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INTRODUCTION

Future missile systems designed to operate in
the supersonic/hypersonic flight regime will encoun-
ter high structural temperatures due to the combina-
tion of aerodynamic heating on the external surface
and combustion heating within the vehicle. Accurate
prediction of the thermal environments and resultant
structural temperatures is important for the selec~
tion of materials and the design of the vehicle
structure. In the past three decades significant
advances have been made in the development of heat
transfer methods and experimental procedures for hy-
personic vehicles. Some of these methods and pro-
cedures are being used to design current and future
missile systeas.

A government and industry survey (questionnaire
plus selected field trips) was completed to provide
& better understanding of how these methods and pro-
cedures are used in missile design criteria. The
survey was organized according to the various in-
volved disciplines. It was distributed to 37 govern~-
sent and industry organizations actively working in
the design of missile systems. Twenty-seven coo-
pleted or partially completed responses were return-
od. This paper presents a summary of the results
for aerodynamic heating, convective hesting and
structural temperature analysis.

AZRODYRAMIC HEATING

A begter understanding of the serodynamic heat-
ing sethods used to predict missile structural tem-
peratures is s key factor in developing sound design
criteris. A typical missile flow field structure
and related serodynamic heating region is presented
in Figure 1. Aerodynsmic haating is the primary in-
put that deternines the missile skin temperatures,
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The design and development of missile structures in an elevated temperature environment
(Mach 2 to 6) has been demonstrated on many flight 1est and production programs. The
approaches to structural design at elevated temperature were varied; each tailored to the
unique, immediate technical challenges and schedule milesiones facing the program
manager. A conservative formulation was evolved to deal with elevated temperature
effects and configuration complexities associated with the project at hand. A good
structural design requires the expertise of many specialists and cuts across several
technologies. A government and industry survey on structural design criteria and heat
transfer analysis procedures to account for the effects of elevated temperatures was
completed. This paper presents a summary of the results of the heating methods currently
used
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internal structural temperatures and temperature
gradients. The subject has been studied both exper-
imentally and analytically over several decades with
most of the effort devoted to high supersonic and
hypersonic flight regimes. With the advent of com
puters and high speed flight heat-transfer data, sub-
stantial improvements have been made in the techno-
logy. Current missile program plans require improve-
ments in the methodology for missiles operating in
the Mach 2 to 6 flight regime.
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Fig. 1 Typical Missile Flow Fleld Structure

Fundamentally, a rigorous heating method should
apply across the entire speed regime. This is true
for the classical heat transfer methods; however,
the semiempirical techniques used by industry for
rapid and economical predictions require calibration
for the specific flow regimes and/or vehicle configu-
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rations. The serodynamic heating portion of the sur-
vey was designed to provide an updated understanding
of the principal methods used by government and in-
dustry personnel. Results of the survey have been
organized into selected flow regions to provide a
clear picture of the methods employed. Table 1 con-
tains the questions included in the survey together
vith drief summaries of the answers.

VWindward Region
The windward region discussed herein is defined

as the main body of the vehicle that has a positive
flow deflection angle. The methods used to predict
temperatures in these regions are very important.
The temperatures are used to help select materials
that will meet the design requirements with a mini-
sum penalty on vehicle performance and cost. Per-
haps the most severe structural temperature gradi-~
ents (both in-board and peripheral), and therefore
thermal stresses, are produced in this region. To
calculate the heating the engineer must choose a
flow field method that properly defines the inviscid
flow. The choice is often difficult because of flow
discontinuities created by the engine inlet. Ela-
borate computer codes have been developed to solve
for the flow fields, but they are cumbersome and
expensive. For engineering analyses the most useful
solutions are based on simple body shapes such as
flat plates (wedges), cones, hemispheres and cylin-
ders. Several heating methods exist for these shapes
and are used throughout the industry.

Participants were asked to identify (Table 1,
Questions 1.1 and 1.2) which flat plate and cone
heating method they use for laminar and turbulent
flow. A majority of those surveyed use Eckerts
reference enthalpy method (Reference 1) for both
laminar and turbulent flow on a flat plate. The
second and third choices for turbulent flow were
Spalding-Chi (Reference 2) and Van Driest (Reference
3) respectively. For heating on a cone the respon-
dents selected Eckerts reference enthalpy method on
a flat plate with corrections for cross flow. The
second and third choices were Lees and Reshotko (Re-
ference 4) respectively.

Stagnation Region
The stagnation region discussed below is divid-

ed into two flow regimes: (1) stagnation point and
(2) stagnation line. The stagnation point gemerally
experiences the highest heating of any location on
the missile. Fortunately, however, the high heating
is limited to a small region near the stagnation
point. Materials selected for use in this region
must be capable of operating at or very near the
peak recovery temperature which is determined by the
missiles Mach-altitude trajectory. Perhaps more ex-
perimental heat transfer data have been obtained for
the stagnation point and immediate region than any
other flow regime. Excellent correlations exist be-
tween theory and experiment. The stagnation line
includes the leading edge region of wings, fins, en-
gine inlets and other 1lifting or control surface
that protrude from the main body. Viscous flow over
these surfaces can be laminar, transitional or tur-
bulent depending on the freestream conditions. The
similarity of flow between the stagnation line and
the stagnation point, together with, the large amount
of test data, have provided an excellent correlation
between theory and data.

Participants in the questionnaire were asked
to identify which stagnation heating method they
used (Questions 1.) and 1.4). For laminar flov at

the stagnation point the method defined by Fay-
Riddell (Reference 5) was the overwhelming choice.
For laminar flow on the stagnation line the partici-
pants were evenly divided between Lees and Fay-
Riddell. For turbulent flow, a8 majority use the
method of Beckwith and Gallagher (Reference 7) fol-
lowed closely by the method of Detra and Hidalgo
(Reference 8). A small number of participants use
flat plate methods such as ppup, Van Driest or Col-
burn with corrections for cross flow.

Boundary Layer Transition
Boundary layer transition has been, perhaps,

the most studied and least understood viscous flow
phenomenon. For over 70 years the subject has heen
studied both analytically and experimentally. vast
amounts of data have been generated, evaluated and
correlated. Correlations have been made with prac-
tically every known parameter. However, it ap-
pears that a solution is no closer than the early
work by Tollmien (Reference 9) or Schlicting
(Reference 10). It has been suggested (B.M. Ryan,
Reference 11) that today's transition criteria

are subject to change based on tomorrow's data--
until a basic understanding of the phenomena is
achieved.

The choice of a transition criterion is impor-
tant for the successful design of the missile ra-
domes. Thermal stress levels can exceed the struc-
tural capabilities of current domes and an incorrect
choice of the transition criteria can lead to unac-
ceptable design margins. Respondents were asked in
the questionnaire to identify which transition cri-
teria they use for heat transfer calculations (Ques-
tion 1.5). A majority of those surveyed use the
local Reynolds number method. The second most com~
monly used is the momentum thickness Reynolds number
method. The two methods are basic approaches to es-
timating transition and usually produce a conserva-
tive design. The survey did not uncover any partici-
pants using a complex correlation parameter such as
those ieveloped during the Shuttle program. Also,
in a number of the responses the participants stated
that they assume all turbulent flow. In summary, it
appears that most of the participants choose to fol-
low a conservative approach to the thermal design of
a radome.

Design Heating Methods
Design heating methods discussed below refer to

the methods and procedures used to obtain aerodynamic
heating for three levels of design (preliminary, de-
tailed and final). The missile engineer has several
options available to assist him in predicting aerody-
namic heating: (1) computer programs, (2) wind tun-
nel dats, (3) flight data, and (4) handbook charts
or curves. Experience has shown that the use of a
specific option in the preliminary design phase can
significantly influence the final design. For ex-
ample, preliminary design calculations are often
used well into the design phase. Changes are al-
lowed during the detailed design phase and are
usually based on test data. If planned tests can-
not be accomplished on time and the data reduced,
the preliminary design calculations become final.
It 1is therefore important to understand the level
of detail the engineer uses to predict aerodynamic
heating for preliminary, detailed and final design
analysis.

Respondents to the questionnaire were asked
to identify their preferred methods for predicting
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heating for preliminary, detailed and final design
(Questions 1.6, 1.7 and 1.8). For preliminary de-
sign & majority use a computer to predict heating
while a significant minority indicated that they use
parametric curves or design charts. For detailed
design, a majority indicated that they use a com-
puter to predict heating and wind tunnel data to
verify their theoretical model. Nearly all partici-
pants indicated that they use a computer model for
the final design phase. In summary, the evolution
of thermal analysis for a wissile design is as fol~
lows: (1) a rough computer model using basic shapes
to estimate the configuratfon for preliminary design,
(2) a refined computer model which has been verified
and/or modified with wind tunnel data, and (3) a
final computer model for design verification and any
off nominal trajectory calculations.

Secondary Heating

The questionnaire included two aerodynamic heat—
ing topics normally considered of secondary impor-
tance in missile design heating analysis. The topics
vhich are discussed below are: (1) entropy layer ef-
fects and (2) surface roughness effects. Entropy
layer effects on aerodynamic heating have been shown
to be most important for the supersonic/hypersonic
flight regime (see Figure 2). In the nose region a
normal or near normal shock must be crossed and the
loss of total pressure in the inviscid flow combined
with variable surface pressures create a complex
analytic problem. The prediction of heating in this
region requires a complex computer s« lution that can
be expensive. A simple flow model can be used if
the surface pressure is known. The approach consists
of calculating the heating based on properties ob-
tained from a specified shock angle followed by an
expansion to the local pressure. The questionnaire
addressed this subject (Question 1.9) to determine
in what phase of the design the participant considers
entropy effects important. The majority indicated
that they consider entropy effects during the detail~
ed design phase. A large number indicated that they
did not consider entropy effects until final or the
verification phase. Also, a significant number did
not include entropy effects at any point in their
analysis.
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Fig. 2 Entropy Effects Increase
VWindward Heating Rates

Surface roughness effects become increasingly
important as the missile flight speed is increased.
Ablation from the radome surface increases the sur-
face roughness thereby promoting boundary layer
transition. The participants were asked to identify
the design phase in which they give consideration to
surface roughness (Questions 1.10). The majority
consider roughness effects during the detailed de-
sign phase. A much smaller group considers rough-
ness effects only during the final design. A signi-
ficant group did not consider roughness effects im-
portant.

Methodology Work

Substantial improvements have been made in aero-
dynamic heating technology through the use of high
speed flight data. The major emphasis has been in
the hypersonic flight regime (re-entry vehicles).
Missiles under current development in the Mach 2 to
6 flight regime (and potentially higher) could bene-
fit significantly from improvements in heat transfer
methodologies. The improvements are needed to re-
duce the uncertainty in predicting skin and struc-
tural temperatures to provide a payoff in design mar-
gins. To assess the current level of methodology
work throughout the industry, the participants were
asked to identify any work currently in progress or
recently completed by their organizations (Question
1.11). A majority of participants indicated that
their organizations were not currently working on
and had not recently completed any heat transfer
methodology development. A small number indicated
that their methodology work consisted of updating
existing in-house computer programs. Although a
number of participants responded with brief abstracts
of methodology work from their organizations, only a
small number were identified as applicable to the
Mach 2 to 6 missile flight regime.

Flow Fields

A typical missile flow field structure can be
complex and the engineer must choose the proper meth-
od to define the shock layer and downstream flow pro-
perties. From these properties, the recovery temper-
ature and the aerodynamic heat transfer coefficients
are calculated. Although elaborate computer codes,
such as the Method of Characteristics, have been de-
veloped to solve the flow field problem, they are
cunmbersome and expensive to apply. For engineering
apalysis, the most expedient flow fleld solutiouns
are often based on simple body shapes such as flat
plates, cones, hemispheres and cylinders. The en-
gineer must choose whizh be: ic shape best approxi- -
mates the flight vehic® -~- iguration. The engi-
neer must also choosc . alysis tool (elaborate
computer code, compute" ¢ **th basic shapes or
parametric curves) to use for ..eliminary, detailed
or final design analysis. The participants were
asked to identify in what phase of design (prelimi-
nary, detailed or final) they use a computer program
to solve for the flow field structure (Question
1.13). A majority use a computer program during
the detailed design phase. The second choice was a
tie between the preliminary and final design phases.
In summary, it appears that the participants con-
sider a good description of the flow field structure
essential for all phases of design analysis.

Special Areas
The special areas of aerodynamic heating that

require an increasing amount of attention due to the
higher Mach number regimes are: (1) leeward side
(separated, reattached and vortex flow), (2) inter-
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ference regions (fins, wings and duct inlets), and
(3) protuberances and gaps-

Leeward Side. The flow on the leeward surface
can be attached, separated or under the influence of
strong vortices. Attached and separated flow heat-
ing rates are relatively low due to the low pressure
expansion region. Heating predictions in these re-
gions are extremely difficult due to the complex flow
structure. Vortices can start in the boundary layer
and extend into the inviscid flow region depending on
vehicle geometry and stream parameters. Associated
with vortex flow is & reattachment region which has
significantly high heating rates. Both the onset of
vortex flow and the increase in heating are very dif-
ficult to predict.

Participants in the questionnaire were asked
to define the wethods they use to predict heating in
these regions (Question 1.14). A majority indicat~
ed that they prefer to use wind tunnel data. If no
data are available for their particular configura-
tion, they search the literature for applicable cor-
relations. Several participants use multiplying fac-
tors which are applied to an equivalent flat plate
heating value.

Interference Regions. Interference regions dis-
cussed below refer to heating on fins, wings and duct
inlets and the region near their attachment to the
wissile body. Substantial experimental work has
yielded several semiempirical techniques that can be
used to estimate the heating (see Figure 3). The
heating is principally due to higher local pressures
induced by the shock boundary-layer interaction.
These regions are very important to structural design
engineer due to the Increased temperatures.

Participants were asked to identify their pre-
ferred methods for predicting heating in these re-
gions (Question 1.15). The majority prefer to use
wind tunnel data supported by, or compared with, data
correlations published in literature.

J 4 #
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Fig. 3 Interference Heating Correlation

Protuberances and Gaps. Missile surfaces are
wuslly smooth with minimum flow disturbances. How
ever, as the flight Mach number increases, local
heating becomes more severe and protuberances and
88p® can become increasingly importanmt. Protuber-
ances (forvard and aft facing) can be created when
tvo materials with different thermal expansion coef-
ficients sre joined. A protuberance can increase
the local hesting end produce a higher tesperature
region on the structure. Also, to allow for thermal
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Combustor and Nozzle

growth at these higher Mach numbers, gaps in joints
must be incorporated. The gaps can increase the heat-
ing 1n the joint and affett the structural design.

Participants were asked to define their pre-
ferred methods for heating in protuberances and gaps
(Question 1.16). A majority prefer to use wind tun-
nel data compared with data from the literature.
The second most used method is to apply a safety
factor to the undisturbed value in the region of
the disturbance.

In summary, for the special areas of aerodynamic
heating where complex flow over the missile cannot be
evaluated analytically, the participants prefer to
use wind tunnel data augmented by or compared with
empirical correlations from literature.

INTERNAL FORCED AND FREE CONVECTION

Internal forced and free convection can have a
large influence on missile structural and component
temperatures. In many cases, heating from internal
flow and combustion is the dominant heat source.

Inlet and Ducts
Inlet and duct flow can usually be characterized
as an intgrnal boundary layer developing under both
adverse and favorable pressure gradients. While much
research has been done in the general area and com-
puter programs are available for performing these
calculations, rarely is a detailed boundary layer an-
alysis used in predicting design temperatures. Cor-
relations such as Bartz (Reference 12) and pipe flow
were found to be the most popular methods among the
participants (Question 1.17). These methods are
generally applied with some conservatism early in
the design process with the predicted structural de-
eign temperatures being modified to correlate with
experimental data as they become available.

Prediction of structural temperatures in the
combustor and nozzle regions may involve the con-
sideration of forced convection, wall radiation, gas/
particle radiation, and thermochemical reactions.
Due to the complexity of the forced convection in
these regions, recourse is usually made to turbulent
pipe flow and correlations such as Bartz. A ma-
Jority of participants in the survey use the Bart2
correlation (Question 1.18). Analyses in these re-
gions are usually conservative with the degree of
conservatism decreasing when design verification test-
ing is performed. Conservatism is generally applied
in the heat flux calculation and/or in sizing the
insulation/ablative material or cooling system.

Pree Convection

Where free convection {s considered important,
the majority of participants use the classical text-
book analysis for horizontal and vertical surfaces.
A large number of those surveyed do not consider free
convection important in most structural areas (Ques-
tion 1.19).

STRUCTURAL TEMPERATURE ANALYSIS

Thermal Models

Methods and procedures used to calculate mis-
sile structural temperatures are additional factors
in developing sound design criteria. It is im-
portant to understand the following: (1) how ther-
nal models are formulated, (2) how node size and
spacing are deterained, (3) what method is used to
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analyze heat transfer across interfaces, and (4) how
uncertainties in material properties are included in
the analysis. For thermal modeling, the participants
vere asked to identify the design phases (prelimi-
nary, detailed or final) during which they use two
and three dimensional models (Question 2.1). The
preferred approach is to use two-dimensional wodels
for preliminary and detailed design and three-
dimensional models for detailed and final design
calculations. Engineering judgement is used for
selecting node size and node spacing (Question 2.2).
For interface conductance (Question 2.3), the results
indicate that most engineers prefer using test data.
Generally, most engineers have a variety of computer
programs available to perform conduction calculations.
Most of these programs are based on the finite dif-
ference method. The finite element method is being
used mostly in large analyses, particularly when a
transfer of temperature data to a structural finite
element program is necessary.

Major uncertainties in computing conduction
wvithin structural members are the material properties
(conductivity, density and specific heat). The sur-
vey indicated (Question 2.4) that the majority of
engineers use conservative values for material pro-
perty data. A significant number evaluate the sen-
sitivity to material properties to arrive at a safety
factor. The way in which the material properties are
factored depends on what condition is critical to the
structural component (i.e., maximum temperature or
maximum temperature gradient).

Radiation Heat Transfer

Radiation heat transfer between structural sem—
bers becomes more important as the flight Mach number
increases. The participants were asked to identify
the methods they use to calculate internal radiation
exchange factors (Question 2.5). Most participants
use a computerized detailed view factor modeling
analysis; such as the Thermal Radiation System Analy~
zer (TRASYS) computer program. A significant number
use handbooks or standard textbooks to determine the
view factors.

Heating Uncertainties

Procedures used to include heating uncertain-
ties in structural temperature analysis were in-
vestigated. Participants were asked to describe
their method or procedure for including heating un~
certainties in the detailed design structural tem~
perature analysis (Question 2.6). A majority in-
dicated that heating uncertainties are included with-
in their thermal models (use conservative assump-
tions) and the results are used as limic¢ require-
ments. The second most used approach is to apply a
constant factor to the calculated heating rate. The
third choice selected is to use the most severe tra-
Jectory for detailed temperature analysis.

SUMMARY

Results of the questionnaire survey indicate
that uncertainties are frequently not specifically
accounted for in structural temperature analysis.
Most engineers surveyed prefer using a computer dur-
ing a1l phases of design (preliminary, detailed.and
final). Depending upon the complexity of the pro-
blem they use two and three dimensional models and
use engineering judgement to determine node aize and
node distribution. The thermal models incorporate
congervative values for msterial property data. Heat~
ing imputs to the models use conservative assumptions

11-99

and are often based on a sensitivity analysis. Most
analyst prefer using test data for all areas of
thermal uncertainties. '

This work wvas performed under Afir Force contract
(Contract F33615-79-C-3211).
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