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Computer-Aided Optimization of Aircraft Structures

P. Bartholomew*
Royal Aerospace Establishment, Farnborough, England, United Kingdom

and
H. K. Wellent

Deutsche Airbus GmbH, Bremen, Germany

This paper describes the principal methods used within the computer program STARS for the computer-aided
design of optimum structures subject to a variety of constraints. In particular, the development of a Newton method
for size optimization and a hierarchical approach to shape optimization are outlined. A test problem connected with
the latter is presented. Practical examples ere given that show how research that originated at the Royal Aerospace
Establishment (RAE) has been continued and applied at Deutsche Airbus GmbH (DA) [formerly Messerschmitt-
Bolkow-Blohm GmbH (MSB)]. This includes the design of various components that are typical in aircraft
construction and also a description of the manner in which flutter optimization is being accomplished with STARS
and DA in combination with the in-house aeroelastic program.

Nomenclature
cf = bound on constraint gf
gf = behavioral constraint
L = Lagrangian function
m = number of active constraints
p = shape parameter
W = structural mass (weight)
Wj = component mass
Xj = design variable
Zj = reciprocal design variable, primal variable
dzj — step in zy
(5A, — step in A,-
A,- = Lagrange undetermined multiplier, dual variable
V = gradient operator
V2 = second derivative operator

I. Introduction

THE design of structural components is an iterative pro-
cess in which the aim is to achieve a structure that is

adequate in strength and stiffness, favorable to manufacture,
and inexpensive: that is, in some sense, an optimum design.
The design procedure can take a very long time if approached
conventionally, and it is unlikely that components will in fact
be optimized in detail against all important criteria.

The intensive use of computer methods, involving finite
element (FE) codes together with computer-aided design
(CAD) systems and finite element pre- and postprocessors, has
provided an important step toward shortening the design
process, and structural optimization provides a further valu-
able aid in this context. Time and cost benefits have been
found from using structural optimization for the following: 1)
weight assessment of design using various constructions and
materials at a preliminary dimensioning stage; it is then that
essential decisions are taken with regard to shaping of compo-
nents or assemblies; 2) modification of structures, often at
short notice, in the case of changes of specification, load
changes, or the occurrence of flutter; and 3) further weight
reduction prior to production.

References 1-4 contain general information on the state-of-
the-art in structural optimization. The work described here
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relates to the Royal Aerospace Establishment (RAE) structural
optimization program STARS, which primarily addresses size
optimization problems based on simultaneous static, natural
frequency, forced response, and flutter analysis. This paper
outlines the principal methods used in the program and shows
how the research originated at RAE has been continued and
applied at Deutsche Airbus GmbH (DA).

II. Principal Methods
A. Foundations

STARS addresses the optimization of large structural mod-
els whose analysis is based on the finite element method. The
size of the system of equations is such that analyses must be
called upon extremely sparingly. The optimization seeks to
minimize the structural weight with respect to the individual
cross-sectional areas of bars or, correspondingly, the thick-
nesses of plates, while satisfying behavioral constraints on
stress, displacement, local buckling, natural frequency, ampli-
tude of vibration, flutter, and divergence speeds.

To be efficient, an optimization method requires knowledge
of design sensitivities of the constraints with respect to these
variables. STARS maintains a tight active-set strategy and,
therefore, requires relatively few sensitivities to be calculated
at any iteration. Fully analytic derivatives are used, to be
contrasted with the semianalytic approach employed with
NASTRAN, and the calculation employs the adjoint, or
pseudoload, method.5'6 Semianalytic sensitivities calculated
using the direct method are, however, used to provide the
higher order derivatives used for step length control and an
approximate analysis capability.

Even to reduce the size of the optimization problem to the
order of 50-1000 design variables requires the use of devices
such as design variable linking. The use of design variable
linking also has further advantages, such as providing the
means to impose symmetry or fabrication requirements or to
embody the designer's insight and prior experience. In addi-
tion, apart from problems involving simple bars or beams
that can be modeled exactly, failure to employ design variable
linking correctly will lead to false solutions in which the
optimized structure is not correctly modeled by the analysis
mesh. In such a case, there is a danger that optimization will
merely serve to increase analysis errors. Hence, elements are
treated in groups, each linked to a single design variable jc, by
a Boolean matrix. In order to improve the linearity of con-
straints arising from the static analysis, the algorithms also
use reciprocal variables z, = \/Xj to define the design space.
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A variety of optimization methods are available within
STARS, including fully stressing, optimality criterion, New-
ton, linear programming, and dual quadratic programming
algorithms. These are best derived from the Lagrangian func-
tion

W(z) (1)

where W(z) is the objective function and gf ^ cf are the
behavioral constraints.

The Lagrangian function depends on two sets of variables:
the primal variables zt and the dual variables A, (otherwise
known as Lagrange undetermined multipliers). A necessary
condition for the minimization of the original constrained
optimization is that the Lagrangian function should be sta-
tionary with respect to both primal and dual variables. Differ-
entiating yields the well-known Kuhn-Tucker conditions:

(2a)

(2b)

(2c)X/ >0 / = 1, ..., m

The location of a stationary point thus requires the solution
of a system of (n + m) simultaneously nonlinear equations,
as difficult a task as the original minimization problem!
Nonetheless, this Lagrangian form offers a variety of insights,
both for the original primal problem and in providing the
basis for deriving the dual problem, a maximization problem.7

Whichever method of optimization is adopted, the purpose
remains the same, the satisfaction of the Kuhn-Tucker neces-
sary conditions. The goal is to achieve this effectively and
economically, particularly for the large structural system opti-
mization problems where a vast number of design freedoms
may exist. The very success of nonmathematical-program-
ming techniques such as the stress-ratio method and optimal-
ity criterion methods show that it should be possible to make
good progress.

B. Newton-Based Methods
As discussed elsewhere,8 methods derived from consider-

ations specific to the optimization of engineering systems, and
owing little to classical mathematical programming tech-
niques, led to fully stressing design and to optimality criterion
methods. Each sets up formulas that may be applied itera-
tively to solve equations representing a subset of the Kuhn-
Tucker conditions. In each instance, limitations to the
applicability of the methods arise from the fact that the whole
of the set of equations are not addressed simultaneously.

The goal of the STARS Newton method was to evolve a
technique, based as rigorously as possible on mathematical
concepts, but without losing the features that made the engi-
neering-intuitive techniques work so well on large problems.

The emphasis was on complementing the optimality crite-
rion method by providing estimates for the dual variables. It
is assumed that the criterion constraints have been identified,
and so the Kuhn-Tucker equations are formulated for a set of
active, equality constraints. The initial selection of active
constraints is somewhat heuristic, relying on fully stressing to
select a set of stress constraints and on scaling to select the
most critical stiffness constraints. Information from the linear
program, used to provide a dual bound,7 is then used to
screen out many of these constraints by deleting those with
zero dual variables.

As the first step toward solving the set of nonlinear simulta-
neous equations representing the Kuhn-Tucker conditions, a

linear approximation is formed about the current point, giv-
ing equations

(3a)

(3b)

which determine the iteration step 6zi9 dkt. For brevity, gradi-
ent and second partial derivative matrices have been denoted
by VW and V2W, and the summation overy representing the
inner product with dz is not shown explicitly. Like any
application of Newton's method, the repeated solution of this
set of linear equations does not necessarily converge, but
provided that the starting point lies within the domain of
convergence, then that convergence will be quadratic. Unfor-
tunately, despite recent advances in computational methods
for the calculation of second derivatives,9'10 the scale of the
problem is such that this would still require excessive compu-
tation, and the storage for the second derivatives of all
constraints in the active set, were it necessary, would require
the use of tens or even hundreds of megabytes.

Thus, rather than employing an exact Newton step, the
equations are further approximated by neglecting second
derivatives of the constraints. Such approximations are al-
ready implicit in both the stress-ratio and optimality criterion
methods and are known to be exact for statically determinate
structures, optimized with respect to reciprocal variables z

(4a)

(4b)

Omitting the second derivatives of constraints, in fact, gives a
very simple form for the linear equations. The weight as
objective function is convex and separable, giving a diagonal

f
Design
variables -^
1 - 16

a) circular hole: radius 100 mm

Design
variables
1 - 16

b) elliptic hole: semi-axes = 125 and 80 mm
Fig. 1 Meshes used for shape optimization.
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Hessian matrix with positive coefficients. Thus, each of the set
of equations [Eq. (4a)] may be used to eliminate one of the
primal variables from Eq. (4b) explicitly, giving a reduced
system of equations in which the dual variables are the
unknowns. When these are found, they may then be substi-
tuted into the linearized optimality equations [Eq. (4a)]. The
step taken by the Newton algorithm within STARS can be
shown to be equivalent to an optimality criterion step com-
bined with a weighted least-squares restoration step that
moves into the tangent space of constraints.8

For a more general class of problem, this need to depart
from the strict Newton form will lose the quadratic conver-
gence properties; indeed, it is quite possible that the iteration
may diverge from any solution. It is also shown8 that this
tendency may be compensated for by employing a step length
control along a search direction lying in the tangent space and
calculated using higher directional derivatives of the Lagran-
gian function. In practice, however, many structural problems
appear to be exceptionally well behaved, giving good conver-
gence to minimum weight designs with no such safeguards.

The Newton method is the primary technique used in the
industrial applications that follow in Sec. IV. Before moving
to such applications, it is shown how equations similar to
Eqs. (4) are also obtained by considering the dependence of a
size-optimized structure on an embedded parameter, repre-
senting geometric or material variation.

III. Shape of Optimization
To enable the large system optimization problems to be

solved efficiently, considerable simplification of the design
problem has been assumed: neither change of geometry nor
material has been considered. As a first step to broaden the
basis of the optimization, a one-parameter search over geome-
try has been considered. Rather than simply expanding the
dimension of the design space, a hierarchical approach11 has
been adopted in which the parameter is used to move through
a sequence of size-optimized designs. This both capitalizes on
the achievement of efficient size optimization and enables the
shape optimization to be terminated at any point with an
efficient size-optimized design.
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Fig. 2 Location of minimum weight for shape optimization.
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Fig. 3 Areas of edge reinforcement for normal mesh.

A. Theory
The method is based on variation of the Kuhn-Tucker

necessary conditions that define the size optimum. The result-
ing equations, derived in Ref. 11, are similar in form to Eqs.
(4) defining the Newton step itself, but these determine the
sensitivity of the solution, dz/dp, dA/d/?, with respect to the
parameter p. As for the Newton step, the equations are
further approximated by neglecting second derivatives of the
constraints, giving

(5a)

(5b)

This approximation again gives a very simple form for the
linear equations but introduces some error into the estimate
of sensitivity of the size of optimizing values. Nevertheless,
the sensitivity of the objective function is accurate since, as
Barthelemy et al.12 show, given satisfaction of the Kuhn-
Tucker conditions for the size optimization problem, any
solution of Eq. (5b) will give

(6)= ^_ ^
dp dp i=l

 l dp

In use, weight sensitivities calculated from this simpler for-
mula are slightly less accurate than those based on dz/dp due
to errors in the estimates of the Lagrange multipliers. How-
ever, use of Eq. (6) paves the way to successful derivation,
and subsequent use, of second derivatives d2W/dp2 (Ref. 12).

A further point of note is that slope discontinuities in
dW/dp arise whenever a change of active set occurs in the
underlying size optimum. The difficulties this causes, together
with the cost of the semianalytic approach to calculating the
partial derivatives with respect to p, make it unlikely that the
shape facility within STARS will be extended beyond the
one-parameter capability in the short term. Nonetheless, the
one-parameter capability opens the way to automating a
series of parametric studies, one of which is shown in the next
section.

B. Test Problem
The test problem comprises a large sheet of uniform thick-

ness, under a 2 : 1 biaxial load and contains a cutout of
specified area. The cutout is taken to be an £llipse of un-
known aspect ratio, and the sheet is reinfprced by a variat>le-
thickness bead, capable of carrying end load only, around its
perimeter. Equilibrium considerations show the normal stress
in the plate to balance the effect of the end load acting
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Fig. 4 Flutter optimization with STARS in a multimodel process.

through the curvature of the bead at that point, whereas the
shear stress is in balance with the rate of change of end load
in the bead around the perimeter.

A one-parameter family of meshes is created by interpolat-
ing nodal coordinates between a mesh on a sheet with a
circular cutout and a similar mesh corresponding to an elliptic
cutout of aspect ratio 2: 1, see Fig. 1.

First, straightforward size optimization is performed for the
extreme aspect ratios. In each case, selection of an optimum
thickness variation of the reinforcement leads to a consider-
able reduction in the concentration of the von Mises equiva-
lent stress, which was used as a strength criterion for the sheet
material. Using the sensitivity calculation as the basis of linear
or cubic interpolation of weight, the one-parameter shape
optimization algorithm converged to the optimum in six
steps, giving an aspect ratio of 1.45 : 1, as shown in Fig. 2.
The variation in thickness of reinforcement around the
cutout, corresponding to this aspect ratio, is shown in Fig. 3.

At the optimum design, although the stress components
vary from point to point in the vicinity of the cutout, there is
no concentration in the von Mises stress. A finer mesh was
also tried to eliminate the possibility that the coarser mesh
had missed a slight stress concentration, which would result in
a considerably heavier solution if the sheet thickness had to
be increased to compensate. The finer mesh, however, serves
to substantiate the earlier run.

An alternative application of the one-parameter variation
of size-optimized structure recently conducted is achieved by
linking the parameter to material properties, in particular, the
orientation of composite material. For example, this enables
composite materials to be tailored to couple wing-bending
loads and torsional deformation, in order to achieve static
aeroelastic objectives in a forward swept wing.

Having considered small test problems used to validate the
methods of structural optimization, we will now proceed with
industrial problems where the major challenges lie both in the
size of the problems addressed and in bridging the gap
between theoretical and coding developments and practical
engineering requirements.

IV. Industrial Usage of STARS
At DA, STARS is used for static, dynamic, and combined

static-aeroelastic optimization.13 STARS' modular structure
makes it quite easy to incorporate additional modules (user-
written software, FE programs, or pre- and postprocessors).
This possibility is successfully used at DA. As far as the static
side is concerned, MSC/NASTRAN, for example, is used in

this manner both for analysis and for determination of the
sensitivities required for optimization. This is of great practi-
cal importance because it enables stress engineers to use one
and the same analysis program in every step of structural
design work (from projecting stage to strength analysis, in-
cluding structural optimization).

For the combined static-aeroelastic optimization, STARS
and the DA in-house aeroelastic program PKGRAD14 are
modularly coupled. Figure 4 illustrates the systematics of this
procedure for the flutter optimization process. The wing of an
airliner has been taken as an example of a component that is
to be optimized.

The basic idea is that the FE model of the entire aircraft is
used for the aeroelastic analysis and computation of flutter
derivatives, whereas only the FE model of the wing is used for
the static analysis and determination of static derivatives.

Redesign in the course of flutter optimization is achieved with
the Newton method (so-called pseudo-Newton method—PNM)
described in Sec. II.A. First flutter optimization with this
process, based on a submodel of the civil aircraft wing de-
scribed in Sec. V has proved to be'successful.

Elements
Degrees of freedom
Materials
Load cases
Design variables
Stress constraints

Fig. 5 FE model of frame.
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Fig. 6 Optimization results for frame.
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4300 Elements
4500 Degrees of freedom

2 Materials
1 Load case

294 Design variables
2450 Stress constraints

Fig. 7 FE model of wing box.
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(Estimated by scaling the present design so that it is just feasible)
A Dual weight of the current design

(Estimated lower bound on the weight of the optimal design)

Fig. 8 Optimization result for wing box.

9001 Elements
8398 Degrees of freedom

1 Material
2 Load cases

130 Design variables
5689 Stress constraints

6 Displacement constraints

Attachment Elements

Fig. 9 FE model for fin box.

V. Industrial Applications
This section describes some characteristic examples of the

practical application of STARS at DA. These examples relate
to stress and stiffness optimization of metal and composite
components.

In industrial application, it was found that time and cost
advantages can be achieved particularly for the following
fields if structural optimization is used: 1) predimensioning—
early weight-optimal designs for various constructions and
materials; 2) weight-optimal modification of structures at
short notice in the case of specification changes, load changes,
and occurrence of resonances, flutter, etc.; and 3) series
producibility/value analysis.

It is very important to commence structural optimization
during the preliminary-dimensioning phase since essential de-
cisions with regard to the shaping of components or assem-
blies are made during this phase. Consequently, the detailing
of FE models used for optimization will differ depending on
the phase of application. The characteristic values of the FE
models and optimization models are shown in the different
illustration of the application examples.

A. Military Aircraft Frame
Figure 5 shows the FE model of the frame for a modern

fighter aircraft. This aluminum frame is subjected to the wing
attachment forces. From the optimization results obtained,
Fig. 6 plots the weight curve vs the iterations. The weight
curve shows clearly that the optimum weight is achieved
within 10 iterations. In this case, the stress ratio method
(SRM) was used as the optimization procedure for pure stress
optimization. The minimum gauges for all finite elements to
be optimized were specified as initial design.
B. Civil Aircraft Wing

Figure 7 gives a further practical example of the FE model
of the wing box of a modern airliner. This FE model (metal
inner wing/composite outer wing) served as the basis for stress
optimizations at the inner and outer wing within the scope of
a study. In these optimization runs, the number of design
variables was systematically increased in successive runs. Fig-
ure 8 gives the example of a weight history plot for an
optimization of the outer wing with 294 design variables.

The use of SRM was found to be effective for the woven
fabric construction where longitudinal and transverse layers
are linked to a common design variable. This was then
followed by the more comprehensive PNM until the optimum
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- Stringers

Ribs
Skin

Stringers

Skin

Front Spar

Middle Spar
/ <^

Rear Spar

Fig. 10 Basic structure of the FE model.

Fig. 11 FE model structure for composite optimization.

structure was reached. The curves show that the SRM quickly
converges and reaches the almost optimum structure. The
subsequent PNM introduces some corrections of the design,
thus resulting in the optimum.

In practical industrial application, SRM and PNM have
proven to be very successful for redesign purposes. Moreover,
experience has shown that a combination of both procedures
can be very advantageous for many practical problems.13

C. Airbus Tail Fin
Figure 9 shows the FE model of the composite fin box. The

basic structure of the FE model is shown in Fig. 10.15 In the
composite design, layers with identical fiber direction were
combined and idealized by a membrane element in the FE
model (see Figs. 11 and 12). Weight optimization of the fin
box was carried out for the two dimensioning load cases,
lateral gusts, and maneuvers.

Allocation of the design variables to the element thick-
nesses and element cross-section of the individual component
areas is shown in Fig. 13 for the skin, taking into consider-
ation the following aspects:

Attachment Areas

0°/90°

Fig. 12 Construction of skin FE model.
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Fig. 13 Design variables of the skin.
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existing strains. However, only strains parallel to the stringers
were taken into account.

The pseudo-Newton method was selected as the optimiza-
tion procedure since, in the present case, stress and displace-
ment constraints are specified.

Figure 14 shows the standardized weight development vs
the number of iterations as optimization results. It can be
seen that 1) compared to the original component, which had
been designed in the conventional manner, notable weight
savings had been achieved; and 2) an optimum weight was
achieved after the seventh iteration step, and virtually none of
the constraints was violated any longer. This is indicated by
the fact that the actual weight and feasible weight are practi-
cally equal from the seventh iteration onward.

The CPU time for seven iterations amounted to approxi-
mately 1.8 h on the scalar computer IBM 3090-400.

A subsequent simplified analysis of local stability based on
strains resulted in the fact that the skin of the optimized
structure had to be thickened in parts. The optimization
described earlier applied to the idealized component structure.
In this case the results and the resulting element cross sections
and layer thicknesses were defined solely numerically. There-
fore, adaptation of these values to the production require-
ments will again result in some increase of the optimized
model weight.

This example of practical application for the carbon fiber
reinforced plastic (CFRP) Airbus fin box shows that STARS
can also be used for weight optimization of large structures
under realisitc conditions.

VI. Conclusions
Industrial application of structural optimization at DA has

convincingly demonstrated many advantages. Large and com-
plex structural components made of metal and composite
materials have been weight-optimized using the methods de-
scribed in this paper, and considerable weight savings over
conventional component design are possible. Structural opti-
mization has become an efficient design tool in both prelimi-
nary and main design phases, making it possible to develop
components at minimum weight and low cost within a rela-
tively short time and thus to improve competitiveness.

Fig. 14 Optimization results for fin box.

1) Since the 0/90- and ±45-deg layers of the skin are
always a part of the same fabric and can thus be changed only
as a whole, the thicknesses of the respective elements were
linked to one design variable each (0 and 90deg; +45deg
and —45 deg).

2) Owing to the symmetrical structure of the vertical tail,
the respective left-hand and right-hand elements of the skin
and of the stringers could be linked to one design variable
each.

The following elements were fixed, i.e., they were not
optimized: 1) connections of the fin box to the fuselage, 2)
connection areas of skin and spars to the fuselage, 3) spar
cap, 4) stringers in the connection areas just mentioned, and
5) all ribs.

Minimum limits of the element cross-sectional values to be
optimized were governed by the specified structural and man-
ufacturing requirements.

Displacement constraints at characteristic points of the
front and rear spars and strain constraints for all elements to
be optimized had been specified as constraints.

No detailed stability was carried out within the scope of
optimization. A subsequent simplified analysis of local stabil-
ity was performed for the optimized structure based on the

Acknowledgments
The authors wish to thank M. Hadfield, K. Hertel,

C. Kathmann, E. Winkler, B. Zapf, and I. Krober for their
assistance and constructive ideas in connection with the opti-
mization tasks described here.

References
Morris A. J. (ed.), Foundation of Structural Optimisation: A

Unified Approach, Wiley, London, 1982.
2Atrek, E., Gallagher, R. H., Ragsdell, K. M., and Zienkiewicz, O.

C. (eds.), New Directions in Optimum Structural Design, Wiley, New
York, 1984.

3Morris, A. J., Bartholomew, P., and Dennis, J., "A Computer
Based System for Structural Design, Analysis and Optimisation,"
AGARD CP 280, Jan. 1980.

4Mota Soares, C. A. (ed.), Computer Aided Optimum Design:
Structures and Mechanical Systems, Springer Verlag, Berlin, 1987.

5Adelman, H. A., and Haftka, R. T., "Sensitivity Analysis of
Discrete Structural Systems," AIAA Journal, Vol. 24, No. 5, 1986, pp.
823-832.

6Adelman, H. M., and Haftka, R. T. (eds.), Proceedings of the
Symposium on Sensitivity Analysis in Engineering, NASA Langley
Research Center, Hampton, VA., Sept. 1986.

7Bartholomew, P., "A Dual Bound Used for Monitoring Structural
Optimisation Problems." Engineering Optimisation, Vol. 4, 1979, pp.
45-50.

8Bartholomew, P., "Optimisation in Computer Aided Structural



1086 P. BARTHOLOMEW AND H. K. WELLEN J. AIRCRAFT

Design," Institute for Mathematics and its Applications Conference
Proceedings, Simulation and Optimisation of Large Systems, edited by
A. J. Osiadacz, Clarendon, Oxford, 1987.

9Haftka, R. T., "Second-Order Sensitivity Derivatives in Structural
Analysis," AIAA Journal, Vol. 20, No. 12, 1982, pp. 1765, 1766.

10Haug, E. J., "Second-Order Sensitivity Analysis of Structural
Systems," AIAA Journal, Vol. 19, No. 8, 1981, pp. 1087, 1088.

HSobieszczanski-Sobieski, J., Barthelemy, J. F., and Riley, K. M.,
"Sensitivity of Optimum Solutions to Problem Parameters," AIAA
Journal, Vol. 21, No. 9, 1982, pp. 1291-1299.

12Barthelemy, J. F., Sobieszczanski-Sobieski, J., and Riley, K. M.,

"Optimum Sensitivity Derivatives of Objective Functions in Non-lin-
ear Programming," AIAA Journal, Vol. 22, No. 6, 1983, pp. 913-915.

13Wellen, H., Kathmann, G., and Hertel, K., "Structural Optimisa-
tion of Aircraft Components with STARS and MSC-NASTRAN,"
European MSC/NASTRAN User's Conference, Munich, 1987.

14Heinze, P., Schierenbeck, D., and Niemann, L. "Structural Opti-
mization in View of Aeroelastic Constraints," European Forum on
Aeroelasticity and Structural Dynamics, Aachen, 1989.

15Hertel, K., Winkler, E., Kathmann, C, and Wellen, H., "Rech-
nergestiitzte Strukturoptimierung des Airbus A310-Seitenleitwerks
mit STARS," MBB-UT 189/87.

Recommended Reading from the AIAA **MMM M
Progress in Astronautics and Aeronautics Series . . .

Dynamics of Flames and Reactive
Systems and Dynamics of Shock Waves,
Explosions, and Detonations
J. R. Bo wen, N. Manson, A. K. Oppenheim, and R. I. Soloukhin, editors

The dynamics of explosions is concerned principally with the interrelationship between
the rate processes of energy deposition in a compressible medium and its concurrent
nonsteady flow as it occurs typically in explosion phenomena. Dynamics of reactive
systems is a broader term referring to the processes of coupling between the
dynamics of fluid flow and molecular transformations in reactive media occurring in
any combustion system. Dynamics of Flames and Reactive Systems covers premixed
flames, diffusion flames, turbulent combustion, constant volume combustion, spray
combustion nonequilibrium flows, and combustion diagnostics. Dynamics of Shock
Waves, Explosions and Detonations covers detonations in gaseous mixtures, detona-
tions in two-phase systems, condensed explosives, explosions and interactions.

Dynamics of Flames and
Reactive Systems
1985 766 pp. illus., Hardback
ISBN 0-915928-92-2
AIAA Members $59.95
Nonmembers $92.95
Order Number V-95

TO ORDER: Write, Phone or FAX: AIAA c/o TASCO,
9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604
Phone (301) 645-5643, Dept. 415 • FAX (301) 843-0159
Sales Tax: CA residents, 7%; DC, 6%. Add $4.75 for shipping and handling of 1 to 4 books (Call for rates on higher quantities). Orders
under $50.00 must be prepaid. Foreign orders must be prepaid. Please allow 4 weeks for delivery. Prices are subject to change without
notice. Returns will be accepted within 15 days.

Dynamics of Shock Waves,
Explosions and Detonations

1985 595 pp., illus. Hardback
ISBN 0-915928-91-4

AIAA Members $54.95
Nonmembers $86.95

Order Number V-94


