phenomena believed 

responsible for transition - none are very well understood 
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Objectives 

• Determine appropriate boundary-layer transition 
correlations applicable to smooth, blunt surfaces 
• Sphere-cone or sphere-cylinder geometries 
• "Smooth" surface roughness {S 25 t-~in) 
• Low edge mach numbers {Me < 2) 

• Identify at least one correlation that can be used 
to describe and predict boundary-layer transition 
on surfaces of interest 

• Compare thermal analyses conducted with 
boundary-layer correlations to experimental data 
for validation purposes 

• Consider only flight-test data to eliminate 
influence of wind tunnel noise 



~A~JIJI=-··----· Transition Correlations 

Unclassified 

• Literature was reviewed to identify candidate 
correlations for predicting boundary-layer 
transition 
• Particular attention given to correlations that could determine the effects of roughness on transition 

• A list of variables that seemed relevant to the boundary-layer transition phenomena was 
identified 
• Could be used to develop new correlations 

• Momentum Thickness Reynolds Number 
Correlations 
• Rea vs. Me 
• Rea vs. k/8 
• Rea vs. kl~ 
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Transition Correlations 

• Roughness Reynolds Number Correlation 
• Roughness Reynolds number (Rek) is computed based upon flow properties within the boundary-layer at the roughness element height 
• Surface roughnesses producing an Rek < 1 0-25 are unlikely to greatly influence transition 

• In some cases an Rek as low as one can still be sufficient to cause transition 
• For the test flights considered as part of this effort, the roughness Reynolds number was computed to always be less than one 

• It was decided to not pursue a roughness Reynolds number correlation for this effort 
• Sphere Position Correlation 

• It was decided to investigate a new correlation taking into account: 
• Momentum thickness Reynolds number at transition 
• Position of transition point on the sphere 

• Re8 vs. <p 

· -- -- - - --- ~ -- - -~---~-~-~---- Unclassified -- - ·-------- -- NAWCWD -~ 5 
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Experimental Data Sources 

• "Heat Transfer and Boundary-Layer Transition on a Highly 
Polished Hemisphere-Cone in Free Flight at Mach Numbers 
up to 3.14 and Reynolds Numbers up to 24 x 1 06" 
• James J. Buglia; NASA TN D-955 

• "Boundary-Layer-Transition and Heat-Transfer 
Measurements from Flight Tests of Blunt and Sharp 50° 
Cones at Mach Numbers from 1.7 to 4.7" 
• Leo T. Chauvin & Katherine C. Speegle; NACA RM L57D04 

• "Measurements of Heat Transfer and Boundary-Layer 
Transition on an 8-lnch-Diameter Hemisphere-Cylinder in 
Free Flight for a Mach Number Range of 2.00 to 3.88" 
• Benjamine J. Garland & Leo T. Chauvin; NACA RM L57D04a, 

1957 

• 
Unclassified --- NAWCWD - 6 
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caA~A-~ .. 
Comparison of Model Geometries 
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Buglia Sphere-Cone 

• Test Item Geometry 
• Sphere-cone model with a cone half-angle of 14.5° 
• Base diameter of 17.56 inches 
• Nose radius of 6.498 inches 
• Surface roughness of 2-5 tJin (as measured by an 

interferometer) 
• Flight Profile 

• The fight test spanned a range of Mach numbers from 2.13 to 3.14 
• Unit Reynolds number varied between 13.1 x 106 and 16.5 

X 106 

• It was assumed that the model angle of attack throughout the test was oo 
• A two stage sounding rocket propelled the test item 

• First stage: M6 "Honest John" 
• Second stage: M5 "Nike" 

• Unclassified--NAWCWD - 8 
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Buglia Sphere-Cone 

• Transition Behavior 
• Only the last second of data was analyzed in the original report 
• The flow was laminar for much of the early part of the flight 
• Four seconds into the flight: 

• Something caused the boundary-layer to trip to turbulent at the sphere-cone junction 
• Five seconds into the flight: 

• Laminar flow was restored over the model 
• Seven seconds into the flight: 

• Transition began on the cone, then shifted forward onto the spherical nose 
• Data available 

• Flight profile and thermocouple responses 
• From launch through eight seconds of flight time 
• No data was available after eight seconds of flight time 

• Analyses of the boundary-layer made by the original author 
• At the flight times 7 .0, 7 .2, 7 .4, 7 .6, 7 .8, and 8.0 seconds (Mach 2.32, 2.47, 2.63, 2.8, 2.97, and 3.14, respectively) 

• Unclassified~ NAWCWD -~~ .g;· ~-

. - . -
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Chauvin and Speegle Sphere-Cone 

• Test Item Geometry 
• Sphere-cone with a cone half-angle of 25° 
• Base diameter of 17.75 inches 
• Nose radius of 4.44 inches 
• Surface roughness of approximately 25 tJin (as measured by a profilometer) 

• Flight Profile 
• The Mach number during the test varied from 2.5 to 4.7 
• Unit Reynolds number varied between 12.25 x 106 and 21.7 X 106 

• It was assumed that the model angle of attack throughout the test was oo 
• A two stage sounding rocket propelled the test item 

• First stage: M6 "Honest John" 
• Second stage: M5 "Nike" 
• Same sounding rocket setup as was used for the Buglia test flight 

· Unclassified--NAWCWD - 10 
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JI~JI ll_ .. -- _. . =-Chauvin and Speegle Sphere-Cone 

• Transition Behavior 
• Only the last few seconds of data were analyzed in the original report 
• The flow was laminar for much of the early part of the flight 
• Three seconds into the flight: 

• Boundary-layer becomes turbulent on the conical afterbody 
• Four and a half seconds into the flight: 

• Transition shifted forward onto the spherical portion of the test item 
• Five and a half seconds into the flight: 

• Laminar flow was restored over the model 
• Seven seconds into the flight: 

• Boundary-layer transition was fixed at a point on the sphere 22° from the stagnation point 
• Data available 

• Flight profile and the thermocouple responses 
• From launch through nine seconds of flight time 

• Analyses of the boundary-layer made by the original authors 
• At five free stream Mach numbers: 2.5, 3.0, 3.5, 4.0, and 4. 7 (flight times of 7 .2, 7. 75, 8.25, 8. 7, and 9.28 seconds, respectively) 

------- - ----------- -~--------~ ~- Unclassified -----------~- NAWCWD ~ 11 
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~·.!.·-~= Garland and Chauvin Sphere-Cylinder 

• Test Item Geometry 
• Sphere-cylinder model with a diameter of 8 inches 
• The RMS surface roughness on the nose section of the 

model was 25 tJin 

• Flight Profile 
• The flight test spanned a range of Mach numbers from 2.0 

to 3.88 
• Unit Reynolds number ranged from 4.0 x 106 to 18.9 x 1 06 

• It was assumed that the angle of attack of the model 
remained oo throughout the flight 

• A two stage sounding rocket propelled the test item 
• First stage: MS "Nike" 
• Second stage: ABL "Deacon" 

.. ~-- ---- -- -- - - --- ~ ~--- --~ ---- - - - Unclassified • --- · ---· ---~-~ ----- NAWCWD - -~ 12 
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JI~JI II_ 
'M -- ... =-Garland and Chauvin Sphere-Cylinder 

• Transition Behavior 
• Early in the flight: 

• Transition occurred at a point on the sphere 15° from the stagnation point early in the flight, before moving aft 
• Five seconds of flight time: 

• Transition moved off of the sphere and onto the cylinder 
• Became fixed at trip cause by a junction between two cylindrical segments of the model 

• Data available 
• The thermocouple responses and the flight profile data 

• From launch through 29 seconds of flight time 
• Analyses of the boundary-layer made by the original authors for several instances during the flight 

• Nine of these analyses were found to be particularly relevant to this effort 
• Mach 2.0 (t = 2.75 and 27.25 seconds) 
• Mach 2.5 (t = 3.2 and 5.45 seconds), 
• Mach 2.8 (t = 3.45, 4.62, and 17.05 seconds) 
• Mach 3.08 (t = 3.8 and 17.3 seconds). 

~--~--~ Unclassified~ NAWCWD - 13 
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JI~JI ll_ 
.. -- ... =-Flight Test Analysis Methodology 

• Aerothermal analyses were performed on the Buglia and Chauvin flight tests 
• To understand observed temperature rises in the thermocouple data not discussed by the authors 

• The AT AC03 computer program was used for these analyses 
• A combined aeroheating and thermal analysis code 
• Has been extensively validated against experimental data 
• Had proved to be capable for reproducing experimental data for simple geometries 

• Inputs: 
• Geometrical description of the test article 
• Test article material properties and thickness 
• Flight profile (altitude and velocity as a function of time) 
• Boundary-layer transition criteria 

• Outputs: 
• Backwall temperatures (as a function of time) at the location of each thermocouple 

• Could be directly compared to the experimental thermocouple data 

-· Unclassified--- NAWCWD - 14 ., 
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Flight Test Analysis Methodology 

• Baseline analysis 
• Assumed a completely laminar boundary-layer 
• Compared predicted thermal response to experimental data 

• Could identify flight times & locations on test item where 
experimental data did not agree with prediction 

• Experimental thermal response greater than predicted 
thermal response with laminar boundary-layer 

• Boundary-layer believed to be transitional or turbulent 
• Subsequent analysis 

• Transition behavior specified 
• Time and position of transition manually adjusted 
• Predicted thermocouple temperatures closely matched the 

experimental measurements 
• These analyses revealed periods and regions of turbulent 

flow that were not discussed by the original authors 

-~-- -- --- · --------~------------- Unclassified ----~---~----- NAWCWD --- 15 
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Buglia Flight Test Analysis 

• Buqlia only discussed the turbulent boundary-layer present dur1ng the last second of the test flight 
• An unexplained increase in the measured temperatures was apparent early in the flight 

• Corresponded to the time frame of the first stage burn-out 
• Three periods of turbulent flow were identified 

• Boundary-layer appears to relaminarize between these periods 
• First period (approximately 1.5- 3.5s) 

• Transition only occurred on the conical afterbody 
• Second period (approximately 4-5 s) 

• Transition occurred at or just forward of the sphere-cone junction 
• Seems to coincide with the first stage motor burn-out transient 

• It is speculated that vibrations caused by the burn-out trans1ent could be inducing transition 
• Third period (7- 8 s) 

• Analyzed in the original paper by Buglia 
• Transition began on the conical afterbody, then shifted forward onto the spherical nose of the test item 

_· Un~~assified ~·lNAWCWD-:~ 16~ ·: --..: :1. J=--.U ~ - = -- ! ..._ 
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Buglia Flight Test Analysis 
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Chauvin Flight Test Analysis 

• Chauvin also only discussed the transitional boundary-layer present during the two seconds of the test flight 
• An unexplained increase in the measured temperatures was apparent early in the flight 

• Corresponded to the time frame of the first stage burn-out 
• Two periods of transitional flow were identified for the Chauvin flight test 

• Boundary-layer appears to relaminarize between these periods 
• First period (approximately 3.0- 5.5 s) 

• Transition began on the conical afterbody 
• Starting at about 4.4 seconds transition shifted forward onto the spherical nose 
• Seems to coincide with the first stage motor burn-out transient 

• It is speculated that vibrations caused by the burn-out trans1ent could be inducing transition 
• Second period (approximately 7-9 s) 

• Was analyzed in the original paper by Chauvin 
• Transition was fixed at a point on the sphere 22° from the stagnation point 

... Unclassified ~~:~:NAWC,W.D ·~::~ .1?:1 • 
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Chauvin Flight Test Analysis 
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Jl~ll ll_ 
.. - -=-Correlation Analysis Methodology 

• Boundary-layer analyses of the flight tests were conducted 
• Acquired the necessary correlation parameters 
• Employed the VGBLP boundary-layer solver 

• VGBLP boundary-layer solver inputs: 
• Surface geometry description, free stream flow properties, wall temperature distribution 

• Were extracted directly from the flight test reports 
• Edge pressure distribution 

• Not provided in the flight test reports 
• Obtained from an analysis performed with ATAC03 

• Print stations for boundary-layer output 
• Selected to match the thermocouple positions in the original tests 

• Outputs: 
• Integrated boundary-layer parameters 

• 9, ~' ~*, Re9, Re5 , etc. 
• Boundary-layer edge properties 

• Me, Te 
• Boundary-layer property profiles 

• u, T,p, 1.1 vs. y 
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Correlation Analysis Methodology 

• Boundary-layer data used to derive correlations 
• Data at point of transition plotted in order to observe trends 
• Curve fits applied to transition data 

• Correlation evaluation 
• Boundary-layer parameters computed for different moments during the test flights 

• Instances when a completely laminar boundary-layer was observed 
• Instances when a turbulent boundary-layer was observed 

• Compared correlation curve fits to computed boundary-layer parameters 
• Do correlations predict laminar flow when laminar flow was observed? 
• Do correlations predict turbulent flow when turbulent flow was observed? 
• Do correlations predict transition at the same point on the test item that transition was observed? 

• Correlation evaluation plots 
• Make it possible to determine which correlations can be useful for predicting boundary-layer transition on smooth, blunt bodies 
• Can also identify those correlations that appear to not be applicable 

~· unc!a~~iied- ~ .-. ·;f,\"';"'!"- ... _ ~ ~~~'~NAWCWD!:'' ~~ -.~ 21111 • 
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{Re8 vs. M9 ) Correlation 

• Only data from instances when transition occurred on the spherical nose of the test items was considered 
• Data was observed to follow a mostly linear trend 

• "Universal Fit" correlation obtained by fitting a line to all of the data 
• Lines were also individually fit to data from each of the three test flights to obtain the "Buglia Fit", "Chauvin Fit", and "Garland Fit" correlations 

• Observations 
• No "universal" correlation can be derived for predicting transition on a generic spherical surface 

• It may be possible to derive specific correlations that are applicable to a particular test item 
• The sparseness of the data available could be a factor 

• A "universal" correlation derived from a much larger data set may be able to predict transition more accurately 
• The slopes of the correlation curves were very similar to the slope of the computed boundary-layer parameter curves 

• This correlation simply describes the relationship between the momentum thickness Reynolds number and edge mach number for a laminar boundary-layer on a sphere 
• Correlation cannot be used to determine whether or not transition will occur at any given point on a sphere 
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(Re9 vs. Me) Correlation 
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(Re8 vs. M8 ) Correlation- Buglia 
• "Universal Fit" correlation does not accurately describe transition 

• Predicts a turbulent boundary-layer starting near the stagnation point for all moments in time 
• "Buglia Fit" correlation correctly predicts a laminar boundary-layer when the boundary-layer was observed to be laminar 
• "Buglia Fit" correlation predicts, for instances with a turbulent boundary­layer, that transition should occur farther forward on the sphere than was actually observed 
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JI~JI ll_ .. -- _. .=-(Re9 vs. M8 ) Correlation -Chauvin 

• "Universal Fit" correlation does not accurately describe transition 
• Predicts a laminar boundary-layer for all instances, even when a turbulent boundary-layer was observed 

• "Chauvin Fit" correlation describes transition somewhat better 
• Correctly indicates when the boundary-layer should remain laminar 

• Slopes of the correlations and computed boundary-layers are similar 
• It is not possible to definitively predict the point at which transition would occur 
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~A_! A_~ .. 
(Re8 vs. Me) Correlation -Garland 

• "Universal Fit" and "Garland Fit" correlations describe boundary-layer transition with about the same accuracy 
• Both correlations correctly predict when the boundary-layer should remain laminar 
• Both predict that transition will occur for most instances when transition was observed 
• Slopes of the correlations and computed boundary-layers are similar 

• Makes it difficult to definitively predict the transition location 
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(Re9 vs. cp) Correlation 

• It was hypothesized that transition might be predicted by correlating: 
• Momentum thickness Reynolds number at transition 
• Position on the sphere of the transition point 

• A strong linear trend observed 
• "Universal Fit" correlation obtained by fitting a line to all of the data 

• Observations 
• The momentum thickness Reynolds number vs. position on sphere (Re9 vs. p) correlation cannot be used for predicting transition 
• The slope of the correlation curve was observed to be nearly equal to the slope of the computed boundary-layer parameter curves 

• This correlation describes the relationship between the momentum thickness Reynolds number and the position on a sphere for a laminar boundary-layer on a sphere 
• This relationship simply correlates a boundary-layer to itself 
• This correlation cannot accurately predict whether or not transition will occur at any given point on a sphere 

--~-.-- Unclassified~ NAWCWD - 27 



* NAWC 
-~~--1\' , . .. J" ... ~ r·. , ,, '·" 

ll,l. "oAL ,•, I( \'1/.f•f- AHf:.! lt• ! lH 

Q)~ 

a: 

Unclassified 

(Re9 vs. <p} Correlation 
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.IJI~JIJI_ 
(Re9 vs. <p) Correlation -

....... ---Buglia 

• Correlation can predict the times when the boundary-layer ought to be laminar or transitional 
• Correlation cannot be used to predict the position at which transition occurs 

• Transition is predicted to start near the stagnation point of the sphere, instead of farther aft on the sphere as was actually observed 
• The slope of the correlation curve is virtually identical to the slope of the curves for the predicted boundary-layer parameters 

12oo . Laminar BL Observed ~~~~"-r-"'l- 1200 . Turbulent BL Observed ..........,....,. ----- -

1000 ------- -- - ------------------------- 1 000 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

800 - - - - - - - - - - - - - - - - - - - - - - - - - - - -

(J)CD 600 - - - - - - -- - - - -- - - - - - - - - - - - - - - - - -- - - - - - - -a: 

-&- t=4.2 
400 - - -- - ---- ------- --------------- - -- - - - --- - -ET- t=4.6 

~t=7.4 
-6- t=7.6 
...Jii1- t = 7.8 
~t=8 
-Universal Fit 

- t=5.5 
200 --- - t=7 

- t=7.2 
-Universal Fit 

20 40 60 80 20 40 60 80 Position on Sphere (cp). degrees Position on Sphere (cp), degrees 
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~.A.!,.A_~~ 
(Re8 vs. cp) Correlation -Chauvin 

• "Universal Fit" correlation agrees with the two instances where a laminar boundary-layer was observed 
• Correlation predicts that the boundary-layer should have been laminar for two instances when a turbulent boundary-layer was observed 
• Correlation predicts that transition should start near the stagnation region 
• Slope of the correlation curve is similar to the slope of the computed boundary-layer parameter curves 

12oo r- Laminar BL Observed -.,..---,~~......--.....---

1000 - - -- - - - - - - - - - - - - - -- - - - - - - - - - - -- - - - --

800 - -------------------- - ------ - - - -- -- - ---- --- -

~~ 600 - --- - -- - - - - ----­a: 

400 -- - - - --- -

200 -- -

20 40 

- t=6 
- t=7 
-Universal Fit 

60 80 
Position on Sphere (cp) , degrees 

1200 ,. Turbulent BL Observed -,.....~~----..~-

1000 - -------- ------------------- - ---

800 - -- - - -- -- -- - -- - - - ----

~~ 600 -- --- --­a: 

400 - --- - ---

20 40 

-e- t=7.2 
-fr- t=7.75 
~t=8.25 

- -6- t=8.7 
-;r- t=9.28 
-Universal Fit 

60 80 
Position on Sphere (cp), degrees 
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(Re9 vs. cp) Correlation - Garlan 

• "Universal Fit" correlation agrees with the instances when 
the boundary-layer was observed to be laminar 

• Correlation predicts that the boundary-layer should remain 
laminar for several instances when a turbulent boundary­
layer was observed 

1200 Laminar BL Observed -----..~~~~- 1200 ,. Turbulent BL Observed ----...--~----.---,...-

1000 - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - -

- t = 17 
--- -- - t= 17.3 

- t =27.2 I 
- Universal Fit 

20 40 60 
Position on Sphere (tj>), degrees 

;::::::::::==::::::=::::::::::===-

80 

1000 - -- ---- --- -------------- ------

800 - - - - - - - - - - - - - - - - - - - - - - - - - -

Q) a:> 600 - - - - - - - - - - - - -a: 

400 - - ---

200 -- -

- Universal Fit 

20 40 60 80 
Position on Sphere (tj>) , degrees 
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{Re9 vs. k/9) Correlation 

• A third correlation, (Re9 vs. k/8), was explored 
• Momentum thickness Reynolds number vs. 
• Roughness height normalized by momentum thickness 
• Takes into account the effect that surface roughness 

might have on transition 
• "Universal Fit" correlation obtained by fitting a 

line to all of the data 
• Linear trend was weaker than that observed with the 

previous two correlations 
• Observations 

• Performed the best for predicting the location of 
transition when it occurred 

• However, it will not be possible to use this correlation to 
predict whether or not transition will actually occur at any 
given point in time 
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{Re9 vs. k/9) Correlation 

0 Buglia 
@ 0 Chauvin 1 000 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ¢ Garland r-

- Universal Fit 

800 -- -- - ----------------------------------------------- - -

rf soo -- -i ---------- ------------------------ --- --
400 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

200 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -~ - - - - - -

0.02 0.04 
kle 

0.06 0.08 
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~A.!, A_~-­
(Re8 vs. k/8) Correlation - Buglia 

• "Universal Fit" correlation does not accurately describe transition in this case 
• Predicts the position of transition with reasonable accuracy for instances when a turbulent boundary-layer was observed 
• Predicts that transition should occur at all times considered 

• Including instances when a laminar boundary-layer was observed 

12oo r- Laminar BL Observed -~......------.~----. 12oo ~ Turbulent BL Observed ----.=~====~ - t=5.5 
- t=7 1 000 - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - t = 7.2 

-Universal Fit 
800 --- --- ------------ -------- -- - -- - - --- -- - -

Q)aJ 600 - - - - -- - - -a: 

400 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

200 --- -- ----------- --------------------

0.02 0.04 
kle 

0.06 0.08 

Q)aJ 

a: 

1000 -- . -------- -----------------

400 ---. - - -----

200 -- -- --- - - -- ---- -

0.02 0.04 
kle 

-e- t=4.2 
.....fT- t=4.6 
_._ t=7.4 
--8- t=7.6 
-llijl- t = 7.8 
~t=8 
-Universal Fit 

0.06 0.08 
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~JI~JI-~~ 
(Re9 vs. k/8) Correlation - Chauvin 

• "Universal Fit" correlation predicts the location of transition with moderate accuracy for instances when a turbulent boundary-layer was observed 
• Predicts that the boundary-layer ought to be turbulent during the two instances when a laminar boundary-layer was observed 

1200 Laminar BL Observed ~______, __ ______, 1200 r Turbulent BL Observed --.:::=::::::c:::======~ - t=6 
-e- t=7.2 - t=7 -B-- t=7.75 1 000 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Universal Fit 1000 - -- - - - - - - - - - - - - - - -- - - - - - - - - - - - ~ t = 8.25 

---A- t= 8.7 
800 - - - - - ------------------- - --------------------- -:sv- t = 9.28 800 - - - - - - - - - - - - - - - - - - - - - - - - - Universal Fit 

0> <1> 600 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -a: 

200 - - - - - - - - - - - - - - - - - - - - - - - - - - - -

o~----~----------~~ ----~' 0 0.02 0.04 0.06 0.08 
kle 

400 -

200 - - - - - -- -

0.02 0.04 
kle 

0.06 0.08 
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(Re9 vs. k/8) Correlation 

• "Universal Fit" correlation predicts the location of transition with reasonable accuracy for instances when transition was observed to occur • Correlation also agrees quite well with most of the instances when a laminar boundary-layer was observed 
• Correlation predicts that the boundary-layer should be turbulent for one instance (t = 5.4 s) when a laminar boundary-layer was observed 

12oo r-- Laminar BL Observed ----;:==::::!:::====~ 120o r Turbulent BL Observed ---,::=::=::r:====:==~ - t=5.4 
- t=17 1 000 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - t = 17.3 

800 ----

OJ a> 600 - - - -a: 

0.02 0.04 
kle 

- t=27.2 
-Universal Fit 

0.06 0.08 

1000 ----

800 - --

OJ a> 600 - - - - - -a: 

400 ----

0.02 0.04 
k!O 

-e- t=2.7 
-B- t=3.2 
+- t=3.4 
-A- t= 3.8 
~t=4.6 
-Universal Fit 

0.06 0.08 
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Conclusions 

• A number of empirical correlations were evaluated against experimental data 
• No universal correlation was found that could consistently and reliably predict the occurrence or location of transition • Several of the correlations explored appeared to just correlate a boundary-layer to itself 

• The correlations can describe the relationship between different boundary-layer parameters at transition 
• They cannot accurately predict if transition will occur or the location of the transition event 

• Correlations examined implement many of the parameters traditionally used 
• Such as geometry, surface roughness, edge mach number, boundary-layer momentum thickness, and Reynolds number • Are based on an incomplete understanding of the physics causing transition 
• Because these correlations do not account for physical processes driving transition, they cannot be used to predict transition 
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Conclusions 

• Correlations were developed using sparse data sets 
• Correlations derived from a larger set of data may be able predict transition more accurately 

• Two of the flight tests considered showed periods of higher heating inconsistent with predictions based on laminar theory 
• Periods of higher heating were not investigated by the original authors 
• Transition during these periods appears to be forced by transitory events related to the operation of the sounding rockets, such as motor burn-out transients, stage separation and other unidentified mechanisms 

• In order to be able to better predict transition, it will be necessary to obtain a clear understanding of the physical processes that cause transition 
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