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Hypersonic Boundary Layer Transition and Heat Transfer

STS-107  - Space Shuttle Columbia 2



Thermal Imaging of Space Shuttle Orbiter (STS – 119), 
Reproduced from Horvath et al., 2010 3

Hypersonic Boundary Layer Transition and Heat Transfer
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Increased Heating from Hypersonic Boundary Layer Transition

STS-119, Reproduced from Wood and Oliver (2011)



5

Basic Understanding of Hypersonic Boundary Layer Transition

Reproduced from Saric et al., 2002Reproduced from Zhong and Tatineni, 2003
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Challenges in Predicting Hypersonic Boundary Layer Transition

John Anderson on Predicting Hypersonic Transition [2006]

“To date, no theory exists for the accurate prediction of ReT; any knowledge 
concerning its value … must be obtained from experimental data. If the 
desired application is outside the existing database, then an estimate of ReT
is essentially guesswork”

𝑅𝑅𝑅𝑅𝑇𝑇 = 𝑓𝑓 𝑀𝑀𝑒𝑒 ,𝜃𝜃𝑐𝑐 ,𝑇𝑇𝑤𝑤 , 𝑚̇𝑚,𝛼𝛼, 𝑘𝑘𝑅𝑅,𝐸𝐸,
𝜕𝜕𝑝𝑝
𝜕𝜕𝜕𝜕 ,𝑅𝑅𝑁𝑁,

𝑅𝑅∞
𝑚𝑚 ,

𝑥𝑥
𝑅𝑅𝑁𝑁

,𝑉𝑉,𝐶𝐶,
𝜕𝜕𝑤𝑤
𝜕𝜕𝜕𝜕 ,𝑇𝑇0, 𝑑𝑑∗, 𝜏𝜏,𝑍𝑍

William Saric on Hypersonic Transition Theory [2013]
“A transition prediction scheme is just beyond the horizon. [The horizon is 
defined] as an imaginary line that continually recedes as you approach it”

Physics-based approach for the theory required. Need validation with 
experiments
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Planar Laser-Induced Fluorescence (PLIF)

Tunable Laser

Laser sheet 
excites molecules

Excited molecules 
fluoresce

Gas flow

Ground state

Excited state

LIF ~ nNO

CCD camera 
detects

PLIF image from Danehy et al., 2010



Temperature measurements from PLIF for high-speed flows

 Examples in literature of using PLIF to obtain spatially-
resolved temperature maps in high Mach number flows:

Palma, 1999:
Estruch-Samper, 2014

Fig. NO-PLIF thermometry on a cylinder experiment
(approximately Mach 7) 8Fig. Toluene-PLIF thermometry

(approximately Mach 9)



 How well does ratio PLIF thermometry work in NASA’s 31” 
Mach 10 facility?

 Can the challenges associated with saturation and absorption 
be addressed to improve accuracy?

 Are there other challenges that are not immediately 
apparent?
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Questions



Research Objectives

1. Measure temperature throughout a laminar hypersonic 
boundary layer using NO PLIF

2. Compare temperature measurements against 
computational fluid dynamics (CFD) simulations

3. Determine limitations and potential for applying technique 
to more complicated flows 
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31” Mach 10 Facility
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20 Degree Wedge Model
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Expected Temperature Field from CFD
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OpenFOAM Simulation of the Mach 10 Flow



Experimental Design – Laser Set-Up

Mach 10 flow

Laser plane

Nitric Oxide (NO) seeding slot

20o
Imaging region

Hypersonic 
boundary layer
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Experimental Design - Images & Spectra

Mach 10 
flow

Laser plane

NO seeding slot

20o
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Experimental Design – Transitions

- 6 transitions were excited 
in this experiment

- These transitions were 
overlapped, forming 3 
transition pairs
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Analysis Methods - Temperature effects on nitric oxide 
transitions 

 The amount of emitted radiation from each transition is sensitive to 
temperature:

— Spectral width: Doppler broadening
— Relative amplitudes: Boltzmann fraction

T = 250K
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Note: Spectra generated using LifBase
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Ratio Thermometry from LIF Signal Equation

𝑆𝑆𝑓𝑓 = 𝜒𝜒𝑁𝑁𝑇𝑇𝐵𝐵12
𝐹𝐹𝑏𝑏
𝑍𝑍
𝐼𝐼𝐼𝐼Φ𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉

Ω
4𝜋𝜋

𝜂𝜂

𝑆𝑆𝑓𝑓,2

𝑆𝑆𝑓𝑓,1
=

𝜒𝜒𝑁𝑁𝑇𝑇𝐵𝐵12
𝐹𝐹𝑏𝑏
𝑍𝑍 𝐼𝐼𝐼𝐼Φ𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉

Ω
4𝜋𝜋 𝜂𝜂 2

𝜒𝜒𝑁𝑁𝑇𝑇𝐵𝐵12
𝐹𝐹𝑏𝑏
𝑍𝑍 𝐼𝐼𝐼𝐼Φ𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉

Ω
4𝜋𝜋 𝜂𝜂 1

𝑆𝑆𝑓𝑓 = 𝜒𝜒𝑁𝑁𝑇𝑇𝐼𝐼
Φ
𝑍𝑍 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑉𝑉

Ω
4𝜋𝜋 𝜂𝜂

4ln(2)
𝜋𝜋 Δ𝐷𝐷2 + Δ𝐿𝐿2

𝐵𝐵12𝐹𝐹𝑏𝑏𝑒𝑒
−4 ln 2 𝜈𝜈−𝜈𝜈0

Δ𝑊𝑊
2 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑊𝑊𝐴𝐴

General steady-state fluorescence 
equation (unsaturated)

Ratio of 2 transitions

Main temperature sensitivity from 
Boltzmann factor (want a range of J”)

Simpler form of LIF 
equation for thermometry 
calculations

Scaling factor Spectral Peak Method (SPM)

=
𝐵𝐵12𝐹𝐹𝑏𝑏𝐺𝐺 2
𝐵𝐵12𝐹𝐹𝑏𝑏𝐺𝐺 1



Other Thermometry Methods Developed and Assessed
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Method Fit Equation Description

SPM - Fits the temperature dependence in 
Boltzmann factor Fb

DBM - Fits temperature dependence in the 
widths of the transitions, known as 
Doppler broadening Δ𝐷𝐷

FSFM - Fits for temperature dependence of both 
Fb and Δ𝐷𝐷

SPMWCM
- Uses the SPM algorithm along with a 
saturation correction method. Width 𝛾𝛾𝑠𝑠 is 
measured and used as correction factor

SPMMAX
- Uses SPM algorithm along with a 
saturation correction method. Maximum 
saturation is assumed (Danehy 2015).



Analysis Methods - Temperature Fitting

 Fit spectra for temperature using 5 different models

Temperature fit models:

- SPM

- DBM

- FSFM 

- SPMWCM

- SPMMAX

SPM Temperature = 355KIncreasing Physics
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Results – SPM temperature measurement
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Boundary layer temperature profile (X = 85mm)

Y 
-P

os
iti

on
21Large discrepancy at the wall



Near Surface Temperature Correction

 McDougall et. al., 2018.
— Method to correct for surface temperature using NO-PLIF heat flux 

measurement:
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Comparison of Temperature from Experiment (SPM) and CFD
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Results – All Methods at x=85 mm
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Results Summary

Boundary Layer Region Temperature Relative Error Range (%)

y < 0.3mm 7.7 – 15.2

0.3 mm < y < 2.2 mm 3.5 – 4.5

y > 2.2 mm Unquantifiable
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 Good agreement with CFD in most of boundary layer
— Discrepancy at wall
— Discrepancy at BL edge

 Fluorescence reflection of off wind-tunnel walls is potential source 
of error

 More detailed uncertainty/sensitivity analysis required (e.g., 
saturation, absorption, and surface temperature)

 Independent surface temperature measurement is desired (e.g., 
TSP)

 Multiple runs with varying laser energy would be helpful in 
addressing saturation effects

 Extract additional quantities from the PLIF data (e.g., mole fraction, 
heat flux, pressure)
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Conclusions and Recommendations for Future Work
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Backup – Profile x=60 mm
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Backup – Profile x=110 mm
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Backup - Fluorescence Reflection as Potential Source of Error
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Rear Wall

Fluorescence 
Region

Diffuse reflection

Fluorescence 
reflected back to 
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Analysis Methods - Model Descriptions

 Spectral Peak Method (SPM)
— Based on Palma 1999.
— Fits temperature dependence in the Boltzmann fraction term in the fluorescence equation.

 Doppler Broadening Method (DBM)
— Based on Inman et. al. 2013.
— Fits the temperature dependence in the Doppler broadening term in the fluorescence equation.

 Full Spectra Fit Method (FSFM)
— Based on Palma 1999, and Inman et. al. 2013.
— Combines the theory behind the above methods.

 SPM – Width Correction Method (SPMWCM) 
— Based on Palma 1999. 
— SPM with saturation correction by measurement of relative width differences.

 SPM – Maximum Saturation Method (SPMMAX)
— Based on Palma 1999, and Danehy et. al. 2015.
— WPM with maximum saturation assumed.
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Backup – Fluorescence Equation and Nomenclature
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Fluorescence Equation:
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