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PREFACE

This report is published to document the design , construction , and
operation of an oscillatory water tunnel. The test section of this
facility replicates prototype conditions at the seabed under sinusoidal
waves offshore of the breaker zone. The water tunnel , constructed in
the Fluid Mechanics Building of the National Bureau of Standards (NBS),
Gaithersburg, Maryland , has performed satisfactorily for over 2 years in
studies of sand movement and transport . The work was carried out under
the coastal processes program of the U.S. Army Coastal Engineering
Research Center (CERC) .

The report was prepared by Karl 1.B . Lofquist , Physicist , Fluid
Mechanics Section , Mechanics Division , NBS, under CERC Agreement No.
76-30. Previous CERC Agreements Nos . 70-99 and 73-25 supported construc-
tion of the water tunnel. The author especially thanks Louis Lembeck
who shared the work of constructing the tunnel .

Drs . M .M. Das and R .J. Hallermeier , Coastal Processes Branch , were
the CERC monitors for the agreements , under the general supervision of
Dr. C.J. Calvin , Jr. , Chief , Coastal Processes Branch , Research Division .

Comments on this publication arc invited .

Approved for publication in accordance with Public Law 166, 79th
Congress , approved 31 July 1945, as supplemented by Public Law 172 , SSth
Congress , approved 7 November 1963.

•

~~ O}lN h-i. COUSINS
Colonel , Corps of Eng ineers
Commander and I)irector
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CONVERSION FACTORS , U. S. CUSTOMARY TO ME TRIC (Si)
UNITS OF MEASUREMENT

U.S. customary units of m easurem ent used in th is report can be converted to metric (SI)
units as follows:

Multi ply by To obtain

inches 25.4 millimeters

2.54 centimeters

square inches 6.452 square centimeters

cubic inches 16.39 cubic centimeters

feet 30.48 cent inieters

0.3048 meters

square feet 0.0929 square meters

cubic feet 0.0283 cubic meters
yards 0.9144 meters

square ~ arils 0.836 square me ters
(‘Lib ic yards 0.7646 cubic meters

miles 1.6093 kilometers

square miles 259.0 hectares

knots 1.8532 kilometers per hour

acres 0.4047 liectare s

foot-pounds 1.3558 newton meters

millibars 1.0197 X I0~~ kilograms per square centimeter

OUJICe S 28.35 grams

pounds 453.6 grams

0.4536 kilograms

ton , long 1.0160 metric tons

to ut , short 0.9072 metric t omi s

degrees (ang le) 0.1 74~i radians

Fahrenheit degrees 5/9 Celsius degrees or Kelvins ’

To obta in ( eI~in~ (C) temperature readi ngs Ironu F’ahr enlie it (I”) reaulings. u s,’ formula : C = (3  I i)  (I” 42 1.
UI) oI)tain Kelvin (K) readin gs, u s ”  formula: K = (5/’)) (F’ — :l~ ) + 27 :LI 3.

5
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SYMBOLS AND DEFINITIONS

A cross-sectional area of flow over sand bed

A combined cross-sectional area of cylinders

Ar combined cross-sectional area of reservoirs

A(i) cross-sectional area of flow , a function of 2

E total energy

g acceleration due to gravity

K time variable part of the kinetic energy

L length of test sectiom

distance along the flow path (see Fig. 3)

total flow path length when s = o

M mass of active counterweighta

mass of passive counterweight

time variable part of the potential energy

S ampl itude of piston motion (half stroke)

Sm maximum amplitude of piston motion (maximum half stroke)

s displacement of pistons from zero level

Sr displacement of free surface in reservoirs from zero level

T period of oscillation

T resonance period when y = o

t t ime

U a m p l i t u d e  of f low v e l o c i t y  in  tes t  s e c t i o n

v magni tude of the  velocity vector

V(i) average ve loc i ty  over a cross sec t ion , a func t ion  of

y e leva t ion  of the active counterweight when s = o

6
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maximum possible va lue of y

z vertical elevat ion

a shape factor (eq. 7)

shape factor (eq. 11)

p density of water

frequency of oscillation , 2ii/T

O
lD 

resonance frequency when y = o , 2 1T/T

S

7
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A POSITIVE DISPLACEMENT OSCILLATORY WATER TUNNEL

by
- - 

Karl E. B. Lofquist

I. INTRODUCTION

This report describes a general purpose oscillatory water tunnel
able to provide purely sinusoidal motion over wide ranges of period and
amplitude . The tunnel was designed to study, under near prototype con-
ditions , the eff ects of bed permeability upon the net movement of sand
by offshore wave action. Lofquist (1975) described the unique features
of the tunnel special to the study of permeability effects. Subsequent
removal of those special features and doubling the depth of flow in the
test section have produced the general purpose tunnel described here .
This tunnel has no single capability or capacity not found in other
existing tunnels (discussed in Section VII). However , the capabilities
it does have combined with its modest size and power requirement make
this tunnel unusual .

II. GENERAL DESIGN

The water tunnel is of U-tube design with the middle horizontal
part comprising the test section (Figs. 1 and 2). The vertical end
parts of the tunnel are two cylinders with tight-fitting pistons at
one end , and two reservoirs open to the air at the other. The pistons ,
in unison, move the water over the sand bed between the cylinders and
reservoirs. The cylinders and reservoirs were designed in pairs to
provide two separate channels when the test section was divided
long itudinally by a partition . With the partition removed , the cylin-
ders and reservoirs act as units.

A variable-speed motor (Reeves 3/4 horsepower) drives the two
pistons in unison by a combination of sprockets and a worm gear that
rotates two arms at opposite ends of a common axis. Ball-bearing “pins”
attached to the arms at an adjustable distance from the axis move in
parallel circles and slide in horizontal slots in a frame constrained
to move vertically. The pistons are attached to the upper part of the
frame. A constant rate of rotation of the arms drives the frame , or
“scotch yoke”, and the attached pistons in simple harmonic motion . The
yoke and pistons are balanced by a “passive” counterweight.

The required power input has been minimized and a nearly steady
operation at any period of rotation has been made possible by the
addition of an “ac tive” counterweight. This weight is supported by a
frame that rotates at twice the rate of the arms which drive the yoke
and pistons. The displacement of the we ight from the axis of its sup-
porting frame affects the resonance period (neglecting friction) of the
entire system . By adjusting the position of the weight (this can he

9
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done w h i l e  the wei gh t is  i n  m o t i o n )  the  t u n n e l  c a n  ope ra t e  at r e sonance
at any pe r iod .  l’he theory and ope ra t ion  of t h e  a c t i ve  c o u n t e r w e i ght
system are discussed in Section III.

The drive system includes a timing mechanism which , at 45 3 in te r v a l s
in the ang le of the driving arms or phase , can time a single rotation of
the worm sha f t . One rotation of the worm shaft occupies onl y 1/48 of a
cycle of the driving arms , or ‘.S° of phase ; therefore , separate timings
provide a quas i - i n s t an t aneous  ra te  of r o t a t i o n  of the  d r i v i n g  arms as a
func t ion of phase and a check on the steady operat ion of the d r i v e  sys-
tem.

1’he flow out of the cylinders and reservoirs is turned from verti-
cal to horizontal by curved conduits and continues into the test section
through hori zontal removable “spools” with constant rectangular cross
s e c t i o n .

III. COUNTERWEIGHT ANALYSIS

A schematic diagram in Figure 3 shows the tunnel with the cylinders
and drive system at the right and the reservoirs at the left . The sche-
matic is presented to assist only in the analysis; true proportions are
provided in Figures 1 and 2. In Figure 3, 9~ is the distance from thezero pos i t ion  of the p istons measured a long the centroid of the  w a t e r
condu i t .  Except in the test section and in the adjacent  spools the  con-
duit is divided and the centroid falls in the area between. The cross-
sectional area of the conduit , including both branches where there are
two , is denoted A(Z). Special values of A(Z) are : Ac, the combined
cross-sectional area of the two cylinders ; A , the cross-sectional area
of the test section , without divider , above the sand bed ; and A r, the
combined cross-sectional area of the two reservoirs which , by circwn-
stance , is slight ly less than Ac. The combined mass of the pistons and
their yoke is denoted by Mp, which is also the mass of the passive count-
erweight (actually hung as two separate halves), and the mass of the
active counterweight is denoted by Ma .

The purpose of the following analysis is , for any given rate of
rotation o , to determine y, the elevation (which can be positive or
negative) of the active counterweight when s = o , such that the power
input from the motor is a minimum . Under this condition the motor is
required to work only against the dissipative forces of fluid and piston
friction and not to lift or to accelerate masses of metal or water.

The power input in excess of the rate of dissipation due to fric-
tion is equal to the time rate of change of the total energy of the
system . Thus , the power input is minimized if the total energy is held
constant with tine . That is , ideall y,

12
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(1 )

w h e r e  1. is t h e  sum of t he  potent  i a l  and k i n e t i c  energ ies  cxc lud i ng
the rma l  energy and the k i net i c energy of turbulent eddies. The
e x p r e s s i o n  for  Ii contains which is then determined to sat i s t ’y
equa t ion  1,1 ) .  ln the c o m p u t a t i o n s  of p o t e n t i a l  and k i n e t i c  e n e r g i e s ,
any components  wh ich are c o n s t a n t  w i t h  t i m e , such as the potent i al
energy  of ba l anced  wei ghts  or the  k i n e t i c  energy  of r o t a t i n g  par t s .
can be inc luded  in u n d e t e r m i n e d  c o n s t a n t s  and therefore can be dis-
rega rded.  The p o t e n t i a l  and k i n e t i c  energ ies  are  d e t e r m i n e d  f rom
t h e  mass , e l e v a t i o n , and speed of s o l i d  members , and b y the i n te -
g r : u l s  over the  e n t i r e  volum e of w a t e r  of I g :  and ~v /2 , w h e r e  ~ i s
the d e n s i ty  of wate r , g is the  a c c e l e r a t i o n  due to  g r : i v i t v , : is  t h e
e l e v a t i o n  over  any c o n v e n i e n t  l eve l , and v i s  t h e  m a g n i t u d e  of the
v e l o c i t y  vec tor .

F o l l o w i n g  Fi gure  3 all motions are governed by

s = S s i n ot , (, 2)

and b y the  condi t ions  of cont i a u i t y :

A

— 
Ac d s 1, 4 )

where  s and 5r are t il e d i s p l a c e m e n t s  of the p i s t o n s  and fr e e  surface
in t h e  LI i rect ion of in c  rca sing • 

~ f rom t lie i m’ IcollIlulon I ci e V a t  ion
t = 1) , and wh e r e  V i . ) i s  the a v e r a g e  y e  f o e  i t v  over  :u cross s e c t  i o n
in t h e  d i r e c t  ion  of ~.. Taking the e l e v a t  ion of ’ t h e  act iv c  c o u n t e r —
we i g u t  t o  be > cos 2 t , and the va m’ i able pot cut i ; i l  ene rgy of t lie
w a t e r  to l)e i t s  p o t e n t  i :t 1 energy at ;uii ~ t inc  , m i n u s  i t s  pot cut  ia  1
energy  when s 0 , t h e  t o t a l  v a r i a b l e  pot ent  i a 1 en ergy  of ’ t h e  sys —
tern is found to he :

p gA A ,
P = M ~~~~~Y cos 2 o t + _ _ ~~~ ( l + ~~~_ ) s~ . ( H

t li t h e  ippr ox i iu at u o iu that over a cross s v ct  i o n  the 1101%
ye b c  it v is cuuul- ;t :in t a l l i l  equ ~I I t o  V (  I . t lie v u  r i a b l e  k i u r t  i i
e n e r g y  o I t h e  cy s t  em s e x~urc ssed i n t h e  t o  I’l l

4

LI --• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~~~~~~~~ •~~~~~~~~~~~~~ .- - ----•- ~~~~~~~~ --~~~~~



2 A 2 L 2
= M (

~~~~) 
+ 

~~~~~ A~~dt~ ‘ 
(6)

where L is the length of the test section and

£ r
dta~~~~ 

~~~~~~~~ 

‘ 
(7)

where the path of integration extends from the pistons to the
free surface , with Z~ the total path iength when s 0. Since
Ac and A r, the values of A (t) at the lower and upper limits of
the integral , differ slight l y, i depends slight ly upon s. Dif-
ferentiation with respect to s provides , wi th equation (3),

/A
s dci _

~~~~~~ s A I  c i  1 8a d s Thi c s L t A  A Ar C

Then , by the dinensions of the tunnel , and since s cannot
exceed 8m~ 

/ cannot exceed 0.5 percent . Neg lecting this
small variabilit y , the integra l in equation 17) can he
eva l uated for s = hi , and regarded as a constant .

The total energy hi is the sum of the variable 
~v 

and Ky
plus an undetermined constant . Obtaining s2 and (ds/dt)2
from equation (2), using the identities:

sin2ot - cos 2ot) , (9)

cos2ot ‘~-( 1 + cos 2at) , (10)

.in~.I defining

(11)

the addition of equations (5) and (b) provides :

‘5
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] 
cos 2ot + constant. (12)

Thus , the variation of E with time is proportional to cos 2at ,
a simp le form made possible by the prior choice of the rate of
rotation of the active counterweight as twice o, in anticipa-
tion of the identities in equations (9) and (10).

Equation (1) is then satisfied , and the power input is
minimized if the coefficient of cos 2ot in equation (12) is
made to vanish , i.e., if the active counterweight is set to
satisfy

pgBA S2 I pczA2 L
= ______ - + M 

) 
s2o 2 (13)

This expression is simplified by introducing Ym, the maximum
y required when o = 0 and when S = 5m~ the maximum availableamplitude , that is ,

~M S2
(14)

and by introducing o~ , the resonance frequency when y = 0,
that is ,

paA~L
a2 P~~~tc/”( 2A 

+ (15)

Equation (13) can then be written as

s2 / T2 \
L.. = 1 - 4) (16)

where TQ/T has replaced 0/0 0. y is positive or negative as
T is greater or less than T~ .

In summary, for any given S and 1, the tunnel  operates at
resonance when y is given by equation (16). The constants Ym,
Sm, and T0 are determined by equations (7), (11), (14), and (15)
and by the dimensions and masses of the components of the tunnel
(see Tab l e ) .
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Table. Significant dimensions , masses , and constants of the water
tunne l and drive system .

Quantity Value Symbol

Diameter of each cylinder 31.0 cm

Combined area of cylinders 1509.6 cm2

Maximum amplitude (half stroke) of
pistons 50.0 cm Sm

Depth of flow over sand bed 29.8 cm A

Width of test section 20.8 cm

Area of flow over sand bed 619.4 cm 2 A

Length of test section 252.9 cm L

Diameter of each reservoir 30. 1 cm

Combined area of reservoirs 1423. 2 cm 2 A
r

Depth of sand bed 25.8 cm

Maximum displacement of active
counterweight 43.4 cm

Mass of active counterweight 44.78 kg M

Mass of both pistons and their yoke 71.24 kg

Resonance period wi th  y = 0 5.31 S T~

Shape factor (eq. 7) 2.19 a

Shape factor (eq. 11) 1.03

Data describe f a c i l i ty  in operat ing condition as of December 1976.
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The volum e of water displaced by a maximum st roke of the
piston , 2S 1Ac , is 151 l i t e r s .  ftc corresponding l i n e a r  dis-
placement  in  the  test  s e c t i o n  2 S . -\ c/ A , i s  2.44 l e t e l ’s. The
amp l i t u d e  of t h e  h o r i z o n t a l  v e l o c i t y  i s :

A 765.7 S
~ 

(~ —) cm/s . (17)

I V .  CONyFRUCTION 1)J IA II,S

1. Gene ra l .

‘rh e tunnel is const rructed h r i m a r i  ly of s t e e l  , a l u :in tui , S ILl l ut e i tc
w i t h  l e s se r  amounts of  pol vvinv 1 cli i urn  de I I’\ C and b r u s s  \lo’t of the
standing f r ame w ork  is  of l .Th— by ~u ) . $ — r f l i l I t t er (3/ 1  be 2 inches)
s t ee l  a n gl e , w i t h  4 . T h -  by ( 3. 5 - n i  11 ~~~t er I 3/16 by 2 1 / 2 r i c h e s )  I I  C
used in  the col umn s und e r t h e  cv i  i l c ~~ ;u r id r ( - ~i i v ) I  r s . I n c i t e  ember s
are r e g u l a r l y  fused together w ith sol\ 4 - n t  • ~erio~ uble s y t  ~~~n - , u f L u e )
and bolted toge ther wi t h gasket seals. l i e  l u c i t e  t i t  sec t  i on  e st s  on
a steel p la te welded to ~.te el ang l e st i f t e e : s  , b u t  ; Io- ; t m e t a l  l i e  e l i r l e r t s
are bo l t ed  t o g e t h e r .  The a l u m i n u m  c c l  i n l e r s  a ri b o l t e d  to a 12.  7 m i l l  i —
m e t e r — t h i c k  ( 1/ 2  inch) aluminum slab ; t 1 %  (- s( v ( i r s arc  of i \ C  p i pe m d
g lued to  a 2 5 . 4 — m i l l i m e t e r  (1 i n c h )  l i f  s i b  huse .

2. Cylinders , Pistons , and seals.

C o n s t r u c t i o n  of the  cy l i n d e r s , a c ruc  i al  e l c ~f t 1 t in tile tunnel , was
the most difficult. After failin g in att er u pts to mach inc PVC pi pe , and
rejecting s t a i n l e s s  steel p i pe L c u u ~~c ot m i t  ial cost and  rt ’p u l t a t  i on
for  d i f f i c u l t  w o r k i n g ,  t he  cy l m d c  rs we ri m u i h  i ne d t r O ~~I 1 1 11111 i nU l l P ’ pe
Blemishes  i~i the  m a c h i n i n g  r e q u i r e d  h u i d — f i n i  sh i r ig ,  and  u t i u t  ions i n
the  c ros s—sec t  i ona l a r e a s  were c o n t a  i ri~ J to l ess  t h a n  3 p t  r t  s in  Ia .0(0)
A f i n a l  anodi: ing  process  to p re \ ’en t  c o r r o s i o n  roug hened th u .- s L l r t i ce

s l i gh t l y ;  however , sul) sequent  t e s t  s r eve u l ed  r i o  u n d u e  f r  I t i o n  or I c u  k ;uge
between the  cy l hider  sal i s  and t he  p i s t o n  ~ - .u I s . he cy l u ride rs ire
st iffened w i th flanges.

Each p is ton i s m ach i  ned f rom ~~: , i s  ~ . S m i l l  r e t  e e c  2 I i d e

th i c k , and has t w o  r e c e s s i o n s , one ea ch i r o u n d  i t s  tipp et’ and l o s er
perime ters . R u b b e r  ‘‘U— ring ’ seals w it I cross su e t  iomis I Ike u s u j u l  i i

bottom letter ‘‘Ii’’ fit into the r ecess  ions. One l o u t  of i uc h r i n g
presses a g a i n s t  t h e  p i s t o n  and  the  o t h e r  a g u  i n s t  t h e  cy l i t u le r  w i l l
horns of each r i n g  f a c e  a w a y  f rom t h e  ot Ir e , ’  r i n g .  F ir e  r i  r u g s  m u v  iiei ’ ii
o ccas iona l  rep lacemen t  , but are  i n c x h % n s i  ye a m i d  r e i d  I by • u\ ii I:uh ~ 1 _  . l i i ’
p i s t o n s  have b l e e d s  b y w h i c h  t h e  s p i c e  c u l t  h t h e m  i r t i l  i t  seen  t h e
sea i s  can  be kept f r e e  of a i i ’ .

18
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3. Components of the Drive System.

The apparatus is driven by a 3/4-horsepower Reeves variable-speed
motor , by any one of three combinations of sprockets, a worm , and worm
gear. The worm gear axis is a 31.8-millimeter (1 1/4 inches) steel rod .
The two driving arms at oppos ite ends of the rod are made of 12 .7- by
lOl.6-millimeter (1/2 by 4 inches) steel bar. Each arm has a sleeve
which can be positioned by threaded rods at any distance , less than 50
centimeters from its axis. Each sleeve holds a bal l -bear ing p in which
fits and slides in a 34.9-millimeter (1 3/8 inches) slot along the bot-
tom of the adjacent triangular frame forming a side of the scotch yoke.
As the two arms rotate about their axis , the yoke moves vertically in
simple harmonic motion . The overall system is shown in Figures 1 and 2;
de tails are shown in Figures 4 and 5.

The yoke is made of aluminum . The slot along the bottom of each
triangular frame is formed by an aluminum bar spacer between aluminum
an gles l ined with steel strips. The triangular frames are rigidly
joined together at their upper corners, over the cylinders , by a bar
made from two aluminum channels. Pins through these channels hold the
upper ends of the connecting rods , made of aluminum tubing , wh ich connec t
ri g i d l y  to the pistons below . The yoke is constrained to move vertically
by upper and lower guides made of steel angle with spacers forming slots.
i he upper and lower corners of the triangular frames hold ball bearings
which roll in the slots. The tops of the upper guides are fixed to a
steel channel extending from wall to wall above the cyl inders. The
weight of the yoke and pistons is bal anced by two steel (passive) counter-
w e i g h t s  supported by chains and overhead sprockets. The counterweights
extend across the cylinders between the upper guides which also serve to
steady them as they move .

The a c t i v e  counterwe ight (Fig. 5) is made of steel and held in posi-
tion by threaded rods jn a steel rectangular frame. This frame rotates
about an axis or-~r the motor , and is driven by chain and sprockets from
the worm gear shaft at twice the worm gear shaft speed. A system of
small sprockets , a chain , miter gears , and a crank permits the threaded
rods to he turned , and the posi t ion of the counterweight adjus ted ,
dur ing  ope ra t ion .  A scale mounted on the counterweight framework gives
Y/ Y m (eq. 16).

A f l ywheel  (F ig . 5) which  rides on the drive shaft between the worm
and the cylinder column is made from a pulley wheel with steel blocks
bol ted  to i t s  c i r cumfe rence .  It we ighs  20.4 kilograms and has an effec-
tive diameter of about 33 centimeters. A c lutch permits the flywheel to
l i e engaged or d i sengaged  dur ing  operat ion .

The timin g mechanism (Figs. I and 5) has several components.  The
end of a steel rod mounted traversely on the drive shaft just outside
t i r e  c y l i n d e r  c o l u m n  passes  near  a m a g n e t i c  sensor  d u r i n g  each ro ta t ion .
An electronic timer , when activated , tines and disp lays the interval

‘9
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b e t w e e n  t he  succeed ing  ~wo passes .  F ire t i m e r  can he s e l e c t i v e l y acti-
va ted  w h e n e v e r  a co n tac t  on t he  ro ta t  i n g  c o u n t e r w e i ght f ramework touches
any of four equ a l l y spaced contacts along its circular path. Since the
rate of rotation of the coun terweigh t framework is twice t ha t oi the
drivin g arms , a timing is possible e v e r y  one-ei ghth cycle , or 45° of
phase.

4. Connecting Conduits amid Spools.

lire curved conduits under the cylinders and reservoirs are of
1.0- m i l l i m e t e r  (0.040 inch) brass sheet , solde r ed a l o n g  the  j o i nt s
(Figs. 2 and 4). The cross-sectior~al area along the length of the con-
duits remains nearly constant , and a vane has neen inserted to minimize
flow separation . Just above the curved conduits in the lower 18 centi-
Biett S of the cyl inders  and reservoirs , are flow adapters between the
r ec t a ngular  cross se-~’t i on below and the  la rger  c i r c u l a r  cross section
above . These adapters are also made of soldered , curved brass sections ,
and resemble large four - l ea f  clovers (not shown in the figures).

Each of the h o r i z o n t a l  spools between the  brass c o n d u i t s  and the
test section is 41 centimeters long and made of 12.7 -m illimeter - -thick
(1/2 inch) Lucite. Lach spool has been broken arid rejoined with rubber
tubin g to form an expansion joint , containing a screen . Screens arc
a l so  in ser ted betwee n the spools and the curved conduits next to honey-
comb flow straighteners placed just inside the conduits. To remove
hubbIes under the long level top of the test section , hatches have been
cut in the tops of the spools and Lucite barriers erected around them .
bl u e hatch covers are removed when filling and the water level raised
un ti l about  2 or 3 centimeters over the spooi top , f i l l i n g  th e tes t
sect ion and f l o o d i n g  the enclosed areas over the  spools .  The b u b b l e s
cart  then be swept out by pulling a buoyant sponge from otie h a t c h  to the
other at the opposite end. The hatches are then secured , t he f looded
areas drained , and the fillin g continues.

5. h i - st  S e c t i o n .

l’he t e s t  sect ion is a Luc i te t ank w i t h  l~u . 1 — m i l l  i t r i e t e r — t h i c k  (3/4
i n c h )  w i l l s  and ends and w ith a 25. 1—mi l i i  net er—t h i c k  1 i r ich )  tol)
(i nternal dimensions u t - i- given in t h e  lable). ‘l ire w i l l s  a re  s t i f f e n e d
e ~ t e r u t  11 v h~- a pa i r of —5t eel  c h a n n e l s  e x t  end i ng t h e  1 engt  ii of ’ t h e  t a n k
m d  ire Id t oget lie r by t Ic rods t h r o u g h the t ank and under  t he  su r f m c e o f ’

t h e  sand  i)ed

P e t - r u r i : u l u  l i t  t v S t r r ~lv ( ‘ ou r t’i l u r i t  i o n .

In t lie pc rrrueah i l i t  y exper  in r en t  s , performed before the tunnel s i  s

mod i t m  ed , t he mean depth of f l o w  over  the sand bed w i  s t us r i a  11 y I 6 .6
u . i t m t i f l iCt i t ’s  , about ma If t h e  p r e s e n t  a h u e  ( l u  iqu I st , I iYS ) . I i t e  t i - - t
se ct  u mom s m  s di vi ibed long it m i d i n u b  I y I T u t u . )  t w o channel s connect e~i I ’ T I I l v
g i p  e x t  end t r i g a l o n g  t i re  but  t orn of ’ t h e  t e-t sect ion be mm e a t ii t h e  sand .
p m i r o f p 1 um mm g& rs i i i  t h e  r e s e t -v u  i t ’ ’~ usc I I lu ted ~e mt i c m l  l y i m u d  o j ipos  I t e  l~
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driven off an extension of the worm drive shaft by two separate scotch
yokes similar to but smaller than that previously described , I i i  action
of the plungers caused a sinusoidal press’ure difference between the two
channels and an oscillatory permeability flow into and out of the sand
bed surfaces and through the connecting gap below .

7 . Durabi l i ty .

The materials in the apparatus which are in contact with water
(Lucite, anodized aluminum , brass , PVC) are noncorrosive in that element .
During modification of the tunnel , spots of a scal y deposit were found on
the inner walls of the cylinders , and were removed by b r u s h i n g . These
spots may have been calcium deposited during a time before distilled
water was used. Lucite immersed in water for long periods will expand ,
with an ultimate extension in length of about 0.33 percent. Allowance
for this expansion was made in the construction. No parts of the appa-
ratus are subject to significant wear except the piston seals which can
be replaced.

V. OPERATIONAL SEQUENCE

A typical sequence of operation of the water tunnel follows. It i s
assumed that the sand is already in the tank , the system filled w i th
water , and the bubbles removed as described in Section 1\ , 4. The
f lywheel is disengaged , and the motor is turned off. The pistons have
been bled and covered with a shallow layer of water to ensure that the
seals are always completely wet. The sequence then continues :

(a) The driving arms are moved into hori:ontal position
by manually turning the drive shaft , since only sheet
the arms are parallel to the slot s in t~ e okes can
the sleeves holding the bearing pins h)e freel y m o v e d .

(b) The amplitude S is then set on t h e  drhin g u t_ Ins .

(c) The motor is then turned on and tire speed g r a d m i a l  l~
increased until the period is reduced to i t s  oper-
ating value , T.

(d) If S/Sm is considerable , e.g., greater t h a n  0 ~~~.

y/ym is a d j u s t e d  in i n c r e m e n t s  dun  ng spe edup ,
ac cording to equat ion  ( 1 6 ) .  O t h e r w i s e , > ‘/Ymru can

S be set when s tead y opera t ion  is  a t t a i n e d .

(e) The f l ywhee l  t u r n i n g f reel y on the drive sh i ft is
then engaged .

A t tire end of the experiment , the fl y w h e e l  i s  d i s c o n n e c t e d  , t i r e  spec5
t he unotor  is reduced w h i l e  a d j u s t i n g  Y/~ 1~ in  I ncret ruent s u f iie cessm r \
When t he  moto r  i s  at low speed i t  is  t u r n e d  o f f .
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VI . PER F ORMAN CE

The tunnel has operated over wide ranges of amp litude and period in a
special series of tests arid in the comp leted perme ability experiments
(Lof qu i s t , 1975) . The special tests i t u v e s t i g a t e d  t he  c o n s t a n c y  of t ire
rate of rotation of the driving arttis throug hout a cycle and tire leakage
past t ire p i s t o n  s e a l s .  In  t he se  t e s t s , tm r ad e before tire tunnel was mod i-
f ied , the depth of flow in tire test section was onl y 15.6 centimeters arrd
t ire a m p li tude of tire hrorizonta l velocit y was given l)y

1505 / S \U =

r a the r  than  b y equat ion  ( 1 7 ) .  These t es t s  extended to  v a l u e s  of U able
to sweep away sand and were performed w i t h  wooden boards in p l a c e  of a
s-and bed surface. Also , no screens were mnou rrted in tire spools.

l’ire tests for cons tancy  of speed were mmm dc w i  t hu  t h e  e l e c t r o n i c  t i m r m i n g
appa ra tus  in the  r atiges : S/Sm be tween  0. 095 aird 0.64, ‘1’ be tween  .S .0 and
25 seconds , and U be tween SO and 15(1 cent  ime ters per second . Gener all y.
v a r i a t i o n s  in speed f rom average  values increased with U , but ml 1 van i m-
t i o n s  were s m al l .  For U less  t han  50 c e n t i r m i e t e r s  per secon d , t i r e  x’aria-
t i o n s  remained less  than 0 . 2 5  percent ; for U l ess  t i r a n  100 c e n t im n e t e r s
per secon d , less th a n  ± 0.5 percent . Ihe largest observed v ,r ir t  ion , at
U ~~l50 centimeters per second , was around ± 0.5 percent. Fire sm allness
of these v a r i a t i o ns  shows t i ra t  the  s teepness  of t i r e  tmu oto r  t o rque-speed
c u r v e , the i n e r t i a  of the  systenr , and tire m e t  i v e  c o u n t e r w e i g ht  c o r m r b i n e  to
offset the effects of friction in the  flow and be twee n cy litrde rs arid p is-
tons. For given S/Sm and ‘F , variations in  speed w e r e  observed to  i n c r e a s e
as the active counterweigh t was moved from its proper position g iveur by
equa t ion (16)

Ideal lv , a constant rate of rotation of the driving arms ~ould cirsure
pure sittip le irarnronic motiotr of the pistom rs. h owever , tire e l asticit y of
the  sco t c ir  yoke and the  c l ear a t r c e  between tire ha 1 1 —  h ) ear  iu rg  p i n s  arid t h e
scotch yoke slots permit the friction between the piston semis and tire
cylinder wall s to hold the  p i stotrs at rest t ’or a f i n i t e  t im mm e I ni t  e m ’ v i  1
iSt , at  tire i r ext  reitte upper  a rkb l ower  ~OS i t  I O T IS . l i i i  S I mi t  erv m I 

~~~~ 
I st S

w h i l e  t he  pi irs tmi ove t i r roug h sotmie small ver’t i cal di  St t r u c e  and time ii i’ I v i  rig
anti s  t u r n  t h r o ug h some sitra l angle equal to 2ri ~- t ,’ I , so th at ~t , ” I in —
creases as 57gm is reduced . At stuall strokes this effect c urt lie d e t e c t e d
as t si  i g irt j e r k  in  t he  f low j u s t  f o l l o w  i mug flow m’c~ u. r s i  1

Atr average rate of leakage past tire 1)1 stun sea is s m  s obt  mi ned b)
measut ’ i rug tire changes i n  deptIr o t’ slra h o w  I i  yers of ’ s i t  en’ ove t’ the pi s —
tons a f t e r  at r  opera t ion of around 100 eye les - No m t t er mr p t w a s  mrmau.Ic t o
determmr i etc t i r e  i ims tan tan eou i s r i t e  of leakage m s  t’m jric t i on  of’ pim.m s u . time
ch anges in depth wem ’e ir ard to det eet , a rid ii Id trot exceed  a f’ew t cut  his  of
:1 mu m i i i  i r r r e t  en . ‘l ii is rep res cu ts a vu 1 utne let k uge per ira I I i c  Ic  of ’ t r o t
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more than about one part in 100,000 of the volu r r m e d i sp l aced by the p is-
tons . 1’ire tests were perform mmed for S/S11~ = 0 .33  and 0. 04, and i n  I Lu
ranges , T between 3 and 25 seconds and U between 30 and 150 cetr-t i :;eters
per second .

In the pernmeahility experinrents (Lofquist , 1975) tire tunnel provided
flows over naturall y rippled sand with a mean dianmeter of 0.56 nmi llitrm e-
ter. Values of S/Sm remained small , about 0.07, 0.10 , and 0.14 (each
corresponding to a different r ipp le size); T ramuged fromrr 3 to 14 seconds.
Values of U were kept below about 35 centi5mreters per second to prevent
excessive sand motion and erosion of the ripp le profiles. L)uring the 50
experiments , each lasting about 6 hours , tire tunnel performrred w i t h o u t
serious incident .

V i l . CONCLUS i ON

The tunnel described in this study may be compared wi th four other
oscillatory water tunnels that have been built. Two tunnels are of
vertical U-tube design and use pneumatic devices to ntaint ain tire oscil-
latory flow . The first tunnel , described by Carstens and Neilson (1967),
operates only at a resonance period of about 3.6 seconds where it nrain-
tains a nearl y sinusoidal flow . The second tunnel , described by Lund gren
and Sorenson (1957), can operate over a wide range of periods above
3 seconds; however , it is unclear how’ nearl y sinusoidal its basic flow
remains at periods removed from a resonanc e period of 9 seconds.

The other two tunnels are of a horizontal closed-loop design , and
operate by the nearly positive disp laceitrent of a close-fitting (though
not tight) piston in one side of the loop , in one tunnel , described by
Dedow (1966), an electronically controlled hydraulic drive can provide
almost any specified flow-time relationshi p. lii the otimer tunne l ,
described by Brebner and Riedel (1973), a motor- drive operating over a
wide range of periods provides motion as nearl y sinrple haririonic as is
compatible with an eccentric and connecting rod .

The test cross sections of all four tunnels exceed th at of tire pre-
sent tunnel , and the two horizontal closed-loop tunnels are massive in-
stallations . Thus, aside from its unique capabilities for the permureabil-
ity study (the paired pistons and reservoirs ; Lofquist , 1975), the tum rnre l
described in this study has no single capability not found or exceeded in
the other tunnels. However , the present tunnel requi r es ve ry  l i t t l e  power
(3/4 horsepower , as conmpared to the  25-horsepower  motor  of the c l o s e d -
loop tunnel described by firebner and Riedel , 1973), and ye t i s  a b l e  to
provide a sinusoidal flow over wide ranges of period aiud am rmp li tude . ‘i’irus .
the present tunnel may be regarded as a proven desi gn coim up atib le w - it iu
limited space and resources.
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