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WATER-LANDING CHARACTERISTICS OF A REENTRY CAPSULE 

"- ^ y 
By John R. McGehee^ Melvin E. Hathaway^ 

and Victor L. Vaughan^ Jr. 

SUMMARY 

Experimental and theoretical investigations have been made to deter¬ 
mine the water-landing characteristics of a conical-shaped reentry capsule 
having a segment of a sphere as the bottom. For the experimental portion 
of the investigation, a l/l2-scale model capsule and a full-scale capsule 
were tested for nominal flight paths of 65° and 90° (vertical), a range 
of contact attitudes from -JO0 to 30°, and a full-scale vertical velocity 
of JO feet per second at contact. Accelerations were measured by accel¬ 
erometers installed at the centers of gravity of the model and full-scale 
capsules. For the model test the accelerations were measured along the 
X-axis (roll) and Z-axis (yaw) and for the full-scale test they were 
measured along the X-axis (roll), Y-axis (pitch), and Z-axis (yaw). 
Motions and displacements of the capsules that occurred after contact 
were determined from high-speed motion pictures. The theoretical inves¬ 
tigation was conducted to determine the accelerations that might occur 
along the X-axis when the capsule contacted the water from a 90° flight 
path at a 0° attitude. Assuming a rigid body, computations were made 
from equations obtained by utilizing the principle of the conservation 
of momentum. The agreement among data obtained from the model test, the 
full-scale test, and the theory was very good. The accelerations along 
the X-axis, for a vertical flight path and 0° attitude, were in the order 
of 40g. For a 63° flight path and 0° attitude, the accelerations along 
the X-axis were in the order of 50g* Changes in contact attitude, in 
either the positive or negative direction from 0° attitude, considerably 
reduced the magnitude of the accelerations measured along the X-axis. 
Accelerations measured along the Y- and Z-axes were relatively small at 
all test conditions. 

INTRODUCTION 

One of the proposed methods for manned space flight employs a 
conical-shaped capsule as the vehicle. The base of the capsule, designed 
to serve as a heat shield upon reentry. Is a segment of a sphere. After 
reentry a parachute would be used for the letdown to a water landing. 
Based upon this method of letdown and landing, experimental and theoretical 
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Investigations have heen conducted to determine the water-landing char¬ 
acteristics of this type of capsule. 

To simulate seme of the possible flight paths and contact attitudes 
that might occur with a parachute letdown, the experimental investiga¬ 
tions were conducted for nominal flight paths of 65° and 9O0, a range 
of contact attitudes from -30° to 30°, and a full-scale vertical velocity 
of 30 feet per second at contact. These flight paths were chosen to 
represent parachute letdowns that might occur with surface winds of l4 
and 0 feet per second. The various contact attitudes were chosen to 
represent a range of possible contact attitudes that might occur if, I 
upon landing, the capsule were swinging beneath the parachute. For the ^ 
gross weight under consideration the vertical contact velocity of 30 feet 
per second could he obtained with a conventional parachute. 

The theoretical investigation was conducted for a flight path of 90° 
and a contact attitude of 0°. The equations, from which the computations 
were made, were based upon the principle of the conservation of momentum 
during the water impact. 

SYMBOIS 

g acceleration due to gravity, 32.2 ft/sec^ 

h vertical position of center of gravity from free-water surface, ft 

Ah displacement of center of gravity, ft 

O 
I moment of inertia, slug-ft 

.mw virtual mass of water, lb 

R radius of spherical bottom, ft 

t time from instant of contact, sec 

At change in time, sec 

V0 initial vertical velocity, ft/sec 

V-j. vertical velocity at time t, ft/sec 

AV change in vertical velocity, ft/sec 

CVJ r-i 
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W weight of capsule, lb 

p mass density of water (l.9^ slug/ft? for model test; 1-99 slug/ft5 
for full-scale test) 

APPARATUS AND PROCEDURE 

A drawing of the capsule configuration is shown in figure 1. The 
orientation of axes, the flight path, and the attitude used in the inves¬ 
tigation are shown in figure 2. Pertinent dimensions and moments of 
inertia for the model and the full-scale capsule as measured are listed 
in table I. 

Model Capsule 

The l/l2-scale dynamic model was constructed of fiber glass and 
plastic and the construction was as rigid as possible to eliminate sec¬ 
ondary vibrations. Two strain-gage-type accelerometers were located at 
the center of gravity and rigidly mounted to the bottom of the model. 
The accelerometers were capable of recording accelerations of 200g and 25g 
along the X- and Z-axes, respectively. The signals from the accelerom¬ 
eters were transmitted through cables to amplifying and recording equip¬ 
ment on shore. The natural frequency of the 200g accelerometer was about 
900 cycles per second and that of the 25g accelerometer was about 
350 cycles per second. The accelerometers were damped to 65 percent of 
critical damping. The response of the recording equipment was flat to 
about 2,200 cycles per second. 

The model tests for the 9O0 flight path were made by a free-fall 
method where the model was dropped from the required height to obtain 
a full-scale speed of 30 feet per second at water contact. The model 
tests for the 65° flight path were conducted using a catapult type of 
test apparatus as shown in figure 3- The catapult consisted of a steel 
staff which followed the flight path by moving through a rigidly mounted 
roller cage. A yoke, which held the model by the use of pins inserted 
into sleeves at the edge of the model base, was mounted at the bottom 
of the staff. The pins were under spring tension and would retract at 
the end of the catapult stroke to free the model. The model was held 
at the desired attitude by a sting which was fixed to the staff and 
inserted into the top of the model. The staff, under the influence of 
gravity, would run through the roller cage and various speeds were 
obtained by varying the stroke. The velocity of the catapult was meas¬ 
ured by recording the time for the staff to travel the last 2 inches of 
the catapult stroke. An electronic counter recorded the time. The 
counter was capable of recording time to l/l00,000 of a second. The - 



catapult velocity was combined with the velocity computed for the free- 
fall height, which was the height between the model release point and 
the water surface, to obtain the actual contact velocity. The contact 
attitude and motions of the capsule after contact were recorded by a 
high-speed motion-picture camera. The tests were conducted in calm water 
in Langley tank No. 2 which has a water depth of 6 feet. 

Full-Scale Capsule 

The body of the full-scale capsule was constructed of 0.25~inch 
magnesium alloy and the base was formed from 1.00-inch magnesium alloy. 
In order to obtain the desired weight and center-of-gravity location, 
it was necessary to install a pedestal on the bottom of the capsule for 
attaching weights. Accelerometers were rigidly attached to the pedestal 
at the capsule center of gravity. These accelerometers were positioned 
to measure accelerations along the X-, Y-, and Z-axes and were capable 
of measuring lOOg, 20g, and 50g, respectively. The signals from the 
accelerometers were transmitted through cables to amplifying and recording 
equipment on shore. The natural frequency of the lOOg accelerometer was 
about 6k0 cycles per second, that of the 50g accelerometer was about 
570 cycles per second, and that of the 20g accelerometer was about 
160 cycles per second. The accelerometers were damped to 65 percent of 
critical damping. The response of the recording equipment for the lOOg 
accelerometer was flat to 600 cycles per second and that for the 20g and 
50g accelerometers was flat to I90 cycles per second. Velocities, contact 
attitudes, and flight paths were recorded by high-speed motion-picture 
cameras. 

For the full-scale test a procedure utilizing gravitational accel¬ 
eration for obtaining desired velocities and the principle of the pen¬ 
dulum for obtaining flight paths was developed. A 20-ton crane with a 
75-foot boom was used to drop the capsule in the full-scale test. A photo¬ 
graph of the test setup for a 65° flight path and a nominal 30° contact 
attitude is shown in figure 4. For the 9O0 flight-path drops, the capsule 
was suspended at the desired contact attitude and dropped vertically from 
the height necessary to establish, under the influence of gravity, a full- 
scale vertical contact velocity of 30 feet per second. For the 65° flight- 
path drops the lift cable was used to suspend the model at the various 
contact attitudes and the drag line was used to pull the capsule through 
the desired pullback angle. All fittings on the capsule were mounted so 
that the forces applied by the lift and pullback cables would act through 
the capsule center of gravity and thus minimize any tendency for the 
capsule to oscillate when released. Electrically operated aircraft bomb 
shackles were attached to the lift and pullback cables for releasing the 
capsule. The bomb shackles operated with a minimum of influence upon 
the motions of the capsule. An electrical triggering circuit was 
developed for controlling the time interval between operation of pullback 
and lift releases. 
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A l/l2-scale-'model test was performed^ using the procedure outlined 
for the full-scale test, to determine the reliability of the proposed 
procedure. The results obtained from this test indicated that the pro¬ 
cedure would satisfactorily accomplish the desired results. 

The full-scale test was conducted at Langley Field, Va. The test 
was made in a depression approximately 11 feet deep and 50 feet in 
diameter (approximately 20 feet offshore) and was performed in relatively 
calm weather to avoid the influence of large waves. 

Computations 

The classical impact theory of Von Kdrmdn (as stated in ref. l) for 
vertical impact of a wedge at 0° trim is based on the concept that during 
the course of an impact the momentum lost by the impacting body can be 
considered to be transferred to some finite mass of water in contact 
with the body which has a downward velocity equal to that of the body. 
Since the entire initial momentum of the body is thus assumed to be dis¬ 
tributed between the body and the virtual mass of water, the momentum of 
the body and the virtual mass is constant throughout the impact, and the 
motions of the body subsequent to the instant of initial contact can be 
determined from the basic relationship 

(l)V° " (l + 
if the variation of the virtual mass is specified. 

Von Kdrman proposed that the virtual mass be taken equal to the 
mass of a semicylinder of water having a diameter equal to the instan¬ 
taneous width of the body in the plane of the undisturbed water surface. 
In applying this theory to the impact of three-dimensional bodies, it is 
assumed that the virtual mass can be taken equal to three-quarters of 
the mass of a hemisphere of water having a diameter equal to the instan¬ 
taneous width of the body in the plane of the undisturbed water surface. 
The arbitrary factor of three-quarters is an approximate correction 
indicated to be desirable by data from the impact of wedges (ref. 2). 
If a rigid body is assumed the equation for the velocity at any given 
time can be written as 
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and the acceleration equals the change in velocity over the change in 
time. Buoyancy and gravity are not included in the calculations since 
they Become important only in later stages of severe impacts. The con¬ 
cept is not valid when there is an appreciable component of velocity 
parallel to the water surface. In such a condition the motion of the 
body along the surface causes a loss of momentum to a quantity of water 
detached from the body, thus violating the assumption of momentum con¬ 
servation between the body and its attached virtual mass. No computa¬ 
tions were therefore made for the inclined flight path. 

RESULTS AND DISCUSSION 

A short motion-picture film supplement illustrating the effects 
discussed in this paper is available on loan. A request card form and 
a description of the film will be found at the end of this paper, on 
the page immediately preceding the abstract and index pages. 

Presentation of Results 

Model capsule.- The experimental data for the model capsule are 
presented in table II. Typical time histories of the accelerations 
along the X-axis are shown in figure 5* A photograph showing the model 
after contact at a -33° attitude from a 65° flight path is shown in fig¬ 
ure 6. Peak accelerations along the X-axis, from data such as those 
presented in figure 5; are shown plotted in figure 7 as a function of 
contact attitude with flight-path angle as a parameter. The peak accel¬ 
erations experienced by this type of capsule were of the order of 40g 
for a contact attitude of 0° and a vertical flight path. For a contact 
attitude of 0° and a flight path of 65°, the peak accelerations were in 
the order of 50g* Within the accuracy of the tests this increase may be 
attributed to the increased velocity along the 65° flight path as com¬ 
pared with the velocity along the vertical flight path. For a vertical 
flight path, a change in contact attitude from 0° to 33° resulted in a 
reduction in the peak acceleration from approximately ^Og to approxi¬ 
mately 8g. This reduction in peak acceleration may be attributed to the 
wedge shape of the impact surface of the capsule at the 33° attitude as 
compared with the blunt impact surface for the 0° atttitude. Impact on 
the wedge-shaped surface resulted in a lower rate of increase of the 
virtual mass which resulted in lower accelerations and greater penetrations. 
In order to illustrate this effect further, the contact attitudes of 0°, 
19°, and -3^°j for the 65° flight path resulted In peak accelerations 
of 53g, 17g> and 6g, respectively. In general, the time to reach peak 
acceleration increased as the magnitude of the peak accelerations 
decreased. (See fig. 5-) Accelerations measured along the Z-axis were 
relatively small at all test conditions. (See table II.) 
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Typical pitch angles and vertical displacements of the model after 
contact are shown in figure 8. The drop for a 0° contact attitude from 
a vertical flight path had very small variations in pitch angles. For 
the drop made for a 27° contact attitude from a 68° flight path, the 
model pitched in a negative direction after contact and then righted 
itself. For the remaining drops shown in figure 8, the model pitched in 
a positive direction after contact and, with the impact of a following 
wave, the model pitched in a negative direction and then recovered to an 
upright position. The vertical displacements of the center of gravity 
were similar for the various contact attitudes and flight paths. 

Full-scale capsule.- The experimental data for the full-scale capsule 
are presented in table III and typical acceleration-time histories deter¬ 
mined for the X-axis are shown in figure 9* remarks previously made 
concerning the accelerations for the model test are applicable to the 
full-scale test. The accelerations are similar to those determined from 
the model test for approximately the same flight paths and contact atti¬ 
tudes. The photograph in figure 10 shows the capsule after contact at 
an 18° attitude from a 65° flight path. 

Typical pitch angles and vertical displacements of the full-scale 
capsule after contact are shown in figure 11. In general, the varia¬ 
tions In pitch angles and vertical displacements of the full-scale capsule 
are similar to those determined from the model test. 

Comparison of Data 

Peak accelerations.-^ Comparisons of peak accelerations along the 
X-axis obtained from the model test, full-scale test, and theoretical 
investigation are shown in figure 12 as a function of contact attitude 
with flight-path angle as a parameter. The curves represent fairings 
of the data obtained from the model test. Superimposed upon these curves 
are the data obtained from the full-scale test and the theoretical inves¬ 
tigation (data calculated from the theory are given in table IV). As 
shown in this figure the agreement is excellent. The magnitude of the 
peak accelerations was considerably reduced by changes in contact atti¬ 
tude in either the positive or negative direction from 0° attitude. 

Acceleration-time histories.- Acceleration-time histories determined 
from the model test, full-scale test, and theoretical investigation are 
compared in figure 13 for a flight path of 9O0 and a contact attitude 
of 0°. As can he seen in this figure, the agreement among the acceleration- 
time histories was good. 

Fitch angles and vertical displacements.- Pitch angles and vertical 
displacements of the model and fioll-scale capsule are compared in figure l4 



8 

for a nominal flight path of 65° and- a nominal contact attitude of -23°. 
These comparisons are made for drops of the model vith attached instru¬ 
ment cable, the model without instrument cable, and the full-scale capsule 
with instrument cable. The vertical displacements of the three drops 
were approximately the same. There was good agreement between the pitch 
angles of all of the drops for 2 seconds after contact, but after 2 sec¬ 
onds the pitch angles of the model with the instrument cable attached 
deviated, probably because of the restraining influence of the instru¬ 
ment cable. The pitch angles for the full-scale capsule and the model 
without instrument cable are approximately the same. The deviation shown 
for that portion of the drop in which the capsule was returning to an 
upright position may have "been caused by the effect of the surface ten¬ 
sion of the water on the model as compared with the negligible effect of 
the surface tension on the full-scale capsule. This deviation may also 
have been partly caused by the effect of the instrument cable on the 
full-scale capsule. 

CONCLUDING REMARKS 

Experimental and theoretical investigations have been made to deter¬ 
mine the water-landing characteristics of a conical-shaped reentry capsule 
having a segment of a sphere as the bottom. The peak accelerations along 
the X-axis experienced by this type of capsule were in the order of UOg 
for a contact attitude of 0° and a vertical flight path. For a contact 
attitude of 0° and a flight path of 65°, the peak accelerations were in 
the order of 50g. Changes in contact attitude in either the positive or 
negative direction from 0° attitude resulted in a considerable reduction 
in the peak accelerations. Accelerations measured along the Y- and 
Z-axes were relatively small at all test conditions. 

Excellent agreement was obtained among the peak accelerations of 
the model, full-scale, and rigid-body theoretical investigations. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., March 3> 1959- 
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TABLE I I 
J 
r 
C 

PERTINENT DIMENSIONS 1 

Model capsule 
(l/l2 scale), 

measured values 

Full-scale capsule 

Measured 
values 

Converted to 
model scale 

Weight . 
Height (overall) . . . . 
Radius of 

spherical bottom . . . 
Base diameter . 
Center-of-gravity 

location (height 
from bottom). 

-t-pitch. 

-^yav. 

1.32 lb 
10.50 in. 

10.50 in. 
7*00 in. 

2.10 in. 

O.OOI76 slug-ft2 

2,150 lb 
10.5 ft 

10.5 ft 
7.0 ft 

2.33 ft 

5^0 slug-ft2 

5^0 slug-ft2 

1.24 lb 
10.50 in. 

10.50 in. 
7-00 in. 

2.33 in. 

0.00226 slug-ft2 

0.00226 slug-ft2 
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TABLE II 

MODEL DATA 

^Converted to full scalej 

Attitude 
at 

contact^ 
deg 

Flight 
path, 
deg 

Vertical 
velocity 

at 
contact, 

fps 

Horizontal 
velocity 

at 
contact, 

fps 

Ac celerations Time to peak 

Along 
X-axis, 

S 

Along 
Z-axis, 

g 

Along 
X-axis, 

sec 

Along 
Z-axis, 

sec 

0 
0 
0 
1 
0 
0 

33 
33 
33 
0 
0 
0 

-6 

6 
7-5 
5 

26 
19 
19 

-21 
-38 
-36 
-34 
-35 
-35 

90 
90 
90 
90 
90 
90 
90 
90 
90 
65 
65 
65 
72 

69 
70 
71 
68 
68 
68 
68 
70 
68 
66 
69 
70 
67 

29.5 
29.7 
29.6 
30.2 
29.6 
29.5 
28.9 
28.9 
29.O 
29.9 
29.7 
29.7 
30.0 
28.8 
30.2 
29-3 
28.6 
31.6 
28.6 
28.0 
28.1 
29.5 
32.3 
29-3 
28.5 
29.9 

0 
0 
0 
0 
0 
0 
0 
0 
0 

13.6 
13.5 
13.5 
9.8 

11.0 
11.0 
10.4 
n.5 
12.3 
n.5 
11.3 
9-1 

12.1 
14.2 
11.1 
10.5 
12.6 

42.5 
42.5 
4i. 6 
42.5 
40.7 
41.6 
7.4 
8.0 
7.4 

53-0 
53-0 
53.0 
52.6 
54.8 
47.0 
33-5 
4i.6 
11.5 
17.2 
18.1 
14.5 
5.4 
8.2 
5.8 
4.5 
5-7 

0 
0 
0 
0 
0 
0 
1.5 
1-5 
1.5 
0 
0 
0 
0 
0 
0 
0 
0 

-2.0 
-3.8 
-3-3 
3-9 
3-9 
3-4 
2.6 
2.6 
3.7 

0.003 
.003 
.003 
.003 
.003 
.003 
.019 
.019 
.019 
.003 
.003 
.003 
.003 
.003 
.003 
.003 
.003 
.014 
.005 
.005 
.005 
.017 
.018 
.014 
.019 
.017 

0.019 
.019 
.019 

.003 

.003 

.005 

.005 

.017 

.008 

.016 

.019 

.024 
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Diameter — 7.0 

Figure 1.- Capsule configuration. (All dimensions are in feet_, full 
scale.) 
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Figure 2.- Sketches identifying axes, flight paths, and impact attitudes. 
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l—t 
OJ 
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Figure 8.- Typical pitch angles and vertical displacements of the model 
after contact. (Values converted to full scale.) 



22 

o 
0 
eo 

* 

o 
cti 
-p 

o 
o 

0) 
-p 
<PI 
Cli 

a) 
S 
•H 
EH 

-p 
to 
0 

-P 

0 
(—I 
cd 
o 
0 

I 
i—I 
H 

5 

I 
^-1 
nd 
0 

•H 

0 
P 
0 
Td 
0 
0 
-H 
P 
O 
P 0 
rP 

-P l 
0 
O 
•iH 

u 
0 

i—I 
0 
u 
a 
cd 

cd 
o 

i 
o\ 
0 
p 
P 
bD 

■H 

t-1 
-f=- 
ru 
H 



L
-
4-
21
 

23 

L
-
5
8
-
3
3
4
0
 

F
i
g
u
r
e
 
10
.
-
 
F
u
l
l
-
s
c
a
l
e
 
c
a
p
s
u
l
e
 
a
f
t
e
r
 
c
o
n
t
a
c
t
 
a
t
 
a
n
 
18
°
 
a
t
t
i
t
u
d
e
 
f
r
o
m
 
a
 
6
5
°
 
f
l
i
g
h
t
 
p
a
t
h
.
 



Ve
rt
ic
al

 d
is
pl
ac
em
en
t 

of
 c
en
te
r 

of
 g

ra
vi

ty
, 

ft
 

Pi
tc

h,
 
de
g 

2h 

Figure 11.- Typical pitch, angles and vertical displacements of full-scale 
capsule after contact. 
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Model data •Fairing of actual data points 

| O" Flight pathj 90° 
Full-scale data) ^ * /r,o 

( □- Flight pathj 65 

Calculated data A- Flight pathj 90° 

Figure 12.- Comparison of maximum accelerations along X-axis obtained 
from model test, full-scale test, and theoretical investigation. 
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Figure l4.- Comparison of pitch angles and vertical 
mined from model and full-scale tests. (Nominal 
nominal contact attitude, -23°■) 

displacements deter- 
flight path, 65°; 

NASA - Langley Field, Va. L-4-21 





A motion-picture film supplement is available on loan. Requests 
will be filled in the order received. You will be notified of the 
approximate date scheduled. 

The film (l6 mm, 3 min, color, silent) shows representative drop 
tests of a reentry capsule. 

Requests for the film should be addressed to the 

Technical Information Division 
Code BIV 

National Aeronautics and Space Administration 
Washington 25, D. C. 

CUT 

Date __ 

Please send, on loan, copy of film supplement to NASA 
MEMO 5-23-59L (Film 1^15). 

Name of organization 

Street number 

City and State 

Attention: Mr.--- 

Title------ 
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