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Approximation
An experimental study of the dynamics of a generic rigid body during water impact and
an equivalent-radius approximate analytical procedure is developed and calibrated in
this study. The experimental tests in a wave basin covered a range of drop heights using
a 1/6th-scale model of a practical water-landing object prototype for two drop mecha-
nisms to determine the water impact and contact effects. The first mechanism involved a
rope and pulley arrangement, while the second mechanism employed an electromagnetic
release to drop the rigid body. Hydrodynamic parameters including peak acceleration
and touchdown pressure were measured and the maximum impact/contact force was esti-
mated for various entry speeds (corresponding to various drop heights) and weights of
the rigid body. Results from the tests show that the impact acceleration and touchdown
pressure increases approximately linearly with increasing drop height and the data pro-
vides conditions that keep impact accelerations under specified limits for the rigid-body
prototype. The experimentally measured maximum accelerations were compared with
classical von Karman and Wagner approximate closed-form solutions. In this study, an
improved approximate solution procedure using an equivalent radius concept integrating
experimental results with the von Karman and Wagner closed-form solutions is proposed
and developed in detail. The resulting semianalytical estimates are calibrated against ex-
perimental results and found to provide close matching. [DOI: 10.1115/1.4025653]

Introduction

The study of hydrodynamic impact of a moving body on a
water free surface finds a variety of applications in the aerospace
and ocean engineering fields. The present study is concerned with
rigid-body/water–surface impact dynamics of a water-landing
object (WLO) in an open ocean using a series of drop tests in a
wave basin to assess the maximum force and resulting accelera-
tions. The effect of this impact is prominent in the design phase of
the WLO project in determining the maximum design force for
material strength determination to ensure structural and equipment
integrity and human safety.

Prototype data has been provided by the Indian Space Research
Organization (ISRO) to facilitate the making of a physical model
of WLO. The prototype used for the Indian space mission is
unique in a way that it is conical with a rounded nose (which
impacts the water surface first) than compared to the convex shape
of the base used for Apollo Command Module (ACM) for the
American space missions. This difference precludes meaningful
comparison with existing literature available for ACM.

Studies on impact phenomena based on the theoretical and ex-
perimental work by von Karman [1] resulted in equations for the
impact of rigid bodies on a fluid assuming that the reaction of
water was solely due to its inertia. The accelerations and pressures
affecting the rigid body were estimated using an approximate
expression for the added mass due to the presence of the water.
Baker and Westine [2] conducted experimental investigations on
a 1/4th scaled model of the Apollo Command Module (ACM) to
study the structural response to water impact in both the elastic
and failure–initiation regimes. Data from the model tests were
compared with results of full-scale experiments. Kaplan [3]
examined the specific problem of the ACM impacting water.

Their theory and experiments showed that the peak acceleration
was proportional to the square of the impact velocity and the
results correlated well with the full-scale ACM impact tests.
Miloh [4] obtained analytical expressions for the small-time slam-
ming coefficient and wetting factor of a rigid spherical shape in a
vertical water entry using experimental data from the ACM tests.
A semi-Wagner approach was proposed and then used to compute
the wetting factor and the Lagrange equations were employed in
order to determine the slamming force from the kinetic energy of
the fluid. Good agreement between theoretical model and experi-
mental measurements, both for the early-stage impact force and
the free-surface rise at the vicinity of the sphere, was observed.
Brooks and Anderson [5] investigated the dynamic response of
water-landing space module (WLSM) during impact upon water.
A 1/5th-scale model was tested in a three-dimensional (3D) basin
at the Oregon State University Wave Research Laboratory and the
results were compared with those obtained using analytical techni-
ques and computer simulations. The 3D FE model was validated
by comparison with previous full-scale test data and theory. Zhao
et al. [6] studied the slamming loads on two-dimensional sections
using two different theoretical models. One of the methods is a
fully nonlinear numerical simulation that includes flow separation
and the other method is an extension of Wagner’s solution which
does not include the flow separation. Faltinsen [7] studied the the-
oretical methods for water entry of two-dimensional and axisym-
metric bodies. A numerical method was developed and compared
against asymptotic methods and validated by experiments for
cone and sphere shaped rigid bodies. The significance of the effect
of local rise up of the water during entry was identified. Faltinsen
[8,9] studied the relative importance of hydroelasticity for an elas-
tic hull with wedge-shaped cross sections penetrating an initially
calm water surface. Wagner’s theory was generalized to include
elastic vibrations. The importance of hydroelasticity for the local
slamming-induced maximum stresses increases with decreasing
deadrise angle b and increasing impact velocity V. Fair agreement
between theory and experiments was documented. Scolan and
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Korobkin [10] considered the 3D problem of a blunt-body impact
onto the free surface of an ideal incompressible liquid based on
Wagner’s theory. The three-dimensional nonlinear theory of water
impact was solved by Korobkin [11] using the modified Logvino-
vich model, which is slightly more complex than the Wagner’s
method used in this study. Scolan and Korobkin [12] performed
hydroelastic slamming analysis of a 3D cone using Wagner’s
approach. The results from their work shows significant influence
of the elasticity compared with the rigid case. Seddon and Moata-
medi [13] reviewed the work undertaken in the field of water entry
between 1929 and 2003, providing a summary of the major theo-
retical, experimental, and numerical accomplishments in the field.

The physical interpretation of the problem developed by von
Karman formed a basis of most of the subsequent works. How-
ever, there is little work done on different shaped WLO impacting
water surface. The existing experimental data are confined to a
convex shaped rigid body impacting water against the much tested
concave shaped rigid body (with large base) impacting water sur-
face (US reentry missions). The objective of the WLO drop tests
presented below is to study the dynamic response of a conical
shaped WLO during water impact by performing drop test experi-
ments using a scaled model with varying heights, measuring their
maximum impact acceleration and touchdown pressure. A semi-
analytical estimation procedure for maximum impact acceleration,
based on the von Karman and Wagner closed form solutions and
an equivalent-radius approach, is developed and calibrated with
experimental results. The predictive capability of the semianalyti-
cal estimation procedure is calibrated against experimental
maximum acceleration results.

Experimental Investigation of Rigid-Body Impact

Dynamics Using Drop Tests

The experimental investigation carried out in the present study
on the rigid body (WLO) consists of drop tests from a range of
heights. To simulate the dynamic response of the impact experi-
ment for model testing, a 1/6th Froude scale model of the WLO
[made of fiber reinforced polymer (FRP)] was used for the experi-
mental drop tests. The overall configuration of the WLO prototype
is shown in Fig. 1. Specifications of the prototype and model

including the scaling factor for each quantity are shown in Table 1.
The WLO was fabricated as a conical shell with a rounded nose.
Note that the conical portion (nose part of the rigid body) impacts
the water surface. The origin is located at the deck of the WLO
and the position of Zcg is measured from the flat base (Fig. 1).

Experimental Test Cases

Two independent sets of drop test are conducted in the experi-
ment. Drop test I involved dropping the rigid body using a rope
and pulley arrangement, while drop test II employed an electro-
magnetic release to drop the model. Both sets of experiments pro-
vide valuable and complementary experimental data (for different
weight distribution ratios) for numerical model calibration.

The horizontal component of velocity was found to have very
little effect on the accelerations in the vertical (Z) direction, in
both drop tests the experimental investigations have been confined
to vertical drop tests only. Hence, no effort was made to measure
either the horizontal component of velocity or was the entry angle
varied. (For information on the effect of horizontal speed of the
entering body, see Scolan et al. [14].)

Drop Test I

The first set of drop tests was performed recently in the wave
basin (30 m� 30 m in plan and 3 m deep) at the Department of
Ocean Engineering at IIT-Madras under calm water conditions.
Given the maximum clearance of the laboratory, the achievable
maximum velocity of impact was estimated to be about 9.81 m/s.
This impact velocity was achieved by dropping the model from an
overhead crane with a drop height of 5 m above the water surface.
The drop tests were carried out over a range at 0.5 m intervals. An
important design parameter is the mass, which is selected as
2.03 kg for the test model made of FRP. A skin thickness of 5 mm
was selected, with extra thickness at the nose (of about 10 mm) to
withstand the force of impact. The estimated values of the center
of gravity and moment of inertia are given in Table 1.

The vertical acceleration of the model was measured on impact
by using an accelerometer (HMB B12/2000), placed at the center
of gravity (CG) of the model. The B12 series Hottinger-Baldwin
accelerometers have a frequency response range of 0–1000 Hz,

Fig. 1 Overall configuration of WLO prototype (all dimensions are in mm)
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with an advantage of withstanding impact accelerations up to
620 g. A 5-bars strain gauge-type pressure transducer (designed
and fabricated specifically for the drop tests) is used to calculate
the touchdown pressure during impact (mounted at the nose tip
with a measuring area of 15 mm /). The motivation behind the
use of a diaphragm type strain gauge transducer was the ease of
installation, good accuracy, stability, and good shock resistance.
The pressure transducer was connected to an MGC amplifier with
a full Wheatstones bridge having a sensitivity of 0.1 mV/V.

The accelerometer and the pressure transducer were connected
to amplifiers and a PC based data acquisition system was
employed to acquire the data. Both the sensors were accurately
calibrated and found to be practically perfectly linear with curve-
fitted conversion values of less than 0.5% error. [For the acceler-
ometer calibration, 1 V corresponds to 11.1 g and for the pressure
sensor, 1 V corresponds to 0.166 bar (0.166� 105 Pa)].

Impact Test Results—The WLO was dropped, nose down, from
various heights to determine the acceleration of the model during
the impact and to measure the impact pressure at the nose. Ten
seconds of data, with a sampling rate ranging from 1000 to
5000 Hz, were recorded for each drop test to assess the adequacy
of sampling rate to capture the peak impact. For the PC based data
acquisition, the peak values of acceleration and pressure upon
touchdown are found to be consistent after testing for various
sampling frequencies. Sample time series for acceleration and
pressure for a 5 m drop with a sampling rate of 1 ms are shown in
Figs. 2 and 3, respectively. Three identical test runs were con-
ducted for each drop height and the averaged values of the maxi-
mum impact acceleration and maximum impact pressures are
presented and used in subsequent analysis. The absolute value of
the maximum impact acceleration upon impact is approximately
5.2 g and the peak pressure upon impact is 2.6 kPa. The pressure
time history depicts that during free fall, the response remains flat
(0< t< 1.6 s) and during touchdown on water surface an impulse
is recorded (1.6< t< 1.8 s). The post impact pressure scenario
clearly shows that the model bounces (with its nose up) after
impact (1.8< t< 2 s) and subsequently comes to a static equilib-
rium with a practically constant submerged pressure (2< t< 4 s).

The details of the pressure distribution during the structural
inertia phase are not important as the peak impact pressures are
stochastic in nature [15]. Owing to the highly stochastic nature of
the peak pressure estimates on the rigid body, each drop test was
repeated thrice and the maximum impact pressure reported in
Table 2 is the mean value of the three drop test cases.

The variation of peak acceleration and impact pressure values
derived using different sampling rates (Fig. 4) demonstrate that
the peak values remained consistent (within 60.8%) for a PC
based data acquisition for several trials of drop tests. Figure 5
depicts the consistency of the peak acceleration and pressure
(within 61.0%) for higher sampling frequencies using an
oscilloscope capture (0.01 ms to 1.0 ls). The percentage change to
show the consistency of the measured acceleration (a) and
pressure (p) peaks are calculated by using the formulas
(amean � ameasured=ameasured � 100) and (pmean � pmeasured=pmeasured

�100). Since the use of an oscilloscope for measurement during
the drop tests was impractical, all further tests used only PC based
data acquisition to report the peak accelerations and peak pres-
sures upon impact.

Table 2 gives the values of peak pressure, peak acceleration,
and the estimated force acting on the WLO for drop heights rang-
ing from 1 to 5 m with an increment of 0.5 m (comprising of aver-
age values of three runs for each drop height). The peak value of
acceleration for a 5 m drop height is 52.17 m/s2 and the peak
touchdown pressure is 26 kPa. The total force experienced by the
model was obtained using the (dry) model mass multiplied by the
measured acceleration (105.9 N for a 5 m drop height). While the
theoretical velocity was obtained using the height of drop and a g
value of 9.81 m/s2 (by using the kinematic equation of motion),
the experimental velocity was obtained by integrating the
measured acceleration time history.

The experimental velocity obtained by integration of the accel-
eration time history appears to be accurate and in agreement with
the observed data. Both theory and experiments showed that the
peak acceleration was proportional to the square of the impact ve-
locity. There is a practically linear fit between the force and the
square of velocity for various drop heights [3] (Fig. 8).

Table 1 Specification of prototype and model

Property
Full-scale prototype

specifications Scale factors (k¼ 1/6) Values
Model specifications
(1/6th-Froude scale)

Mass of WLO (drop test I) 432 kg k3 0.00462 2.03 kg
Mass of WLO (drop test II) 756 kg k3 0.00462 3.5 kg
Maximum height of the space capsule 1629.7 mm k 0.166 271.61 mm
Maximum diameter of the space capsule 2030.9 mm k 0.166 338.48 mm
Xcg 0 k 0.166 0
Ycg 0 k 0.166 0
Zcg 890.15 mm k 0.166 147.35 mm
Ixx 169.38 kg m2 k5 0.0001286 0.02178 kg m2

Iyy 170.76 kg m2 k5 0.0001286 0.02195 kg m2

Izz 109.44 kg m2 k5 0.0001286 0.01407 kg m2

Fig. 2 Measured data of a 5 m drop test: Acceleration time his-
tory of a sample test case Fig. 3 Measured data of a 5 m drop test: Pressure time history

of a sample test case
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Comparison of drop heights to theoretical and experimental veloc-
ities showed a very good comparison between both the theoretical
and experimental velocities ascertaining the accuracy of the
maximum impact accelerations measured experimentally.

Observations also reveal that the touchdown pressures increase
practically linearly with the increase in the height of the drop.
This linear increase can be attributed to the fact that the experi-
mental results for the maximum impact pressure for each drop
height (Table 2) correctly depict what was observed experimen-
tally. The relative importance of hydroelasticity (for small dead-
rise angles) for an elastic hull with wedge-shaped cross sections
[8,9] shows that the impact pressure is practically proportional to
the square of the velocity which is well supported by the drop test
results (Fig. 9).

Drop Test II

Upon completion of the first set of drop tests presented above,
it was decided that a second set of tests with different mass distri-
bution and total weight was warranted. To avoid imprecision in
initial condition of the release of the model induced by manual
handling (observed during drop test I) and to achieve better con-
trol on the point of release, an electromagnetic release mechanism
was designed and implemented. A custom designed measuring
mechanism on board the WLO enabled the automatic transfer of
data in real time to a host computer by means of thin wires. The
electronic mechanism along with the steel plate (2 mm thick) was
glued to the top of the model, leading to an increase of weight to
3.5 kg. Note that the center of gravity of the WLO for drop test II
is different from the first experimental test case.

A steel frame (fabricated in the form of a ladder) was installed
on the bridge of the wave basin to hold the electromagnet in posi-
tion over the water surface. A movable strut was fixed to the steel
frame in order to drop the model from every 0.5 m height. The
electromagnet was bolted at one end of the strut which would
hold the model in position. A switch mechanism, provided on the
outer surface of the cap of WLO, activated the data recording just

before actuating the release. An up-close view of the setup for
drop test II is show in Fig. 6(a).

Pressure and acceleration measurements were obtained using
built-in amplifiers connected to a computer through a RS485 link.
A single axis MEMS-based accelerometer was used to measure
the acceleration and a 5-bars strain gauge-type pressure transducer
(mounted at the nose tip) measured the touchdown pressure during
impact. The accelerometer and the pressure transducer were con-
nected to amplifiers and a PC based data acquisition system was
employed to acquire the data in real time. The WLO was dropped
using the electromagnetic release from the frame fixed to the
bridge. The WLO touchdown with the water surface is shown in
Fig. 6(b). The model was tested initially for a 0.5 m drop and then
the height was gradually increased to 5 m in steps of 0.5 m. The
release switch was activated once the model was held to the elec-
tromagnet and the acceleration and the pressure data were
recorded during the descent. The acceleration and pressure time
histories for the single case of a 5 m drop, after analysis in the
host computer, are shown in Figs. 7(a) and 7(b).

Table 3 gives the values of peak pressure, peak acceleration,
and the estimated force acting on the WLO for drop heights rang-
ing from 1 to 5 m at an increment of 0.5 m. Note that the peak
value of acceleration for a 5.0 m drop height is 36.5 m/s2 and the
touchdown pressure is 41 kPa. The force experienced by the
model was obtained using the model mass and measured accelera-
tion (127.7 N for a 5 m drop height). While the theoretical velocity
was obtained based on drop height and a g value of 9.81 m/s2, the
experimental velocity in the last column was obtained by integrat-
ing the measured acceleration time history. As observed in the
first drop test, both the peak acceleration and touchdown pressure
increases linearly with the increase in the height of drop. As
observed in drop test I, the variation of impact force and the
square of the impact velocity, for drop test II, exhibits a practi-
cally linear behavior for various drop heights, confirming the
results of Kaplan [3] (Fig. 8). The accuracy of the experimental
measurements was ascertained by the very good comparison
between the theoretical and experimental velocities for various
drop heights shown in Table 3.

Table 2 Results for drop test I [weight of WLO 5 2.03 kg (drop test I: ordinary drop mechanism)] (vertical entry/entry angle 5 0 deg)

Drop height (m) Acceleration (m/s2) Pressure (kPa) Force (mass� accl.) (N) Theoretical velocity (m/s) Experimental velocity (m/s)

5.0 52.17 26 105.90 9.81 9.79
4.5 48.32 23 98.08 9.39 9.27
4.0 45.18 22 91.72 8.85 8.61
3.5 38.76 19 78.69 8.28 8.26
3.0 37.78 18 76.70 7.67 7.55
2.5 33.53 16 68.08 7.00 6.87
2.0 30.27 15 61.45 6.26 6.20
1.5 22.86 13 46.42 5.42 5.31
1.0 11.65 12 23.65 4.42 4.39

Fig. 4 Consistency of measured peak acceleration and peak
pressure versus sampling rate (PC based data acquisition)

Fig. 5 Consistency of measured peak acceleration and peak
pressure versus sampling rate (oscilloscope capture)
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Note that the maximum force versus the square of the impact
velocity (Fig. 8) for drop test I shows deviation from a straight
line behavior. This may be attributed to the lack of precise control
of the initial point of release of the model, and small sample size
(only three) to characterize the stochastic physical nature of the
maximum acceleration and impact pressures.

In order to understand the linear variation of maximum impact
pressure for each drop height (for both drop tests) a figure show-
ing the variation of the maximum impact pressure and the square
of the normalized velocity (normalized using the maximum
velocity of impact) are plotted (Fig. 9). The figure depicts a

Fig. 6 Electromagnet with protruding strut: (a) Up-close view of the setup for drop test II and
(b) WLO touchdown with water surface

Fig. 7 Measured electromagnetic release data of a 5 m drop
test: (a) Acceleration time history and (b) pressure time history

Table 3 Results for drop test II [weight of WLO 5 3.5 kg (drop test II electromagnetic release)] (vertical entry/entry angle 5 0 deg)

Drop height (m) Acceleration (m/s2) Pressure (kPa) Force (mass� acc) (N) Theoretical velocity (m/s) Experimental velocity (m/s)

5.0 36.50 41 127.72 9.81 9.72
4.5 31.72 38 111.02 9.39 9.30
4.0 27.32 32 95.62 8.85 8.81
3.5 22.82 29 79.87 8.28 8.19
3.0 19.55 25 68.42 7.67 7.54
2.5 15.32 21 53.62 7.00 6.97
2.0 12.12 19 42.35 6.26 6.22
1.5 10.72 18 37.52 5.42 5.35
1.0 9.92 15 20.22 4.42 4.42

Fig. 8 Maximum impact force versus square of impact velocity
(drop tests I and II)

Fig. 9 Maximum impact pressure versus square of normalized
impact velocity (drop tests I and II)
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“practically” linear relationship which is in accordance with the
fact that the pressure is directly proportional to the force acting on
the rigid body. However, a closer look at the figure with respect to
the actual physics of the impact phenomenon shows that there is a
deviation from the linear trendline (first three data points) at low
entry velocities (when v ! 0). This can be attributed to the fact
that the body records a finite impact pressure at low impact
velocities resulting in the deviation from the linear trendline
shown in Fig. 9.

Approximate Closed Form Solutions for Maximum

Impact Accelerations

For a WLO that has a spherical bottom and is assumed rigid,
closed form solutions based on the von Karman [1] and Wagner
[16] approaches are available for correlating with the results from
the experimental analysis [17]. Zhao et al. [6] developed a gener-
alized Wagner model, within which only the boundary conditions
on the liquid free surface are simplified (linearized BCs). The von
Karman approach is based on conservation of momentum and
uses an added mass. The penetration depth is determined without
considering water splash-up. The Wagner approach uses a more
rigorous fluid dynamic formulation and considers the effect of
water splash-up on the impact force. The kinematic free surface
condition was used to determine the intersection between the free
surface and the body in the outer flow domain. Satisfaction of the
kinematic free surface condition implies that the displaced fluid
mass by the body is properly accounted for as rise up of the water.
This is not true for a von Karman approach that does not account
for the local rise up of the water. From the analytical solutions for
a spherical bottom body impacting with water using the von Kar-
man method [18], the magnitude of the virtual mass for a spheri-
cal bottom body is

mv ¼
4

3
qh3=2 2R� hð Þ3=2

(1)

where mv is the virtual mass, q is the mass density of water, h is
the penetration depth, and R is the radius of the spherical bottom.
The instantaneous velocity V of the center of gravity of the rigid
body is

V ¼ dh

dt
¼ V0 1þ m�g

W

� ��1

(2)

where t is time after impact, V0 is the initial velocity, g is the
gravitational constant, and W is the weight of the rigid body. By
substituting Eq. (1) into Eq. (2), and assuming h=r ¼ 1, the
instantaneous velocity can be rewritten as

V ¼ V0

1þ 8
ffiffiffi
2
p

qgR3

3W

h

R

� �3=2
(3)

The overall acceleration a can be written as

a ¼ d2h

dt2
¼ �

3� 21=2 3W

4pqgR3

� �2 V2
0

gR

� �
h

R

� �1=2

p
3W

4pqgR3

� �
þ 23=2p�1

h

R

� �3=2
" #3

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

g (4)

Assuming h=r � 1, the maximum acceleration can be found as

amax�vK ¼ �
256

243

4qgR3

3W

� �2=3
V2

0

R

� �
(5)

where vK stands for von Karman in (5) and the time at which the
maximum acceleration is achieved is given at

tmax�vK ¼
21

160

3W

4qgR3

� �2=3 R

V0

(6)

and the penetration depth at

hmax�vK ¼
1

8

3W

4qgR3

� �2=3

R (7)

In the von Karman approach, the rise of water due to the splash-
up is not considered. The effect of splash-up was considered by
Wagner and found to have significant effect on the impact force.
Recently, Miloh [4] used a semi-Wagner approach to determine
the nondimensional slamming coefficient that is defined as

Cs
h

R

� �
¼ 2F

qpR2V2
0

(8)

where F is the impact force. Based on the analytical derivations,
Miloh [4] proposed that

Cs
h

R

� �
¼ 5:5

h

R

� �1=2

�4:19
h

R

� �
� 4:26

h

R

� �3=2

(9)

is suitable for initial stage slamming. Note the coefficients in
Eq. (9) are determined from a set of experimental data from the
ACM tests. Based on these analytical derivations the maximum
acceleration can be estimated as

amax�W ¼
g

2W
Cs

hmax

R

� �
qpR2V2

0 (10)

where W stands for Wagner in (10).
Table 4 shows the comparison of the experimental results with

analytical solutions. The maximum z accelerations for a vertical
entry for both drop mechanisms is compared to the closed form
solutions based on von Karman and Wagner approaches.

The equivalent radius is a representative or nominal radius of
WLO that yields the accelerations comparable to the maximum

Table 4 Analytical solution results from von Karman (1929) and Wagner (1932) approaches

Analytical solutions
for maximum accelerations

Equivalent radius (m)
of WLO conical portion

WLO drop test cases cone radius:
0.0848 m max. radius: 0.3385 m

Maximum acceleration
(experiments) g: acceleration

due to gravity (m/S2)

von Karman
[Eq. (5)]
amax-�K

Wagner
[Eq. (10)]

amax-W

von
Karman
rmax-�K

Wagner
rmax-W

Drop test I: Ordinary drop mechanism 5.2 g 14.7 g 19.8 g 0.0300 m 0.1075 m
Drop test II: Electromagnetic
release mechanism

3.6 g 10.4 g 25.2 g 0.0293 m 0.1310 m
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impact accelerations obtained experimentally with the conical
shaped WLO. From the analytical solutions for a spherical bottom
body impacting with water surface, for the von Karman method,
Eq. (5) is used to calculate the equivalent radius by computing
rmax-vK corresponding the maximum impact acceleration amax-vK

and is given by

rmax�vK ¼ R ¼ � amax�vK

V2
0

243

256

� �
3W

4qg

� �2=3

(11)

and correspondingly for the Wagner method, Eq. (10) can be
used to calculate the equivalent radius by computing the value of
rmax-W corresponding the maximum impact acceleration amax-W

and is given by

rmax�W ¼ R ¼ 2Wamax�W

qgpV2
0Cshmax

(12)

Values of the “equivalent radius” of the WLO conical portion is
also shown in Table 4. A detailed description of the equivalent
radius approximate semianalytical procedure is provided in the
subsequent section.

It is important to note that the maximum radius of the base (for
a 1/6th Froude-scale model of a WLO) is 338.5 mm and the radius
of the conical portion impacting the water surface is 84.8 mm. For
a WLO model with the dimensions shown in Table 1, the acceler-
ations obtained from both von Karman and Wagner approaches
for experimental drop test I are 14.7 g and 19.8 g, respectively
(see Table 4). Similarly, the maximum impact accelerations
obtained from both the approaches for drop test II are 10.4 g and
25.2 g, respectively. Figures 10 and 11 show the normalized val-
ues of maximum impact accelerations plotted and normalized
impact velocity for both the experimental cases and the corre-
sponding analytical solutions. (Note that all the abscissas in the
graphs have been normalized using

ffiffiffiffiffiffiffiffi
2gh
p

, which is the maximum
velocity upon impact for both the drop tests.)

For a conical bottomed rigid body, the analytical results show
that there is a large difference between the experimental peak
impact accelerations and those obtained by von Karman and Wag-
ner analytical estimates. The large difference can be attributed to
the conical shape of the WLO bottom impacting the water surface
compared to the large spherical bottom used in deriving the closed
form solutions. It can be deduced from Table 4 that for a conical
bottomed rigid body (like the WLO), the experimental values of
peak impact accelerations (for a 0-deg pitch), do not fit in the
bounds on maximum impact accelerations calculated by both von
Karman and Wagner approaches.

In addition to the unique shape of the WLO (which is primarily
responsible for the large deviation of the experimental impact
accelerations from the closed form solutions) the basic assump-
tions of the formulations for both von Karman and Wagner
approaches also play a pivotal role in contributing to the large dif-
ference. Also, the continuously varying deadrise angle for the
WLO convex shaped rigid body impacting water significantly
influences the maximum impact acceleration of the experimental
results compared to the closed form solutions provided by von
Karman and Wagner for constant small deadrise angles. The von
Karman approach is based on conservation of momentum (using
an added mass) and the penetration depth is determined without
considering water splash-up; thus neglecting the highly nonlinear
coupled fluid–structure interaction effect. The Wagner approach,
on the other hand, attempts to relax the von Karman no-splashing
assumption by using a rigorous dynamic formulation and incorpo-
rates the effect of the upward splashing of the water and its effects
on the motion of the rigid body. With the upward splashing cor-
rection, the Wagner approach tends to overpredict the maximum
impact retardation as it neglects nonlinear effects near the impact
zone.

The lack of agreement in the peak acceleration obtained in the
present experimental study with the closed form von Karman and
Wagner approximate solutions is due to the large initial angle at
impact and the relatively rapid changes in contact radius of the
inverted cone shape of the WLO as it penetrates the water surface.
These deviations from the idealized assumption may be taken into
account using the concept of an equivalent radius.

An Equivalent Radius Approximate Semianalytical Proce-
dure. In order to capture the proper modeling of the dynamics of
the impact and to ascertain a true fluid behavior, an attempt was
made to calculate an equivalent radius of the conical portion of
the WLO that would compare well with the experimental maxi-
mum impact accelerations [Eqs. (11) and (12)]. Figure 12 shows a
representative equivalent radius of a conical shaped WLO model
using von Karman/Wagner approaches (with values summarized
in the rightmost column of Table 4).

From the von Karman approach the equivalent radius for drop
tests I and II are 30 and 29.3 mm, respectively. It can be observed
that the von Karman approach tends to estimate a lower value of
the radius of the conical portion. As the effect of local rise up of
the water is significant during water entry of a rigid 3D rigid
body, the von Karman predictions for maximum impact accelera-
tions are not significant in determining the maximum impact
accelerations for the water entry of the WLO. The Wagner
approach, on the other hand, estimates the equivalent radius for
drop test I and drop test II as 107.5and 131 mm, respectively.
Based on the equivalent radius approach, approximate semianalyt-
ical solutions based on the von Karman and Wagner theories can
be used to obtain design maximum accelerations of the WLO
model consistent with experimental results. In order to further
comprehend the effect of the shape of the rigid body (especially
the conical portion of the WLO impacting the water surface first),
the values of equivalent radius (r) are plotted against different
normalized velocities of impact for both drop test I and II
(Fig. 13). The equivalent radius (r) was initially obtained for each
drop velocity for both the experimental cases. The idea is to

Fig. 10 Maximum acceleration using von Karman and Wagner
solutions (drop test I)

Fig. 11 Maximum acceleration using von Karman and Wagner
solutions (drop test II)
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obtain those values of the radii which would give the same
experimental impact accelerations corresponding to the impact
velocities. Observe that from Fig. 13 the values of equivalent ra-
dius (r) of the WLO model remain almost constant for different
velocities of impact for both cases.

The next step is to compare the accelerations obtained experi-
mentally (drop test I and II) to those obtained by using a mean
equivalent radius (r*). The values of r* were obtained by taking
the mean of all the equivalent radii obtained for different impact
velocities corresponding to their respective impact accelerations.
For each r* obtained for each case, the impact accelerations were
calculated by varying the impact velocity. Figures 14 and 15 show
the comparison for the maximum impact accelerations and those
obtained by the mean equivalent radius (r*) for drop test I and II,
respectively.

Figures 14 and 15 show that the maximum impact acceleration
obtained by both the semianalytical models compare well with
those obtained experimentally. It is interesting to note that the
acceleration values obtained by von Karman and Wagner solu-
tions produce accelerations that are similar ascertaining the im-
portance of the shape of the WLO during water impact. (Note that
we call the proposed approximate estimation procedure as
“semianalytical” because experimental data is needed to deter-
mine an important parameter, namely, the equivalent radius.)

Discussion and Comparison. An important aspect is the com-
parison of the shape of the space capsule used for the Indian and
American space missions. The WLO used for the Indian space
mission is conical in shape with a rounded nose than compared to
the convex shape of the base used for all the American space mis-
sions. This significantly inhibits the comparison with the literature
available for ACM or other American space missions. The present
work is the first of its kind in testing a scaled-down model of a
WLO (with a conical shaped base) impacting ocean waters.

An attempt was made to study the impact dynamics of the
WLO during and after touchdown with water surface using an
underwater camera but they were discarded as the results obtained
were not reliable. The hydrodynamic response of the WLO upon
water impact which constitutes of measurements such as peak
impact acceleration and peak impact pressure can only be used to
qualitatively justify the experimental drop tests.

For the WLO weighing 2.03 kg (drop test I), the acceleration
time series for a 10 m/s velocity of impact gives a peak accelera-
tion of 52.17 m/s2 (�5.2 g) and a touchdown pressure of 26 kPa
and for the WLO tests with the electromagnetic release with an
increased mass of 3.5 kg of the model (drop test II), the peak
acceleration was found to be 36.5 m/s2 (�3.6 g) and the touch-
down pressure was computed as 41 kPa. In addition, for both

Fig. 12 Equivalent radius of the WLO model

Fig. 13 Equivalent radius (r) of the WLO for different normal-
ized velocities of impact for drop test I and drop test II using
von Karman and Wagner approaches

Fig. 14 Maximum impact accelerations calculated based on
the mean equivalent radius (r*) of the WLO for different normal-
ized velocities of impact for drop test I using von Karman and
Wagner approaches
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independent experimental data sets, the peak force was propor-
tional to the square of the impact velocity, which is in good agree-
ment with Kaplan’s theoretical results. Hence, a formal
comparison between the two cases cannot qualitatively demon-
strate the efficiency of one case over the other. Instead, for an end
user, an increased weight of WLO provides a measure of the
reduction of the accelerations (3.6 g in drop test II compared to
5.2 g in drop test I).

The peak impact force experienced by the model obtained using
the model mass and measured acceleration is 105.9 N for drop test
I compared to 127.7 N for drop test II. Comparison of drop heights
to theoretical and experimental velocities depict a very good
agreement for both the cases, ascertaining the accuracy of the
impact accelerations measured experimentally for successive drop
heights.

In order to describe the physics of the slamming problem, the
maximum pressure obtained was compared to the pressure calcu-
lation when a circular cylinder slams the water surface [7]. The
fluid behavior is incompressible at pressure values significantly
below the acoustic pressure bound (qceV¼ 14,500 kPa). The
measured values of maximum impact pressure for both the drop
test cases were 26 and 41 kPa for drop tests 1 and 2, respectively,
which are well below the pressure bound confirming the main
assumption that the fluid is incompressible [5].

The WLO was assumed as rigid for the convenience of compar-
ing experimental results with closed form solutions for maximum
accelerations predicted by the classical von Karman and Wagner.
The maximum radius of the base of the model is 338.5 mm,
whereas the radius of the conical portion impacting the water sur-
face is 84.8 mm, which is primarily responsible for the large dif-
ference between experimental and analytical estimates. An
improved approximate solution procedure using an “equivalent”
radius concept integrating experimental results with the von Kar-
man and Wagner closed-form solutions is proposed and developed
in detail.

Concluding Remarks

An important aspect in the assessment of recovery and escape
systems of water-impact rigid bodies is the performance of these
bodies in ocean water landing. The primary objective of this
study is to examine the dynamic response of a conical shaped
rigid body with a spherical nose (WLO) during water impact by
conducting experiments using a 1/6th Froude-scale model and
two independent drop mechanisms. Drop test I involved dropping
the rigid body using a rope and pulley arrangement, while drop
test II employed an electromagnetic release to drop the rigid
body. The effects of varying the vertical velocity and the rigid
body weight are identified and the trend obtained helps the read-

ers to comprehend the conditions that must be avoided during a
water impact. The hydrodynamic parameters such as peak accel-
eration and touchdown pressure were measured and the dynamic
response of the rigid body during touchdown was observed. The
peak values of acceleration for drop tests I and II are 5.2 g and
3.6 g, respectively. If a crew member onboard the rigid body
(WLO) cannot withstand impact accelerations over 5 g, these
results will give a glimpse of the initial conditions which will
keep the peak impact accelerations under the specified limits.
Note that the maximum impact accelerations obtained in the
experiments will directly predict the prototype values according
to Froude scaling (scale factor¼ 1). Therefore, the maximum
impact acceleration for a prototype is expected to be approxi-
mately 5 g.

An important aspect is the accuracy and reliability of the exper-
imental results in predicting the impact accelerations and touch-
down pressures obtained from both the experimental cases.
Results from both the experimental data sets show that the impact
acceleration and touchdown pressure increases practically linearly
with the increase in the height of the drop.

The reliability of the experimentally measured maximum accel-
erations was calibrated with classical von Karman and Wagner ap-
proximate closed-form solutions. For a conical bottomed rigid
body, the analytical results show that there is a large difference
between the experimental peak impact accelerations and those
obtained by these analytical estimates. The large difference can be
partly attributed to the unique shape of the rigid body considered
(i.e., the WLO) and partly due to the assumptions of the formula-
tions for both von Karman and Wagner approaches. Owing to the
large difference between the experimental accelerations and those
provided by von Karman and Wagner approaches, an improved
approximate solution procedure using an equivalent radius (r) of
the rigid body (WLO) was estimated to understand the physics of
the impact. It can be observed that the von Karman approach
tends to estimate a lower value of the radius of the conical portion,
whereas the Wagner approach tends to estimate a higher value of
the impact radius.

As the effect of local rise up of the water is significant during
water entry of a rigid 3D rigid body, the von Karman predictions
for maximum impact accelerations are not significant in determin-
ing the maximum impact accelerations for the water entry of the
WLO. Based on the equivalent radius approach, the approximate
analytical solutions of von Karman and Wagner can be used to
obtain design maximum accelerations of the WLO model consist-
ent with experimental results. Furthermore, the mean equivalent
radius (r*) was computed to analytically estimate the maximum
impact accelerations (for varying impact velocities). Results show
the maximum impact accelerations obtained by both the semiana-
lytical estimates compared reasonable well with the experimental
acceleration values.

In order to achieve accelerations comparable to the closed-
form solutions, the analytical results show that, for the design
of a WLO, the Wagner approach provides a correct estimate
of the equivalent radius of the WLO. It is, however, interest-
ing to note that the acceleration values obtained by von Kar-
man and Wagner solutions produce accelerations that are
similar ascertaining the importance of the shape of the WLO
during water impact.

Finally, several areas are worthy of mention at this juncture.
Model testing is needed over a wider range of conditions to
include improved tests which vary the speed, weight, and entry
angle and under realistic conditions existing in the oceans. The
model used for the drop tests should be specifically designed to
avoid structural vibrations.

Future work can also include more in-depth analysis of the ve-
hicle impact pressures, fully deformable vehicles, and floatation
studies. Numerical simulations of the rigid body splashdown can
be performed and the possibility of combining the finite element
package with a computational fluid dynamics package could more
accurately simulate the hydrodynamics during impact.

Fig. 15 Maximum impact accelerations calculated based on
the mean equivalent radius (r*) of the WLO for different normal-
ized velocities of impact for drop test II using von Karman and
Wagner approaches
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