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Abstract

A wide range of experimental results carried out in low enthalpy facilities is used to sustain simple correlations predicting heat transfer
rates on an attachment line in hypersonic flow. It is observed that for long swept cylinders a nearly asymptotic state can be reached for
which transition Reynolds number does not change substantially quite far from the apex of the cylinder. Intermittency based on measured
heat fluxes was used to describe the laminar–turbulent process. Prediction of turbulent heat transfer rates is established using a reference
temperature method that provides quick and relatively accurate estimates for a wide range of Mach number and temperature ratio.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

As the space transportation industry is still looking for
economical and highly reliable Earth-to-Orbit alternatives
to the Space Shuttle, simple and relatively accurate predic-
tion methods are useful for quick determination of aero-
thermal properties at a project stage. In reentry phase,
the kinetic energy of the vehicle is dissipated by aerody-
namic breaking, thus creating zones of intense heating. It
has been demonstrated that knowledge of boundary layer
status is essential in order to globally optimize the aero-
thermal design of spacecraft [1,2] as laminar to turbulent
transition strongly increases heat transfer rates and
requires larger provision of thermal protection, leading to
a significant decrease of payload.

As all spacecraft use a swept wing configuration, lami-
nar to turbulent transition exhibits a complex nature, but
three main transition mechanisms are usually observed:
the attachment line transition, the crossflow instability
and the streamwise instability [3]. In this paper, focus is
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put on the first type as it preconditions the flow nature fur-
ther downstream, as depicted in Fig. 1. Once the attach-
ment line is turbulent, streamlines emanating from this
location contaminate flow regions downstream and relam-
inarization is unlikely, as it would require high level of
acceleration or massive suction. Along leading-edges and
windward surfaces attachment-line transitional flows can
develop [5,6] through the influence of freestream distur-
bances, or of any type of surface roughness originated from
dust contamination, misalignment or destruction of the
tiles of the thermal protection system.

During the development of high speed flight, attach-
ment-line transition [7,8] and turbulence [9] have received
considerable attention through wind tunnel tests on long
swept cylinders. Those works were later synthesized and
complemented experimentally by Poll [10]. Transition
modelling efforts were started by studies of the linear insta-
bility [11] and were also extended to more general descrip-
tions [12] and to non-linear stages [13].

Although a substantial body of experimental data has
been gathered over the past decades, modelling of transi-
tional and turbulent attachment line compressible flows is
highly empirical [14] and is loosely connected to advances
in instability theory and compressible turbulence models
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Nomenclature

D cylinder diameter (m)
M Mach number
r recovery factor
R Veg/me, characteristic Reynolds number
R
�

Veg*/m*, Poll�s Reynolds number computed with
Poll�s reference temperature

St Uw/(qe0VeCp(Tr � Tw)), Stanton number
T absolute temperature (K)
Tr T eð1þ r c�1

2 M2
eÞ, recovery temperature (K)

T* Te + 0.1(Tw � Te) + 0.6(Tr � Te), Poll�s refer-
ence temperature (K)

X, Y, Z coordinate system, respectively chordwise,
spanwise and normal to the cylinder surface

U, V,W velocity components outside the boundary
layer

Greek symbols

g me/(dUe/dX)
1/2, boundary layer length scale

based on chordwise gradient of velocity (m)

q density (kg m�3)
m kinematic viscosity (m2 s�1)
K sweep angle (�)
Uw wall heat flux (W m�2)

Subscripts

e boundary layer edge conditions along the
attachment line

0 stagnation conditions
tr transition conditions
w wall conditions
1 onset of transition
2 end of transition
1 free-stream conditions
L laminar
T turbulent
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[15–17]. This situation originates from the very small num-
ber of works detailing the structure of an unstable and
transitional attachment line [4,18]. In most of the experi-
ments carried out at high speed thermal methods of transi-
tion detection have been used, such as change of the
adiabatic wall temperature in supersonic regime [19] and
increase of heat transfer. Both detection methods have
demonstrated that when transition is forced by a roughness
element, a critical roughness height, below which no influ-
ence is detected, can be defined as a function of the local
Mach number [20]. Within this context, it is also shown
that the Reynolds number used in the studies of attach-
ment-line flows following the definition proposed by Poll
[14], and noted R

�
, is a valid parameter to predict transition

for the case of large disturbances. When the attachment
line surface is free of significant defects transition occurs
at much larger Reynolds number, but the threshold is at
Fig. 1. Attachment line on a swept leading edge [4].
least a function of the local Mach number and of the wall
to stagnation temperature ratio [21].

Following initial attempts of predicting turbulent
attachment line heat transfer [22,23] the most significant
contributions have been the ones proposed by Poll [14,24]
in which correlations for transitional and turbulent regimes
are built up as extension of low speed results. However,
many authors have shown that Poll�s approach, although
simple to implement, does not correctly predict heat trans-
fer rates in hypersonic flow [25–28]. A more refined
approach has been developed by Bellone [25] on the basis
of numerical simulations but introducing supplementary
parameters in the more elaborate reference temperature
model. Bellone showed that, based on a similar experimen-
tal database as used in the present paper, the standard devi-
ation of the prediction against the experiments was 7%.
The object of this paper is to discuss in more detail those
aspects and to revisit Poll�s ideas [14,24]. Experimental
results for heat transfer in low-enthalpy environments are
reported in order to build up a reliable database of attach-
ment line heat transfer rates, along with other sources of
experimental data. Using intermittency distribution for
the analysis leads to a reasonable degree of confidence in
the prediction of heat transfer, especially if a quasi-asymp-
totic state exists and if the transition threshold corresponds
to the one obtained for bypass transitions. A first estima-
tion of turbulent heat transfer is also proposed, which
applies for a wide range of flow conditions.

2. Experimental methods

As a large part of experimental data exploited in the
following paragraphs were obtained in the same facility



Fig. 2. Typical transition case (K = 60�, M1 = 7.14, Tw

T 0
� 0:38, 0.30 mm

diameter trip at Y/D = 10).
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[26–28] important experimental parameters and proce-
dures will be briefly stated. The 210 mm diameter blow-
down wind tunnel of CEAT of Poitiers gives a
freestream Mach number of 7.14 (±1.3%), at freestream
unit Reynolds numbers between 7.5 · 106 6 Re1/m 6

35 · 106, which were obtained by changing the stagnation
pressure and temperature within the following range:
2.5 6 p0,1 6 9.5 MPa, ±0.5% and 650 6 T0 6 800 K,
±800 K, ±0.8%, respectively [28]. Circular cylinders with
upstream ends cut off parallel to the freestream direction
were mounted at various sweep angles thus allowing the
Mach number at the edge of the boundary along the
attachment line to vary, 3.28 6 Me 6 6.15. The accuracies
for the cylinder radius and the sweep were ±0.02 mm and
±0.1�, respectively. This results in typical errors on Rey-
nolds numbers of 1–2%, using a modified Newtonian
model for the calculation of the chordwise velocity
gradient.

Although this paper exploits an experimental database
obtained in various facilities and instrumentations, most
of the data were extracted on the basis of transient methods
due to the relatively short test duration. The experimental
results presented hereafter were deduced from the thin skin
analysis which requires the measurement of temperature
change of a thin element of material. All models were
equipped, along the attachment line, with spot-welded
Chromel-304L stainless steel thermocouples on the inner
surface of a 304L grade stainless steel thin skin, of
0.5 ± 0.001 mm thickness. Such moderate thickness
ensures that lateral conduction losses are small, less than
1% [28]. Heat capacity of the 304L grade stainless steel
was known with accuracy of ±3%. Some models were also
pre-cooled before the tests by the use of gaseous nitrogen
and maintained at low temperature during the test by circu-
lation of liquid nitrogen in the model.

After starting the nozzle and injecting the model into the
test section, the heat flux was deduced from the time evolu-
tion of the wall temperature. With limited contamination
from the wind tunnel side wall during the injection, the
uncertainty on the wall heat transfer rates was estimated
at approximately 5% and errors on Stanton number are
between 6% and 8% [28]. It should also be noted that the
variation of the unit Reynolds number induces a change
of the freestream Mach number, due to the variation of
the thickness of the nozzle wall boundary layer. Typically
a 2% variation of freestream Mach number within the unit
Reynolds number range, inducing an increase of heat flux
of about 9% with respect to nominal conditions.

By varying the tunnel stagnation conditions it was pos-
sible to determine the evolution of Stanton number with
respect to the Reynolds number. The Reynolds number
used in this study follows the definition proposed by Poll
[14] and is denoted R

�
. Transition is indirectly detected

by an increase of the Stanton number, and a transition
Reynolds number corresponding to a minimum of the
Stanton number can be defined with minimum ambiguity
and is denoted R

�
tr1 (Fig. 2).
Physically, the boundary layer grows from the apex
along the attachment line of the model and the three-
dimensional shock wave, attached to the apex, wraps
around the model. Schlieren visualizations show that the
stand-off distance of the shock in front of the cylinder
reaches a constant value within typically 5–10 diameters.
This represents the so-called infinite swept cylinder situa-
tion. On the other hand the measured heat transfer rates,
in a given flow regime, also tend towards similar asymp-
totic values. Achievement of the asymptotic state for the
viscous flow can be judged by comparison of the measured
Stanton number values along the attachment line with the
exact laminar solution, but can be masked by systematic
errors attached to each thermocouple location (Fig. 2).
When roughness elements were used to trigger transition
they were put at large values of y/D, corresponding
approximately to the start of the asymptotic flow region.
The shock wave emanating from the roughness element
was shown numerically [25] not to modify the heat transfer
once the flow was fully turbulent.

3. Transitional regime modeling

For the sake of simplification, no distinction between
‘‘natural’’ and ‘‘bypass’’ transitions [29], small and large
disturbance scenario, respectively, will here be considered
because of the relative lack of detailed knowledge of tran-
sitional attachment-line boundary layers in supersonic and
hypersonic regimes.

Dependence of Stanton number on local parameters, the
characteristic Reynolds number, the boundary layer edge
Mach number, and the relative wall temperature is exam-
ined. The final aim is to address the possible link between
the extent of the transitional process (in terms of Reynolds
number range) and general parameters, such as the transi-
tion onset Reynolds number, in a same way as for more
generic flows [16].

The present analysis is an extension of Poll�s work [14]
which is an application of the formalism developed for
the first time by Emmons [30]. Those works describe
how to relate turbulent spot geometry to an intermittency



Fig. 3. Typical linear fit to the function F at Y/D = 13.55 (K = 60�,
M1 = 7.14, Tw

T 0
� 0:39, 0.07 mm thickness trip at Y/D = 8.5).
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function, c, which is defined as the fraction of observation
time for which the flow can be considered turbulent, by
means of the observation of a physical parameter. In a
hypersonic context it is usual to choose the wall heat trans-
fer rate, since this parameter is the most important for ther-
mal protection design. Flow intervals between events are
assumed to behave as pure laminar flow. This statement
relies on the assumption that the rise and fall of heat trans-
fer rate with time represent very short events in comparison
to laminar and turbulent periods.

For given flow conditions, and at a particular location
along the attachment-line, this means that the wall heat
transfer rate can be expressed as a linear combination of
laminar and turbulent heat transfer rates obtained at the
same conditions:

Ste ¼ ð1� cÞSte;L þ cSte;T ð1Þ

Therefore determination of the intermittency requires the
values of the Stanton number in laminar and in turbulent
regimes, Ste,L and Ste,T, respectively. Obviously defining
the intermittency in such a way is rather indirect because
it relies on a global property rather than intermittency
inferred from measurements of the unsteady wall heat
transfer. However, this approach offers the convenience
of accommodating the large body of experimental data,
which were mostly obtained with conventional techniques.

For a given configuration, in laminar regime, a reference
Reynolds number R

�
min is taken at the lowest stagnation

pressure. To offset any error on the local measurement of
the heat transfer rate and using laminar similarity rule, it
is possible to write:

Ste;LR
� ¼ Ste;L;minR

�
min ð2Þ

In that rule, Ste,L,min is the measured value of Stanton num-
ber by a given sensor in a laminar regime for the Reynolds
number R

�
min.

In a turbulent regime, this procedure is more delicate to
put in place because there is no formal similarity rule.
However using the turbulent correlation of Poll [14], an
empirical similarity rule can be expressed:

Ste;TR
�0:42 � Ste;T;maxR

�0:42
max ð3Þ

In that formula, Ste,T,max the Stanton number measured by
the same thermocouple as previously but now in a turbu-
lent regime for a reference Reynolds number R

�
max, which

corresponds to the highest stagnation pressure tested.
In some cases, the reference laminar or turbulent situa-

tions do not occur within the range of unit Reynolds num-
ber available in that wind tunnel and the reference values
are to be evaluated through numerical or empirical meth-
ods. The laminar heat transfer rates can be computed
through similar solution calculations [31] and the turbulent
ones are deduced from empirical rules such as the one pre-
sented in the next paragraph.

Poll proposed the following intermittency distribution at
a given location along an attachment-line [14]:
c ¼ 1� exp �0:412
R
� � R

�
tr1

k

� �2
 !

ð4Þ

with k ¼ R
�
c¼0:75 � R

�
c¼0:25, which represents the extent of the

transitional regime in the Reynolds number space. R
�
tr1 is

the transition onset Reynolds number. The validity of that
type of distribution was partially confirmed at high speeds,
for more generic types of flow [32].

The calculation procedure is twofold, firstly computa-
tion of the intermittency factor of a run through (1)–(3)
for each thermocouple, and secondly, after a complete
sweep of the Reynolds number range, plotting the follow-
ing function:

F ðcÞ ¼ �1

0:412
lnð1� cÞ

� �1=2

¼ R
� � R

�
tr1

k
ð5Þ

For each location along the attachment line, a linear fit
over the transitional range is estimated, then one extracts
R
�
tr1 from the intercept and 1/k from the slope (Fig. 3).
Even if the dispersion is appreciable for F(c) 6 0.5, or

c 6 10%, the extraction of the leading parameters is
straightforward: for the above case R

�
tr1 � 227 and k = 15

for that particular location. Those values result in a good
fit to the intermittency distribution as illustrated in Fig. 4.

Through the collection of pairs ðR�
tr1; kÞ for all the loca-

tions along the attachment-line, it appears that the thresh-
old of transition onset does not vary appreciably
downstream of the source of disturbance [20]. However,
the transitional extent, k, changes quickly downstream of
the roughness element and tends to reach an quasi-asymp-
totic value of k � 10 for this particular case (Fig. 5). As
both the threshold and the transitional extent values seem
to be frozen in the spanwise direction, it implies that a
mechanism of quasi-perpetual sustainability of the transi-
tion might exist. Other experiments [28] suggest that the
intrinsic turbulent spot dynamics could result from a bal-
ance between spanwise growth and chordwise stretch of
individual spots.



Fig. 4. Typical fit to intermittency distribution at Y/D = 13.5 (same case
in Fig. 3).

Fig. 5. Spanwise evolution of transitional extent (longer cylinder)
(Me = 5.15, Tw = 300 K, T0 = 750 K trip at Y/D = 6.7, Ref. [26]).

Fig. 6. Double slope of the F function (Me = 6.06, Tw = 308 K,
T0 = 733 K, Y/D = 9.2, Ref. [27]).

Fig. 7. Transitional extent versus transition threshold.

840 E. Benard et al. / International Journal of Heat and Mass Transfer 49 (2006) 836–843
A more singular behavior can be observed in some cases
especially when the transition is ‘‘natural’’ (Fig. 6). In the
plot of the F function, two slopes appear clearly with the
second ramp established when c P 10%. This phenomenon
is similar to the ‘‘subtransition’’ described by Narasimha
[33] and it might be linked to the spot dynamics along a
slender body, like the cylinders used in those experiments.
But, those cases essentially occur when the local Mach
number is high, Me P 6, and for natural transition config-
urations. Therefore, specific effects of compressibility might
affect the breakdown of boundary layer instability, and in
turn the spot dynamics.

Another aspect of this analysis is to collect data on
available transitional cases in order to look for a general
link between the transition threshold and the transitional
extent. Three sources dealing with hypersonic conditions
have been used [26–28] and two subsonic cases [35,14] have
been added as comparison points (Fig. 7).
There is no clear dependency of the pairs ðR�
tr1; kÞ to the

local Mach number value, but it appears, although based
on a small number of points, that there is a minimal tran-
sitional extent which could be crudely expressed as

kmin � 0:045R
�
tr1 ð6Þ

This would suggest that transition cannot happen sud-
denly, even for quasi-asymptotic conditions. For R

�
tr1 �

250, which is the transition threshold for bypass configura-
tions proposed in [19] by using Poll�s approximation and
since checked numerous times [20], a good approximation
of the transitional extent could be deduced:

kR�
tr1�250 � 15� 5 ð7Þ
4. Turbulent regime modeling

As an engineering tool, a simple but accurate estimation
of turbulent heat transfer can be useful. As shown by many
authors [25–28] Poll�s formula [14], based on the reference



Fig. 8. New correlation for turbulent heat transfer versus experimental
data.
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temperature T*, does not correctly predict heat transfer
rates in hypersonic flow. In order to build a more reliable
tool, an extensive review of available resources has been
carried out [22–28,34,36–49]. Only cases with Reynolds
numbers clearly higher than the one corresponding to the
transition completion have been selected in order to mini-
mize the low Reynolds number effects on turbulence [50].
The selection incorporates a majority of data obtained
far from the cylinder apex, that is as close as possible to
quasi-asymptotic region. Only the methods with reasonable
precision on wall temperature and heat transfer have been
selected. For example, most of the relatively old data
obtained by means of thermosensitive paints were rejected
because of the lack of precise information on wall temper-
ature and as paints are relatively intrusive. It has to be
mentioned that many points [26–28] are the average of very
close runs. In total 272 points have been collected, covering
the range: 0.14 6 Tw/T0 6 0.96 and 0.35 6 Me 6 6.89.

The numerical procedure is essentially the same as the
one used by Poll, based on an extension of the reference
temperature concept of Eckert [51]. The basis of the refer-
ence temperature method is to assume that the nature of
the analogy between friction and heat transfer is not funda-
mentally modified by compressibility effects, assuming that
turbulence production, diffusion and dissipation are only
weakly affected by the external Mach number. A likely lim-
itation to this simplistic analogy lies in complex links
between ‘‘modes of turbulence’’ [52], i.e. rotational, entro-
pic and pressure fluctuations, at supersonic speeds. In this
review, Gaviglio [53] concluded that there is not yet a clear
understanding and a relevant model for a generalised
analogy between momentum and heat transfer through a
turbulent boundary layer. The remark is also likely to be
valid for the transitional case. Those difficulties reinforce
the need of developing simple correlations.

In the case of the swept attachment line Poll used the
following reference temperature:

T � ¼ T e þ K1ðT w � T eÞ þ K2ðT r � T eÞ ð8Þ
with Te, Tw, Tr being the boundary layer edge temperature,
the wall temperature and the recovery temperature (with
r = 0.89), respectively, and K1 = 0.1, K2 = 0.6. Poll�s proce-
dure is similar to Eckert�s with the exception that the refer-
ence temperature also modifies the reference scale, based
on the viscous scale, g*, which appears into the Reynolds
number definition, R

�
. This explain why the coefficients

K1 and K2 are significantly different to ones initially pro-
posed by Eckert for flat-plate flows. Poll took a value of
Reynolds analogy, s, equal to:

s ¼ Ste
Cf e
2

� � ¼ 1:24 ð9Þ

A different value of Reynolds analogy factor has been cho-
sen which could be more compatible with current knowl-
edge of turbulent compressible boundary layers [50,54,55]:

s ¼ 1 ð10Þ
This choice of Reynolds analogy factor is reasonable as it is
applied to a flow over a smooth surface, even the transition
was itself potentially triggered by an isolated roughness lo-
cated upstream the measurement position.

If, following Poll�s strategy [14], the incompressible skin
friction empirical law is used, it is proposed that heat trans-
fer rates are computed using the following equation:

Ste;T ¼ 0:0689

R
0:42

ð11Þ

The new Reynolds number, R, is computed by means of a
new reference temperature T .

It has been concluded that the following choice of refer-
ence temperature produces the best fit to the data:

T ¼ T e þ 0:52ðT w � T eÞ ð12Þ
On average the standard deviation for the new correlation
is 11.7% against 26.7% using Poll�s reference temperature.
However, it is recognised that the initial contribution from
Poll was based a much smaller sample of experimental
data, and therefore did not benefit from the more extensive
and partially more accurate database. Only 5 points are
over a deviation of 30% and 88 points are within 5%
(Fig. 8). Dashed lines indicate ±10% deviation between
the correlation proposed and experimental results and
those boundaries approximately represent the experimental
error attached to the measurement techniques exploited in
the body of works. Overall the proposed correlation repro-
duces correctly the trend of dependency on wall tempera-
ture and Mach number over a wide range of those
parameters. In particular, it can be deduced from Eq.
(12) that the reference temperature does not appear to be
Mach number dependent but rather dominated by the
effect of wall temperature.
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5. Conclusion

It has been demonstrated that intermittency distribution
is a reliable tool for the analysis of transitional boundary
layers over swept cylinders in hypersonic flows. A reason-
able degree of confidence in the prediction of heat transfer
can be reached, especially if a quasi-asymptotic state exists
and if the transition threshold corresponds to the one
obtained for bypass transitions.

A new formula for estimation of turbulent heat transfer
is proposed and applies for a wide range of flow conditions.
However, there is still a need for experimental data for
both laminar and turbulent regimes in order to improve
the modelling strategies and to create the basis for more
elaborated methods.
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