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Abstract

Significant drag reduction of large displacement vessels can be achieved by applying multi-wave air cavities arranged on the hull
bottom. Waves generated on the air—water interface of air cavities impose requirements on the dimensions of a hull recess that
accommodates the air cavity. An approximate model for calculating wave patterns in the critical upstream part of long air cavities in a
simplified, horizontal-plane geometry is presented in this paper. The influence of the recess planform boundaries and other factors on the
wave patterns is studied parametrically. Some hydrodynamic aspects of multi-wave air cavities are discussed.
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1. Introduction

The quest for higher speed and lower fuel consumption
of marine transportation will always remain one of the
main goals of naval architecture. A truly revolutionary and
at the same time already validated (at least on some types
of marine vehicles) technology is the lubrication of the
wetted hull surface with an air layer (e.g., Latorre, 1997;
Matveev, 2005). The air layer separates the ship hull from
the water reducing hydrodynamic resistance. Drag reduc-
tion on well-designed air-lubricated surface ships (known
as air-cavity ships or ACS) can typically be 15-30%,
depending on the ship type.

The ACS concept implies a small disturbance to the
water flow by an air layer and small power consumption
for air injection to sustain the air cavity (about 2% of the
total propulsive power). In this sense, the ACS concept is
rather different from air-cushion vehicles, traditional
surface-effect ships, and novel skirtless surface-effect ships
(Tudem, 2002), which have large dimensions for the hull
recess accommodating large air cushions/cavities and
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where a significant fraction of the total propulsive power
is consumed by air injection.

The ACS technology has been already implemented on
fast planing boats serially built in Russia (Matveev, 2005).
Large displacement ACS prototype vessels were success-
fully tested 20-30 years ago (Butuzov et al., 1990), but the
transition to the mass production of displacement ACS did
not occur due to insufficient economic incentives at that
time. With constantly growing demands for energy
conservation, a huge market of displacement marine vessels
may eventually adopt this concept. However, this will
happen only if the feasibility of the ACS concept, or its
derivative, for oceanic operations can be proven.

Two possible concepts for the air-cavity arrangement on
displacement vessels are shown in Fig. 1. The first
configuration (Fig. 1a) involves a set of wedges (cavitators)
that initiate air cavities. This type could be retrofitted on
existing conventional vessels. Several cavitators are needed
along the ship bottom due to the instability of the long air
cavities behind wedges.

A more advanced concept (Fig. 1b) utilizes a long recess
on the ship bottom, accommodating a multi-wave air
cavity. A set of wedges can still be used in this
configuration, but they will be in contact with water only
in some non-optimal operational modes. In the cruising
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Fig. 1. Air-cavity systems applied on displacement vessels. 1: air blower,
2: air cavities, 3: cavitators, 4: gas pipeline. Air-cavity height and bottom
recess height are shown not to scale.

regime, these cavitators would not touch the water flow.
The hydrodynamic performance of this variant is higher,
since frictional and form drag of cavitators of the first
concept is eliminated. However, achieving a stable large air
cavity without wetting the recess ceiling and with minimal
air leakage, especially in sea waves, is a major research and
development challenge.

The subject of this paper is the steady wave patterns in
multi-wave air cavities that dictate the requirements for the
air-cavity recess geometry, in particular, the height of the
recess. The development of mathematical models for this
class of flows was initiated by Butuzov (1966), who applied
the theory of developed cavitating flows. Extensive results
for fast air-cavity hulls in planing and semi-planing
conditions were generated in two-dimensional and later
in three-dimensional flows (e.g., Butuzov, 1981, 1988).
Closely spaced two-dimensional air cavities on a horizontal
plane were considered by Eller (1970) and Matveev
(2003a). The effects of hydrodynamic singularities, imitat-
ing propulsors and ride control elements, were also studied
in the same simplified configuration (Matveev, 2003b).

Gorbachev (1977a) considered a finite, multi-wave,
rectangular cavity with a variable aspect ratio on a
horizontal plane. A strong effect of the downstream end
on the cavity characteristics was noticed, resulting in
unphysical solutions with infinite wave amplitudes at some
relations between the cavity length and the incident flow
velocity. Little attention was paid to the three-dimensional
structure of the wave patterns. However, it is known from
experiments that three-dimensional flow phenomena play
an important role in ACS performance. To our knowledge,
no results were published on calculations of wave patterns
in multi-wave air cavities on ship hulls, but apparently,
a computer program has been developed at the Krylov
Institute for the preliminary design of such systems
(e.g., Sverchkov, 2002). There are some on-going efforts
to develop potential-flow computational fluid dynamics
(CFD) codes for modeling ship’s air cavities (Choi et al.,
2005; Thill et al., 2005).

This paper demonstrates a mathematical model for
calculating wave patterns in the upstream part of a
horizontal multi-wave air cavity and presents calculated
wave patterns for systematic variation of relevant para-
meters, namely the cavity width, planform of the front step,
parallel cavities, inclined gravity, trimmed step, and water
surface tension. A general schematic of the problem is
shown in Fig. 2.

The upstream part of a multi-wave cavity is the most
critical place for the cavity performance. If the water
surface reaches the recess ceiling in the upstream part of the
cavity, then the effectiveness of air lubrication is reduced. If
no wetting of the recess ceiling occurs in the upstream part
of the cavity, then it is most likely that the air-cavity
integrity will be maintained throughout the length of the
cavity and the performance will be high.

In our theoretical model, the cavity is treated as infinite
in the downstream direction, since the direct hydrodynamic
influence of the downstream cavity end on the wave
patterns near the front cavity step is minor for sufficiently
long multi-wave air cavities. This is quite different from
planing boats, where the influence of the closing geometry
is critically important (Butuzov, 1981) and where the air
cavities are considerably shorter than the unconstrained
water surface wavelength. The air-cavity closure in multi-
wave cavities remains important, but in a different way: it
affects the air leakage from the cavity (and therefore, the
air-cavity pressure) and the form drag of the hull part at
the air-cavity reattachment. In our model, however, the air-
cavity pressure is treated as an input parameter. We do not
elaborate on the balance of air inside the cavity, and
we address only the wave patterns at a given air-cavity
pressure.

The horizontal surface outside the cavity planform
boundaries is treated as an infinite wall. This greatly
simplifies the analysis allowing us to linearize the problem.
The linearization of boundary conditions on the air-cavity
water surface implies small wave slopes. This is consistent
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Fig. 2. General schematic of the problem. (a) Vertical-plane cross-
sectional view. (b) Planform view.
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with considering efficient air cavities that have small wave
amplitudes.

The mathematical model in this paper uses the potential-
flow linearized theory that has been applied for the air-
cavity calculations (e.g., Butuzov, 1966, 1988; Aleksan-
drov, 1971; Gorbachev, 1977a; Matveev, 2003a, b). The
novel aspects of this work include the consideration of a
three-dimensional air cavity unclosed in the downstream
direction, the emphasis on three-dimensional wave-pattern
characteristics, and the systematic study of the effects of
geometry and other external conditions.

In the air-cavity problems, the most commonly used
dimensionless parameter is the cavitation number defined
as follows:

Po — Pc

YN M
where py and p. are the pressure in the incident flow and
inside the air cavity, respectively, Uy is the ship speed, and
p is the water density. The cavitation number on ACS is
small in magnitude. It is usually positive or close to zero on
displacement-type vessels and negative on planing boats,
which implies a small additional sinkage due to the air
cavity on displacement ships and often a significant lift by
the air cavity on planing boats.

The problem under consideration here is related to the
flow behind transom-stern ships, which is another im-
portant subject in ship hydrodynamics (e.g., Schmidt, 1981;
Maki et al., 2005). In fact, in the two-dimensional
framework, the flows in the unclosed air cavity and behind
the stern of a long ship are identical (Fig. 2a). The main
dimensionless parameter in transom-stern flows is Froude
number based on the transom static submersion 7:

Uy

V9T~
where ¢ is the gravity acceleration. The transom-flow
Froude number is related to the air-cavity cavitation
number as Frk =2/c. Three-dimensional or relatively
short two-dimensional air cavities are significantly different
from the transom-stern flows, since the free water surface

behind the ship transom is usually unrestricted in the
lateral and downstream directions.

F}’T:

)

2. Theoretical model and numerical approach

The water flow under a horizontal solid wall is
considered (Fig. 3). A cavity recess is made in the wall to
accommodate a macroscopic air cavity. The flow direction
is parallel to the cavity side boundaries. The front
boundary of the cavity (step) in the planform is not
necessarily perpendicular to the incident flow velocity. If it
is perpendicular, then the cavity is classified as rectangular.
Flow is assumed irrotational, steady, and uniform up-
stream of the cavity. The liquid is incompressible and
inviscid. The pressure inside the cavity is uniform and
different from the static pressure in the incident liquid flow

Water surface
streamline

a Step

/" Z  Air cavity
Ya

Fig. 3. (a) Schematic of the flow past an air cavity on horizontal wall. (b)
Effective trim introduced by inclined gravity. (c) Locally trimmed step. o,
p, and h are positive as depicted in (b) and (c).

at the wall level. Due to this pressure difference, the
gravity-induced waves appear on the interface between the
gas cavity and the flowing liquid. The motion of air in
the cavity is neglected. The cavity is assumed to be
infinitely long in the downstream direction. The water
flow is sufficiently fast to achieve a separation at the front
step. On the recess lateral boundaries, vertical keels in the
longitudinal direction may be placed to contain the air
inside the cavity. The goal of the analysis is to determine
the wave-pattern characteristics on the air-cavity boundary
in the upstream part of a cavity recess.

Under the imposed assumptions, the Bernoulli equation
holds for the water flow at the cavity boundary:

pUs _  pUG
p0+ 2 _pC+ 2

, ?
+pgye — pgxsina — o, (3)

where py and U, are the pressure and velocity in the
incident flow at the wall level, p is the water density, p. is
the uniform pressure inside the cavity, U.(x,z) is the water
flow velocity at the cavity boundary with ordinate y.(x,z), g
is the gravitational constant, « is the inclination of the
gravity field, y is the surface tension coefficient, and R~ is
the local water surface curvature. A weakly non-uniform
pressure and velocity field can be also approximated by
adding disturbance terms in the Bernoulli equation
(Ivanov, 1980; Matveev, 2003a), similar to the fourth term
on the right-hand side of Eq. (3) that corresponds to the
weakly inclined gravity field.

If we linearize the problem, assuming small wave slopes,
as well as small deviation of the gravity vector from the
y-axis, a linearized form of the Bernoulli equation can be
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written as follows:

o u 2my. 2mxu 2 (62yc azyc)

2 o U() A A Wei 6x2 0z2 (4)
where ¢ = (p, — p.)/(pU3/2) is the cavitation number,
u(x,z) is the velocity perturbation along the x-axis, A =
2rnU}/g is the wavelength on unconstrained free water
surface, and We; = pU3%4/y is the Weber number based on
the free-surface wavelength.

The accurate accounting for the sidewalls would
considerably complicate mathematical modeling. However,
it was established that the influence of sidewalls on the air-
cavity surface is significant only in their vicinities, and the
sidewall presence can be neglected in approximate analyses
(Aleksandrov, 1971; Gorbachev, 1977a; Butuzov, 1988).
The only effect of these walls in our modeling is to contain
the air cavity on lateral sides. Nevertheless, it should be
kept in mind that calculated wave patterns (presented in
the next section) are not accurate in the regions close to the
sidewalls.

We will solve Eq. (4) by a method of hydrodynamic
singularities, introducing sources in the horizontal plane
y =0 of the air cavity. The staggered arrangement is
applied for the collocation points, where Eq. (4) is fulfilled
(Fig. 4), and for the sources. This scheme eliminates
reflection of the waves from the downstream boundary of a
numerical domain (e.g., Bertram, 2000; Semenenko, 2003)
and effectively simulates the upstream part of an unclosed
or sufficiently long air cavity.

From the linearized kinematic condition on the water
surface, the source intensity can be approximately related
to a derivative of the water surface elevation in the main
flow direction:
qu_AlT—ZZI = —2U066—J;C(xi, Zi), (5)
where (x;,z;) are the coordinates of a collocation point
under consideration, ¢;_; and ¢; are the intensities of its
neighboring upstream and downstream sources, and Ax
and Az are the distances between the source positions in
x- and z-directions. The x-component of the velocity
perturbation at a collocation point is the sum of velocities
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Fig. 4. Planform view on disposition of collocation points and sources
inside air cavity.

induced by the distribution of sources:

1 q; Xi—X;

u(xi> Zi) = 4_ T] ! > (6)
T 7 ri,}' Tij

where r;; = \/ (x; — xjs-)2 +(zi — zjs.)2 is the distance between

a collocation point with index i and a location of the source
with index j. The water surface elevation on the air-cavity
boundary can be recovered by x-integration of the source
intensities using Eq. (5) and the boundary conditions at the
step that assume smooth flow separation in the x-direction:

0y,

yc'slep = —h, a = _ﬁa (7)

where i and f§ are the characteristics of the longitudinal
cross-section of the step, as shown in Fig. 3c; f§ is small. For
non-zero /1 and f, there is an additional contribution to the
velocity perturbation due to a trimmed step, which can also
be modeled by distributed hydrodynamic sources. For a
rectangular cavity and a uniform step, this velocity
perturbation is given by the formula

u (x;, 2;)
_ U = I+ D = WPl VT
i = W)+ 3 = W+ G b B+ 2]
®)

This velocity is added to u(x,z) from Eq. (6) before
substituting into Eq. (4).

Thus, the surface ordinate and velocity perturbation in
Eq. (4) can be represented through the source distribution,
and the resulting system of linear equations can be solved
numerically for source intensities. Afterwards, the water
surface elevations can be found.

As was noted in the Introduction, the air-cavity and
ship-transom flows are equivalent in the case of a two-
dimensional flow. In Fig. 5, our numerical solution (for
zero surface tension, right-angle step, and vertical gravity)
is compared with the asymptotic solution of Schmidt
(1981) for water surface ordinates in the transom flow,
valid at sufficiently large distances behind the right-angle
transom:

y 1 2n T
%:E[l—ﬁcos<7x+§>}, 9)
with (x, y) = (0, 0) being the transom point location and the
x-axis is directed downstream. In the two-dimensional
reduction of our numerical model, we found that
discretization density of 30 sources per a wavelength has
produced numerical results with sufficient convergence. As
seen in Fig. 5, numerical results and those of Eq. (9) are in
satisfactory agreement except for the very vicinity of the
transom, where Eq. (9) is invalid, and for the region near
the downstream boundary, where the end of the domain
deteriorates the accuracy of a numerical solution.

For three-dimensional problems presented in the next
section, the discretization interval Ax was chosen as at least
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Fig. 5. Solid curve: numerically found two-dimensional water surface profile behind the step. Dashed curve: analytical asymptotic solution (Schmidt,

1981).

%th of the free wavelength and Az was chosen as either Ax
or %th of the cavity width, whichever less. The length of the
numerical domain in the flow direction was at least 3.54,
and results are presented for the upstream region of length
34, where the influence from the downstream boundary of
the numerical domain is minimal.

3. Results and discussion

We calculated wave patterns for a series of air-cavity
configurations and conditions. These include a rectangular
cavity with different widths W (Fig. 6a), a cavity with a
parabolic step of different elongations H (Fig. 6b), a cavity
with an oblique step (Fig. 6¢), and a system of two parallel
cavities with different spacing S (Fig. 6d). In these
configurations, the gravity vector is assumed vertical, the
step longitudinal cross-section is at a right angle to the
incident flow, and the surface tension is ignored. Addi-
tionally, the effects of an inclined gravitational field
(Fig. 3b), a trimmed step (Fig. 3¢c), and a surface tension
(finite We) were considered separately and only for
rectangular cavities with W /4 = 1.

The wave patterns computed for rectangular air cavities
of different widths (with respect to the unconstrained water
wavelength) are shown in Fig. 7. For a fixed cavity width,
lower W/J ratio implies higher ship speed. The water
surface elevation is given in Fig. 7a—d as finely graded
surface plots: white color is assigned to the highest
elevation (wave crest), while regions with the lowest
ordinates (wave trough) are black.

The wave patterns in the air cavity consist of transverse
waves originating from the step and divergent wave
systems formed at the sidewalls. At a sufficiently large
W/ A ratio, the water surface in the upstream part of the
cavity and outside the divergent wave systems (i.e., near the
cavity centerline) is similar to the two-dimensional flow. At
a sufficiently low W/. ratio, divergent waves greatly
influence even the first transverse wave, including its
centerline region. The wavelength of the transverse wave
system becomes shorter with decreasing W// ratio, similar
to numerical findings of Gorbachev (1977a). The three-
dimensional character of the air-cavity waves noticeable in
Fig. 7 is also apparent in experiments.

Interactions between wave systems result in local
amplification of the wave amplitudes, which may require
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Fig. 6. Some studied schematics. (a) Rectangular air cavity with different
width/wavelength ratio. (b) Parabolic step. (c) Asymmetric cavity with
oblique step. (d) Parallel cavities.

large vertical dimensions of the cavity recess (in order to
maintain air-cavity integrity) and longitudinal keels (to
minimize lateral air leakage). Under some conditions, the
flow formations similar to “rooster tails” behind transom-
stern hulls may be generated in the air cavity. Special
attention should be paid to the water surface extremes in
the upstream part of the cavity, since the downstream
waves are more significantly affected by viscous and
nonlinear effects. The local, specially designed increase in
the recess height above the water surface maxima may help
in preventing wetting of the ceiling at the designed
operational condition. However, this advantage is likely
to disappear at other ship speeds and loadings and in rough
seas, unless the ceiling geometry is dynamically adapted.
Such hull modifications would also lead to structural issues
and higher construction costs.

The influence of an elongated parabolic step, often seen
in modern air-cavity arrangements to maximize the air-
cavity area (e.g., Sverchkov, 2002), is shown in Fig. 8 for
one relative width W/ = 1. The reduced transverse wave
amplitudes at the centerline in the upstream part of the
cavity (at least in the first two transverse waves) are
apparent when a parabolic step is introduced. This is an
important advantage of the cavity with a curved front step.
Some calculated wave patterns manifest maximum ampli-
tudes in the divergent waves close to sidewalls and in the
interference centerline regions a few wavelengths down-
stream of the step. However, amplitudes in the wave
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Fig. 7. (a)-(d) Wave patterns in the rectangular air cavity. (¢) Wave profiles on the cavity centerline for different cavity width/wavelength ratio. The flow
direction is from left to right. (a) W /A = 2; corresponding centerline wave profile is shown by solid curve in (e). (b) W/ = 1; dashed curve. (c) W/ = 0.5;

dash-dotted curve. (d) W/4 = 0.2; dotted curve.

systems with shorter wavelengths are likely to be smaller in
reality due to viscous, nonlinear, and sidewall effects.
Moreover, in some configurations of cargo ship models
with near-parabolic steps, the longitudinal side keels are
not even needed for achieving large stable cavities and high
hydrodynamic performance.

Air cavities with oblique (in horizontal plane) steps can
be utilized close to the lateral sides of large-beam
monohulls and on asymmetric catamarans. The influence
of the obliqueness angle is illustrated in Fig. 9. Extreme
water surface ordinates are displaced to the cavity side that
is shifted downstream.

The effect of two cavities placed in parallel (as in Fig. 6d)
is presented in Fig. 10. Even at spacing S/W = 0.1 (for
W/ = 1), the influence of a neighboring cavity is weak
(Fig. 10a), and the wave pattern in this cavity is not that
different from that in Fig. 7b. At a smaller spacing, the
wave pattern approaches that of a single cavity with
doubled width, so this wave structure (Fig. 10b) becomes
similar to that on the portside half of the cavity in Fig. 7a.

An important operational factor influencing the air-
cavity wave pattern and the effectiveness of the air-cavity
drag reduction is the ship’s trim. The influence of a trim
angle (or the inclination of the gravity field in our
mathematical model as shown in Fig. 3b) is demonstrated

in Fig. 11. The bow-up trim condition displaces the water
surface above the ship’s base plane, requiring larger recess
height to keep the air-cavity integrity. The bow-down trim
produces the opposite effect on the air-cavity boundary,
thus reducing demand for the recess height, but possibly
requiring an increase of keels for minimizing lateral air
leakage. On real ships, however, additional factors
(e.g., non-uniform velocity and pressure distribution over
the hull) also significantly affect water surface elevations in
the cavity. It is likely that the optimal operational trim for
most displacement air-cavity vessels is near zero, such as
was found in the tests of a supertanker model (Gorbachev,
1977b). This generally corresponds to a certain non-zero
trim at stop.

The wave pattern inside the air cavity is also affected by
the ship hull surface outside the cavity. One of the most
effective and simplest means for optimizing the air cavity is
to adjust a relatively small ship hull area at the front of the
air cavity (Fig. 3c). The effect of such modification is
shown in Fig. 12. While forcing the flow downward leads
to higher wave amplitudes, the upwardly trimmed step
results in significantly lower water surface amplitudes.
This method is expected to be of great value in practical
applications, and can even assist in maintaining the
air cavity under various operational conditions. More
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Fig. 8. (a)-(d) Wave patterns in the air cavity with W /. = 1. (e) Wave profiles on the cavity centerline for different elongations of a parabolic step.
(a) H// = 0; corresponding centerline wave profile is shown by solid curve in (e). (b) H/4 = 0.25; dashed curve. (¢) H/A = 0.5; dash-dotted curve.

(d) H/Z = 1; dotted curve.
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Fig. 9. Wave patterns in the asymmetric air cavity with W /A =1 and different inclinations of an oblique step. (a) B/A = 0.5. (b) B/A = 1.
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Fig. 10. Wave patterns in the portside cavity in the system of two parallel rectangular cavities with W /. = 1. (a) S/4 = 0.1. (b) S/A = 0.05.
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Fig. 11. (a), (b) Wave patterns in the rectangular air cavity with W /4 = 1. (c) Wave profiles on the cavity centerline for different gravity inclinations.
(a) /o = 0.1 (o is positive); corresponding centerline wave profile is shown by dashed curve in (c). (b) /o = —0.1; dash-dotted curve. Solid curve in

(c) corresponds to o = 0.
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Fig. 12. (a), (b) Wave patterns in the rectangular air cavity with W /1 = 1. (c) Wave profiles on the cavity centerline for different step trimming.
(a) /o = 0.1 and h/(Ao) = 0.05 (o is positive); corresponding centerline wave profile is shown by dashed curve in (c). (b) /6 = —0.1 and h/(Ae) = —0.05;

dash-dotted curve. Solid curve in (c) corresponds to f = h = 0.

sophisticated geometries of the step in both transverse and
longitudinal directions can be sought. A related problem
for minimizing wake wash behind a two-dimensional
transom ship by selecting an appropriate stern geometry
was considered by Schmidt (1981).

In testing low-speed small-scale ACS models, the water
surface tension can play a role. The effect of low Weber
numbers on the wave pattern in the rectangular cavity with
W /4 = 1isillustrated in Fig. 13. With increasing influence
of surface tension, the centerline wave profile manifests
shorter and higher waves. However, a noticeable influence

of surface tension on the wave pattern occurs only at low
speeds. From model testing experience (Sverchkov 2002), it
is known that the influence of surface tension on the
measured resistance of standard-size low-speed displace-
ment ACS models can be completely neglected for
We; > 18, 000.

4. Concluding remarks

A simplified three-dimensional mathematical model
based on a linearized potential-flow theory and parametric
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Fig. 13. (a), (b) Wave patterns in the rectangular air cavity with W /4 = 1. (c) Wave profiles on the cavity centerline for different Weber number (¢ is
positive). (a) We; = 6000; corresponding centerline wave profile is shown by dashed curve in (c). (b) We, = 2000; dash-dotted curve. Solid curve in (c)

corresponds to We; = co.

results for the wave patterns inside the multi-wave air
cavities on a horizontal plane are presented in this paper.
A transverse wave system is found originating at the front
step with divergent waves generated at the sidewalls. The
interference between wave systems leads to the appearance
of local extremes of the water surface ordinates that must
be accounted for in selecting heights of the air-cavity recess
and longitudinal keels. The geometrical features of the air-
cavity boundaries, as well as external conditions, signifi-
cantly affect the wave patterns inside air cavities.

Experimental studies are needed for validating this
model and for establishing its limitations. Perhaps,
empirical corrections can be introduced for practical
application of this theory, similar to the viscous damping
in the extended thin-ship theory (e.g., Tuck et al., 2002).
Little information for measured wave patterns in air
cavities is currently available in open literature, and
corresponding conditions are described insufficiently for
making comparisons. Due to the smallness of some
characteristic dimensions involved (e.g., height of the
wetted area on sidewalls), it is expected that a scale effect
may play an important role in conducting model tests and
extrapolating model results to the full scale.

Applications of modern CFD methods with inclusion of
viscosity, air flow, and cavity reattachment should greatly
benefit the ACS technology. Again, validation of CFD
methods for the water and air flows specifically around
ACS hulls will be necessary prior to applying these tools in
design practice.
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