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Accurate prediction of aerothermodynamic loads on hypersonic vehicles requires precise
modeling of surface quantities across the boundary layer transition zone. The peak heating loads
and total heat transfer are determined by parameters such as the transition zone length and the
magnitude of potential overshoots in heat flux and skin friction beyond their respective values
in fully turbulent flows. While previous studies on CFD integrated transition modeling using
linear stability correlations have shown promise in modeling these features, they did not develop
an intermittency model for hypersonic flows. This paper presents a data-driven approach
to develop a model of this type by correlating experimental transition data with the relevant
flow parameters. The resulting model demonstrates significant improvements over previous
low-speed models in terms of predicting heat transfer distributions during the transition process
associated with first and second mode instabilities in axisymmetric high-speed flows. Separate
correlations for flight and ground test conditions are developed, and the potential to combine
these correlations is discussed.

Nomenclature

Cℎ = Stanton number
C𝑜𝑣 = Intermittency overshoot parameter (nondimensional)
M = Mach number
𝑅𝑒′ = Reynolds number (nondimensional)
𝑅𝑒∞ = Freestream unit Reynolds number [1/m]
Δ𝑅𝑒 = Nondimensional Intermittency width
𝑇 = Temperature [K]
𝑇𝑢 = Turbulence intensity [%]
𝑥 = Streamwise position [mm]
𝛼 = Correlation plotting parameters (nondimensional)
Γ = Observed (experimental) intermittency
𝛾 = Imposed (computational) intermittency
𝜂 = Intermittency function exponent
𝜆 = Nondimensional pressure gradient
𝜁 = Nondimensionalized transition coordinate
subscripts
1 = corresponding to transition upstream of overshoot peak
2 = corresponding to transition downstream of overshoot peak
∞ = Freestream value
𝑓 = For use with flight test correlation
𝑜𝑛𝑠𝑒𝑡 = Value at onset of transition
𝑜𝑣 = Value at peak transition overshoot position
𝑡 = For use with ground test facility correlation
𝑡𝑜𝑡 = Stagnation reference value
𝑡𝑢𝑟𝑏 = Value at the end of transition
𝑤 = Value at the wall
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I. Introduction
Laminar-turbulent transition prediction is critical for the advancement of high-speed systems design [1]. Among

the most important engineering impacts of transition are the change in total heat load relative to purely laminar or
purely turbulent flows as well as the local peak in surface heat flux that is often seen near the end of the transition
region. The later overshoot dictates the peak local surface heating and substantially contributes to the integrated
heat load over the system. In recent literature, efforts related to Reynolds-averaged Navier-Stokes (RANS)-integrated
transition prediction has focused on the correct identification of the transition location. While this is a necessary aspect
of transition prediction, adequate characterization of the overall heating experienced by a body also requires that the
heating in the neighborhood of the transition point be adequately characterized. Features such as the transition region’s
extent and the presence and degree of transition overshoot (where the local heat transfer in the transition zone exceeds
that of the expected fully turbulent case) are relevant to the total heat load experienced by the body. In order for CFD
analysis that includes transition prediction to provide highly-accurate predictions of relevant engineering quantities, not
only must the onset of transition be placed appropriately on the body, but the heating characteristics of the transition
zone itself must be predicted as well.

In the context of RANS-based modeling, transition is often examined in terms of intermittency, denoted here as Γ
when referencing physical or experimental contexts, and 𝛾 when discussing CFD. When referring to experimental data,
intermittency describes the fraction of time that the flow at a given point in space remains turbulent [2]. Intermittency is
0 in fully laminar flow and 1 in fully turbulent flow, and the transition zone is defined as the region where 0 < Γ < 1. In
time-averaged computations such as RANS, intermittency is a parameter that modifies the activation of turbulence
modeling equations or multiplies turbulence modeling parameters to replicate the mean flow characteristics associated
with transition. In RANS computations, intermittency values greater than one may be utilized as a means of replicating
transitional overshoot of turbulent heating. Overshoot of turbulent heating is often noted in transition for supersonic and
hypersonic ground test cases. Franko and Lele [3] identify overshoot in oblique breakdown cases as resulting from
streaks increasing the wall-normal transport of thermal energy and streamwise momentum, and they report significantly
less, if any, streamwise streaks in second mode dominated transition. Despite this, overshoot is often observed in flows
where second mode demonstrates the greatest amplification up to the point of transition [4], and this fact highlights the
difficulty in predicting transition-induced overshoot.

Accurate modeling of the transition region is a challenge for all varieties of RANS-based transition prediction.
In transport-based transition model frameworks, the transition zone characteristics are often controlled by the same
governing equations that control transition onset [5–7]. This makes the modification of the transition zone shape or
extent difficult to accomplish without changing other aspects of the model’s behavior. Transition prediction based on the
coupling of CFD to hydrodynamics stability analysis presents an opportunity to advance the community’s understanding
of transition zone characteristics with respect to flow conditions and configuration. Because it does not rely on auxiliary
transport equations to define intermittency, the relationship between the intermittency distribution in a CFD simulation
and the resultant surface heating can be more easily isolated and studied. Moreover, ongoing efforts to advance coupled
CFD-stability transition prediction [8–10] require the development of a robust intermittency model for hypersonic test
cases. Previous analysis of coupled CFD-stability tools has used intermittency prescription based on the analysis of
Narasimha [11] in conjunction with the Spalart-Almarras (SA) turbulence model [12], but this framework has been
found insufficient for many hypersonic cases. Specifically, this method predicts more rapid transition than is observed in
hypersonic experiments and is incapable of adequately including transition-induced overshoot of the turbulent heat
transfer. This work outlines the development of a new intermittency modeling framework compatible with CFD-stability
coupled analysis. This new approach is based on the modification of the SA turbulence model and the development of a
correlation for intermittency distribution based on supersonic and hypersonic flight and ground test data.

The remainder of this manuscript is outlined as follows: first a discussion of the relevant background is presented.
Next, the modifications to the turbulence model are described and the process by which the training database was
developed is presented. Finally, the correlations are presented and a comparison of the predictions of the correlation to
an independent test case is provided. Finally, a discussion of the present findings and future work is given.

II. Background and Methodology
The present coupled CFD-stability analysis utilized NASA’s OVERFLOW solver [13] and the LASTRAC stability

analysis tool [14]. Coupled stability analysis using these tools has been demonstrated for a variety of flow scenarios,
and a complete description is provided in Refs. [8, 9]. Previously, this method has been extended based on a data-driven
correlation for transition N-factor in high speed flows [15], which allows for the application of this method to general
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hypersonic flows in ground test facilities. This previous correlation was developed by relating key parameters necessary
to identify the transition N-factor to freestream flow parameters for a large number of test cases. The results of this
analysis are detailed in Ref. [15]. The present study aims to utilize a similar approach to model the distribution of
intermittency in the transition zone for high-speed cases in order to better estimate the integrated heat and pressure
loads experienced by hypersonic flight systems.

Present RANS computations utilize a modified version the SA-neg turbulence model [12] that can better predict the
finite length transition zone in hypersonic flows, in comparison with baseline SA version. Previous analysis pertaining
to hypersonic flows has identified the improvement of the intermittency model as a key step to advancing the predictive
capability of the method [16], and an example of the noted shortcomings is provided in Fig. 1. This figure shows the
heat transfer and intermittency for a Mach 6 straight cone configuration in a conventional ground test facility. These
previous analyses noted that, for some test cases, the point at which the heat transfer begins to increase can significantly
lag the point at which the intermittency begins to rise. They additionally noted that, for these cases, heat transfer tends
to rise more quickly in the RANS simulations than would be expected based on the corresponding experimental data.
Moreover, this baseline approach does not make any consideration for transitional overshoot relative to the fully turbulent
heat flux. As such, a new correlation for the prescription of intermittency in hypersonic flows must be developed to
improve the method.

Fig. 1 Heat transfer and intermittency distribution calculated via the baseline method described in Ref. [16].
Despite intermittency qualitatively aligning with the experimental transition zone, the resulting heat transfer
increase occurs too far downstream and over too short a streamwise distribution compared to the experiment.
Flow conditions correspond to a 7-degree half-angle sharp cone in the LaRC 20-inch Mach 6 ground test facility
[4].

To develop a relationship for predicting the necessary intermittency distribution across a set of conditions for
high-speed flows, a number of individual tasks must be accomplished. First, a database of experimental test cases must
be identified for which the experimental conditions and transition zone heat transfer distribution is known (or can be
approximated if heat transfer data is sparse). Second, the intermittency to be applied to the CFD simulations must be
appropriately parameterized. This parameterization must be able to reasonably approximate the experimental data with
a relatively small number of parameters, as too many would make the subsequent tasks more difficult. Another crucial
step involves the development of a methodology to identify the intermittency distribution parameters that would recover
the experimental data for each individual test case. Given a sufficiently large database of appropriately parameterized
test cases, the final step is to identify appropriate correlations for these parameters across flow and geometric conditions.
This section outlines the process by which this correlation is developed using a selected set of canonical test cases from
ground tests as well as flight experiments.
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A. Test Cases
One of the criteria for the selection of experimental data sets was that the data set must report not only the transition

location, but the axial distribution of the surface heat transfer (or recovery factor, for nominally adiabatic wall cases). In
the present work, data corresponding to experiments from the LaRC 20-inch Mach 6 tunnel [4], the Hypersonic Ludwieg
Tube Braunschweig facility [17], the CUBRC LENS facility [18], the NASA Mach 3.5 Quiet Tunnel [19], AEDC
Tunnel 9 [20, 21], and AEDC Tunnel B [22], along with data from the HIFiRE-1 flight test [23] and the NASA Langley
Research Center’s 1961 free flight experiment [24] are utilized in the development of the intermittency correlation.
These test cases represent a variety of freestream conditions and facility/experiment type, and therefore it is anticipated
that an intermittency model based on these canonical cases would reasonably capture the trends observed in general
applications. Additionally, a straight cone configuration corresponding to an experiment conducted in the Von Karman
Institute (VKI) Longshot facility [25] and virtual tunnel DNS of a Mach 8 straight cone simulated in a computational
representation of the VKI tunnel are also included in this work. These final test cases are not used to develop the
correlation but are instead held aside to evaluate the applicability of the correlation to an independent test case. Between
1 and 4 individual test cases are identified from each experimental reference, for a total of 26 test cases. Of these, 17 are
used to in the training database for conventional ground test facilities, 4 are utilized for evaluating that correlation, and 5
are flight test cases which are considered separately from the ground test data.

All of the test cases included in this work are simulated with the HLLE++ upwind scheme [26] with symmetric
successive over-relaxation (SSOR) [27] and the van Albada limiter [28] in OVERFLOW. These cases are simulated
without a quadratic constitutive relation (QCR) or compressibility correction using meshes that have been previously
found adequate for transport-equations based transition modeling applications [15].

Table 1 Summary of experimental data sets included in the present correlation.

Facility Mach Number(s) Facility Type Cone Half-Angle Reference
LaRC 20-inch Mach 6 6 Blow Down Tunnel 5◦ [4]

LaRC Mach 3.5 Quiet Tunnel 3.5 Blow Down Tunnel 5◦ [19]
AEDC Tunnel B 8 Blow Down Tunnel Cone-Flare [29]
AEDC Tunnel 9 10 and 14 Blow Down Tunnel 7◦ [20, 21]

TU Braunschweig HLB 5.9 Ludwieg Tube 7◦ [17]
VKI Longshot Tunnel 6.0 and 8.0 Gun Tunnel 7◦ [25]
Virtual VKI Tunnel 8.0 Virtual Tunnel DNS 7◦ [30]
CUBRC LENS 1 7 to 10 Shock Tunnel 7◦ [18]

HIFiRE-1 approx. 5 Flight 7◦ [23]
LaRC Free Flight 3 to 4 Flight 10◦ [24]

B. Turbulence Model Modification
In the course of this analysis, it became clear that the characteristics of the turbulence model can also pose a

major obstacle to the adequate modeling of transition zone characteristics with coupled CFD-stability. Intermittency is
conventionally introduced to RANS simulations via the production terms of the transport equations for the turbulence
variables. This allows the intermittency to be prescribed or calculated via additional transport equations. However,
this arrangement introduces an additional layer of abstraction between the intermittency distribution and the resulting
distributions of relevant surface quantities, which represent the most important physical measures of the transition
process. In CFD, the coupling of the intermittency to the turbulence model is effectively a transfer function that takes
intermittency as an input and outputs a heat transfer or surface friction distribution. For the present application, a
modification to the SA turbulence model is made to increase the level of control over the surface quantity distribution
that can be exerted via the prescription of intermittency.

First, the SA-noft2 formulation of the SA model is used [? ]. Typically, modification of the production terms is used
to influence a transition location. However, in the present work it was found that greater control of the intermittency
zone characteristics could be achieved by modifying the eddy viscosity directly. Instead of multiplying the production
terms by intermittency as is done in standard SA, the intermittency is included in the right hand side terms of the
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flow equations, where it multiplies eddy viscosity, so the Navier-Stokes equations would be modified such that the
momentum equation is given as
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and the other governing equations are similarly modified. The production terms of the SA model are not modified with
intermittency, and so the present simulations utilize the standard SA-noft2 model. For brevity, the turbulence model is
referred to simply as SA throughout this work, but it can be understood to be the SA-noft2 model. Put simply, this
modification changes the turbulence model such that the of eddy viscosity predicted by the turbulence model influence
on the flow is gated by the intermittency distribution. This modification has produced significantly greater range in the
slope and extents of transition zone heat flux distributions than is possible to achieve via the standard formulation of SA.
This formulation also allows for larger values of freestream eddy viscosity to be used, because the modification to the
flow equations prevents the eddy viscosity from impacting the laminar boundary layer where intermittency is 0. While
the destruction terms in the turbulence model are intended to remove eddy viscosity in the laminar portion of the flow,
the present approach was found to maintain laminar flow with arbitrarily high values of freestream eddy viscosity. It is
observed, particularly for ground test cases, that large values of freestream eddy viscosity allow for better agreement
with experimental data because large freestream values of turbulent eddy viscosity increase the length of the transition
zone and decrease the rate at which the surface heat transfer rises with increasing axial distance. Future work will
examine the relationship between the freestream experimental noise level and the eddy viscosity prescribed in CFD to
produce agreement between the two, but for the present model this parameter is not utilized as an independent variable.

C. Computational versus Experimentally Observed Intermittency
Before presenting the parameterization of intermittency, it is necessary to clarify the difference between intermittency

as discussed in a RANS context and the observed experimental quantity intermittency. The physical mechanism of
natural transition in laminar flows is described in detail by Narashima and summarized here for completeness [31].
Transition occurs as the result of turbulent spots occurring in a narrow band at a particular streamwise position. These
spots grow and merge over time, eventually resulting in a turbulent boundary layer. The process of transition via
turbulent spot initiation and growth is visualized in Fig. 2. Intermittency in the context of experiments is a descriptive
quantity that indicates the portion of time that the flow at a particular point in space is turbulent, and thus cannot exceed
a value of 1. For the purposes of this work, the true, physical intermittency which describes the relative fraction of
time flow is turbulent at given point in space is denoted as Γ. In all flows 0 ≤ Γ ≤ 1, and Fig. 2 illustrates the growth
of Γ in a flow. In the context of RANS simulations, which are time-averaged, intermittency is a parameter that seeks
to replicate experimentally observed transition characterizations. This prescribed or computational intermittency is
denoted here as 𝛾, and attempts to mimic the transitional characteristics of a flow in the context of time-averaged CFD.

Both the physical Γ and computational parameter 𝛾 are equal to 0 in laminar portions of the flow, but the two
quantities define slightly different things. Γ is observed directly in experiments, whereas 𝛾 is imposed in computations
to replicate (insofar as is possible) the flow parameters of interest which result from transition, all the while preserving
the stability and well-posedness of a simulation. Therefore, 𝛾 takes on properties that are different from the experimental
quantity, Γ, it seeks to reproduce. Computational intermittency must be defined at all points in a transitional RANS
flow, takes a value of 1 at the freestream to prevent negative impacts on the performance of the transition and turbulence
models, and can take a value greater than one to increase the local impact of the turbulence model it modifies. Therefore,
the present intermittency model can allow the computational parameter 𝛾 to assume values greater than one in order to
replicate experimentally observed overshoot of turbulent heat transfer.

D. Intermittency Prescription
In order to develop a correlation to predict the intermittency distribution as a function of flow and geometric

conditions, the intermittency distribution is first parameterized. Based on the previous works of Narashima et al. [31]
the parameterization chosen for this work is a Gaussian distribution. This approach has been modified to accommodate
the possibility of overshoot, as in,

𝛾 = (1 + 𝐶𝑜𝑣) (1 − 𝑒𝑥𝑝(−𝜂1𝜁
2
1 )) − 𝐶𝑜𝑣 (1 − 𝑒𝑥𝑝(−𝜂2𝜁

2
2 )), (2)
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Fig. 2 Visual representation of laminar-turbulent transition via the generation of intermittent turbulent spots.
This figure is adapted from Ref. [32] for demonstration purposes.

where
𝜁1 =

𝑥 − 𝑥𝑜𝑛𝑠𝑒𝑡

𝑥𝑜𝑠 − 𝑥𝑜𝑛𝑠𝑒𝑡
(3)

and
𝜁2 =

𝑥 − 𝑥𝑜𝑠

𝑥𝑡𝑢𝑟𝑏 − 𝑥𝑜𝑠
. (4)

In these equations, 𝐶𝑜𝑣 is the overshoot parameter, 𝜁1 and 𝜁2 are nondimensionalized transition zone coordinates, and
𝜂1 and 𝜂2 are exponents that dictate the rate of increase or decrease of 𝛾. The referenced streamwise positions, 𝑥, 𝑥𝑜𝑛𝑠𝑒𝑡 ,
𝑥𝑜𝑠 , and 𝑥𝑡𝑢𝑟𝑏 are the local streamwise position, the streamwise location of the onset of transition (i.e. the beginning of
the transition zone), the streamwise position at which the maximum overshoot occurs, and the location at which the
transition zone intersects the fully turbulent zone (i.e. the end of the transition zone). For cases with no overshoot,
𝑥𝑜𝑠 = 𝑥𝑡𝑢𝑟𝑏. This parameterization maintains the conventional Gaussian intermittency distribution accepted in the
literature [31] while allowing for intermittency distributions of varying width, overshoot extent, and overshoot location.
Limits are placed on some parameters so that Eq. 2 converges to a simple (no-overshoot) Gaussian distribution for
cases without overshoot. An overshoot parameter value of 𝐶𝑜𝑣=0 corresponds to the no-overshoot case in which 𝛾

increases monotonically to a maximum value of 1. The exponents 𝜂1 and 𝜂2 are also limited to 0.01 > 𝜂 > 1.5, as
larger or smaller values tend to produce intermittency distributions that yield unphysical heat transfer results and/or
cause the CFD simulation to diverge.

Parameters 𝐶𝑜𝑣 , 𝜂1, and 𝜂2 from Eq. 2 are individually tuned for each training case via automated, gradient-free
root-finding algorithm that seeks to minimize the more between the predicted surface load distribution (heat transfer
in all sufficiently non-adiabatic cases and ... for the near adiabatic cases?) and the measured data. The measured
distributions are adjusted to align with the CFD predictions in fully laminar and fully turbulent regions.. Performing this
process for each test case provides the intermittency parameters necessary to reproduce transition zone characteristics
across a broad range of conditions. This database is to be used to develop correlations between the intermittency
parameters defined in Eq. 2 and the freestream and geometry parameters of the test cases. In practice, 𝑥𝑜𝑛𝑠𝑒𝑡 would be
calculated by a separate correlation, such as the one identified in previous works by the authors [15]. However, to ensure
that the data used to train the present correlation is as accurate as possible, the present exercise allows the black-box
optimizer to determine 𝑥𝑜𝑛𝑠𝑒𝑡 with the goal of providing the most accurate training database as possible for the current
study. This approach also prevents interdependence between the present model and the previous results, allowing either
model to be replaced or updated in the coupled stability analysis protocol as improvements are made to the method in
future work. Additinally, previous methods, such as the intermittency model used for low-speed flows, have found that
initiating the growth of 𝛾 slightly upstream of the intended transition location can increase the agreement between the
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modeled transition and the experiment. Allowing the optimizer control over the placement of 𝑥𝑜𝑛𝑠𝑒𝑡 enables the present
high-speed model to account for the possibility that the intermittency for a given test case should begin to rise upstream
of the intended onset transition as identified by the surface heat transfer.

The goal of the present study is to develop a robust and broadly applicable, closed form correlation for the accurate
of estimation of intermittency parameters (and therefore transition zone extent and shape) purely as a function of easily
available freestream flow, freestream turbulence, and geometric information.

1. Identification of Intermittency Parameter Values
The goal of the current study is to develop a model for the prediction of the intermittency parameters for high-speed

flows based on flow information and potentially the transition N-factor. Before the chosen test cases can be examined
for the purposes of constructing such a model, however, the values of these parameters necessary to recover the
experimentally observed transition zone characteristics must be found. This task is highly nontrivial because the
intermittency parameters for a given test case cannot be observed directly. Instead, the efficacy of a set of trial parameters
can be evaluated by comparing the transition zone characteristics they produce when applied to a RANS simulation
to the experimental results corresponding to the same conditions. Therefore, the identification of the intermittency
parameters is a black-box problem whose goal is to find the input (intermittency parameters) that minimize the error
between their corresponding output (CFD results) and a reference value (the experimental data).

To solve this problem, a gradient-free error minimization routine was developed to identify the parameters that
produc e the best agreement with the experimental Stanton number distribution in the transition zone. This algorithm
produces candidate inputs based on a Latin hypercube distribution of the five intermittency parameters within specified
bounds, then conducts a RANS simulation of the test case based on combinations of those parameters. The error
between the experimental data and computational results is calculated in terms of Stanton number, and then the bounds
of the grid search are reduced by 50% centered on the best-performing parameters from the previous iteration. This
approach provides robustness in the determination of the intermittency parameters, and the convergence and outcome
of each test case was evaluated to ensure the final parameters produced satisfactory agreement with the underlying
experimental data. To ensure reasonable results, some specific limitations were placed on the allowable values of
the intermittency parameters. These were that 𝑥𝑜𝑛𝑠𝑒𝑡 < 𝑥𝑜𝑠 < 𝑥𝑡𝑢𝑟𝑏, 𝜂1,2 > 0, and 𝐶𝑜𝑣 > 0. For each test case, the
algorithm was utilized for 10 iterations with 20 sets of parameters utilized in the grid search for each iteration. In total,
each test case considered in the training database was simulated 200 times to identify the best-performing intermittency
parameters for that case.

Experimental data in transition studies are often sparse and/or somewhat noisy. Because of this, it is necessary to
perform some processing on the experimental data to ensure that a consistent means of evaluating agreement between
the experiment and computations and to ensure that uncertainty in the experimental data away from the transition zone
does not influence the determination of the intermittency parameters. To address these concerns, a reference curve was
created for each test case that represents the transition characteristics of the experimental data and recovers the laminar
and turbulent values expected from CFD in the regions of the flow away from the transition point. Reference curves
were created for each test case by combining fully laminar and fully turbulent CFD profiles with Gaussian fits of the
transition region. An example is provided in Fig. 3 9(a). As this figure shows, the reference curve-based approach
removes scatter from the experimental data, clarifies the ambiguity of sparsely sampled experimental data, and ensures
that the reference curves exhibit the expected behavior in the laminar and turbulent regions of the flow. For some cases,
such as the HIFiRE-1 flight test data, the experimental data is particularly sparse, and so reference curves are defined
based on engineering best-judgment where the data itself is insufficient to fully clarify the transition zone characteristics.
These reference curves, rather than the experimental data themselves, are used to evaluate the error between the CFD
and experiment for each case. Fig. 3 (b) and (c) demonstrate the convergence of the black-box algorithm for the
determination of the exponent 𝜂1 for one of the AEDC Tunnel 9 cases. In the evaluation of agreement between the CFD
and reference curve, the overall error is calculated as the mean of the absolute value of the difference between the local
Stanton number at each grid point in the candidate CFD result and in the reference curve, as in the L1 norm:

𝐸 =

∑
𝑁𝑝

|𝐶ℎ,𝑐 𝑓 𝑑 − 𝐶ℎ,𝑟𝑒 𝑓 |
𝑁𝑝

. (5)

The error was evaluated across the entire surface of the geometry in each case. Because of this, the value of the overall
error is relatively small even for cases for which visual agreement between the CFD and reference is poor (because
the laminar and turbulent regions still have very low local error, even if the transition zone does not). This approach
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was taken to eliminate the possibility that candidate parameter sets might somehow produce good agreement in the
transition zone, but negatively impact the quality of the solution in the laminar or turbulent zones. The relative error
could not be entirely eradicated in these cases, however, and this is observed to be a result of several phenomena. First,
for cases with overshoot of the turbulent flow, the experimental data tend to have sharper ‘peaks‘ in their surface heating
distribution than are possible to achieve with the present turbulence model. The second, and more common phenomenon
was transitional heating hysteresis, where, regardless of the presence or absence of overshoot, the heat transfer just
downstream of transition tends to be slightly higher than the equivalent fully turbulent case (on which the reference
curves are based). Despite these observations and the relatively small differences in the overall error between iteration 1
and the final iteration in most cases, each case converged to a set of transition parameters that produced good visual
agreement with the experimental data.

(a) Reference for LaRC Mach 6 Cone [4]

(b) Convergence of 𝜂1, Mach 14 cone (c) Convergence of 𝜂1 Mach 14 cone zoomed in

Fig. 3 Visual representations of the process by which the intermittency parameters for a given test case were
obtained. Subfigure (A) shows and example of the curve fits utilized by the black-box algorithm, in this case for
a LaRC Mach 6 [4] cone. Subfigures (b) and (c) depict the reduction in error with successive iterations of the
black-box algorithm and the convergence of the intermittency exponent 𝜂1.
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2. Connection to Turbulent Spot Spreading
Equations 2 through 4 represent the expected form of the intermittency distribution for general hypersonic flows

with overshoot. While a model for these parameters is not available in the literature, examination of experimental data
has been conducted in the literature to identify the turbulent spot initiation rate in ground test facilities [31–33]. These
studies differ from the present model in several ways. First, these studies concern experimental intermittency, Γ, and so
they do not make any consideration for overshoot of turbulent heating. Second, these studies take the value of 𝜂1 to be a
constant equal to 0.412. This has been demonstrated to be an appropriate simplification when examining experimental
intermittency [31] for cases with small pressure gradients, but it has been demonstrated not to yield good results when
utilized to predict computational intermittency for coupled RANS-stability analysis in high-speed flows [9]. Based on
this simplification and other relationships outlined in Ref. [32], these studied are able to relate the intermittency zone
width directly to the turbulent spot generation rate. Therefore, while these previous studies are not suitable to ascertain a
model for the parameters in equations 2 through 4 directly, they can provide useful insights into the expected outcomes
of the present study and the expected independent variables to consider. Ref. [33] examines a large number of test cases
to evaluate the turbulent spot generation rate as a function of freestream variables. A number of trends are observed in
Ref. [33] thare relevant to the present work.

While the present parameters cannot be expressed directly in terms of an equivalent turbulent spot generation rate
because of the difference in the number of free parameters in each approach, larger turbulent spot propagation rates
correspond to a more rapid transition from laminar to turbulent, and therefore a larger value of 𝜂1 and a smaller value of
the nondimensional transition zone extent, assuming, as is the case in the framework of Ref. [32] that overshoot is not a
factor, and so 𝐶𝑜𝑣 , 𝑥3, and 𝜂2 are not relevant to the flow. Ref. [32] demonstrates that the turbulent spot generation rate
increases monotonically with increasing unit Reynolds number and increasing wall-to-stagnation temperature ratio. Spot
initiation rate increases initially with increasing edge Mach number but begins to decrease with edge Mach numbers
above approximately 8.5. Based on these observations and observations made directly from the present training data, a
correlation to approximate the experimental transition behavior for the training database is developed.

III. Results
The automated black-box analysis has been conducted on all 22 training cases included in the present work in

order to determine the intermittency parameters necessary to achieve agreement in transition behavior between the
experiments and the CFD. All of these test cases utilize the modified version of the SA turbulence model discussed
above, and the results, corresponding to CFD simulations using tuned parameters identified by the automated process,
are presented for four of these cases in Fig. 4. In these figures, the upper and lower dashed lines represent the fully
turbulent and fully laminar solutions calculated in OVERFLOW. The turbulent reference curves utilize the unmodified
version of the SA turbulence model, and for the case of a fully turbulent boundary layer, the present modification
was found to have no influence on the predicted heat transfer. This figure demonstrates that the automated procedure
is able to produce fairly good agreement with the experimental data. It is notable that the fully turbulent solutions
calculated using the SA-neg turbulence model sometimes predict heat transfer rates greater than those observed in the
fully turbulent experimental data, notably the CUBRC Lens and HLB data shown in Fig. 4 (c) and (d). This discrepancy
is generally small and is independent of the intermittency distribution. This phenomenon is observed in multiple places
in the literature as well as the present work [4, 5, 25, 34], and is discussed in detail for instances where it is relevant to
the interpretation of the present results.

A. Intermittency Model
Based on the training database, correlations have been developed to predict the intermittency distribution for

hypersonic flows over canonical hypersonic configurations. These correlations are developed based on conical
configurations at 0-degrees angle-of-attack where transition is dominated by Mack’s first and second modes. This
correlation is developed by comparing the parameters of the ideal intermittency prescriptions (identified through the error
minimization algorithm) to the freestream parameters of each test case in the training database. The specific parameters
of interest are the freestream Mach number, the freestream Reynolds number, the wall-to-stagnation temperature ratio,
and the transition onset location.

The majority of the data utilized in the development of the present correlation is for ground test cases of canonical
straight-cone geometries. This type of geometry represents a majority of the experimental data available in the literature
for the development of this work. Oone database of Mach 3.5 cases examined under quiet flow is also included here
[19]. The training and evaluation of the correlation for ground test cases is performed using 21 individual test cases (17
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(a) LaRC Mach 6 Cone [4] (b) HIFiRE-1 Flight Data [23]

(c) CUBRC Mach 10 Cone [18] (d) DLR Mach 5.9 Cone [17]

Fig. 4 Intermittency values found to minimize experimental error for representative test cases from the training
database. Itermittency parameters are found via the root-finding algorithm.

for training, 4 for evaluation), and 5 flight test cases utilized to analyze the trends in intermittency parameters in the
context of flight tests and develope a preliminary correlation for flight data.

In developing this correlation based on the assumption of a known transition onset location, the distance values
required by Eqs. 2 through 4 are nondimensionalized in terms of freestream Reynolds number as,

𝑥𝑜𝑛𝑠𝑒𝑡 =
𝑅𝑒𝑜𝑛𝑠𝑒𝑡

𝑅𝑒∞
, 𝑥𝑜𝑠 =

𝑅𝑒𝑜𝑠

𝑅𝑒∞
, 𝑥𝑡𝑢𝑟𝑏 =

𝑅𝑒𝑡𝑢𝑟𝑏

𝑅𝑒∞
. (6)

Because 𝑥𝑜𝑛𝑠𝑒𝑡 can be estimated independently of the intermittency prescription [15], it is treated as known for this
analysis. Therefore, the number of distance parameters that must be estimated can be reduced by defining the width
parameters

Δ𝑅𝑒1 = 𝑅𝑒𝑜𝑠 − 𝑅𝑒𝑜𝑛𝑠𝑒𝑡 , Δ𝑅𝑒2 = 𝑅𝑒𝑡𝑢𝑟𝑏 − 𝑅𝑒𝑜𝑠 . (7)

After this consolidation, the parameters that must be found are the nondimensional width of the pre-overshoot and
post-overshoot regions, Δ𝑅𝑒1 and Δ𝑅𝑒2, the two exponents, 𝜂1 and 𝜂2, and the overshoot parameter 𝐶𝑜𝑣 . Additionally,
for cases where overshoot is not observed, and therefore 𝐶𝑜𝑣 = 0, the two parameters that govern the intermittency
distribution downstream of the overshoot peak, 𝜂2 and Δ𝑅𝑒2 have no influence over the resulting intermittency
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distribution. A correlation for these parameters as a function of the freestream flow parameters (i.e. Mach number,
Reynolds number, and wall-to-freestream temperature ratio) and the transition onset location has been developed. The
use of global parameters rather than the local flow conditions is a practical compromise to reduce the overall complexity
associated with the implementation of the intermittency model developed here. The predictions of a model developed
this way may not necessarily generalize beyond the conditions represented in its training database. To minimize the
negative impact of extrapolation outside of the training database, the database is chosen so as to include a diverse set
of flow conditions and cone geometries (subject to the availability of experimental reference data) and the model is
evaluated using unseen test cases both within and outside of the training database conditions.

1. Correlation based on Straight-Cones in Ground Test Facilities
The first correlation presented is that for straight cones in ground test facilities. This correlation is also evaluated

against an independent set of test cases to ensure that overfitting has not occurred. This correlation is developed based
on test cases from 6 ground test facilities and evaluated based on data from a separate facility. Before presenting the
correlation itself, it is beneficial to discuss trends in the experimental data that can be observed directly from their
examination.

It can be observed in the available data that significant overshoot is only observed within a handful of cases, notably
those corresponding to the 20-inch Mach 6 tunnel experiments [4], the VKI experiments and DNS [25], the HLB
experiments [17], and the AEDC tunnel B experiments [22]. These cases have freestream Mach numbers high enough
to be dominated by the second mode, but not so high as to eliminate the relevance of the first mode entirely. This
supports the findings of Franko and Lele [3], who observed that heat transfer overshoot was most pronounced in the
case of oblique first mode breakdown in their DNS of a hypersonic flat plate boundary layer. The implications of this for
the present correlation are twofold. First, the number of cases for which overshoot can be observed and used in the
training database is small, and second the correlation for overshoot should include some gating mechanism to exclude
cases with high Mach number, low Mach number, and small wall-to-stagnation temperature ratios.

The approach to the development of the correlation begins with the development of a baseline correlation for straight
cone configurations with zero pressure gradient. These correlations were developed manually by identifying variable
groupings which produce good visual collapse of the data based on the expectations established from the previous
literature [32]. These correlations were then adjusted by tuning the individual constants so as to minimize the mean
error between the collapsed data and a least-squares fit of the experimental data based on the manually determined
independent variable groupings. A small number equations, those for the overshoot parameters were chosen based on
different criteria, and these exceptions are discussed as they appear. The straight cone correlation for Δ𝑅𝑒1 takes the
form,

Δ𝑅𝑒1 = 1.9571 × 10−24𝛼3
𝑡 ,1 − 1.55034 × 10−13𝛼2

𝑡 ,1 + 1.5113 × 10−3𝛼𝑡 ,1 − 6.6725 × 103, (8)

where
𝛼𝑡 ,1 = 𝑅𝑒∞𝑀3.43

∞ (𝑇𝑤/𝑇𝑡𝑜𝑡 )0.42. (9)

For adiabatic cases, the laminar recovery factor of 0.84 is assumed for surface temperature. Because 𝑥1 is a known
quantity, and 𝑅𝑒1 can be calculated based on freestream parameters, it can be used as an input for subsequent correlations.
For cases with high Reynolds number and high Mach number, the value of Δ𝑅𝑒1 is limited to 2.25×106. The first
exponent is then calculated as

𝜂1 = 0.0034[(Δ𝑅𝑒1/𝑅𝑒𝑜𝑛𝑠𝑒𝑡 )1/2𝑅𝑒∞𝑀2
∞ (𝑇𝑤/𝑇𝑡𝑜𝑡 )]0.28198 (10)

and the overshoot parameter is calculated as

𝐶𝑜𝑣 = max[min[1.0, 3.0047 × 10−10 (𝑅𝑒∞𝑀3
∞) − 0.5907], 0.0], (11)

for cases which satisfy
3.5 < 𝑀∞ < 10.0. (12)

For cases outside of this domain, 𝐶𝑜𝑣 = 0. This limiter seeks to eliminate cases without sufficient amplification of the
1st mode to induce overshoot, following the findings of Franko and Lele and consistent with the trends observed in the
present database. Future work will seek to combine the present model with previous work relating to the prediction of
critical N-factors for second mode instabilities and establish a relationship for determining the possibility of overshoot
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in a given test case based on the ratio of the first and second mode N-factor at the point of transition. Such an approach
could be expected to be slightly more robust than the present limiter in that it could also capture the effects of other
features such as nose bluntness and wall-to-freestream temperature ratio.

(a) Fit for 𝜂1 (b) Fit for Δ𝑅𝑒12

(c) Fit for 𝐶𝑜𝑛

Fig. 5 Visualizations of the intermittency parameters, 𝜂1, ΔRe1, and 𝐶𝑜𝑣 which govern the intermittency curve
exponent, intermittency zone width, and degree of overshoot. Curves reflect limiters imposed to manage the
effects of extrapolation beyond the current database for training.

The collapse of the data used to develop Eqs. 8 - 12 are provided in Fig. 5. It is observed that the correlation for
𝜂1 exhibits more scatter than the other two. The predictions of the present model were found to be less sensitive to
this parameter provided that Δ𝑅𝑒1 is appropriately predicted. For example, Fig. 6 highlights the two cases with the
largest overestimation and underestimation of the value of 𝜂1 determined by the algorithm. These two cases correspond
respectively to the CUBRC LENS case (where the correlation predicts 𝜂1 = 0.412 instead of 0.211) and one of the AEDC
Mach 10 cases (where the correlation predicts 𝜂1 = 0.879 instead of 1.016). As can be seen in Fig. 6, provided adequate
estimation of Δ𝑅𝑒1, adequate estimation of the transition zone characteristics is still possible. For the Tunnel 9 case
visual agreement with the experiment is observed in both cases, and, for the CUBRC LENS case, transition-induced heat
transfer rise occurs slightly earlier than in the experiment but the transition zone slope still approximates the experiment.

The final two parameters, Δ𝑅𝑒2 and 𝜂2 are only applicable for cases with a significant overshoot, and therefore only
those cases can be used to tune the correlations for these parameters. Based on this subset of the training database, the
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(a) AEDC Tunnel 9 (c) CUBRC LENS

Fig. 6 Surface heat transfer profiles calculated using 𝜂1 values calculated via the black-box algorithm as
compared to those calculated with Eq. 10 for the two cases for which these two values showed the largest
differences. The two cases are the AEDC Tunnel 9 Mach 10 cone, and the CUBRC LENS Mach 10 cone.

final two parameters are calculated as

𝜂2
𝜂1

= tanh[2.464 × 10−7 (𝑅𝑒∞ − 1545891)] + 1.02, (13)

and
Δ𝑅𝑒2 = Δ𝑅𝑒1. (14)

These relationships are visually demonstrated in Fig. 7. A minimum permissible value of 𝜂2
𝜂1

= 0.02 is recommended
to eliminate the possibility that, for some low Reynolds number cases with overshoot, unreasonably small values of
𝜂2 might otherwise lead the model to overpredict the turbulent heat transfer for a significant portion of the domain.
This limit is enforced implicitly via the use of the hyperbolic tangent fit. Notably, Eq. 14 is the only relationship in the
present model not based on a least-squares fit, and was instead chosen to simplify the model by reducing the number of
quantities that must be calculated, and because the simple equivalence produces good predictions for most test cases.

In addition to Eq. 9, additional shorthand nomenclature is introduced to clarify the visualizations included in this
work. These are

𝛼𝑡 ,1 = (Δ𝑅𝑒1/𝑅𝑒𝑜𝑛𝑠𝑒𝑡 )1/2𝑅𝑒∞𝑀2
∞ (𝑇𝑤/𝑇𝑡𝑜𝑡 ), (15)

and
𝛼𝑡 ,3 = 𝑅𝑒∞𝑀3

∞, (16)

for ground test cases and
𝛼1, 𝑓 = 𝑅𝑒∞𝑀1.55

∞ , (17)

and
𝛼2, 𝑓 = (Δ𝑅𝑒1/𝑅𝑒𝑜𝑛𝑠𝑒𝑡 )𝑀3.8

∞ (18)

for flight cases.

2. Correlation based on Straight Cones in Flight
Evaluating the intermittency characteristics of flight test experiments for supersonic and hypersonic flight test

cases can be a challenge due to the lack of available data. This can present a problem both in terms of the number of
reference test cases available– there have been significantly fewer flight test experiments than ground test campaigns for
hypersonic flows, and in terms of the ability of a data set to be used in the development of a correlation– flight test data
often has high associated uncertainty. Despite these challenges, two flight test campaigns are examined here in order to
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(a) Fit for 𝜂2 (b) Fit for Δ𝑅𝑒2

Fig. 7 Visualizations of the secondary intermittency parameters, 𝜂2 and ΔRe2, that are only valid in cases with
significant overshoot of experimental heat transfer.

develop a baseline correlation for flight test cases. One of the goals of this exercise is to develop an understanding of the
differences between the intermittency distributions between ground and flight test cases. Neither of the two flight test
campaigns exhibited overshoot, although uncertainty in the experimental data means that overshoot could be inferred if
preferred. The approach taken in the present study was to infer overshoot only in cases where the evidence for it is clear.
Based on the limited data available data, the correlations for the flight test cases are found to be,

Δ𝑅𝑒1 = min[max[0.568(𝑅𝑒∞𝑀1.55
∞ ) + 1.0609 × 107, 1 × 105], 1.75 × 107] (19)

and
𝜂1 = min[max[−0.0266[(Δ𝑅𝑒/𝑅𝑒𝑜𝑛𝑠𝑒𝑡 )𝑀3.8

∞ ] + 1.6545, 0.1], 1.25] . (20)

These relationships are shown in Fig. 8

(a) Fit for 𝜂1 (b) Fit for Δ𝑅𝑒12

Fig. 8 Visualizations of the preliminary correlation for flight test cases based on the HIFiRE-1 and LaRC free
flight experiments. For the preliminary correlation, potential turbulent overshoot of experimental heat flux is not
considered.
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It is notable that the behavior observed for Δ𝑅𝑒1 is similar to that observed in the same Mach number range for the
ground test cases. In both, Δ𝑅𝑒1 is found to increase with increasing Mach number and Reynolds number. However, the
exponent parameter, 𝜂1, displays the reverse relationship to that observed in the ground test cases. In the ground test
cases, 𝜂1 is found to increase with increasing Mach number and Reynolds number, whereas for the flight data it is found
to decrease with these parameters. Because there is less data available for flight tests, the preliminary correlation for
flight test cases utilizes limiters on both quantities to ensure reasonable predictions outside of the training database.

It is possible that the intermittency parameters for general applications could be calculated using a single correlation
by including either the N-factor at transition or the freestream disturbance level as inputs to the correlation. For Mack’s
second mode, the transition N-factor in conventional ground test facilities is usually approximately 4 [15] whereas
investigation for flight test cases has found transition N-factors closer to 15 [35]. If the same trends hold for Mack’s first
mode, this could provide a basis for such a combination. It is also noteworthy that the intermittency parameters for
the HIFiRE-1 test case are similar to those for cases with similar Mach number, but the LaRC free flight data exhibit
transition zone widths much larger than any other test case included. This suggests that attempting to divide the training
database on the basis of which mode is more amplified at transition rather than based on freestream noise level may
yield further insights. Both of these possibilities will be explored in future work that plans to explore the N-factor for
first and second mode at the transition onset location as inputs to a potential improved correlation.

3. Evaluation Cases
The efficacy of the correlation is evaluated by applying its predictions for an independent set of test cases. These are

the Mach 6 straight cone experiments of Grossir et al. [25] and the Mach 8 straight cone case corresponding to the
virtual tunnel DNS of Schaubb et al. [30]. Each evaluation case corresponds to a different freestream Reynolds number,
ranging from 1.22×107 to 2.71×107/m. Similar to the training database, the transition onset location is presumed to be
known in these cases. Based on this information, the intermittency parameters are evaluated with the intermittency
correlations from Eqs. 8 - 14 and the resulting simulation is used to predict the heat transfer profile in the transition
zone. The results of these test cases are presented in Fig. 9. Observe that the agreement with the experimental data
is significantly improved as compared to the baseline intermittency relationship corresponding to the methodology
outlined in Ref. [9]. The experimental data exhibit a tendency to decrease more rapidly than is predicted by CFD in
the fully turbulent region, and so the agreement between the CFD and experiments tends to decrease downstream of
transition. This phenomenon was observed in some instances in the training database as well, including for cases without
the modification to SA used in the present case. These discrepancies are likely due to limitations of the underlying
RANS model for hypersonic flows and/or due to the relatively modest length of the turbulent region on the experimental
model. Therefore, this behavior cannot be corrected via a modification to the transition region, and it is not of focus in
the present work. Discounting this phenomenon, the agreement between the experimental data and CFD is found to be
qualitatively good in all cases, including those with overshoot. Some degree of overshoot is predicted in all four of these
evaluation cases, although for the Fig. 9(c), the Re∞ = 1.81×107/m case, the flow reaches the end of the cone before
overshoot occurs. For the case that shows the largest disagreement between the experiment and predicted heat transfer
values, the Re = 2.71×107/m case, agreement could be improved by slightly increasing the transition zone length and
increasing the transition zone exponent 𝜂1. The unit Reynolds number of this case is larger than any other case included
in the training database, and so it is not surprising that this case also corresponds to the largest error of the evaluation
cases. It is also noteworthy that the virtual tunnel DNS case predicts substantial overshoot, and the heat flux is still
substantially larger than the reference turbulent value at the end of the domain simulated for this test case. The heat
transfer calculated based on the DNS result is shown to converge to the van Driest solution at approximately x = 500
mm in Ref. [30], and the fully turbulent SA solution is found to under-predict the turbulent heat transfer in the same
region as compared to the DNS. The present transitional solution is found to produce good agreement with the DNS,
and while it does not reach the baseline turbulent value by the end of the domain, the difference between the heat transfer
calculated by the correlation and the DNS is small.

IV. Conclusions and Future Work
Previous work has demonstrated the feasibility of laminar-turbulent transition prediction in canonical hypersonic

flows using coupled CFD-stability analysis [9]. However, despite the potential of this method, the hypersonic regime
presents specific challenges for the method which are not present for lower-speed flows. Namely, the critical N-factor
for transition and intermittency evolution across the transition zone have been thoroughly studied for subsonic and
transonic flows, and models identified from the existing literature have been shown to produce good results at low-speeds
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(a) M= 6.0, Re = 2.71×107 (b) M= 6.0, Re = 2.28×107

(c) M= 6.0, Re = 1.80×107 (d) M= 8.0, Re = 1.22×107

Fig. 9 Transition predictions based on computations corresponding to the experiment of Grossir et al. [25]
carried out in the VKI Longshot facility and the virtual tunnel DNS of transition over a 7-degree half angle cone
at Mach 8 [30]. Intermittency is calculated using (a) the baseline intermittency model from previous coupled
analysis [9] and (b) the correlation developed herein. The correlation is found to significantly improve the
agreement with the experiment as compared to the baseline model.

[8, 10]. This is not the case for hypersonics. As such, models for predicting the critical N-factor at transition and the
intermittency characteristics of the transition zone are necessary for coupled CFD-stability analysis to be of practical
use. Previous work by the authors demonstrated a correlation for the critical transition N-factor which produced good
agreement with experimental data for canonical configurations studied in conventional hypersonic ground test facilities
[15]. That correlation was designed to use input parameters that are often accessible using RANS CFD, including the
facility disturbance level, the freestream flow parameters, and simple geometric inputs such as the leading-edge or nose
radius. The present paper complements that work by presenting a correlation for the intermittency evolution.

A data-driven correlation to predict the intermittency distribution for use with coupled RANS-stability transition
prediction has been developed. This new correlation relies on a modification to the implementation of the SA turbulence
model in OVERFLOW to allow for larger freestream values of 𝜇𝑇 without negatively impacting the laminar boundary
layer upstream of transition. This correlation is trained on a library of canonical ground and flight test cases selected
from the available literature. The intermittency parameters in the training database are identified via a black-box
algorithm which seeks to identify the intermittency parameters that minimize the relative error in surface heat transfer
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between the experimental data from selected test cases used for model training and the corresponding CFD simulations.
Based on this training data, a correlation has been developed for canonical ground test cases along with a preliminary
correlation for flight test data. The ground test correlation is shown to produce significant improvements in transition
zone heat flux as compared to experiments for four additional ground test cases.

The primary correlation developed in this work, which is based on ground test facility data for supersonic and
hypersonic canonical configurations, is based on the computational intermittency function

𝛾 = (1 + 𝐶𝑜𝑣) (1 − 𝑒𝑥𝑝(−𝜂1𝜁
2
1 )) − 𝐶𝑜𝑣 (1 − 𝑒𝑥𝑝(−𝜂2𝜁

2
2 )), (21)

whose constants are determined as correlations of the flow and transition parameters. The nondimensional transition
zone width, necessary to calculate the coordinates 𝜁1 and 𝜁2 is calculated as

Δ𝑅𝑒1 = 4.20465 × 10−26𝛼3
𝑡 ,1 − 7.80382 × 10−15𝛼2

𝑡 ,1 + 3.18556 × 10−4𝛼𝑡 ,1 + 1.75343 × 105, (22)

where
𝛼𝑡 ,1 = 𝑅𝑒∞𝑀3.43

∞ (𝑇𝑤/𝑇𝑡𝑜𝑡 )0.42. (23)
The primary transition exponent 𝜂1 is then calculated as

𝜂1 = 0.0034[(Δ𝑅𝑒1/𝑅𝑒𝑜𝑛𝑠𝑒𝑡 )1/2𝑅𝑒∞𝑀2
∞ (𝑇𝑤/𝑇𝑡𝑜𝑡 )]0.28198 (24)

and the overshoot parameter is calculated as

𝐶𝑜𝑣 = max[min[1.0, 3.047 × 10−10 (𝑅𝑒∞𝑀3
∞) − 0.5907], 1.0], (25)

which is only considered for cases that satisfy

3.5 < 𝑀∞ < 10.0. (26)

For cases with nonzero values of 𝐶𝑜𝑣 ,
𝜂2
𝜂1

= tanh[2.464 × 10−7 (𝑅𝑒∞ − 1545891)] + 1.02, (27)

and
Δ𝑅𝑒2 = Δ𝑅𝑒1. (28)

For cases where 𝐶𝑜𝑣 ≈ 0, Eqs. 27 and 28 can be omitted, as these parameters have no influence on the distribution of 𝛾.
This correlation, combined with the modification to the implementation of the SA turbulence model has been

demonstrated to provide significant improvements to visual agreement with experimental heat transfer data in the
transition region for high-speed ground test cases. This correlation also provides a basis to estimate the degree of
transition overshoot which can be expected in hypersonic flows for which it is valid. Future work will seek to expand the
set of flows for which the correlation is applicable, integrate additional information accessible in a coupled CFD-stability
context to the correlation to improve its accuracy, and explore combining the existing ground and flight test correlations
into a single relationship.

The next planned step in the advancement of the present work will be an examination of the influence of pressure
gradient on transition zone characteristics for ground test facilities, utilizing the flared cone experiments of Kimmel et
al. [29] as a basis for these insights. Future work will explore the possibility of improving the present correlation via the
inclusion of the transition N-factor or other parameters, as well as potentially adding additional test cases to increase
the confidence in the flight test correlation. The application of the present model to SST-based transition prediction
will be explored, and a similar model specifically intended for use with SST may be developed. The low-Reynolds
number cases will be supplemented so as to disambiguate the influence of Reynolds number and pressure gradient.
Additionally, there is potential for additional data to increase the predictive capability of the present correlation, and
cases with multi-mode transition (such as the BOLT) configuration could be considered in follow-on work.
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