
VOL. 4, NO. 6, NOV.-DEC. 1967 J. AIRCRAFT 553

Engineering Notes.
ENGINEERING NOTES are short manuscripts describing new developments or important results of a preliminary nature. These Notes cannot exceed 6 manuscript
pages and 3 figures; a page of text may be substituted for a figure and vice versa. After informal review by the editors, they may be published within a few months of the
date of receipt. Style requirements are the same as for regular contributions (see inside back cover).

An Approach to Penetration Cost
Effectiveness Evaluation

HERMAN O. ANKENBRUCK*
The Bendix Corporation, Ann Arbor, Mich.

Introduction

THE method described is suggested as one tool for making
first-order approximations in the evaluation of systems

for improving aircraft survivability in a hostile environ-
ment. It is an attempt to quantify for engineering purposes
a number of factors that are already known intuitively. The
analysis first presents a criterion for comparing the cost of
two or more alternatives, each of which must accomplish
the same function—penetration. This is an equal-effective-
ness criterion. Second, the analysis contains a discussion
of the variables affecting the cost effectiveness of survivability
and the sensitivity of the criterion to the major parameters
among those variables.

The mission objective is defined as requiring a given
number of airplanes to pass over a target, and the measure
of cost effectiveness chosen is the total cost of one or more
alternatives to accomplish this objective. The objective
may be achieved either by increasing the number of air-
planes in the overflight according to expected losses, by
providing passive defense measures or defense suppression
aids to increase the probability of survival of the aircraft,
or both. The factors in the total cost include the direct
cost of aircraft lost, the direct cost of the defensive sub-
systems added to reduce losses, and the airplane or mission
performance penalty incurred by carrying defensive subsys-
tems. The direct costs of any equipment include unit in-
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Fig. 1 Cost/effectiveness variation with attrition rate:
comparison of costs and weight penalties, short medium

conflict.
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vestment costs with prorated R&D and the costs associated
with operation and maintenance for the life of the equipment.

Development of Equations
As suggested previously, penetration aid cost effectiveness

can be expressed as the ratio of the total cost of the unde-
fended aircraft to perform a given penetration, C0, to the
cost of defense-equipped aircraft required to perform the same
task, Cw. Thus a payoff will accrue when this cost effective-
ness ratio is greater than unity. The cost effectiveness ratio
E can then be expressed as

E = C0/CW (1)
In Eq. (1), CQ is the sum of all the direct costs of a basic

airplane surviving to the target area without defensive
subsystems; or

= Cn -\~ C (2)
where

Cn — the total cost of all airplanes surviving
CM = operation and maintenance cost of those airplanes
Ci = cost of airplanes lost penetrating to the target

These terms can be derived in the following manner:

Cn = AnC

where

An = the number of airplanes surviving
C = the unit investment cost plus prorated RDT&E

costs

The nominal lifetime T of an aircraft is assumed to be five
years; and the operation and maintenance (O&M) costs
are approximately four times the RDT&E plus production
costs. Therefore, the O&M costs for the surviving airplanes
CM = AnC(4t/T). The cost of lost airplanes,

= (A - An)CSB

where

A = the number of airplanes starting the mission
S = the number of sorties during the theater operational

period
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Fig. 2 Cost/effectiveness variation^with attrition rate:
effect of sortie rate & theater duration.
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Fig. 3 Cost/effectiveness variation with attrition rate:
various improvement ratios, costs, & weights, short

medium conflict.

B = a loss logistics adjustment factor to account for the
cost of replacing an airplane in the theater

By substituting Cn, CM, and Ci and arranging, Eq. (2) can
be written as

Co = AnC(l + 4*/D + SBC(A - An) (3)

which represents the cost of aircraft surviving plus the cost
of aircraft lost. The attrition ratio of aircraft without
penetration aid defenses is a0 = (A — An)/A, and therefore
(A — An) = AnaQ/(l — a0). Substituting for (A — An),
Eq. (3) can then be rewritten

Co = AnC[l + 4t/T + SBaQ/(l - a0)] (4)

The term Cw in Eq. (1) is the sum of all the direct costs of
the basic aircraft modified by the addition of defensive
subsystems in the following manner. First, if additional
defensive subsystems are effective, the mission costs will be
reduced in part directly as the ratio of the losses. Second,
the mission costs will be increased directly by the added cost
of penetration aids. Third, the cost of a mission will be in-
creased indirectly because the performance of each airplane
carrying defensive subsystems will be degraded, mainly by
a reduction in payload; or on a total mission basis if special
defense-suppression aircraft were used, the cost of additional
aircraft can be represented by an equivalent payload penalty.

The cost of aircraft with penetration aids, CW) is then equal
to the cost of airplanes surviving including O&M costs, plus
the cost of airplanes lost, plus the cost of defensive subsystems
surviving including O&M costs, plus the cost of defensive
subsystems lost. This may be written

Cw = Cn + CM + Ci + Cdn + Cdl (5)
Taking the same approach used in the derivation of Eq. (3),

Cn = AnC CM = AnC(±t/T)
d = (A - An)CSBaw/aQ

Cdn = [AnCdne + AnCdne(tt/T}} + [AnCSde + AnCSW/P]

Cdl = (A- An)CSB(aw/a0)(dne + de+ W/P)
where the new terms are

aw = the attrition ratio of aircraft with defensive sub-
systems

de = the fractional cost of expendible defensive sub-
system elements (missiles, bullets, etc.) relative
to airplane unit cost C

dne = the relative cost of nonexpendible defensive sub-
system elements

W/P = the fractional payload penalty incurred by carry-
ing penetration aids

By substitution into Eq. (5) and arranging we can write

Cw = AnC(I + 4Z/T) + SBC(A - An)aw/a0 +
AnC[S(de + W/P) + dne(l + 4t/T)] +

SBC(de + W/P + dne)(A - An)aw/aQ (6)
Substituting for C0 and Cw in Eq. (1) gives

SBaQ/(l - op)_______
S[d+ W/P + Ba0/ (7)

(1 - ooK/ooCl + d + W/P + dne)}
This equation then defines a restricted form of cost effective-
ness criterion, specialized for use in establishing the relative
value of two penetration alternates.

Sensitivity of Criteria to Parameters

Typical results are presented in Figs. 1-3 as parametric
plots of cost effectiveness ratio E vs undefended air-
craft attrition ratio a0. The term ao is an indicator of the
quality and quantity of antiair defenses and the kind of
missions flown; higher values indicating a more severe en-
vironment. The results are plotted so that effects of those
variables to which E is most sensitive can be readily seen.

It is the nature of this kind of analysis that the answers
appear to be reasonable. As expected, the payoff for air-
borne defensive systems varies significantly with a0. From
Fig. 1, it is noted that payload penalties W/P and cost of
expendibles de are stronger factors than cost of nonexpend-
ables. From Fig. 2, it appears that the time in the theater
t and the number of sorties flown S are not particularly im-
portant to this kind of comparison probably because the loss
and O&M costs are treated about the same for the penetra-
tion aids as for the basic airplanes. On the other hand, loss
improvement ratio aw/aQ is a very powerful parameter. This
factor defines the value of the penetration aids in relation to
the antiair defenses.

If we assume that a sophisticated airborne defense system
may require about 10% of the total mission payload and
cost as much as 10% of the basic aircraft, two other observa-
tions can be made: first, the level of war and aircraft utiliza-
tion must be such that ao is greater than about 0.10 before
complex and expensive penetration aids will be worth con-
sidering; and second, it is important to achieve an improve-
ment in survivability of about 2 to 1 (aw/aQ = 0.5), in order
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Fig. 4 Effect of loss improvement ratio on cost effective-
ness: short medium conflict, comparison at moderate &

high attrition.
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to realize a payoff even in rather severe hostile environments.
Further, it appears that defensive systems with weights above
about 20% of the mission payload will pay off only in the
most severe environments (ao > 0.2) and then only if costs
are moderate. The cross plots in Fig. 4 tend to bear out
the foregoing conclusions in a different manner. For the
severe operational environment case (ao = 0.50) it appears
that a penetration aid offering an improvement better than
2:1 in survivability will pay off if its costs are less than about
10% of the combined mission equipment and total weights
are less then 10% of the combined mission payload. Yet,
where nominal attrition ratios are expected to be lower (a0 =
0.10), either the improvement from using penetration aids
must be high or the costs and weights must be very low in
order for a benefit to be realized.
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Fig. 2 Wake lift component.

Design Data for the Jet Flap in
Ground Effect

PETER B. S. LISSAMAN*
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Introduction

THE jet flap is of considerable interest for obtaining very
high lifts from an airfoil. This is significant for STOL,

for helicopters, and for fluid support of high-speed ground
vehicles, or for amplification of conventional flap-type con-
trols. Linearized solutions for the two-dimensional case in
an infinite fluid are well-known (for example, Spence1). The
presence of the ground causes significant effects on a jet
flap airfoil, due both to ground-induced pressure and viscous
ground effects (blockage). This note distils the linear theory
solution for the jet flap in ground effect. The analysis is
described in detail in Refs. 2 and 3; here only those results
of direct engineering interest are given for use in design.

Theoretical Development

The two-dimensional, inviscid, incompressible steady case
is considered (Fig. 1). The problem is to find a potential
function, Laplacian in the general field, which satisfies normal
boundary conditions on the airfoil, ground plane, and at in-
finity, and an additional condition on the jet wake, namely
no flow through the wake, with the pressure difference across
the wake related to the local curvature and the jet blowing
coefficient Cj = J/qc. Here J is the jet momentum, q the
freestream dynamic pressure, and c the chord. Although the

Fig. 1 Geometry of jet flap airfoil.
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field equation is linear, the boundary conditions are not, since
on the wake the dynamic condition implies matching terms
of order 72 while the wake shape itself changes under different
lifting conditions.

The problem is linearized in the usual thin airfoil"fashion,
and the boundary conditions applied on some mean line.
This still does not explicitly define the boundary condition
on the jet wake, but transforms the problem to a linear one
with Riemann-Hilbert-Poincare boundary conditions.3 It
may now be considered as four distinct super imp o sable cases:
the classical ones of thickness, camber, and angle of attack
(ot), and the additional case for variation of the jet efflux
angle (0) (the singular problem). These solutions are func-
tions of Cj and h/c, h being the height of the airfoil.

Details of the technique of solution are not discussed;
however, the nose flow is of especial engineering interest.
For the case of zero thickness and camber (Fig. 1), where
CL* is the coefficient of pressure lift on the upper and lower
surfaces only, and CT the nose thrust coefficient, CL* may be
eliminated from the two equations of vertical and horizontal
equilibrium. The lift coefficient CL is linear in a and 0.
After a further elimination we get

CT = O/(02/2) a = 0

CV = 2CjCLa - Cj*
(1)
(2)

Equation (1) gives a direct insight into the thrust recovery
mechanism. For the case a = 0, the jet momentum thrust
at the trailing edge is Cj(l — 02/2 + . . . ) ; it is now clear
that the nose suction provides the additional force on the
airfoil for full thrust recovery. Physically, the deflection
of the jet induces a flow around the nose of a related magni-
tude. Thus for practical designs attention must be given
to the control of the nose flow to realize thrust recovery.
Equation (2) shows that it is unnecessary to solve both the
angle-of-attack case (for CLa) and the singular case (for CLe)
since they are directly related.

Lift of the Airfoil

Having solved the boundary value problem, the pressure
distribution may be determined. This is singular, 0(x~1/2)
and 0(Cj log|c — x\), at the leading edge {x = 0) and
trailing edge (x = c). We can isolate these singularities,
and express the lift as the sum of three terms. The first,
the nose lift CLN, is principally due to pressures near the nose,
and appears in closed form as CLN = 47r~1/2CV/2(T~1. Here
G is the geometrical parameter describing the height of the
airfoil. For engineering purposes h/c as a function of G
may be read off from Fig. 2. Note that h/c ->• 0, G -> 0;
h/c -> oo , G -*- 1. The second component is due directly to
the jet momentum, given in linear theory as Cj. The final
component (mainly due to pressure near the trailing edge)


