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On the Resistance of Blunt Forms
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Box-shaped hulls are used for a number of craft, of which the tracked amphibian supply

or assault craft are probably the most familiar.

This paper reviews briefly the resistance

components of such a blunt form and then develops a theory that gives Lthe wave drag com-
ponent of the total resistance. Comparison with experiment gives good agreement.

OX-SHAPED hulis are used for a number of craft, of

which the tracked amphibian supply or assault craft!

is probably the most familiar. This paper is concerned pri-

marily with the caleulation of the resistance of such a hull.

However, to place the subject in a proper perspective we first
examine the over-all performance parameters.

One way of expressing the resistance of a blunt form is to
reduce it to a ‘“‘drag coefficient” (Cp) based on some char-
acteristic area of the form. Hays? has used the “statically
immersed frontal area” (Ap) shown in Fig. 1, as well as the
actual (dynamic) wetted frontal area. In the present paper
we follow Hoerner® by employing the first of these alterna-
tives, that is,

('» = resistance/3pu? Ay (1)
where p is the mass density of water, u is the speed, and A5
is the statically immersed frontal area shown in Fig. 1. Now
the equilibrium speed at a particular power setting is ob-
tained when the thrust available from the propulsor is equal
to the resistance, as indicated in Figure 2a. We also may
express this in terms of power, since the power required is

Pp = resistance X speed = Du (2)
and the power available is
P4 = np 550(BHP) 3)

where ¢, is the efficiency of the propulsor, defined as (thrust

IMMERSED FRONTAL
AREA= 4

Fig.1 Definition of blunt form geomeiry.
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X speed)/(power input), and (BHP) is the input brake
horsepower. This alternative presentation is shown in Fig.
2b. Equating the power required to the power available and
using Eq. (1) for the resistance, we obtain

550 7»(BHP) = Cp ptime?d s 4)
so that the maximum speed i3
Umax = [1I00(BHD)/pd p]V3(np/Cp)"? (®)

The significant parameters that govern the speed attain-
able are, therefore: a) the installed power per unit frontal
area (BHP/Ar) and b) the ratio of the propulsive efficiency
to the form drag coefficient (4,/Cp).

For parallelepipeda it is of interest to express the stati-
cally immersed frontal area in terms of gross weight (W),
using the Principle of Archimedes.

Ar = W/plg (6)
Substituting in Eq. (5),
s = (11009) 2 [(BHD)/ W10/ Co)12 (D)

In this form the power loading parameter is now independent

of the frontal area and depends only upon installed power,

gross weight, and the length of the craft. For forms that

are not parallelepipeda but still bluff, the above analysis

can be modified by including a volume ratio factor in Eq.

(6), which will then appear in the denominator of Eq. (7).
Defining a power loading parameter,

A = 35400(BHP)I/ W (8

Table 1 Performance parameters for some typical
track-propelled amphibians®

w ) Umax

Type (Ib) BHP (ft) (mph) AY*  2/Cp
LVTP5A1 81,780 810 29.7 6.8 21.8 0.0955
LVTHS6 86,600 810 29.7 6.8 21.4 0.1012
LVTR1 82,200 810 31.8 6.8 22.3 0.0898
LVTE1 88,633 810 29.7 5.8 21.3 0.0642
LVTP6 50,600 430 21.6 5.5 18.7 0.0812
M-113 23,860 215 16.0 3.5 17.3 0.0261
M-29 6000 65 16.0 4.0 18.3 0.0330
M-76 12,000 127 16.7 4.5 18.4 0.0461
M-116 10,600 160 15.0 4.0 20.0 0.0253
XM-571 7700 70 19.5 2.1 18.5 0.0046
LVA-X1 6250 102 16.7 6.4 21.3 0.0859
LVT-3 35,600 220 24.5 6.0 17.5 0.1272
LVT-4 32,150 250 26.2 7.0 19.3 0.1503

@ See Ref. 1.
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Eq. (7) becomes
Umax = AI/g("’IP/CD)U3 (9)

The power loading parameter A has been evaluated for some
typical track-propelled amphibious vehicles in Table 1, using
data from Ref. 1.

Factor of Merit

The parameter (np/Cp) it a factor of merit that may be
regarded as a measure of the designer’s skill.  An efficient
propulsion system coupled with a low drag hull will give this
factor a large value and permit the achicvement of higher
speeds through the water. Some values of (np/Cp) for
amphibians are given in Table 1.

In order to obtain a physical picture of the amount of
variation obtained, these values of (nr/Cp) are plotted against
vehicle width in Tig. 3. It is curious to note that there is a
definite trend to higher efficiency with the wider vehicles.
We can advance no reason as to why this should be so;
possibly, it 1s merely an accidental grouping of the relatively
few data points. However, the possibility of an adverse
interference effect between two tracks might be an explana-
tion.

All the values of (np/Cp) are very low, of course; perhaps
an order of magnitude less than could be obtained by placing
greater emphasis on hydrodynamic characteristics. The
low values seem to result from both terms in the factor of
merit; the drag cocfficient Cp is very high on these vehicles,
and the propulsive efficiency is very low. Only the first of
these aspects will be studied in this paper.

The Definition of Resistance

Hull resistance (or drag) is usually broken down into four
separate components, although we should bear in mind that
this division 1s somewhat arbitrary.

Total resistance = Skin friction which is caused by shearing
of the fluid close to the vehicle’s skin.
It is quite small for bluff bodies and
may be neglected.

+ Pressure drag or form drag, which is
caused by the fluid’s inability to slow
down without losing energy.

+ Wave drag, which represents the cnergy
spent in making waves in the free
surface.

-+ Air drag, which is the aerodynamic coun-
terpart of the first two components and
is negligibly small for the low speeds
associated with blunt forms.

We shall now discuss briefly these individual components,
confining our attention to the first three. Of these, pressure
drag and wave drag are by far the most important. Skin
friction is included only because it has been considered as
a significant factor by some workers in the past.

Skin=-Friction Drag
The drag due to skin friction is given by the equation
DSF = Cf %puﬁ Awet (10)

where C; is the skin-friction drag coefficient, u, is the mean
effective speed of the water over the wetted surface of the
hull, and A..c is the effective wetted area. For practical
purposes there is no skin-friction contribution from the stern
so that, from Fig. 1, the wetted area is

Ayer = wd + 20d + ol 11)

It is sufficient for present purposes to take u, = u, the
speed of the hull through the water. Also, we wish to express
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Fig. 2 Alternalive presentations of power required and
power available.

skin-friction drag as a coefficient based on the immersed
frontal arca, so that it will be directly comparable with esti-
mates made for the other drag components. Thus, Eq. (10)
becomes

ACpsr = Crdue/Ar
Coll + 2(/w) + (/d)] (12)

For a typical amphibian (the LVTP-5, for example) I/d =
8.06 and I/w = 2.54. At its maximum speed of 6.8 mph,
the Reynolds number is 2.4 X 107, corresponding to a skin-
friction coeflicient of C; = 0.0025. Thus,

ACpsr = 14.1C; = 0.035

I

Since the total drag coefficient is typically of the order of
unity, skin-friction drag in this case accounts for less than
49, of the total. This is considerably less than the figure of
109, sometimes quoted.

Pressure Drag

An ideal fluid of zero viscosity would flow past a body as
shown in Fig. 4. Starting with an initial freestream velocity
ug, it speeds up to w; in the vieinity of the body and then
slows down until it reaches the freestream value again. The
process of accelerating and diffusing causes local energy
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Fig. 3 Correlation of the factor of merit with vehicle
width, for the amphibians listed in Table 1.
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Acceierating Flow ‘ Diffusing Flow

Fig. 4 Ideal (inviscid) fluid flow past a body.

changes (some of the pressure energy in the fluid is converted
to kinetic energy in the vicinity of the body); but since this
ix a reversible process, there is no net loss of energy in the
fluid and, therefore, no pressure drag force.

In a real (viscous) fluid, the situation is not so simple be-
cause of the boundary layver of slow moving fluid close to the
surface of the body. s noted in the previous section, the
divect drag contribution of this shear layer is small but it
has a far-reaching effect upon the external flowfield that is
not only not =mall but i, in fact, a dominating factor in bluff
body drag.

When the flow iz accelerating, as is the case to the left of
station (1) in Fig. 4, the boundary layer is thin and stable,
so0 that it has no appreciable ceffect upon the main body of
the flow. Thux, the velocities and pressures are essentially
those which would be measured in inviseid flow. Behind
station (1) the fluid is slowing down, and this diffusion causes
energy losses in the boundary layer and, eventually, separa-
tion from the surface. Thus, the fluid behind the body now
has less energy than it has upstrecam, and this energy defi-
ciency appears as a drag force acting on the body. That is,

drag X freestream velocity = loss in fluid encrey

Another way of deseribing the physical picture is sketched
in Fig. 5. For inviseid flow the static pressure distribution
over the body s svmmetrical, so that the net foree acting on
it (the integral of the local pressure resultant) is zero. In
a real fluid, the total pressure loss appears as a loss of statie
pressure over the rear portions of the body, so that the integral
of thiz unsymmetrical pressure distribution gives a net drag
torce on the hody.

It is, of course, generally {rue that the pressurve drag arises
from pressure differences around the body.  The simple flow
picture of the preceding paragraphs applics, however, only to
the origing of pressure drag under full-scale conditions, that is,
at high Reynolds numbers. At low speeds or {or small mod-
els, or a combination of both, the flow picture can become
much more complicated; as shown in Fig. 6, for the simple

Region of "dead water
i wake

Relative
pressure

Fig. 5 Local static pressure distribution for a circular
cylinder.
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Fig. 6 Flow regimes experienced by a circular eylinder.

case of a circular eylinder. It is fortunate that the dimen-
sions of full-size eraft, coupled with the low kinematic viscosity
of water, result in the major flow patterns always being super-
critical. At low speeds or for small models, or a combina-
tion of both, the flow picture can become much more compli-
cated, as shown in Fig. 6, for the simple case of a circular
eyvlinder. It is fortunate that the dimensions of full-size
eralt, coupled with the low kinematic viscosity of water, re-
sult in the major flow patterns always being supercritical.
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Fig. 7 Wake generation of various shapes.
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Fig. 8 Separation pattern over a lengthy blufl body.

Form (or Pressure) Drag Coeflicient for
Rectangular Shapes

Remembering that the high Reynolds number associated
with full-scale hulls results in supercritical flow, some typical
flow patterns around two-dimensional bluff bodies are
sketched in Fig. 7. The most obvious feature is the wake
behind the body, and it can be seen that, for sharp-edged
bodies, these wakes fall into two general elasses.  If the fore-
body is streamline, so that the flow off the base region ix
parallel to the freestream, then the initial size of the wake
is quite well defined by the width of the body. Tf the body
has sharp corners at the front, however, the wake is much
deeper, and the drag is rather more than twiee that of the
previous example.  Finally, there is an intermediate case,
as shown in Fig. 8 where the body has sharp corners at both
ends but is long enough for the initially separated flow to re-
attach before reaching the stern.

Hoerner® presents data which show that, in two-dimensional
flow, reattachment occurs il [/t = 4.0, and the nose separation
bubble then contributes an apparent drag inerement of ap-
proximately AC, = 0.4, ag shown in Fig. 9. This increment
should not be regarded as the actual drag caused by the
separation bubble, however, but only as part of it. It can
be shown that base drag depends mainly on the condition of
the boundary layer immediately upstream of the base, and
:an be correlated by Hoerners? coeflicient

Cpy = Dfnrw/f/o:’l 5

where Dy tx the drag of the body portions upstream of the
stern, ¢ Is the freestream dyvnamic head, and A 5 is the area of
the stern.  Thus, if Cpp is the bow drag coefficient,

Cps =Cos A B//;’l 8

= ('pp for a rectangular eylinder

25 — - B .

4Cp =04

DRAG COEFFICIENT Cp

0 ! P 3 4
LENGTH/ THICKNESS RATIO 1/t

Fig. 9 Hoerner’s? correlation of rectangular cylinder drag
data.
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Fig. 10  Basic geomelry for calculaling wave drag.

Then (rom Hoerner’s base drag correfation Ref. 3, pp. 3-20 we
can show that

gz’: N 8:{;}(4,0 </t 2O =092
where C'pg 13 the coefficient of the stern drag contribution.
It 1% of interest to note that the result € = 0.74 can also be
caleulated by using “fluid [riction” theory such as that
deseribed in Ref. 4.

As will be shown later, the two-dimensional value of '), =
0.92 for I/t = 4.0 is in good agreement with ay’s? value of
0.9 for a box-like hull with {/w = 4.0. It therefore scems
that three-dimensional effects on lorm drag may be small, at
least when the body has sharp edges and the bow separation
has reattached. On the other hand, there is reason for bhe-
lieving that reattachment may oceur at lower values of 1/t
than 4.0 under three-dimensional flow conditions. (For
example, compare Figs. 21 and 22, Ref. 3, pp. 3-12.) It
should also be mentioned here that (unpublished) measure-
ments of the bow drag of a rectangular evlinder in the Payne
Inc. two-dimensional wind tunnel have given the result Cpp
= 0.72.

Wave Drag Theory for Blunt Forms

Consider the blunt form shown diagramatically in Fig. 10.
The total hull drag ix partly caused by a pressure increase
on the bow and partly by a reduction over the stern.  What-
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ever the pressure distribution along the parallel sides, it can-
not influence the resultant drag force on the hull, of course.
The total drag force on the bow must equal the average pres-
sure rise (Apg) times the frontal area (4r). If Cpp is the
drag coefficient of the bow, based on the statically immersed

frontal area, the bow drag foree is
Dp = C])B’lgp’l,L?AAF = APBAF SApp = Cous %pu2 (13)

We assume that the mean water level at the bow will rise to a
height corresponding to this pressure, that is,

35 = Ap/pg = Cosu’/2g (14)

In the same way, the water level at the stern falls by an
amount

ds = Cps u?/2g (15)
Thus, the total resultant drag is
Dr = Dg[l + (0s/d)] + Ds[l — (8:/d)] (16)
In coefficient form,

Cp = (Cps + Cps) + Cur(ds/d) — Cps(bs/d)

J. AIRCRAFT

Comparison of wave drag theory with experiment.
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where F; is the Froude number u/(gl)2. Thus, the total
drag coefficient, based on the statically immersed frontal
area, is given by

2

Cpr = (Cpp + Cps) + 2/l

[CI)BZ — 01)52]
a7
= pressure drag coeflicient + wave drag coeflicient

Note that, in this case, the wave drag coefficient increases as
the square of the Froude Number rather than as the fourth
power associated with streamline forms.

Comparison with Experiment

A feature in Hay’s? tests was the observed development of
an air void at some critical speed, which was proportional
in some way to the statically immersed depth of the model.
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SPEED IN KNOTS

Fig. 13 Predicted variation of mean bow wave height
with speed (Cps = 0.725).

We naturally cannot expeet the proposed wave drag theory
to apply above this eritical speed.

We can detenine the total pressure drag cocfficient (Cp =
Cos + Cps) appropriate to Hay’s model by plotting his drag
coeflicient data against the squarc of the Froude Number.
It is obvious from Iq. (17) that we should then obtain a
series of straight lines (below the void onset Froude Number)
and that the inieveept at /; = 0 will give the pressure drag
coeflicient.

When this is done we obtain the result

Cy = (Cpy + Cps) = 0.9

a value already deduced by Iloerner? from Hay’s data, using
another method of analysis, This is also in excellent agree-
ment with the two-dimensional flow value given by Fig. 9,
of course.

Subtracting this value of Cp = 0.9 from the measured
total drag eoeflicient, we obtain the wave drag coecfficient
ACpw. Trom Eq. (17) the product (d/1)ACpy should be
independent of mmersion depth, so this product is used to
correlate Hay's data in Tig. 11.  When no void exists, the
data are scaticred about the theoretical line obtained by
assuming C'pp = 0.725, Cps = 0.175. These values are in
excellent agreement with the values obtained in the pre-
ceding section. Although the scatter in Fig. 11 is relatively
large, as seems always to be the case with this type of meas-
urement. the agreement with the theory seems fo be quite
adequate up to the formation of the void. The theory is
alsc compared with experiment in Fig. 12. using a different
plot for each immersion depth in order to obtain greater
clarity of presentation. 'The agreement here seems good
enough to justify use of the theory for engineering purposes.

DPiscussion

The simple theory of this paper predicts that the water
will “pile up” in front of a blunt form, to a mean “bow
wave’ height of

ég = Cps u2/2g (lf\’)

I
Prﬁi shift
‘1\
4
Phase shift
1

Fig. 14 The phase shifi effect with a partially streamline
hull.

which is plotted in Fig. 13. Tt is this increase in the effective
immersed frontal area which is primarily responsible for the
inerease in drag with IFroude number, although the reduc-
tion in immersed area at the stern also makes a small contri-
bution.

It should be noted that Hay? implied this when he calcu-
lated his drag coeflicients in terms of the observed frontally
projected wetted area and showed that this caused all data
points to fall on one line, at speeds below that at which an
air void formed. In this present paper, we have been able
to caleulate thix effect from fivst principles without the need
to introduce experimentally determined constants in the
usual sense. Thus, we may feel reasonably confident that
the physical picture hypothesized is reasonably in accordance
with what actually happens. Hoerner? also gives drag data
for a barge shape with crudely streamlined bow and stern.
In this case we find that the wave drag varies as the fourth
power of the Froude number, vather than the square, so that
the present theory will obviously not apply.

In the case of a rectangular form the water is constrained
Lo pile up at the bow; also its level along the sides has no
influence on the hull drag. When the bow is streamlined,
however, and moving with an appreciable speed, the inertia
of the water presumably causes a lag in its motion, as indi-
cated in Fig. 14, Thug, ils maximum elevation is somewhat
behind the point of maximum pressure, and the idea that the
mean water swrface elevation is directly proportional to the
local mean static pressure breaks down.

We would expect the blunt form theory to apply to a rec-
tangular form whose edges werve radiused, provided an ap-
propriately lower drag coefficient value were used. Yet it
does not apply when this edge radius is large enough to con-
stitute a conventional bluff bow. It would obviously be
interesting to see just where the dividing line lies and to ob-
tain a clearer physical picture of the flow changes in this
intermediate regime.
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