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Abstract*  
 
 A computational study to estimate the heat load on 
a projectile fin under hypersonic flight conditions is 
described whose ultimate goal is that of predicting the 
final shape of the melted fin.  Steady (point-trajectory) 
Navier-Stokes methodology was utilized to obtain the 
heat transfer to the fin.  Heat flux variation with 
trajectory was estimated by scaling with the 
decelerating projectile's velocity.  A transient three-
dimensional heat conduction analysis of the fin yielded 
the temperature distribution as well as an estimate of 
the melted shape. 
 

Introduction 
 
 Current and future generation artillery concepts 
present greater demands on projectile design.  Non-
conventional projectile configurations launched at 
hypersonic velocities will result in additional design 
difficulties not found in slower, conventional 
projectiles.  One technology area which must be 
addressed is the increased aerodynamic heating of the 
projectile surfaces and the corresponding material 
response.  Depending on the type of material utilized, 
ablation/melting may occur which could alter the 
projectile shape and have an adverse impact on 
performance such as range and/or accuracy. 
 In an effort to study such issues, flight test data, 
including ablation effects, were obtained for two 
hypersonic research projectiles by researchers at DRE 
in Canada [1].  One of these projectiles, referred to as 
CAN3, was designed with eight fins, and utilized to 
examine the effects of fin ablation.  The details of the 
tests can be found in Reference 1.  The effort described 
herein entails the computational study of the CAN3 
projectile with an emphasis on calculating the heat 
transfer to the fin for one of the higher velocity flight 
tests described in Reference 1. 
 

Numerical Procedures 
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 The simulation of the flowfield was performed 
utilizing the CRAFT Navier-Stokes code, which uses a 
finite-volume, Roe/TVD based algorithm and implicit 
numerics.  Turbulence is modeled via the two-equation 
kε model and several thermochemistry options are 
available.  Details of the numerical formulation and 
features of CRAFT can be found in References 2 and 3.  
Key aspects of the analysis entailed dealing with 
resolution of the thermal boundary layer on the fin 
face. The temperature distribution within the projectile 
fin was obtained by solving the transient heat 
conduction equation utilizing the same finite-volume 
based numerics as in CRAFT.  The heat conduction 
equation is solved in internal energy form rather than 
in temperature form and a curve fit of energy vs. 
temperature, obtained from the JANAF Tables [4] for 
the fin material (Aluminum), was incorporated into the 
code.  This is inverted to yield the temperature 
distribution for the computed energy distribution.  This 
formulation allows for the simulation of the material 
phase change from solid to liquid since internal energy 
is a continuous function.  The boundary condition on 
the fin surface for the conduction analysis is the 
transient heat flux obtained from the Navier-Stokes 
flowfield solution which in turn utilizes the surface 
temperature from the conduction solution.  The surface 
temperature on the fin front face is uniform at the 
phase-change value for most of the analysis. 
 
Preliminary Approach 
 The objective of this study was the estimation of 
the final melted shape of the fins on a CAN3 projectile 
to be corroborated by flight test data.  The projectile 
configuration of interest is a cone-cylinder-flare with 
fins as described in Reference 1.  The projectile 
trajectory of interest (where temperatures could 
produce melting effects) had an initial velocity of 2300 
m/s (Mach 7) and a final velocity of 1392 m/s (Mach 4) 
at approximately  270 milliseconds.  The ambient 
conditions were taken to 292˚K at 1 atm.  Perfect gas 
(γ = 1.4) approximations were utilized. 
 The most ambitious approach for the solution of 
this problem would entail a time-accurate analysis of 
the coupled fluid dynamic/heating-melting problem 
with sufficient grid resolution such that the heat 
transfer is accurately predicted, and, with shape 
change effects due to melting accounted for 
dynamically.  The CRAFT Navier-Stokes code2,3 was 
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utilized for this effort since it has these requisite 
capabilities, but CPU requirements for a full three-
dimensional solution over an extended time-interval 
such as this precluded such an approach.  Rather, point 
(steady) CFD solutions at selected points along the 
trajectory were deemed to suffice in representing the 
fluid dynamic solution for the levels of deceleration of 
this problem.  
 For a steady CFD solution of a hypersonic heating 
problem involving complex flow separation, it is 
reasonably well established that: 
(1) full Navier-Stokes methodology is 

required; 
(2) the near-wall viscous structure must be 

resolved to heat transfer accuracy (y+ 
< .1) and cannot be well approximated 
via wall function relations; and, 

(3) at minimum, a two-equation turbulence 
model such as kε is required to analyze 
the separated flow region. 

 
The ability of the CRAFT Navier-Stokes code to 
adequately predict hypersonic flowfields with 3D 
shock/boundary layer interactions has been 
demonstrated in previous studies, as exemplified by 
the recent comparative studies of Knight et al.5  The 
most sensitive and uncertain aspect of this study 
involves the comparisons with heat transfer data. 
 As will be described below, the performance of a 
single high-fidelity calculation of the 3D projectile fin 
flowfield is an ambitious undertaking and has required 
several levels of grid adaptation/embedding to ensure 
resolution to heat transfer accuracy.  The time/budget 
constraints on this effort permitted only one such 
calculation to be performed.  The calculation utilized 
the initial flight condition (Mach 7) and assumed the 
body temperature to be ambient (292˚K).  In essence, 
this is a worst-case scenario from a heating viewpoint, 
and, the most difficult to calculate since the cold wall 
boundary layer is extremely thin. 
 The fin heating/melting transient analysis was 
performed uncoupled from the fluid dynamic solution 
utilizing the heat flux computed on the fin surfaces as 
input.  Since heating rates were obtained at only one 
trajectory point, scaling was utilized to modify these 
rates over the 270 ms of the trajectory.  This is an 
extremely crude approximation, necessitated by the 
limited scope of this study.  Details of the 
heating/melting study are provided below and include 
the final shape of the melted fin after 270 ms. 
 

Flowfield Analysis Results 
 

 The CFD analysis for the Mach 7, Tw = 292˚K 
projectile fin at zero pitch/yaw was performed using 
the following solution sequence: 
(a) A baseline analysis of projectile without 

fins (axisymmetric solution) was 
performed.  A transition estimate based on 
Reθ/M indicated that a fully turbulent 
approximation was reasonable; therefore, 
the kε turbulence model was used over the 
entire projectile. 

(b) A baseline CFD analysis of the fin region 
was performed, initiated upstream of the 
separation onset location. 

(c) Grid adaptation/embedding was 
performed to resolve the fin-detached 
shock layer. 

 (d) An additional grid adaptation/embedding 
was performed to resolve the fin-face 
boundary layer to heat transfer accuracy. 

 The baseline computational grid used for the 
projectile analysis is shown in Figure 1.  Figure 2 
depicts predicted flowfield contours of Mach number, 
which exhibits the extent of the cold wall boundary 
layer and the interactive disturbance produced behind 
each of the two expansion corners.  The predicted 
variation of static pressure, skin friction coefficient, and 
heat transfer coefficient along the projectile surface are 
shown in Figures 3–5, respectively. 
 The computational grid on the surface of the fin is 
exhibited in Figure 6.  Contours of pressure and 
temperature in the fin region are shown in Figures 7 
and 8, respectively.  In Figure 8, the shielding effect of 
the separated zone on the temperature layer is quite 
evident.  Note that the projectile shock layer does not 
encompass the entire fin at this Mach number — the 
upper 1/4th of the fin is impacted upon directly by the 
undisturbed external stream.  Figures 7 and 8 clearly 
delineate the extent of the separation zone.  Note also 
from these contours the extent of the fin shock layer 
and the inability to see a fin-face boundary layer — it is 
very, very thin.  A contour cut of temperature at the 
face plane (Figure 9) shows some details of the trans-
verse structure (the face itself is at constant 
temperature). 
 In Figure 8, the detached shock appears reasonably 
resolved and the boundary layer is barely visible.  
Enlarging a section of this in Figure 10 shows the 
relative scales of the numerically captured detached 
shock and boundary layer indicating why several 
layers of nested grid embedding are required to 
accurately predict this region.  Using a highly 
embedded and refined grid, the boundary layer on the 
fin surface has been resolved to heat transfer accuracy 
as exhibited in Figure 11. 
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 Figure 12 exhibits the dimensional heat transfer 
rate in kW/M2 on the fin front face with a peak value 
of approximately 5.8 * 105 occurring in the vicinity of 
the separation shock impingement.  This corresponds 
to a peak Stanton number of approximately .075.  
Figure 13 shows the predicted ratio of skin friction to 
heat transfer, indicating a large variation in localized 
regions of nonequilibrium (separated zone and 
projectile shock impingement location). 
 Since the fin face heats to the melting temperature 
of the aluminum alloy (taken to be 834˚K for this study) 
quite rapidly, the fin solution was repeated using the 
melting temperature as the surface temperature.  The 
influence on skin friction and heat transfer coefficients 
is exhibited in Figure 14.  The peak value of Stanton 
number is seen to be reduced from the cold wall (Tw = 
292˚K) value of .075 to the hot wall (Tw = 834˚K) value 
of .055.  
 

Heat Transfer Analysis 
 

 A three-dimensional transient solution was 
performed for the time interval of 270 ms 
corresponding to the deceleration of the projectile from 
Mach 7 to Mach 4 (where T0 ~ Tmelt).  A gross 
approximation in the heating analysis entails the use of 
a single CFD solution at the initial point of the 
trajectory (Mach 7).  As the Mach number decreases, 
the fluid dynamic details will change (e.g. vehicle 
shock layer will grow in radial extent and separation 
characteristics will vary), and, the fin shape itself will 
change.  These effects have not been accounted for.  
However, the Mach 7/cold wall values of heat transfer 
predicted at each surface node on the fin face top, and 
sides are scaled with velocity along the trajectory and 
surface temperature using the relation: 
 

Ý q t( )= Ý q o( )×
U t( )
U o( )

To t( )− Tw t( )
To o( )− Tw o( )

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥  

 
where 
 
Ý q o( ) = predicted value from CFD solution

U o( ) = initial velocity

Tw o( ) = initial wall temperature

To o( ) = total temperature based on initial velocity

Ý q t( ) = heat transfer value applied at surface

U t( ) = velocity along trajectory (prescribed)

Tw t( ) = variable wall temperature from conduction solution

To t( ) = total temperature based on trajectory velocity

 

 
and this "transient" value of Ýq  was applied as a 
boundary condition for the conduction analysis code. 
 The conduction analysis included the ∆h (heat of 
fusion) associated with phase-change from solid to 
liquid aluminum, and, the molten aluminum was 
removed from the computation using an extension of 
the ADI patching logic utilized in CRAFT.  In the ADI 
(alternating direction implicit) sweeps of the 
conduction solver, grid volumes were tagged as solid 
(T < 834˚K), transitional (834˚K < T < 844˚K), and liquid 
(T > 844˚K).  The phase-change was spread over a 10˚K 
interval to simplify bookkeeping (e.g. h(t) curve has a 
large but finite slope).  However, the Ý q (t)  flux 
condition on the fin-face is applied on the first cell 
having T < 844˚K.  This effectively removes the liquid 
aluminum from the calculation. 
 Figures 15a–f and 16a–f show cuts of temperature 
contours in the fin in a vertical symmetry plane and in 
a horizontal plane cutting through the fin midway be-
tween projectile and fin upper surface.  The dashed 
lines represent the shape of the original fin.  The times 
corresponding to a–f are as follows: 

 a = 05 ms   d = 80 ms 

 b = 20 ms   e = 120 ms 

 c = 40 ms   f = 270 ms 
 
Note that in these calculations, the lower surface 
(fin/projectile surface interface) and the rear surface 
(base region) were maintained at the cold wall 
temperature of 292˚K since convective heating to both 
these surfaces was taken to be negligible. 
 The three-dimensionality of the solution is quite 
evident in the contours, particularly at the upper front-
face corner.  The liquid aluminum region has been 
removed from the fin in displaying these contours so 
that shapes shown represent those of the melted fin.  
After 120 ms, melting effects become negligible as 
evidenced by comparing the 120 ms and 270 ms 
solutions.  The results appear qualitatively satisfying 
but are still limited quantitatively by the use of a single 
point fluid dynamic solution and scaling 
approximations. 
 

Summary and Conclusions 
 
 The CAN3 flight tests, which will yield only the 
final fin shapes, can provide some insight into the 
quality of the calculations, but conclusions drawn will 
be quite subjective.  If there are any fin-to-fin variations 
with respect to final shape, these would be indicative 
of pitch/yaw effects which have a pronounced 
nonlinear influence on aerodynamic heating and make 
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interpretation even more difficult.  There is an obvious 
path for improvements to the analysis which primarily 
includes: 
 
(a) the use of several point trajectory solutions; and, 
 
(b) the inclusion of fin geometry shape-change effects 

in the aerodynamic solution. 
 
With the work described representing a preliminary 
scope-out of predictive methodology, it is felt than an 
automated approach for performing such studies can 
readily be developed and made to operate quite 
efficiently. 
 

Future Direction 
 
 The coupling of fluid dynamic and thermal 
solutions for simple geometries represents 
methodology that is operational and well established 
utilizing the CRAFT NS code and related conductive 
solver.  The hypersonic fin problem describes was 
complicated by the very small dimensions of the 
surface boundary layer, requiring grid embedding to 
adequately resolve the solution, and, by the changing 
geometry associated with melting.  Recent work has 
addressed the changing geometry problem.  In work 
related to solid propellant grain ignition/burning 
(requiring fluid dynamic/thermal coupling at each 
time step), surface regression extensions to the 
structured grid methodology was developed as 
described in Ref. 6.  Using this new methodology, the 
fin shape change could be directly accounted for in the 
analysis.  For more complex geometries, unstructured 
numerics with coupled node dynamics permits the 
analysis of very complex surface motion.  An 
unstructured variant of the CRAFT code has been 
developed with advanced thermochemical capabilities 
[7] that has incorporated node motion methodology 
into the solution framework (both spring analogy and 
linear elasticity methods for node motion are 
available).  This has recently been applied to solid 
propellant combustion chamber problems with grain 
motion as described in Reference 8. 
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