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ABSTRACT

Apparatus has been constructed by which the
end reactions, caused by given end displacements of
model pipes that contain branches, can be determined,
Two model pipe systems are studied. The accuracy
and usability of the apparatus are discussed. Changes
of end reactions caused by small rotations of the pipe
ends, are shown, Displacements of any point along the
pipe axis, caused by thermal expansion absorbed between
fixed ends, can be easily measured.



INTRODUCTION

a. Authorization

1, This problem was authorized by Bureau of Engineering Project
Order 69/40 of 15 September 1939.

bs Statement of Problem

2. A previous report has demonstrated the validity and practicabi-
lity of model pipe methods for the determination of end reactions of pipe
systems containing no branches.

The problems included in this report are:

(a) Refinement of apparatus previously described 1 for ¢nd
reactions. -

(b) Extension of the methods wsedLr 7 to pipec systems con-
taining more than two ends. (branched pipe systems)

(c) Effects of small rotations of an end of a pipe on end
reactions.

(d) Measurements of the displacement of a pipe axis caused
by thermal expansion absorbed between fixed ends of the

pipe-

G Known Facts Bearing'on the Problem

3. It has been shown in previous reportsl% 2 that the use of
model pipe systems with no branches for the determination of end reactions
is practical, ahd, for models of reasonable stiffness, the reactions can be
measured to within 15 percent of the calculatcd values.

4L» Present. theory has been shown to be adequate for pipe systems
contained in a single plane, but to be incorrect for bending perpendicular
to a plane containing a pipe bend. For most piping systems the flexibility
contributicns of the incorrect mathmetical componcnts are but a small part
of the total flexibility of the system and will therefore not greatly effect
the cnd reactions. The correct theory can be applied with no additional
difficulty in such methods of calculation as described in a recent - publica-
tion on the design of piping systems. The correct theory should always be
uscd for stress determinations because of streSs multuplication factors
introduced, When tubular modsl pipes of proper scale are used the accuracy
of the results depend only on the accuracy of measurement.

5e Theoretical means3 of determining end reactions have progressed
so that solutions of systems that were impractical a few years ago may be now
said to be almost routine. Graphical methods %°7 have been developed to
speed the solution of the morg simple cascs. Approximate "square corner"
solutions have been advocated® as of sufficient accuracy in all but excep-
tional cases. Therefore, it is to b. expected that the application of model
tests will be applied especially for the more complicated piping systems or



in cases where the stresses and end reactions are of more than usual impor-
tance.

6. liodel piping systems should be constructed of tubing wherever
possible. If the piping system is inherently rigid, or if a scction of
piping considered contains mostly straight sections, it may be necessary or
convenient to use rods rather than tubes for all or part of the model system.
The advantagc of rods is that the scale factor between the model and full

scale system is independent of the diameter of therod and thercfore a model
system constructed of rods can be made as flexible as desired. The disadvan-
tage is that the measured end reactions are too high. In branched piping
systems diffsrent scctions may consist of pipes of different sizes. It may
be difficult to obtain tubing of such wall thicknesses that the same scale
factor can apply throughout the system. In such cases 1t may be necessary
to use rods, which can be turned to any desired diameter, in sections that
contain but a small proportion of their lengths in bends, or in scctions

that contribute 1ittle to the flexibility properties of the system.

APPARATUS

7. .The function of the apparatus is to hold the ends of a model
pipe system rigidly at any desired point in space, to allow any desired dis-
placment of the pipe ends, and to permit measurements of the reactions neces-
sary to hold the pipe. Plates 1 and 2 show such an assembly.

8. An essential feature of this ap,aratus is rigidity. When tubing
is used for model pipes its minimum diameter must usually bc between 1/2
and 3/4 inches in order that the ends of the tubing may be convenicntly far
apart. This is the result of the scale factor being dependent on the tube
wall thickness. Under such conditions the model pipe systems may be stiff
enough to render bending of the supporting apparatus an important factor
unless adequateprecautions are taken.

9. The apparatus (see plate 1) consists of four essential parts:

(a) A bed-plate, 4 x 6 square feet in area.

(b) Right-angle supports, 36 inches high. The right angle
supports are of wulded construction, and possess zood
torsional and bending rigidity. They can be mounted in
any position on the bed-plate with one face perpendicular
to the bed plate.

(c) Lathe slide rest. The slide rest is part of a compound
lathe rest and can be mounted at any point along the face
of the right angle support, and can be turned so as to
allow a motion in any direction contained in the plane
of the rizht angle support fate.

(d) Measuring head. The measuring head is_similar to that
described in the first partial report,lsv, except for
the following changes. (See¢ plate 4).(1LHardened steel
inscrts are used for the bearing points of the pin supports.



251¢oves are of bronze and have a smooth bearing surface
extension to keep the reaction force indicator aligned. -“The
reaction force indicator has an internal bearing surface ex-
tension to fit over the extension of the slecve. %A linkage
system is used so that the force acting parallel to the bracket
axis is brought out the side as is shown in Platc 3. (The
bracket axis is identical with the z' axis of the measuring
head coordinate system). JAdjustment screws and pins (Plate 5)
are provided to quickly change the learance of the pins
supporting the bracket (Plate 4)e ipe clamp extensions are
used to hold the ¢nds of a model pipe at any orientation with
respect to the measuring head. This is constructed so that
the pipe ends are always fixed on the axis of the measuring
head bracket.

METHOD

(2) Construction and Mounting of the Hodel Pig§.'

10, Certain approximations may be necessary in the construction of
a model pipe system. These are: (1) Use of rods rather than tubes if the
tubular model is too rigid. (2) Use of rods in sections where tubing of
the desired cross-sectional moment of inertia cannot be obtained. This is
necessary only when several sizes of pipes are used in the piping system.
The rods should be placcd whore their additional rigidity at the bends will
have the least effect on the system. (3) Tube turns of short radius of curva-
turc must be substituted by miter turns or squarc corners in the model. (4)
Pipe junctions and menifolds in the model -are usually domstructed of rigid
sections. All of the approximations above are on the side of safety and for
most systems, will not greatly change the measured end reactions.

11. The model system should be constructed accurately enough so
that the positions of its ¢nds can determine the positions of the measuring
heads. The measuring heads should then be mounted in the proper orientation
and the pipe ends clamped so as to zive small initial stresses in the model
pipe. The measuring head is properly oriented when the face of the rizht
angle support (Plate 1) is parallel to a plane containing the desired direc-
tion of motion of the end of the pipe; and when the lathe rest is at such
an angle on the right angle support as to allow a motion of the end of the
pipe in the desired direction.

(b) Measurcmehts and -Adjustment of Pins

12, The total clearance between the bracket pin supports contained
in any given line is made equal to one mil by means of adjustment screws (See
plates 3 and 5). An adjustment serew pin (plate 5) is made to support its
component of pipe rcaction and to keep a fixed clearance betwecn the bracket
and the pin on the opposite side of the bracket. (plate 4). If the force
changes direction because of pipe end displacement, the adjustment screw is
placed on the opposite bronze sleeve and caused to move the bracket one mil.
Then the bracket is in the same position as before. When a reaction is to
be measured, an adjustment screw is removed and the bracket is forced to the



same position that it held when the adjustment screw was in place by the
calibrated spring of the forcc indicator (Plate &}s

13, If the pins supporting the bracket are in the perfect alignment
and if their points are reasonably sharp, forces from 5 lbs. 1o 200 1lbs. can
be measured with an accuracy of plus or minus one per cent. Forces higher
than this should not be encountered. Smell forces can be measurcd within
an accuracy of plus or minus one ouncc. The reaction force indicator should
measure very nearly the same valuc whether it is approaching the balance
point from above or below. If there is back lash present it is most likely
caused by poor alignment and dullness of the supporting pins.

14. If the pins are not aligned (perpendicular to the bracket or
bracket arm) there will be a falsc componcnt of force perpendicular to the
proper dircction. This false component can be a considerable part of a
minor force and can lead to a systematic error that is a large percentage
of the minor forcec. It will be shown later (paragraph 34) that this type
error may lead to poor results when moments are transferrcd long distances
perpendicular to their minor forces. Great care must be taken to bs surc
that the supporting pins are correcily aligned. )

15, The displaccment of the end of the pipe is measured by a dial
indicator placed on an cxtension of the bracket, or on the pipe clamp ex-
tension (Plate 5).

(¢) Coordinate Systems

16. In general, reactions measurcd at a measuring head will not
be in the direction of the principal axes of a coordinate system given for
a piping arrangement., It is necessary ther:fore to rotate and translate
the measured forces and moments to the piping coordinate system and to the
end of the pipe. The translation is only necessary if a pipe clamp exten-
sion (Plate 5) is usad. Equations necessary for this transformation will
be given. A complete example is given in appendix 1.

17. A primed set of coordinates, plate 3, is determined by a
measuring head. The sign and coordinate reaction of each reaction point
is stamped near each bronze slecve supporting that reaction. When the
reaction force indicator is applied to any bronze slecve the sign and coor-
dinatc description of the rvaction is copied from that stamped near the slecve.
There is, therefore, no loss of time and 1little opportunity of error in
determining the sign and coordinate rcaction measured.

18. The construction of the apparatus is such that when the
measuring head is mounted on a right angle support the bracket, or z! axis,
is always in a horizontal plane, and the y' axis is always parallel to the
direction of displaccment of the end of the pipe. This displacement may be
in either the positive or negative y' direction. As only & right handed
system of coordinates is used the position of the x' axis is determined by
the location of the other two coordinate directions.
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Figure 1 - Coordipate systems and pipe end displacemepts.
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19, Let X, ¥, 2z be coordinat.s _iven for a piping system. Let
xr, Yr, ®r, be a reference coordinate system with the xr, yr plane horizon-
tal and with %r positive upwards. The pipe system should be mounted so that
one of its principal coordinate planes is horizontal. The reference coor-
dinate system should then be aligned so that sach of its axes is in the same
(or opposite) direction as an axis of the pipe coordinate system. One
arrangement is shown on figure 1.

20. LetaX,aY, AZ, be the given displacements required of a pipe
end in pipe coordinates, and let a*r, a¥T, a%r, be the same displaccments
in reference coordinates. These latter values can be obtained from the
former given values by inspection of figure 1, The rusultant displacement
is

2 2 2
R= + lax, +Ayr +O2r

and the resultant displacement in the horizontal planc is

.-—-—.-.._.__,_2 2
r = +}!ﬁxr +ayr

(d) Rotation of Coordinates, Four Cases

21. If V is any vector, with components Vy', Vy', V' along the
measuring head axes, its components along the reference axes are given
below for the four possible arrangements of the two axus with respect W
egach other.

Case {(a) The y' axis is in a negative R direction and x' has a
positive component upwards.

A A A

- Jp "2%p Ty .
R R A=
r Az,
= L - 1 ——
vZr - R Yy R

Case {b) The y' axis is in a negative R dircction and x' has a
positive component downwards.

By By oy ay
% 0y ¢ o 1 = 1
. AR o IR RN
FaY Vi)
PR S SR o St ¢ SR R
¥f X rR Y R Z r
4g



Case (c) The y' axis is in a positive R direction and x' has a
positive component upward. '

5 Bxplz OXp Oyy
WCW S "YY WT
b A Ox
- ¥ B2 Ir r
T = =% “He "N ¥
Fal
V, = +V = + T g
%p ¥ R

Case (d) The y' axis is in a positive R direction and x! has a
positive component downward.

4 a A
V, = +V, Xrﬂzr + vvrﬁ_EE. # P i ¢

Xr TR o R r
Ay Az ay, a
Fig Azr
= e ; . 1 APt )
VZr = R * Yy R

22. Thc case appropriate for the orientation of the measuring head
coordinates and the reference coordinates can be seen by inspection of a
diagram similar to figurc 1. Forces and moments in terms of the reference
coordinates are determined by applying the proper case¢. By inspection the
forces and moments are converted to the pipe coordinates and then multiplied
by scale factorsl to convert to full scale values in plpe coordinates. An
illustrative example is given in Appendix 1.

DATA OBTAINED

(a) Pipe Systems Studied

23. Two branched pipe systems arc herc reported. The first, shown
on plate 1 and figure 2, was initially studicd by Hill" and calculated values
were later given by Rossheim, Markl, and Andrews”?. The reactions given by

Hill were obtained from a model constructed of rods, and as the purpose of
this first test was to obtain data that could be compared with others, a rod
model was constructed at this Laboratory. The main section of this piping
model could have been censtructed of tubing with no added difficulty. The
second branched pipe system is a Naval installation. A branched section is
shown in Plate 2 and diagrams of the complete section studied ars: shown in
Plates 6 and 7. In addition to end reactions caused by translation of the
ends of a pipe, end reaction changes caused by small rotations of pipe ends
are illustrated with the Navy pipe. These end reactions have been detcrmined
in order that the importance of similar possible rotations on board ship
might beavaluated. '

(b) The Hill Pipe

24. Data on the full scale and model pipe are given in Tables 1 and
2, Linear dimensions can be had from Figure 2. Reference should b: made to
Flgurc 2 for location of sections referred to in the Table. Thermal expansion

= 6 =



R - .

| SO -

Pipe Coor-
dinate System

figure 2

Diagram of the "Hill" pipe. Dimensions are for the full scale
pipe. The radius of curvature of bends 1s 60 inches. To get
the dimensions of the model pipe divide the full scale values
by 20, which is the sczle factor.
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of the pipe is 7.2 inches per 100 fect over the temperaturs range considered.

Table 1 Data for Hill Full Scale Pipe
Pipe 0. D. Wall lioment of lodulus of Rigidity
Section Inches Thickness Inertia Elasticity Factor K
AJ & BJ | 12.75 0.843 561.75 23x108 0.739
cd 17.75 04500 361.48 23x106 0. 500
Table 2 Data for Hill Model Pipe (Rod)
Pipe 0, D. Wall Moment of odulus of
Section Inches Thickness Inertia Blasticity
AJ or BJ | .373" 9. 527x10"% 29x10°
e L3340 6.102x10~4 29x106

25, If the e¢nd B of the full scale pipe is assumed fixed, the
expansion to b. absorbed in C-B is 4.243" and the expansion to be absorbed
between A-B is 3.696 inches.

26. In the model system (plate 1) reactions arc measurcd-at B and
C. End B is held fixed and the forces and moments at end B and C are deter-
mined by measurements. The rcactions at A can then be calculated. Tables 3
4, 5 give values of end rcactions for A4, B, and C as obtained by calculation?
and as obtained by model test. Reactions are given according to accepted
pipe theory according to "rod" thuory, according to model test results of
Hills, and according to model test results of the Naval Research Laboratory.
A1l significantly large forces and moments are in remarkably good agreecment.

27, It is interesting to note the differences of the reactions as
calculated by pipe theory and rod theory (flattening effect neglected). In
general it is expected that the reaction calculated by tube (or pipe) theory
would be less than those calculated by rod theory, but in branched pipe
systems therc may be a considerable redistribution of stresses so that many
of the reactions may be increased in value. The differences of the reactionsy
as determined by the two theories, are small, but as thelr magnitudes cannot
be foretold because of the redistribution, it is therefore advisable to use
tubular models whenever possible.

(c) The Navy Pipe

28, The Navy pipellstudied is shown in part on Plate 2, and in full
on Plates 6 and 7. The junction between pipes D and E is assumed rigidly
fixed. The thermal expansion of the pipes together with motions of the ends
of the pipes caused by displacement of the terminals to which they are
attached are given bysx, 8y, andAz, The ends of pipes A and C opposite J
are attached to boilers and the displacements of the pipe terminals caused
by boiler expansion are accounted for in the given values of AX, Ay,and Oz,



Table 3 -
dot rmined by calculation9
be compared with rod theory calculations.
are in inch-pounds.,

Reaction at end A of Hill pipe. Comparison of end rsactions as
and by model test8, The model test valuesshould
Forces arc¢ in pounds and moments

Reaction Caloulatcd values Tiodol Test with
Rods by
T Pipe Rod
Theory Theory Hill N.R.L.
Fx 2474 ~2477 -2326 -2611
Fy -3597 -3379 -3118 -3410
Fz + 632 +1142 ~ +1009 +1120
Resultant 4411 4343 4019 4340
# Deviation of | + 1.5 C = 7.5 = 1053
Resul tant from
Rod Theory
Mx +288000 +323000 +300000 +261000
Hy + 19000 +1 68000 +123000 +163000
Mz +861000 +779000 +688000 +747000
Resul tant 908000 850000 761000 8082000
% Deviation of | + 5.6 o} w. 1146 - 6.0
Resultant from
Rod Theory




Table 4 - Reactions at End B of Hill pipe. Cogparison of end reactions
as determined by calculation 9 and by model test®. The model test values
should be compared with rod theory. Forces are in pounds, and moments are
in inch-pounds.

Reaction Calculated Values Model Test with
- _ Rods by
Pipe Rod
Thecry Theory Hill N.R.L.
Fx + 1975 + 1891 + 1885 + 1890
Fy + 2478 + 1712 + 1380 + 1770
Fz + 1593 + 1906 + 1660 + 2050
Resultant 3547 3184 2866 3361
% Deviation of ¥ Ylo4 0 - 10.0 + 5,6
Resultant from. |
Rod Theory
Mx -~ 71000 + 99000 + 195000 + 98000
My + 311000 + 326000 + 373000 + 322000
Mz - 299000 - 292000 - 255000 - 302000
Resultant £37000 448000 492000 457000
%Z Deviation of |- 2.5 0 + G,.8 + 2.2
Resultant from .
Rod Theory




Table 5 - Reactions at end C of Hill pipe. Comparison of end reactions
as determined by calculation? and by model test®. The model test values
should be compared with rod theory. Forces are in pounds and moments

are in inch-pounds.

ST R et

Reaction Calculated Values
Constructed of Rods
Pipe Rod
Theory Theory Hill " N.R.L.
B, + 500 +586 +441 +621
Fy +1119 +1667 +1137 +1640
FE —-2225 «3048 -2669 -3170
' Resultant 2540 3523 3215 3575
% aﬂﬂatim of -28.0 0 -817 "'1.5
resultant from
Rod Thecory
M& -30000 -10000 +41000 +46000
M& ~127000 -138000 =112000 - ~143000
HZ -107000 -122000 -120000 -125000
Resultant 169000 184000 170000 195000
}g Deviation of | - 8-2 0 - 7.6 + 600
resultant from
Rod Theory

10 ~




29. Measuring heads were placed at all terminals of branches A, B,
C, and D. The reactions for pipe E were measured separately as there was
a fixed anchor between it and the rest of the system. Checks may be
obtained on the measured reactions when measuring heads are used at all of
the terminals by use of the conditions for static equilibrium, namely:
(a) The sum of the forces in any given direction is equal to zero. (b)
The sum of the moments in a given plane about any point Is equal to zero.

30, Two models were constructed. One model was constructed
entirely of rods and one was constructed of tubes except for branches D and
B. Branch D is a short and almost straight section of piping which would

be equally elastic for either a tube or rod model. Pipe B has a much smaller
- eross scction than other branches of the system and its reactions are but a
small part of the principal reactions of the system. The reactions at end B
may be between 10 and 20 per cent too high. This error, as reflected on the
rest of the system, will be within a few per cent. Scale factors and other
information concerning the Navy pipe are given in Appendix 1 where it is used
as an illustrative exa.ple for pipe end reaction measurements.

31. Results of the model tests are given in Tables 6 and 7. Checks
of the results azre shown in Tables 8 through 11.

= 13 =
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Table 7 - End Reactions for Section E of Navy Pipe. Forces and moments
are in pounds or ianch-pounds. Reactions are those exerted on the pipe.

Reaction End of pipe near
Strainer : Bulkhead
lodel Values | Ship-+ liodel Values ,; Ship-#
Rod |Tube iBuilders Rod {Tube Builders
i i  Bale. i Calc.
Fy -2815 [-2062 1912 +3285 +2135 1912
FY -1620 (1206 1150 1678 +1195 1150
¥, 1176 |- 761 783 #1087 + 784 783
Resultant 3452 | 2509 2363 3840 2570 2363
% Devia- 3755 0 -5.8 53,3 0 -8e1
tion of
Resultants
from Tube
Value
My —31 500 [-18700 +60000 +£1700
M& +49900 31200 +20400 +19300
1y, -15500 - 7100 L197300| -139300
Resultant 61000 § 37100 208000 146600
%Z Devia- 4 B4 5 0 = £42.0 0
tion of
Resultants
from Tube
Value

# Shipbuilders calculated values are taken from pipe #14307 of BuShips
Plan#CV9-S4810-64 Alt. 1

32. The difference between the r actions of the rod model and
tube model for branch B are large. However, branch E consists mostly of
curved sections and the results are as expected, The agre.ment between
the ship builders' calculations and the model tests is closer than might
ordinarily be expected and speaks well for the judgment and accuracy of
the piping designers in this respect. Variations up to 50 per cent might
easily have been expecteda



(d) Check of Pipe End Reactions

33. The check given below is a check of systematic and probable
errors that enter into the measurcments of end reactions. The check does
not include errors caused by bending of the measuring apparatus. With rigid
measuring apparatus this error is small for flexible pipe systems of the
type under test. This check is the same as that mentioned in paragraph 29.

Check (a) - The sum of positive forces in a given direction is
equal numerically to the sum of the negative forces in that
direction. :

Check (b) - The sum of all the moments in a given plane acting
about a given point is equal numerically to the measured moment
in that plane at that point.

For end reactions of the tube model of the Navy pipe the checks gziven in
Tables 8 through 11 are obtained,

Table 8 - Check (a) End Reactions of Navy Pipe, Branches 4, B, C, and D.
Determined from a tubular model. Values are taken from Table 6.

Force | Negative Values ! Positive Values Difference
Numerical| Percent

697 1bs. | 710 13 1.9

Fy

F& 2128 1828 300 16.4

g 1704 1697 7 0.4
Resultant 2810 2560 220 8.5

Table 9 - Check (b) End Reaction of the Navy Pipe, Branches A, B. C, and D,
determined from a tubular Model. Values are taken from Table 6.

Value of koment JHfference,

loment at By Transfer y measurement] Numerical{ Perecent

D te D at D
MK 208000 in.-lbs| 240000 22000 9
M, 109000 100000 9000 | 9
I, §6000 52600 43400 83
Resultant 254000 265000 11000 4
1




Teble 10. Check (a) End Reactions of Navy Pipe, Branch B, determined
from a tubular Model. Values are taken from table 7.

—___Difference
Force |Negative Vé;ues Positive Values Numerical | Percent
P 2062 1bs, 2135 D 3.5
Fy 1206 1195 11 0.9
B, 761 784 . 23 3.0
Resultant | 2509 2570 61 2.5

Teble 11. Check (b) End Reactions of Navy Pipe, Branch K, determined
from a tubular Model. Values are taken from table 7.

e i ey e emm b e e emermem maf e e A A o e - i 2. e e 8

: Moment at pipe end near Bulkhea-d Difference

i&
Moment By Transfer By Measurement | MNumerical| Percent
Mx +38, 400 in.-1bsg +41,700 3. 300 8.0
M +31,800 +19,300 12,500 64.7
Resultant| 155,700 146,600 | 9,100 6.2

34. A consideration of errors makes it improbable that the moments
obtained by measurements be off by more than 15 per cent in the above casss.
The moments obtained by transfer may be in error by a considerable amount
as they ars usually relatively small differences of large numbers. More-
over some of these large numbers ars the products of small forces and large
distances. The percentage error of a small force is usually high,

35. In order that small components of a rwaction be not over empha
sized it hes been recommended by Rossheim, Markl, and Andrews? that fthe
resultant forces and moments be used as a basis of comparison rather than
the components which avoids placing undue emphasis oh the smallsr components
which, in many cases, may actually reverse sign without effecting the utili-
ty of the results." However, it is suggested that as small components may
be in considerable error, but as they may be important in the calculation of
moments at a far end of the pipe, that the reactions be measured at every
pipe end where thrusts and moments are important, and that moments be trans-
ferred from the nearest end for the calculation of pipe stresses. kore ex-
perience with the apparatus is necessary before checks of the above type may
be dropped.
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(e) End Reaction Changes Caused by Small Rotations of the Pipe Ends

36. By changing the position of the bracket, by adjustments of the
supporting pins, the pipe end can be made to rotate a small amount in any
given plane. The "fixed" ends of a pipe on board ship may rotate with
respect to :ach other becaus: of ship motion. The determination of end
rcactions caused by a given rotation will enable persons, acquainted with
the magnitude of such motion on board ship, to tell whether or not the
reactions are important.

37, The "fixed" end of branch D was rotated in the yz plane (See
plates 6 and 7), and the end r-action changes were determined. A similar
procedurc was followed for other points and planes but as the reaction
changes were usually less for the same rotation only the results shown in
Table 12 are reported. The pipe ends were rotated about 7 minutes of arc.
This could be measured within a + 5 per cent error, As the end reaction .
changes were small, they may be in considerable (50 per cent) error.

Table 12. Effects of rotating the "fixed" end D of the Navy Pipe in the
vz plane on the end reactions. Units are pounds or inch-pounds
per degree of rotation,

Reaction Head A " Head C Head D
Py 13 2 -19
Py -26 5 39
F, 115 104 -160
M, 554 4840 76700
1, -2410 25000 14000
i 301 -3700 6800

38. Table 12 shows that one degrec rotation of the end of pipe D
in the yz plane makes little difference in the reaction forces (about 10%) .
but quite an appreciable change in the reaction moments (about 30% max. ).
From information of this type and from knowledge of relative motions of the
ends of a pipe caused by twisting of a ship's structure, ship designers
should be able to estimate the importance of such motions on piping strue-
tures.



(£) Measurements of the Thermal Displacements of a Pipe

39. Consider a pipe AB, fixed

at end A and frse at end B (See figure 3) A Tm g

At temperature T, it occupies position il Lof_gl;-_"[i)_)___ﬁ_é

AB, and at higher temperature T, it _ \ /

occupies position ABy. The distance e e M T e s

of any given point from the fixed end i - v ST | i

is Ly, AL is the displacement caused by - 4 /

i : : | '

thermal expansion of any given point | ahd‘ % {

of the pipe contained on the line L, ; % :
‘l ‘\ f
i \

Figur= 3. Displacment of a
pipe equivalent to that caused
by temperature expansion.

40. If a model pipe (at room temperature) is assumed toimitially
occupy the position ABi, and if by mechanical means, the end By is moved to
the position B, the pipe will occupy a position as shown by the dotted lines
of Figure 3. Aly is the amount of free displacement prevented when the pipe
expands thermally and the ends of the pipe are fixed at points 4 and Bg.

ALy = AL w» AL, 1is then the displacement or distortion of the pipe
axis, caused by thermal expansion, when the ends of
the pipe are¢ fixed. AL can be written as

AL = LA(T - Te)
and ;
ALg = LaA(Ti = To) - ALy

where « is the mean coefficient of expansion over the temperature range T,
to Ty, If the and B moves, because of expansion of the apparatus to which
it is attached, no troubls necd be anticipated. ALg will be found to have
some value different from zero to end B.

4l. The value ALy can be measured with a dial indicator and there-
forz the distortion, or displac:ment, ALd, can be determined. The above
reasoning holds for any compon:nt of L and AL. :

42, As AL, is considered measur:d from the ABy pipe position, and
as ALy is considerecd in terms of the cold pipe position, in order to be con-
sistent with signs the above equation is

ALg =LA (T4 - To) + ALy



or in terms of components this equation bucomes:
ALgx = Ly KA (T4 - To) + Almx  etce.
For the pipe considered o (T3 - T,) = 0.0000075 x (850-70) = 0.00585.

43. To obtain full scale values of the distortion of the pipe axis
from model measurements, determine the model measured displacement, I,
per unit deflection of any given end of the pipe system. Multiply these per
unit displacements by the total given displacement of the above given pipe
end of the full scale pipe. This gives the full scale value of Lp. Dis-
placements obtzined in this mamner are given in Table 13. The values are
all given in terms of the full scale pipe. The coordinates of the points
considered are shown in the Table and the approximate locations of the points
are given by the circled numbers 1 through 8 on Platc 6 and 7.

Table 13. Thermal Distortion of the axis of the Navy Pipe.

Pipe Displacement of Fipe

Location Distancc from Anchor Point Axis from Cold Pipe
: Position
L, Ly L, 1O0Lgy DLy AL,

3 +51.8 +461 +78 - +0. 8 -0.58

2 -42.8 +461 +78 - - +1.29 -0.28

3 -102.0 +461 +36 -1.04 +2.01 -

4 0 +415 -30 -0.34 - -0.86

5 0 +301 -30 -0.14 - =0.71

6 0 +145 -30 -0,03 - -0.35

T +154 + T7 -6 075 - -0.98

8 +128 + 50 +53 5 ~0.11]  -0.34

CONCLUSIONS AND RECOMMENDATIONS

(a) Facts Bstablished

L. End reactions for twe systems of branched pipes have been
measured. The results, by checks and by comparison with calculated results,
are within limits of accuracy necessary for piping design. Opportunity for
error in obtaining the model test results are few and checks are available
to determine the accuracy of the resulis. Systematic errors, caused by lack
. of rigidity of the supports of the measuring apparatus are not included in
the checks,
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L5, ~Smell components of force may b: in considerable error (see
paragraph 35). This error is not important for stress or thrust determina-
tions at or near the cnd of a pipe at which the measurements were made.

The error may, however, cause considerable difference in moment determina-
tions when the moments are det rmined indirectly by summing up about a given
point, and when the point is a long distance, perpendicularly, from the small
forece. It is suggested, this in important cases, the end rcactions be meas-
ured at every end of a pipe system, and that bending moments be obtained by
transferring from the nearest ends.

46. Bnd rcactions of complicated piping systems can be measured
as easily as zeometrically simple systems of the same number of ends.

47. Reactions of complicated piping systems can be determined
more quickly and with less chance of error by model test than by calcula-
tion. Piping systems contained in a single plane and geomeirically simple
three dimensional systems probable can be solved more quickly by calcula-
tion.

48, lieasurements of the displacement of a pipe's axis, caused by
thermal expansion betwecen fixed points have proved to involve little addi-
tional labor, The fixed points need not be the ends of the pipe.

49, End reaction changss causcd by small. rotations of an end of a
pipe are easily measurable and may cause significant changes, especially
in the moment reactions.

(b) Opinions and Recommendations

50, Model pipe tests provide a reasonably accurate method of end
reaction determinations with little opportunity for error. Because of the
time necessary to fabrieate and mount the model, the reactions may be deter-
mined more quickly for simplec pipe systems by theoretical methods,

51. Approximate solutions reclieve mathematical difficulties more
than those of model construction. In many cases where the approximations
can be justified, mathemajical solutions can be obtained more easily than
model solutions. Crocker® believes that squar: corner short solutions of
three-dimensional problems are quicker and of sufficient accuracy to dis-
place model tests except in exceptional cases. Crocker refers only to pipe
systems with no branches. Conradi® of Westinghouse states "thal even oh
less complicated three-dimensional systems model tests have boen found more
satisfactory than calculations. Possibility of error is far less in model
testing than in any method of calculation and is preferred for that reason.™
Model testing should supplement calculations as a means of determining end
reactions.

52. The model testing apparatus at ths Naval Research Laboratory
has accomplished much of its original purpose of detcrmining its accuracy,
practicability, and of checking and correcting theoretical equations used
in bending. Work is planned on direct expcrimental stress measurements and
on flexibility measurements of typical piping configurations with a view
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toward design simplification. In addition it is suggested that the Burcau
submit specific practical problems in piping design that arc useful of
solution. It is also suggested that the Laboratory make end reaction
determinations on specific piping systems of interest to the Bureau.

53. It is difficult at this time to estimatec the time required
to construct and carry through a model test of piping as the method and
work have not been developed into a routine. An estimate of the actual
time necessary to make a test of the Navy pipe sections A,B, C, and D would
be two wetks'! work of one person. This test would include time necessary
to fabricate the model. The model would probably occupy the measuring appa-
ratus about three days, so with sufficient personnel (five or six persons)
and with testing on a routine bases, one pipe system similar to the Navy
pipe could be analyzed svery three days, although it would still require
about two wecks to construct and analyze a single pipe system. Pipes con-
taining no branches could hav their end rcacticons determinced much more
rapidly.

SUMMARY

54. It has been shown that a study of end reactions of piping sys-
tems by means of scale models is sufficiently accurate, is subject to 1ittle
probability of error, and is capable of solving simple or branched piping
systems. It is probable that for two-dimensional systems and for the more
simple three-dim:ensional systems, the model pipe method has no advantage
over mathematical method except less opportunity for error. For these simple
cases the model pipe method may require more time than calculations. In
more complicated piping systems little or no added difficulty is encountered
in model tests although additional branches entail more work. HMathematical
solutions of complicated piping systems become extremely long and often inm-
practical. It is believed that mathematical and model test methods are supple
mentary, and that model test methods should be used in the more complicated
piping arrangements, and in other piping arrangements where the cnd reactions
arc especially important, In this latter case both methods may be used.

55, Model test methods can give information, withlittle addi-
tional work, on the displacement of a pipe axis causcd by themal expansion
absorbed between fixed points.

56, In addition to work scheduled at this Laboratory it is
suggested that the model pipe apparatus be put to practical use on problems
supplied by, and of interest to, the Burcau. The performance of this work
should help in the development of routine methods and may suggest changes
to improve the convenience and usability of the apparatus,
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APPENDIX 1.

MODEL PIPE TEST OF A BRANCHED PIPE SYSTEH

1. A complete numerical example of the end reaction determina-
tions for the Navy branched pipe system containing pipes A, B, C, and D
(Plates 2, 6, and 7) is given below.

PR In order that the model be of convenient size a scale factor
of about 1/10 was selected. This is the ratio between the linear dimen-
sions of the model and full scale pipe. Details of full scale pipe
diameter and wall thickness are given on Plate 6. The scale factor for
tube modelst must satisfy the relation.

s =(f£'l.)2 fa
I'a T
Where Ta, rm, ta and tm refer to the mean radius and wall thickness of the
full scale pipe and model pipe respectively. With tubing available it was
possible to select a size having a mean radius rpm = 0.3275", and wall thick-
ness ty = 0.034". The scale factor was determined as S = 1/10.8.
Kodel pipe D was constructed from a rod. In using a rod as model any con-

venient scale factor can be chosen. In this case the value of 1/10.8 had
already been selected.

3. Te ratio of the moments of inertia of the full s¢ale and model
system must be a constant throughout the system.

EE. = Constant = C
Im

For full scale pipes A and C the values of Ia = 104.0 inc¢h.%
For model pipes A and C the value of Im = 0.00375 inch.%

z = 1a - 104 -
. C = =5 " T.00375 2T

For full scale pipe D the value of I, = 258.5 inch.*

So for model D

b

I = Ta 22585 « 0,00932 inch.*
C 27140

For full scale pipe B the value of I = 471 inch.%
For model B 3

In L &7 . 5,000070 inch.%

217740

L. A rod was used for model pipe B as its effect oh the rest of
the pipe system was smell., If more accurate results for the end reactions
and stresses of pipe B were required a separate tube model, consisting only
of pipe B, would be constructed, The displacements ¢f the pipe ends of this
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new model would be as obtained from temperature expansion plus displace-
ments of junction J. The displacement of J would be determined from
direct measurements on the branched model.

5, With moments of inertia given as above the dimensions of
the model are: :

OQutside Wall
Section Axial dimensions Diameter Thickness
A and C Full scale x 1/10.8 0.689" 0.034"
B Full scale x 1/10.8 0.2425 A
D Full scale x 1/10.8 0.660 e e,

Section A and C were made from stock size seamless steel tubing. Section
B was made from 1/4" dia. cold rolled steel rod. No correction has been
made for the slight difference in diameter. Section D was very short and
was constructed of a rod turned to the desired diameter.

6. In model construction junctions and valves were assumed con-
structed of rigid materials. Welding elbows were approximated by square
corners.

7. In mounting the model system the lathe slide rest should first
be adgusted to.the correct angle on the right angle support. This angle,
whose sine is R: (see figure 1 of report body), can be read directly on
the scale, as shown on Plate 5. The lathe slide rest should then be fixed
at approximately the correct vertical position on the right angle support,
and the support moved into the position determined by the end of the model.
The right angle support is then clamped to the bed plate so.that the junction
of its face and the bed plate makes a line parallel to r (fig. 1 of report
body). The measuring head is constructed so that a force acting in the
direction of the bracket axis can be measured whether the force is positive
or negative, However, as some adjustments are required to change from
measurements of the positive forces to measurements of the negative forces,
it has been found more convenient to measure only positive values and, when
necessary, to use rubber bands between the pipe clamp extension and a bronze
sleeve to make this force positives

Data
8. In all data coordinates used will be consistent with figure 1

of this report body, Reactions are arbitrarily determined per inch displace-
ment of Head C.
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Head A Measuring Head Reactions

z
Rx! = =24. 4 1bs/inch x! =

AX
Ry.' +60.G \ Ay
Az

]
R," = +5.7 s <0530

il
([ |

it

Ryly! = +14.97

By'zg' = -=37.45 sxp = #1102 /F=5
Bply®|*= =0.51° B8y = -0.36(
& i 1
d Case (c) B
Head B lfieasuring Head Reactions
X
t=v-4,58 1lbs/inch ax = 1,504 s
Ry'=r~8.6l Az = -0.084
Rt'= 0 4
% Pipe Coords.
1t 1 = 45 G2
Ry 7 5.9
Rytz! = +3.23
B o H= 6
ae Case (b) P
v
sy = -1.965
Axy, = +0.084 == Jr
AzZp = -1.504
- x !
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Head C

Ry' = +60.2 1lbs/inch
Ry!' = _103_5

R," = =3.41

Ry'y'™ =644

Ry',' = +70.0

Ry'y' = ~2.33

Eead D

R,' = -152.2 1lbs/inch
Ry' ¥ '_"36-1

Rt +13.36

R}C‘y‘ = +"!?3.1

Ry',' = -1.88

Btt = =472

Measuring Head Reactions

X
ax = -0.36
2y = -2.582
az = -1,102

J/ _______
/.-
: i
|
Case (b)

Measuring Head Reactions

%
Fipe Z
Coordinates ii
| ¥
Zl
Measuring Head
Coordinates
yf
'xf
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e The reaction forces are converted to forces and moments
by L eguationss

Fe' = By' + Re'y' - Ry'y! ' =5 Rylzt

By = Ryt Ryl iyt = 5 By
Fz' = Ry! Mz' = 5 Bx'y!
Reaction _ Head
. A . « B C b
Fy! +0.08 lbs/in +1.34 -1.87 -31.9
Fy! +22.55 -5.38 -33.5 +34.2
F,! * 5.7 0 =3.41 +13.4
M ~187.2 in-1bs/in{ +16.15 | +350.0 9.4
My‘ ~&7.55 0 -11.6 -236.0
My +74.85 +29.6 | -32.20 | +365.5

10. * As the pipe clamp extension (Plate 5) was used on all of
the heads the reactions must be transferred 2,625 inches along the
bracket axis to the end of the pipe. The distance 2.625 inches is a
constant of the apparatus. The forces are not changed. The moments
are:

qu = MX? + 2&625 Fy'
Myn = Hy’ - 2.625 Fxl
M, = Mp! '
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Performing this step gives:

Reaction _ Heagl

A AL T - D
Fx' '+0.08_lbs/in +1.34 -1.87 -31.9
Ey‘ +22.55 -5.38 =33.5 +34.2
Byt 1457 0.0 A48 3.4
M 1-128,0 in-1bs/in.| +2.0 +264.0 +80.4
Mt (=477 =345 =647 L5002
M," +74.8 +29.6 ~322.0 +365. 5

il The above reactions are all in the coordinate systems of
their respective measuring heads (primed coordinates). These can be
rotated to the reference (r subscript) coordinate system by applying the
formulae for the proper case. These are given in paragraph 21 of this
report. The reactions in the reference coordinate system are given below,

Reaction_ . Head
A B C D
Fxp +21.9 1bs/in +0,15 +9,99
Fl"r b 47 =343 -32.,11
Fy. b, 27 w30 -2.39
. ,40.4,in_1bs/in_ +29.7 -307.5
My +103,3 | -0.3 ~302.2
Mg, |F110.4 =347 -260.1
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~12. By inspection of the coordinate diagrams, drawn for each
head (see paragraph 8 of appendix), the forces and moments can be trans-
ferred to the pipe coordinate system. By multiplying the model forces byl

Ea Ia o7 (displacement of C)
En In

the full scale forces are obtained. It is to be noted that previous values
of reactions have been per unit displacement of end C. The full scale
moments are obtained by multiplying the model values by

Ea Ia 2% (displ
placement of C)
B Im

Where E; and Ep are the modulus of elasticity of the full scale and model
pipes respectively and

E, = 24.8 x 10°
Ep = 29.0 x 106

I./I, is the ratio of moments of pipe to model
and is equal to 27740

s = scale factor = 1/10.8

13, Substitution of numerical values results in the following
equations for converting scale model reactions to full scale reactions:

L 53.25 Fp
M, = 657 My

14, The values of full scale forces and moments in the pipe coord-
inate system are given below:

. Reaction : Head

L B c D
F, -332 1bs. -238 «359 +710
B, ~237 ~182 ~1709 +1828
F, ~1164 -8 -532 +1697
i ~72400 in-1bs.| =-2450 ~171000 +240000
My +67800 -168 ~67000 ~100000
M, +26500 ~19700 +202000 | -52600

- o
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15. TWhen the reactions are meazsured at all points of support of
the pipe system the results can be checked by observing if the conditions
for static equilibrium hold. These checks have been performed in the
report body (see paragraph33 and Tebles 8-11 ).
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