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NOTATION

Tank angle, rad.

Distance to tank center from ship centerline, ft 

Density of tank water, slug/ft®

Cross-section area as a function of s, ft^ 

Cross-section area of tank vertical legs

= bi X ba, ft®

Effective length of U-tube, S

■■/

t A

A(s)
ds, ft.

Effective coupled length, S

■’:/

^ t..(s)

ds, ft.

Tank natural frequency, co^® = 2g/S', rad/sec.

Width of each tank, = bi/B, ft.

Length of tanks (in x-direction), ft.

Half length of horizontal crossover, ft. 

Fraction of horizontal leg with taper

Height of water in tank, ft.

Distance of horizontal leg centerline below main 

tank bottom, C = a/B, ft.

Length of pump cylindrical section, - e/dp, ft.
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dp Diameter of pump section, ft.

Weight of water In tank system, lbs.

Ciirvallnear distance along centerline of tank, 

measured from water's surface, ft.

Equivalent tank damping ratio.
(o.RC 
t p

total

8g
ave.

total

Loss coefficient In heads of velocity

■-Z ^ *(3,),

f

D

V

Friction factor 

Characteristic diameter, ft.

Velocity, usually taken as a mean effective velocity 

in the conduit, ft/sec.

Hydraulic radius, ft.



> ,; : W;' „

BLAN K PAGE



HYDRONAUTICS, Incorporated I
-1-

INTRODUCTION

The control of activated, anti-roll tanks was Investigated in 

great detail in a recent report by Webster and Dogan (l). In this 

report, a detailed analysis is made of the equations of motion, the 

seaway forces exerted on the ship, the stability of the control sys­

tem, etc. Because the design of the controller was of primary im­

portance for that study, little consideration was given to the pre­

cise configuration of the tank. In the development of the equations 

of motion, it was shown that five parameters characterized the tank. 
These were:

1. Tj^, the ratio of natural roll frequency of the ship, 
o)g, to the natural frequency of pendulation of the tank, cu .

V

2. fractional decrease in GM caused by the 
existence of the free surface of the tanks.

3. maximum tank angle which can be achieved 
before tank saturation occurs.

the ratio of the square of the ship's roll 

irequency to the square of the so-called ship-tank coupling 
frequency.

5. The tank damping. For the case of the linear 

studies, this resulted in an equivalent linear damping ratio of 
the tank,
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As a result of the study of the control. It was determined 

that It is advantageous to make less than unity, as large 

as possible (consistent with static stability requlreLnts) and 

**^max s’^f’ficiently large so that significant tank saturation does 
not occur In frequently encountered sea states. Further, It was 

shown that It Is advantageous to make the Inherent tank damping, 

as small as possible. The relatively high value of apparent 
tank damping Is then obtained due to the action of the pump. In 

this way, the pumping power required Is minimized. The parameter 

^st affected by the vertical location of the tank. The higher 
the tank, the mere negative and the more advantageous Is the value 

^st*- However, for typical Installations the value of this 
parameter Is always near zero. The effect of the vertical loca­

tion Is secondary In Importance and, as a result, the tank Is 

usually located In a place amenable to the ships overall arrange­

ment, It Is anticipated that the actual values of these parameters 

will be selected on the basis of the control, as presented In (l). 

The purpose of this report Is to present techniques for the selec­

tion of the physical tank dimensions necessary to match these 

parameters. The design material presented In the following sec­

tions Is for U-tube tanks since they are especially amenable to 

the Installation of the pump In the horizontal cross-over duct. 

Other tank types, such as the free surface tank (see, for Instance

Vasta et al. Reference 3) do not lend themselves to such Installa­

tions.
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ELEMENTS OF U-TUBE TANK FLUID DYNAMICS 

Equations of Motion

The following review of U-tube tank fluid dynamics Is pre­

sented In an abbreviated fashion and only In sufficient detail as 

Is needed for the design of these tanks. The basic mechanics of 

these tanks Is well known and is presented In a variety of sources 

(Chadwick (2), Vasta, et al (3), Blagoveschensky (4)).

We consider first the motion of fluid in a generalized U-tube 

shown in Figure 1. It will be assumed that the radii of curvature 

of the bends in the pipe are large enough so that the motion of 

the fluid In the tank can be considered to be one-dimensional and 

to act along the centerline of tube cross-section (l.e. to act 

everywhere in the local direction of S shown In the figure). If 

the tank is assumed symmetric about the ship's centerplane, then 

the equation of motion of the tank fluid, assuming no motion of 
the ship or pumping within the tank, is

where

P^RS't +p^h(RT) + 2p^gRT = 0 [1]

T Is the tank angle measured as shown In Figure 1,
p^ is the density of fluid in the tank,

g is the acceleration of gravity,

■^ A^ds
S' = / --"V V , the effective length of the U-tube ,■■'■f A(s)
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o

A(a)

is the cross-section area of each vertical leg.

is the local tube cross-section at a distance S 
along the tube centerline, 

is the length of the tube centerline, and 
Is the total head loss function.

L

h(Rx)

Several assumptions are implicit in Equation [l] which are 
worth noting. First it is assumed that the head loss through the 

U-tube is proportional to the velocity of the fluid in each verti­

cal leg, given by Rt. As a result of continuity, the fluid ve­

locity at any location, s, in the tank is proportional to this 
velocity. The assumption is then that the head losses are somehow 
related to the local velocities.

The second implicit assumption embodies in [l] is that the 
side legs are vertical. No essential difficulty is encountered 

with other configurations but, for ease in presentation only ver­

tical legged tanks are considered. Further, it is assumed that 

these vertical legs have a top on them which prevents the tank 

f-uld from spilling over during severe pendulatlons, As a result, 

there will exist a maximum tank angle, x which the water can 

assume before the water slams against the tank top. When this

happens, no further motion occurs in t.he tank and Equation [l] does 
not apply.

From Equation [l], we see that the natural frequency of the 
pendulatlon of the fluid in the tank, oi , is given by

^f¥ [2]
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Because of the nonlinear character of the losses, the damping of 

the motion cannot be characterized by a single exponential decay 

factor. However, by using the process of equivalent linearization, 
[1] can be expressed with the use of [2] as

" - I

- - -  [t + 2^.0) T + 0) ®t] = 0
,,, a z z z

where

't f h(Rx) A
^ I (RT) J ave

the equivalent linear 
damping ratio [3a]

In the above equation, we see that ^Is proportional to the 

mean of the absolute value of the ratio h(Rr) to Rt. For typical 

cases, h(RT) Is proportional to (Rt)® and this average value of 

the bracketed quantity varies linearly with the average value of
I

T. Thus for each amplitude of motion we can associate an equiv­

alent linear damping ratio.

So far, we have discussed the pendulatlon of the tank when 

no external forces are acting upon It. However, the snip's mo­

tions and. In the case of the activated tanks considered here, the 

pump dynamics cause the tank fluid to be constantly In motion. The 
complete equations of motion for the coupled ship-tank-pump sys­

tem are derived In detail by Webster and Dogan (l) and will not 

be reproduced here. In that report It was shown that two other 

tank parameters which arise as a result of coupling effects are of
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slgnlflcance In addition to the tank frequency and damping. These 
parameters are:

2p^gR*A

A GM
, the fractional decrease in GM due 

to the existence of the tank,

L

where

0) * r t

^st* “ ~2g / "r"**®* ship-tank coupled frequency
f/ parameter (see Flgiire l),

A Is the ship's displacement (in pounds), and 

GM Is the ship's metacentric height.

In the above mentioned report It was shown that it Is advantageous 

to have k^^ as large as possible, corresponding to as large a tank 

as possible. However, since k^^ = 1 corresponds to a complete 

loss of static roll stability for the ship, this figure represents 

an upper bound on k^^. Typically, values of k^^ from 0.2 to 0.4 

are used. The exact choice of k^^ most frequently depends on rhe 
maximum loss of GM permissible for a given design in order to 
meet safety requirements.

The parameter reflects the Influence of the vertical
location of the tank. For tanks located high in the ship Is

negative; for those low in the ship Is positive. The prin­

cipal effect characterized by Is the high frequency response
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the location the better. It is most common, however, for the range 
of locations available to be quite limited.

In conclusion, then, the design of a tank suitable for activa­

tion Involves the choice of the configuration which leads to a 

given tank natural frequency and damping, has an acceptably large 

decrease In GM and Is located In as high a location In the ship as 

possible. For a particular ship, the exterior envelope of the tank 

Is usually specified and Its location is specified. The design 

then becomes one of developing a configuration within the available
envelope which matches o). , and k . .

t Z Su

The following sections outline In detail the considerations 
in such a design and present charts for u^ in the computations.

The Tank Proportions

The total weight of fluid wj^tfiln the tank Is often an Important 
consideration to the naval ap«fiitect. This weight not only must be 

Included In the ship's d^.er^acement, but since water is the typical 

working fluid It Is an Indirect measure of the volume of the

stabilizer. Th^..--«i^ght of the tank fluid depends on a number of 

requiremept^^r the tank: the required ^ loss, the tank fre­

quency, the arrangement of the cross-over duct, the maximum tank 

capacity, etc. Because of its importance. It Is of interest to 

determine the tank of least fluid weight which meets all of the 

requirements In order to gain Insight Into the proper proportions 

of the tank. For this study, we consider the tank shown in Fig­

ure 1. Here, It is assumed that the vertical legs are rectangular 

in cross-section and that they are interconnected by a duct of 
constant cross-sectional area, A^.

_ 1 . . 1
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In order to carry out this process of minimization, we must 

enumerate the restrictions to be placed on the tank. These are:

a. The tank Is to have a given value of k^^ (correspond­

ing to the fractional loss of GM). Here,

p^g biba (B-bi )*
[4a]

2A ON

b. The tank Is to have a given natural frequency, oi^.

Prom [la] we have

S' - 2H + biba (B-2bi)
[4b]

c. The tank Is to have a certain static capacity. If

T Is the largest value of tank angle t which can be achieved, 
inQX

then the tank can roll the ship to an angle k^^ '^max
water Is pumped to one side of the tank. Thus, we require the

tank to have a given value of t where
max

[4c]

[4d]
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The weight of the tank fluid, W^, Is approximately given by 

W,p = p^g [2Hbiba + (B~2bi ) A ] [5]

If the above restrictions are Inserted Into the weight equation, 
one gets

GM { max (B-2bi ]
(B-bi)

(B-bif

For typical cases, -^ » ). Therefore [6] will be

further simplified to

-7- = 2k . GM
A St

Tmax (B-2bi
([B-bi) 2g

.(B-bi)® . } [6a]

In order to minimize the ratio W^A, the above expression Is dif­

ferentiated and set equal to zero. The result Is

'bi “ B

1 -*r RA • max

2-t
max
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Por very high tank frequencies, we see that bi approaches B/2. 

That Is, the distance between the two vertical legs shrinks to

T g ^

zero. At a frequency becomes zero. For t

frequency and all lower frequencies the above analysis does not 
apply. The Interpretation of this result Is that at these low 

frequencies the system of least weight Is one which the vertical 
legs are located as far outboard as posslbij.

It can be shown that for tank frequencies above 
ce of C 

Is given by

"^max®

B

choice of by [7] above leads to a tank of minimum weight, which

2! „
A st max B

[8]

where

1 -
max

o^t^B

[8a]

Figure 2 shows the variation In the values of a and 7 as a
bi

function of t
max

It Is appropriate to start the design of the tank by choosing 
a good value of from figure by entering with the parameter

max
oj^Bj

For cases where the restrictions on the tank
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location or too high a value of the above parameter prevents the 

use of the optimum value of then the vertical legs should be

situated as far apart as possible, consistent with the obtaining 

of the given value of k . and t „ . The tank length, bz, can be 
determined by means of [4a], Here

2L ON

P^6 bi(B-bi)

Although this analysis Is based on the assumption of a rela­

tively uncomplicated tank configuration, experience has shown that 

the optimum so computed Is close to those for the more com­

plicated configurations discussed In the next section.

The Natural Frequency of the Tank

It was seen in the first section that the natural frequency 
of the tanks depends only on the effective length of the U tube, 

S'. For a good active tank system. It has been shown In (l) that 
the tank should have a natural frequency significantly higher 

than the natural frequency of the ship in roll. As a result, we 

must obtain tanks with values of S' rather lower than typical for 

passive tanks. The tank configurations considered here must be 

amenable to the Installation of the pumping means within the tank. 

In general the size of the vertical legs of the tank are governed 

by the required loss of OM, as discussed In the previous section.
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The cross-over duct then becomes a convenient element to 

vary In order to adjust the tank natural frequency. The lower leg 

also provides an Ideal location for the Installation of the pump 

since It Is, In general, the lowest portion of the tank and pro­

vides the pump with the highest static head. It Is clear that 

the cross-section area In way of the pump should be a circular 

cylinder. Also, a sufficiently smooth entrance should be given 

to the pump to prevent undesirable flow separation. If e Is the 

total length of the pump cylinder and d^ the pump diameter, then 

the ratio of e/dp should probably be kept greater than unity.

The integral for S', [la], can be approximated by a finite

sum

aFT ds ^ I
1=1

MV
[10]

Because of the stretching factor Mi) small cross-section areas

A(s) can contribute significant lengths In the above summation. 

Hence, careful thought must be given to the arrangement of the 

horizontal leg In order to regulate the Integrated influence of 

A(s).

By means of [10], five different U-tube configurations were 

considered In detail In order to provide the designer with a set 

of reasonable choices. These configurations, numbered I through 

V are sketched In Figures 3. 4a and 4b. Figure 3 shows the basic 

configuration. Here the two vertical legs are Joined by a straight.
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constant diameter round pipe of the same diameter as the pump, d . 

It Is assumed that the tank spans the full beam of the ship, B.

If the vertical legs are rectangular, each with an athwartshlps 

width of bi and length of ba then the value for S' Is approximately 
given by

S' 2H + 2*0^

aTU tlOa]

S' - 2H +
4b^b,i

[10b]

where

I Is the length of the cross-over pipe, and 

H Is the height of the fluid In the vertical legs.

The tanks of configurations II through V can be treated using 

[10a]. In these cases the dp In [lOa] Is to be replaced by 

the formulas for which are shown In Figures 4a and 4b. The tank 

types shown In Figure 4b are particularly Important for activation 

In that the"underslung" cross-over gives greater flexibility In 
the arrangement of the pump.

From the definition of and [lOa], w_> have the following 
approximate relation

^ Wh + 4biba/ ) [11]
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g Bbg

[lla]

where

H/B,

* bi/6, as before, and

d * d for tank configuration I. 
eff p

For design purposes, numerous plots of
g

and

are presented. These plots embrace a wide range of likely values 

of tank dimensions. Figures 5-10 are curves of (<c^^B/g) versus 

(Bba/d'^j.^.) with contours of Cjj = H/B. Each plot is for a particu­

lar value of the tank width coefficient = bi/B, Here, one 

sees that for low values of (baB/d®^^^) that the exact value of

C„ is crucial, 
n

However, for larger values of (baB/d®^^^.) the

tank frequency is almost independent of Cjj.

Plots of for each of the tank types (II through V)

were developed. Figure 11 shows the variation of (<^gff/^p^ 
tank type II for various values of the contraction ratio D/dp and 

contraction length ratios from = 0.1 to 0.9. Figures 12a and 

12b show the variation of (dgf.f/<Jp) for various values of the con­

traction ratio ba'/d and C.. Figure 12a is useful for low values
p t
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of the contraction ratio and I2b for larger values. Figures 13a - 

13k show the variation of various contraction ratios,

C^'s and values of . Figure 14 shows the variation of (‘*gff/‘*p) 

for various values of

The computation technique using these charts Is straight­

forward. First the frequency desired for the tank Is determined 

and the values of hi and b2 chosen as discussed In the previous 

section. Then, the appropriate chart for (Figures 5-10) Is 

entered to determine the required From the chosen pump di­

ameter, dp, and the tank type charts (Figures 11-14) are used

to determine the other parameters which characterize the tank.

The Damping In U-Tube Tanks

There are several causes of the damping In a conduit such as 

a U-tube. All of the causes are due to the viscosity of the fluid. 

The direct effect of the viscosity Is one of the friction drag on 
the wetted surfaces of the conduit. There are several other losses 

In the conduit which are caused In a less direct way by viscosity. 

These effects are due to restrictions In the flow and may exhibit 

themselves as losses due to a contraction, an enlargement, an en­

trance, an exit, an obstruction, a bend, etc. Most of the material 

concerning these phenomena are empirical In nature and a large body 

of engineering data exists In a form which Is convenient for the 

computation of damping.
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In a hydraulic system consisting of many individual devices 

or distinguishable flow sections, the total loss is normally taken 
as the sum of the losses of each element, i.e..

2g
[12]

1=1 1=1

However, the velocity in Equation [12] is the local velocity 

associated with the element in question. It is more convenient 

to work simultaneously with the local velocities at many individual 
elements by referring them all to a single velocity at some refer­

ence section of the flow path. For roll tanks the reference sec­

tion is taken as the rectangular side tank area A^. The principle 
of continuity for incompressible flows states

where

Vo -

^i"^o velocities at points 1 and o respectively,
and

A(Si), A^ are the cross-section areas at 1 and o.

The total head loss described in Equation [12] can be expressed

n < n

1=1 1=1

[13]
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We define an effective loss coefficient aTs^)

associated with each restriction. If we make use of the fact that

V * Rt, then 
o

h(Rx)

n

1=1

(Rt)° (Rt)*

total 2g
[14]

Here, h(Rx) is the head loss function of Equation [l]. The factor 

[Aq/A(s^)]® Is the necessary multiplier of Individual loss coef­

ficients C- . The sum of the modified coefficients is denoted by

C- "
^ total

We first consider the frictional losses in the tank as a con­

duit which initially will be considered to be a circular pipe. The 

viscous damping depends, as shown above, in a viscous loss coef­

ficient. The value of this coefficient and the nature of its de­

pendence on Rt is strongly influenced by the character of the flow 

in the tank. If the motion is very slow or the radius of the tube 

is small, or both, then the flow is likely to be laminar. For 

cases of large velocity or radius, the flow is likely to be tur­

bulent.

The existence of laminar flow in the prototype is unlikely 

because of the large sizes and velocities encountered therein. 
However, the existence of laminar flow in a small model of the tank 

is possible. It can be shown that the viscous friction coefficient
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In the laminar flow regime varies Inversely with velocity and thus 
the damping In [l] becomes a strictly linear function. When the 

flow Is fully turbulent, however, the friction factor becomes nearly 

constant and Is only a function of the Internal roughness Inside 

the ducts. In this case, the damping Is pure quadratic. Because 

of the difference between the laminar and turbulent flow regimes 

and the change they cause In the character of the equation of motion, 

great care should be made to avoid laminar flow in model studies.

- The loss due to turbulent flow In a pipe Is usually 
expressed In the following form.

V®
- L pipe 
D 2g [15]

where

f

L

D

Is the friction coefficient.
Is the pipe length, ft..

Is the pipe diameter, ft., and

Vpipe is the mean velocity In the pipe.

For preliminary estimates of the damping, all the quantities on 
the right side of Equation [15] are known except the factor f.

This factor Is a function of both the roughness of the pipe and 

the Reynolds number, and plots of pipe flows can be found In num­

erous handbooks and textbooks. One such diagram published by 

Moody (5) Is reproduced In Figure 15 for reference. When using 

such diagrams to determine f, one should bear In mind that the flow 

In a stabilization tank Is not steady. Hence the Reynolds number
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Is some function of time. Fortunately, for rough pipes at high 

Reynolds numbers, the curves of f are very flat. During a large 

portion of an oscillation cycle, the Reynolds number Is probably 

high enough that f can be assumed constant. The unsteadiness of 

flow also affects the f factor In another way. The accelerated 

flow In the tank causes pressure gradients which are different from 

those of steady flow even though the Instantaneous flow may corre­

spond to that of the steady case. Only when the flow Is slowly- 

varying and quasi-steady can the factor f above be used without 

error. In any case, the approximation seems adequate for the pres­

ent purposes because of the relatively long roll periods of a ship.

As an estimate, the Reynolds number and f can be determined 

using the mean velocity over one half a cycle of the water pendu- 

latlon. During this Interval the water flows in one direction.

The effective loss coefficient ' referred to the side tank ve­

locity Is ^

pipe pipe

[16]

Conduits - Frictional losses In uniform conduits with non- 

circular cross-sections can be treated In a similar fashion to 

pipes. The head loss for a constant cross-section conduit Is ex­

pressed

4r 2g
[17]
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where

f Is the friction factor as before,
L Is the length of section,

r Is the hydraulic radius = cross-section area/wetted 
perimeter, and

Is the average velocity through conduit.

Values for the friction factor f can be selected in the same man­

ner as with round pipes by using the Moody Diagram, (Figure 15) 

replacing the diameter D by four times the hydraulic radius, 4r.

In order to determine the frictional loss through the cross­

over, usually It must be broken into several pieces and each piece 

treated separately. The above description applies to the straight 

sections of the conduit. All other sections require special con­

sideration typical components which fall Into this category are 
treated separately below.

loss coefficient of a valve Is very difficult 
to pinpoint because it depends on the setting which may vary ac­

cording to the condition of operation. Even at full opening, a 

globe valve offers many times the resistance of a gate valve. In 

practice a valve can be set to give a very wide range of C^, and 
some sample valves are given in the table below taken from 
Engineering Hydraulics (6).



HYDRONAUTICS, Incorporated

-21-

TABLE 1

Loss Coefficients for Valves

Type Type

Globe valve (open) 10.0 Plug valve with 
screw ends (open)

0.77

Angle valve (open) 5.0

Swing check valve 
(open) 2.5 (99 percent open) 0.86

Gate valve (open) 
(3/4 open) 
(1/2 open) 
(1/4 open)

0.19

1.15

5.6

24.0

(98 percent open) 
(95 percent open) 
(90 percent open) 
(80 percent open)

0.95

1.45
2.86

9.6

Diaphragm valve (open) 
(3/4 open)
(1/2 open)
(l/4 open)

2.3 
2.6

4.3 
21.0

(70 percent open) 28.0

Plug globe valve 
(open)

(3/4 open) 
(l/2 open) 
(1/4 open)

4.0

4.6

6.4

780.0
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Ben^ - For smoothly turning pipe bends without guide vanes, 
the loss coefficient depends on the bending angle and the ratio 

of the radius of the bend to the diameter of the pipe. The loss 

coefficient for right angle pipe bends Is plotted In Figure l6 
(see Reference 7).

The following rule can be used as a guide for estimating the 
Cj for bends less than 90 degrees:

Angle of Bend C, = Jt of C, for 90° Bend
b ^

45° 75^

22.5° 505t

[18]

In rectangular ducts, the loss depends on the width w, the 
depth d In the plane of curvature, and the curvature which Is 

represented by the centerline radius r. The following table taken 
from Engineering Hydraulics (6) gives for 90 degree bends.

TABLE 2

Loss Coefficients for Rectangular Ducts

w/d
2/3 1 5/3

3 0.55 0.22 0.15

6 0.38 0.16 0.09
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For rectangular ducts with bends less than 90°^ reduction of 

values according to the values of in [l8] seems to be a reason­

able approximation. Recall that in every case C^' * C^[A^A(Sj^)3.

Guide vanes in bends offer a sensible way to reduce losses in 

the turns of a system. Such vanes act as flow straighteners and 

reduce the tendency of the flow to adopt longitudinal swirling. 

Practice has shown that, particularly in large conduits, longitu­

dinal vortex motion will cause higher losses than predicted be­

cause of the longer effective path of the fluid in addition to the 

energy losses in the vortex Itself. The merit of a system of guide 

vanes depends a great deal on the design, but in any case the losses 

can be reduced substantially.

A simple set of guide vanes made of metal plates can reduce 
the loss coefficient for 90° bends to 0.2 - 0.24, which is small 

compared to a coefficient of 1.0 for the same bend angle without 

vanes (see Flgiire 17). A satisfactory vane arrangement can be made 

from the sketch of Figure l8 taken from Reference 6. Refinements 

in design will provide further reduction of C^, but the expense and 

degree of reduction may be such that refinement is not worthwhile. 

Two possibilities exist: (l) using airfoil sections such as stan­

dard wing profiles (loss coefficient = O.136 (ll)), or (2) shapes 

similar to turbine turning vanes (Figure 19) which have thickened 

central portions with tapered forward and trailing edges.
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Por preliminary calculations, the loss coefficient can be 

taken as = 0.2 - 0.24 regardless of the design.

Referring the loss to the side tank velocity, the coefficient 

for 90° bends with turning vanes becomes

0.2

vanes
A(sJ [19]

In bends of less than tt/2 the guide vane loss coefficient can be 
reduced by the same factors given In (l8).

Expansions and Contractions - In a stabilization tank, the 

geometry Is almost always symmetrical. A contraction on one side 

will be accompanied by an expansion on the other side. Also a 

contraction In one part of a cycle of oscillation will become an 

expansion In another part of a cycle when the flow reverses. Hence, 

transition sections can be treated Interchangeably.

The design of a transition Influences the damping of the sys­

tem, If large damping Is desirable a transition should be made 

abrupt so as to increase the loss. For active tanks actual fluid 

damping should probably be kept rather small (see Webster and 

Dogan, Reference l). In the latter case transitions should be 

made smooth and gradual to avoid separation.

The design of a gradual transition Is usually governed by 

Its behavior during the part of the cycle which causes expansion. 
Because of the presence of a positive pressure gradient In an
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expanslon, the flow will have a tendency to separate. When sepa­

ration occurs there Is a marked increase in the loss, along with 

irregular velocity distributions.

The phenomenon of separation in a diffuser is quite compli­

cated and is governed by a number of factors: angle of divergence,

length of transition, upstream velocity distributions, and the en­

trance conditions. Because of the number of factors Involved, 

there is no really comprehensive information available. There is 

general agreement that depends a great deal on the divergence 
angle and the diameter ratios. More recent experiments show that 

the upstream velocity distributions affect the loss, although not 
in a drastic way.

Some results of losses in divergent flows are presented in 

Figure 20 (Ref. 6). It appears that is a minimum when the half 

angle of divergence is about primarily because separation does 
not occur until beyond that angle.

In stabilization tanks the flow is clearly unsteady, and the 

results obtained in dlffusors for steady flow may not be completely 

valid. In fact, in decelerating flow there is a higher tendency 

to separate. Hence a diffusor designed for steady flow may not 

perform as well in the unsteady case. There seems to be no easy 

rule dictating the design of a diffusor for unsteady flows, but 

certainly a good policy would be to keep the half angle of diver­

gence somewhat below 3°, otherwise separatlpn is likely. Note 

that in case a transition is required with large diameter or 

area ratio and short overall length, splltteb plates may be in­

stalled inside. In this way the divergence angle of each separate
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Channel can be made small« although the Increased wetted area re­

sults in increased fluid friction against the plates.

When the angle of divergence is small and separation is not 

present, the flow is not very different from that through a uniform 

pipe, and the friction loss can be estimated in a similar fashion. 
The velocity variation along the length must be taken into account. 

An approximate formula for losses in round pipe transitions is de­

rived -in Appendix A.

2g 4

or that

1
4

Da
Di

Da
Di

Da
Di

2i.
Di [20]

Da + Da 2
+ 22. 3 22.1 4 22

Di Di Di Di Di

where
[20a]

Di, Da are the two lameters at the two ends,

Va is the mean velocity at section 2, 

f is the pipe friction factor based on the Reynolds 

number at a mean section, and 

L is the length of transition.

The result [20] assumes a fairly high Reynolds number to insure 
turbulent flow, a ratio Di/Da not too far from 1.0 so that f is 

essentially constant over the length, and that some mean f is an 

adeqiiate approximation. The value of g(Da/Di) is shown in Fig­

ure 21.
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I
For non-circular cross-sections the formula above can be 

modified to

f L . 1

4ra 2g 4
[2ll

or that

~\fEL + ^ + -v/^V Ai ^ Ai V Ai
hs. [21^

where

Ai, Aa are the cross-section areas at the two ends, and 

ra is the hydraulic radius = Aa/wetted perimeter at 

section 2.

The loss coefficients of Equations [20eO and [21al are written in 

terms of the velocity Va through section 2. As always, the final 

loss coefficient must be referred to the velocity through

area A , 
o

[22]

For abrupt expansions from Ai to Aa the following table from 

Reference 6 gives the loss coefficients for the expression 

(based on Vi):

"i * 'i, ^
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table 3

Loss Coefficients for Sudden Expansions

Area Ratio ^ Aa 0 0.1 0.3 0.5 0.8 0.9 1.0

(expansion) 1.00 0.8l 0.64 0.49 0.36 0.25 0.16 0.09 0.04 0.01 0

In a like fashion, abrupt contraction losses are computed from the 

formula (based on Va):

H, = C ^
A 2g

for which the coefficients are given In Reference 8

TABLE 4

Loss Coefficients for Sudden Contractions

Ai
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.50 0.48 0.45 0.41 0.36 0.29 0.21 0.13 0.07 0.01 0
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The computation of the damping can be carried out In a direct 

manner. First, the U-tube Is decomposed Into Its hydraulic ele­

ments: the vertical legs, bends, entrances, exits, valves, transi­

tions, etc. The loss coefficient for each Is estimated by means 

of the Information set forth above and these coefficients are sum­

med to form , and, thus h(Ri) (tae Equation [l4]). Prom [3a]

we see that this loss can be Interpreted as the equivalent linear 

damping ratio.

o>. R

"8i
total

[23]

ave

For non-llnear analyses. Equation [l4] would be used directly In 

Equation [l].

Tank Sloshing

Owing to the size of anti-roll tanks, fluid sloshing could 

give rise to undesirable, high amplitude motions which might 

Interfere with the simple U-tube oscillations of a tank fluid (see 

for Instance References 8 and 9). Prediction of the troublesome 

frequencies can be made In an elementary fashion.

Figure 22 shows a sketch of a rectangular side tank of an 

anti-roll system. The question Is to determine the resonant fre­

quency In the slosh mode for this simple single tank. For oscil­

lations similar to a standing wave, the natural frequency Is given 

by Lamb (10, pp. 440-445)
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0).* » gk tanh kH [24]

where

g * accel. of gravity, 

k = wave number = 2v/\ ,
X = wavelength, taken as an Integer multiple of the 

tank length dimension, and 

H = depth of fluid In tank.

The lowest frequency occurs when X = 2bi, so that

slosh V tanh [251

Korvln-Kroukovsky (ll) briefly discusses standing waves In a 

rectangular tank and gives a more generalized formulation for the 

wave number k (sloshing In two directions):

k= = 7T= m

bi

n

b2
[26]

slosh
■^gk tanh kH

where

m, n = Integers 0,1,2,3, the lowest mode given by 

m = 1, n = 0, ybi > bz.
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In actual design these formulas are useful to make quick 

estimates of those frequencies for which the sloshing mode could 

be excited. If, for some reason, significant excitation at or 

near any of the lower modes can be anticipated it may become neces­

sary to supply internal baffling in the tank to prevent these mo­

tions from becoming severe.
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appendix A

Frictional Loss of a Slightly Divergent or Convergent Pipe

The derivation of an approximate formula to compute the loss 
of a slightly tapered transition pipe section is given below. In 

the derivation, the friction coefficient f is assumed to stay 
constant.

For a straight tapered pipe section the diameter d at any 
point X can be written as

where

d(x) = D^ + kx

diameter at x = 0, and 

proportional factor.

The cross section area A and the mean V are

[A.l]

A(x) = ^ d®(x) = ^ (D^ + lex)*
[A.2]

V A 
o o o o

ij-(D^+kx)® (D + kx)*
[A.3]

From V, the head loss, dh^ in a section ds is found to be



^->_^.^^',J^>^T...- . - tv: -: '

and the total head loss Is

fV ®D * 
o o

L

fJ (D^+ 1

fV ®D ■* , 
o o 1

2g 4k

'V “■)'

where

diameter at x = L

Substituting

Di - D
Into [A.5], we obtain

M
r*i

■j
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dh = f ^ _ f. ds 1

i D 2&- ^ (d + kx) 2g
V D ® 
o o

(D^+ kx)*i
[A.4]

fV ®D *o o 1 
2g 4k

Do* Dx*
[A.5]
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o 1 L

1 2g 4 Di - D 1 -
D M 
o

[A.6]

fLV

■i B^2g

' fD D 2 fD 3 D 4*
o 1 o 1 0 1 0

Di +
Di

Whence

becomes

C . f
^ D 4 

o

D
o

Di

D
o

Di

D
o

Di

o

Di
J

[A.7]
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FIGURE 2 - THE VARIATION IN VALUES OF Cj, AND a WITH THE 
PARAMETER '
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FIGURE 3-TANK TYPE I

(EQUIVALENT TANK CONFIGURATION)

HsC^'B

b,=Cb,B

Ao=b,b2

Acr'Ccr-B

HsFLUIO depth 

bi^TANK width

b2=TANK length

B:$HIP BEAM

CR^SHIP CENTER OF 
ROTATION

DISTANCE TO CR
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i
y = (-|--b|)

'V

TANK TYPE H

b,-

------- bg —

Section A-A

utuolly b2= b2

15T
bp

ifJW-'
TANK TYPE HI

FIGURE 4a-formulas FOR FOR VARIOUS CONFIGURATIONS
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SECTION A-A

a=Coi*A 
usually 62 ~b2
i = (f-b,)

TANK TYPE JX.

a=Coi-l

'dp' V

FIGURE 4b- FORMULAS FOR

TANK TYPE 3T 

FOR VARIOUS CONFIGURATIONS
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FIGURE 10
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FIGURE 14-EFFECTIVE DIAMETER RATIO «»eff/dp 
AS A FUNCTION OF THE CURVED CONNECTING LEG.
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(o)

(a)Cj^=1.0 (c)C^ =0.88

(b)C« =0.136 AIRFOIL BAFFLES (d)C^ =0.40
=0.24 COMMERCIAL BAFFLES ^WITH r^/d -T.5

FIGURE 17 - LOSS COEFFICIENTS IN PIPES
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FIGURE 18 - COMMERCIAL TURNING VANES
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FIGURE 21- FUNCTIONS FOR COMPUTATION OF THE FRICTIONAL LOSS IN A 
SUGHTLY DIVERGENT PIPE
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FIGURE 22- SLOSHING IN A SIDE TANK
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