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Newman10 recommended having a full-time head-down PFD
always in view, unless mission requirements dictated other-
wise. If it is not feasible to have a full-time head-down PFD,
the head-down display should be recalled by a single button
push (without the need for the pilot to remove his hands from
the controls). This approach has also been adopted by the mil-
itary � xed-wing community.7

A HUD may not be suitable as a PFD in all � ight conditions
because the background may be too bright or distracting.
Therefore it is felt that there needs to be a PFD available to
the pilot. The issue is does it need to be up full time? This
issue remains to be resolved.

Most existing civil HUDs do not replace the head-down
PFD. The exception is the C-130J that was designed to allow
the HUD to serve as the only visible PFD. The C-130J uses a
yoke-mounted button for head-down PFD recall. The head-
down PFD is also recalled automatically under certain circum-
stances.15

Application to Low-Level Operations with an HMD
In the case of NOE � ight or transition to visual � ight, the

pilot may not have the time available to look inside, particu-
larly during night or adverse weather operations. Of particular
importance in the low-level environment is the assessment of
the aircraft trajectory relative to obstructions. In this instance
the HMD would be the de facto PFD. Clearly, it would be the
only � ight display being used.

As stated earlier, HUD studies recommended full-time dis-
play of the head-down PFD at all times.10 This is an excessive
requirement for HMDs because the purpose of the HMD is
too allow the pilot to look off-axis and, as a result, he would
probably not be able to see the head-down PFD.

However, it is our opinion that similar arrangements should
apply to the use of an HMD, i.e., there should always be a
head-down PFD available that is not necessarily displayed at
all times.
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Introduction

I N an attempt to model a recent set of experiments by Skare
and Krogstad,1,2 dealing with equilibrium boundary layers

near separation, it became clear that the traditional k-v model
was unable to reproduce the data. Careful investigation of the
data suggested that the diffusion term in the k equation behaves
differently in the presence and absence of unfavorable pressure
gradients. This led to the conclusion that an important diffu-
sion mechanism was missing from the k equation, and so a
new diffusion model is proposed.

The only term that requires modeling in the k equation is
the diffusion term.3 Traditionally, it is modeled as

1 ­k
ru9u9 u9 1 p9u9 = 2m s* (1)i i j j t

2 ­xj

where r is the density, k is the turbulent kinetic energy, m t is
the turbulent viscosity, is the velocity � uctuation, p9 is theu9i
pressure � uctuation, and s* is a model constant.

The applicability of this model near separation is evaluated
for an incompressible � ow. In the near-wall region, the Wilcox
k-v model reduces to

­P ­t
0 = 2 1 (2)

­x ­y

2

­ ­k ­U
0 = s*n 1 n 2 b*vk (3)t tF G S D­y ­y ­y

2

­ ­v ­U 20 = s Æ 1 a 2 bv (4)tF G S D­y ­y ­y
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where the turbulent eddy viscosity is de� ned as

n = k/v (5)t

P is the pressure, t is the shear stress, U is the mean velocity,
and v is the speci� c dissipation rate. The values of the model
constants are

5 3 9 1 1­ ­­ ­­­ ­ ­a = , b = , b* = , s* = , s = (6)9 40 100 2 2

Integration of Eq. (2) gives

­P ­U
t = t 1 y . m (7)w t

­x ­y

where tw is the wall shear stress. In regions where tw ® 0,
Stratford4 showed that U has the form

2( P9y) 1 ­PÏ
U = , P9 = (8)

K r ­x0

where K0 is typically a constant of about 0.51. Equation (8)
was later con� rmed by Townsend5 using the data of Schubauer
and Klebanoff.6 In the limit of vanishing shear stress, Eqs. (7)
and (8) give

1/2 3/2n = K P9 y (9)t 0

When Eqs. (8) and (9) are substituted into Eqs. (3) and (4),
the system yields two equations in two unknowns. Solution of
these equations reveals the asymptotic behavior of k and v in
the region near separation. The result can be represented as7

m nk = Ay , v = By (10)

where

1/2 1/2
1 a 1 a 1/2m = 1, n = 2 , A = P9, B = P9 (11)S D S D2 b K b0

1/2
3 a 1 ab*

s*K 1 2 = 0 (12)0S D2 b K K b0 0

Noting that

2­a(b*/b) = (13)3

Eq. (12) reduces to

1/2

3 a 1
s*K 1 = 0 (14)0S D2 b 3K0

In view of Eq. (6), the preceding result is a contradiction. This
shows that the current modeling of diffusion is inadequate in
a region near separation.

To remedy the preceding situation, we supplement diffusion
with an additional term. The proposed modeling of the diffu-
sion term is

b1 ­k ­Pij
ru9u9u9 1 p9u9 = 2m s* 1 s* (15)i i j j t pF G2 ­x r ­xj j

where

2­b = (t /rk) 1 d , t = 2ru9u9 (16)ij ij 3 ij ij i j

and is a model constant. This model constant is determineds*p

from an analysis similar to the one performed in the preceding
text. Using the standard k-v notation, it can be shown that

2 1/2s* = 2s*(a /b) 2 (2/9K )(a /b) . 26.03 (17)p 0

for K0 = 0.51. Note that is negative, and so the new terms*p
is a negative diffusion term in the near-wall region for an ad-
verse pressure gradient. It should be pointed out that the Strat-
ford limit is valid in the near-wall region where tw ® 0. The
� ow under consideration is attached. Thus the value presented
in Eq. (17) is to be treated as a crude estimate of . Afters*p
computations were made for a strong adverse pressure gradient
� ow, we set = 2 5.13 to best match the experiment.s*p

It should be noted that Saffman8 attempted to reproduce the
Stratford limit using his k-v2 model. He found that for his
model to reproduce Eq. (8), the various model constants had
to take on imaginary values. The same can be shown for the
k-« model.

Results and Discussion
A boundary-layer code9 is employed in carrying out the

computations. A standard k-v model and a modi� ed k-v model
were implemented in the code.

The experiments of Refs. 1 and 2 represent an equilibrium
boundary layer in a strong adverse pressure gradient � ow at a
Reynolds number per length of approximately 1.2 3 106. An
equilibrium � ow exhibits similarity in the outer region of the
boundary layer.5 The equilibrium region is maintained between
xc = 4 and 5 m. The strength of the pressure gradient is mea-
sured by the nondimensional pressure gradient parameter

d* ­P
b = (18)T

t ­xw

where d* is the displacement thickness. An average value of
bT = 20 was maintained in the equilibrium region.

To mimic the conditions stipulated by Stratford, the added
diffusion term was implemented in the boundary-layer code as

xH(x) (19)

where

b­ ­P ­ k ­U ­Pij
x = m = (20)tF G S D2­x r ­x ­y v ­y ­xi j

H(x) is the Heaviside function, i.e., H(x) = 1 for x > 0 and is
zero otherwise.

Skin friction values are compared in Fig. 1. Skin friction is
de� ned as

1 2­C = t / r U (21)f,e w 2 e e

where subscript e denotes the edge of the boundary layer. k-v
results are about 50% higher than the expected results. The
new model matches the data quite well with only a slight un-
derprediction in the equilibrium pressure region of approxi-
mately 10%.

Figure 2 shows a representative shear stress in the22u9n9/ut

boundary layer at two of the six measurement stations, where

2u = t /r (22)t w

The peak of the shear stress is at approximately y/d = 0.5. In
a zero-pressure gradient � ow, the maximum shear stress is at
the wall. The modi� ed k-v results match the data quite well
for y/d # 0.5 and only slightly overpredict the outer region.
Both methods � nd the correct location of the peak, but the
magnitude is consistently underpredicted by the k-v model.
Based on these results and those of Ref. 7, we notice that tw,
as determined by the original k-v model, is greatly overesti-
mated in regions of strong adverse pressure gradients.
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Fig. 1 Comparison of skin friction calculations with experiment.

Fig. 2 Comparison of shear-stress pro� les with experiment.

Concluding Remarks
This work identi� es inadequate diffusion modeling as the

cause for the inability to model separated � ows or � ows on
the verge of separation. The results suggest that a new diffu-
sion mechanism needs to be introduced in the k equation to
explain observed behavior of turbulent � ows in the presence
of strong adverse pressure gradients at low speeds. The current
modi� cation of the k-v model with an additional diffusion
term based on the pressure gradient showed good agreement
with the experiment when strong adverse pressure gradients
exist in an incompressible � ow.
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I. Introduction

L AMINATED � ber-reinforced composite materials are in-
creasingly used in aeronautical and space vehicles struc-

tures as shallow shell structural elements because of their high
strength-to-weight ratio. However, their use in the design in-
troduces several complicating factors that are not present in
the conventional isotropic material constructions. Such com-
plications are mainly a result of the � ber orientation, the num-
ber of layers used, and their stacking sequence. For ef� cient
use, a good understanding of modern materials’ construction
is needed and their structural stability behavior under various
loads and boundary conditions need to be studied. Because of
the introduction of the geometric matrix concept by Gallagher
and Padlog1 and Kapur and Hartz,2 many authors exploited the
application of the � nite element method for the analysis of linear
and nonlinear buckling of plate and shell structures.3­ 10 In most
of the earlier works on the elastic stability analysis of plates
and shells, the total potential energy functional was used for
the � nite element formulation of the problem. Alternatively,
the problem can be formulated using a two-� eld, variable-
modi� ed functional with the transverse displacement w and
Airy stress function F as the � eld variables of the problem. In
Ref. 11, starting from Reissner’s variational equation for free
vibration of thin isotropic cylindrical curved plates, the Euler
­ Lagrange equations governing the problem and the boundary
conditions were obtained. It was shown that the boundary con-
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