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Entry Aerothermodynamics
• Review of basic fluid parameters
• Heating rate parameters
• Stagnation point heating
• Heating on vehicle surfaces
• Slides from 2012 NASA Thermal and Fluids Analysis 

Workshop: https://tfaws.nasa.gov/TFAWS12/Proceedings/ 
Aerothermodynamics%20Course.pdf

1

© 2024 University of  Maryland - All rights reserved 
http://spacecraft.ssl.umd.edu

http://spacecraft.ssl.umd.edu


Entry Aerothermodynamics 
ENAE 791 – Launch and Entry Vehicle Design

U N I V E R S I T Y  O F
MARYLAND

Entry Heating Background
• Orbital energy of 32 MJ/kg would melt any material if it were 

entirely internalized
• Spacecraft kinetic energy on entry is almost entirely dissipated 

by heating the atmosphere as it decelerates
– Dependent on vehicle shape, size, and trajectory
– Near peak heating, 1%-5% of thermal energy transferred to spacecraft
– Example: Mars Pathfinder peak heat flux was 4000 W/cm , but only 

about 110 W/cm  was transferred to heat shield surface
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• Energy density 

• Note that water boils at 2.3 W/cm  
Carbon vaporizes at 60.5 W/cm  

• In each case  is about 1% of total
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Perspective on Heating Rate
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Earth-Based Testing of Entry Aerothermodynamics
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2012 NASA Thermal and 
Fluids Analysis Workshop
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Sharp vs. Blunt Entry Bodies
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Low drag, highly maneuverable High drag, not very maneuverable
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Advantages of Blunt Entry Bodies
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• Strong shock waves
• Efficient energy dissipation
• Shck waves convert kinetic 

energy to internal energy
• Most of the energy 

convected to vehicle wake 
rather than vehicle surface

• Blunter is better!
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Hypersonic Flow Field around an Entry Vehicle
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Ivey et.al., “Comparison of PLIF and CFD Results for the Orion CEV RCS Jets”AIAA 2011-713
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Blunt Body Rationale
• Normal shock heats gas to thousands 

of degrees
• Much of the heat is conducted into the 

vehicle wake and propagated 
downstream – creates dissociation, 
ionization

• Velocity perturbation persists long 
downstream of the vehicle
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Definitions
• Heat rate  – instantaneous heat flux at a point on the vehicle 

<W/cm >
• Heat load  – integration of heat rate with time over a trajectory 

<J/cm >
• Convective heating – heat flux into the vehicle from conduction 

( )
• Catalytic Heating – heat flux to the vehicle via chemical reactions 

facilitated by surface; usually lumped in with convective heating
• Radiative hearing – heat flux to the vehicle from radiation 

produced by heated molecules in shock layer
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Stagnation Point Convective Heat Transfer Theory
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Stagnation Point Convective Heat Transfer Theory
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• Early correlations for convective heating have the form

• Why?
• At first thought, might expect heat flux to the surface to be 

proportional to freestream energy flux 

• From previous discussion, we would expect heat flux to 
decrease as bluntness ( ) increases, but what’s the actual 
relationship?

1
2

ρV3

Rnose

qs ∼ V3 ( ρ
Rnose )

1
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Aerothermodynamic Heating
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q ≡  heating rate per unit area ⟨J/sec/m2⟩
q ≡

dQ
dt

= k (Tr − Tw)
k ≡  convective heat transfer coefficient ⟨ J

m2 sec K ⟩
Tr ≡  recovery temperature ⟨K⟩
Tw ≡  wall temperature ⟨K⟩

Tr = T∞ (1 +
γ − 1

2
M2)
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Wall Temperature
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Twℓ ≡  local wall temperature 

(Tr − Tw)ℓ
= (T∞ − Twℓ) + T∞

γ − 1
2

M2

For high Mach numbers,

(Tr − Tw)ℓ
= Tr − Twℓ ≅ T∞

γ − 1
2

M2
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Mach Number Manipulation
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By definition,

M2 =
V2

a2
=

V2

γRT

M2T =
V2

γR
=

V2

(cp/cv) (cp − cv)
=

V2

cp(γ − 1)

Tr − Twℓ =
V2

2cp
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Prandtl Number

19

Pr = μ
cp

K

 where cp ≡  specific heat at constant pressure 

K ≡  thermal conductivity 

μ ≡  viscosity 

Pr ∝
 frictional dissipation 
 thermal conduction 

Pr ≈ 0.715 for air at standard conditions 
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Sutherland’s Law (empirical)
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Viscosity depends on temperature

μ
μref 

= ( T
Tref )

3/2
Tref + S
T + S

 for air: μref = 1.789 × 10−5 kg
m ⋅ sec

Tref = 288 K
S = 110 K

⟹  good to several thousand degrees
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Stanton Number
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Applies to boundary layer problems

ST =
qw

ρeve (Haw − Hw)
H ≡  enthalpy = cpT for perfect gas

Hw =  enthalpy at the wall
Haw =  enthalpy at an adiabatic wall

 for Haw, ( ∂T
∂z )

w
= 0
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Approximating Haw
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Ho = He +
u2

e

2
⟸  total enthalpy at edge of boundary layer 

Haw = He + r
u2

e

2
r ≡  recovery factor

Haw = He + r (Ho − He)
 for incompressible flow, r ≈ Pr = 0.845 for air @ STP

r only decreases 2.4 %  from M = 0 to M = 16
⟹  fairly constant!
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Reynold’s Analogy
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Relates the convective heat transfer coefficient k to the
local skin friction coefficient

cfℓ = τw
ρ∞

2
V2

τw ≡  local wall stress ⟨Pa⟩

k =
1
2

cfℓcpℓρℓVℓ

Q ≡  total heat transfer rate 
Q = ∫Swet

qds = ∫Swet

k (Tr − Tw) ds
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Reynold’s Analogy (2)
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ST

cf
=

1
2

Pr
−2/3

cf ≡  skin friction coefficient 

 since Pr ≈ 1, ST ≈
cf

2
⟸  Reynold's Analogy 
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qr ∼ r1.0
n ρ1.6

∞ V8.5
∞

qr = Cira
n ρm

∞ fi (V∞)
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Distributed Heating on a Sphere
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Distributed Heating on a Sphere (2)
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Local Similarity – Flat-Faced Cylinder
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Distributed Heating - Flat-Faced Cylinder
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Distributed Heating – Approximate Methods
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Trajectory Effects
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Intuition Check 1
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Intuition Check 2
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Allen-Eggers Trajectory Equation
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Allen-Eggers Trajectory Equation (2)
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Allen-Eggers Trajectory Equation (3)
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Allen-Eggers Trajectory Equation (4)
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Heat Load
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Heat Load (2)
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Heat Rate vs. Heat Load
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Intuition Check 1
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Intuition Check 2
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Mars Entry Heating Example
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Mars Entry Heating Example
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Equilibrium Glide Entry
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Numerical Example: MER
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Other Trajectory Effects
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Orbiter Thermal Imagery
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CFD Process for Entry Vehicle Design
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Aerothermal Modeling Needs for Entry
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Transition and Turbulence
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Turbulence and Surface Roughness
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Surface Catalysis
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Afterbody Heating



67

Singularity Heating
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Shock Layer Radiation
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Flowfield-Radiation-Ablation Coupling
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TPS-Boundary Layer Interaction
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TPS-Boundary Layer Interaction (2)
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Shape Optimization
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Validation: AS-202 Flight Data
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Flight Data: MER-B Heatshield
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Flight Data: MEDLI


