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ABSTRACT

Apparatus, capable of displacing the ends of a model pipe a
known amount with respect to each other and of measuring the resultant
reaction forces due to the pipe deformation, has been constructed.
Experiments have been perfoarmed using model pipes of different shapes.
End reactions for these pipes have been measurecd and in many cases
compared to corresponding values obtained by caleul tion, The validity
of scaling forces from a model pipe te the full scale pipe has been veri-
fieds The equivalence of the change of reaction forces caused by a
temperature change and the corresponding change of reaction forces at
constant temperature due to a displacement of the pipe ends equal to the
temperature expansion have been demonstrateds The change of the modulus
of elasticity with temperature must be considered to obtain this equive
alence, It is found that the effects of pressure changes within the
pipe on the end reactions are small and mgy be neglected., It is con-
cluded that the determination of end reactions of piping systems by model
tests is practical snd that the accuracy is dependent mainly on the
rigidity of the testing apparatus,
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1, Tnis probles was muthorised by Burem of Buginsering
Project Order #69/40 of 15 Septesber 1939, -~

(v)  Stgtesent of Probles ;

2. The determinmation of end resctions snd stresses Lecguse
ntzmrmmdmuchminmuﬂmumlmponmu
a diffionlt procedire and 45 subject to errer becsuse of the long calon-
lations inwolved or to necessary spproximstions,. Sosll-scale models
awgvmmpemmbemm.mmmm tan
be measured directly. The purpose of this lnvestigation is te oonamct.
mll—scalapipemﬂalauﬂtomwmthomru'm rhg end
veaction forces due to a pipe snd mmuﬂmnmp&pu. The
precticability and accuracy of thess methods will be determined, The
genersl object 1s to simplify and improve the reliability of the design
wmmnme. high-pressure stesnm pipe lineas by the use of muit-

models,

3« The full scope of this protlem is too brosd for a single
reports As the experimentel and theoretical work progresses, partial
reports will be prepared, This first report will conteln & comparison
of masured and calculated end reactions for pipe syatems with no tranch
connections and will have for ita purpose the determination of the ac-

caracy and practicability of the use of model pipe systems, -

4e In the design of piping allowance must be made for the
gtresmes and end reactions due to combdned pressure gnd expansion effects.
There the temperature md pressure changes are largs, these effects bee
cone especially importsnt, Pipe systems should be designed so that the
expanaion that takes place can be ferced back into the pipe systes with
the lesst resulting stresses mdmection forees, The pipe system will
be deformed slightly to talke care of the change of pipe length, Restraints
that hinder the free deformation of a pipe will in genersl cause greater
stresses and resction forces, lLack of rigidity in constraints and end
anchorages will relieve pipe stresses and reaction forees, In pipe in-
etallations it ie generdly assumed that the ends of s pipe are held fixed
with respect to both location and direction, An increase of pipe wall
thickness will result in zreater end reaction forces, making it undesirs-
ble to increase this thickness beyond s necessary value,

5« The theoreticsl base upon which the celenlations of
ﬂ.masea end renctm are !;unt. has been worked cub mainly by TAllism

) sd Thomas Karman These calculstions apply to pipe bends
lnd take 1nta acoount the tmdmzy of a circular pipe section to become
oval due to bending stresses, The changes of moment of inertia is neg-
ligikly small for the deformations considered., The result of this de-
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formation of the pipe is that the material furthest from the neutrsl sxis,
is brought closer to the neutral sxis, thus relieving the stress in these
more remcte sections and adding stress et some intermediate point. 'The
Fipe 1s more flexible, therefore, than it would be if the streas varied
directly as the distance fram the neutrzl axis, such a® it dges in the case
of bars or solid materials, The increase of flexibility of s pipe sectdon,
over what would be calculated from theory as spplied to sclid msterials, is
8 function of the shape, diameter, md wall thickness of the pipes The
lass the wall thickmess of & pipe or radius of curvaturs of 2 pipe bend,
the greater will be this incresss of flexibility. The incresse in {lexi-
bility iz only for bending moments in the plime of the pipe bend.

6, It is sesumsd throughout this repart, unless stated speci-
fically to the contrary, that all transverse pipe scctions are cssentially
circulsyr and that no stresses are applisd beyond the elastic limit of the
meterisl. Thus stresses end stralna are zlways in direct proportion,

7. Hovgeard(l) has checked his thecretically-derived sque-
tions with soperimental results obtelned from full scgdle pipss 2nd finds
satisfactory sgreement, It can be concluded that for pipes bent to
radii of not less then four or five pipe dlameters good agreement with
theoreticel md experimentsal values will bs obtained. In three-dimen-
sional pipe lines with mo bronches, end reactions angd stregses can be
leboriously arrived at by theoretical means (3) (4) (5) {(6) md, if sp-
prodimate methods ore avdlded, the answers obtained should be slmost
rigoreualy corrects The principel approximation in the pcaleulstion 15
that the radius of the pipe bond be at legst four or five pipe dimmeters,

2y In order thot much of the labor and opport-mi,% for error

invwlved in these calculstions be eliminated, H, W, Semar &t Westing-
house has constracted epparatus so thaot end recctions of scals model pipe
systems can be messared, Seale fagtors have boen developed so that the
forcea and torques te be expected from the fullescale system can be cal-
oulated from the forces mnd torgues measured on the medsl, lately a
descriptive article(8) has showm that the scals modal method of testing
has been extended to branch pipe systems, for which scourate mathematical
solutions are imprectical.

VETHODS AND AFPARATES

(a) Erincipls of Operation

Gy, When o pipe, with ends fixed in rigid anchorage, expands
because of an incresse in temperature, the forces exerted by the ends
of the pipe on tha anchorage are the same as thoss produced by freeding
ane end of the pipe, allawing it to expand, and then restoring it te
its origingl position, These resction forces for mall dispk cementy
are lincarly proportionsl to the displacement of the fres and of the .
The expmsion forces can therefore be duplicsted by & displacement of
fres end of memequammmwmw.htmum
direction, Correction mush be made for any charge in modulss of edasti-
city that will ccour at @ fferent tanperatoroe,

-R.
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FIGURE 2= REACTION FORCES ARE USUALLY TANEN QS THE.
FORCES LEXERTED ON THE BRACKET OR FIFE,
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which is ealibrated in pounds, & disl indicator iz fastened to the op-
posite sleeve (See Flate 3) to determine when the slack, which is usually
adjuat-ed to about 0,002 inch, i3 taken up, at which point the force
indicator just balances (or mms) the maction force,

14, It will be noted that the pipe is mounted at the position
where -Rz should be located, ‘This is no disadventage, for the apparatus
can be oriented so that Rz is elways positives

(d)  Scale Faotors

15. If the model were constructed exactly to scale and made of
the same material ss the full-size pipe, the forces on the full-size pipe

would be the product of the corresponding forces on the model end the
scale of the model,

16, In order to use standard siszes of steel tubing it is ne -
cegsary to cepart slightly fromthe true gscale modals This can be done
if the scale factor, s, satisfies the folleowing conditioni

a-&-[&]z tl

Ry Ta Ly

17 Then for the same deflection the torcea in the full-sige
pipe and the model will be in the ratio

Bl 2.

and the momente in the ratio

model-to-pipe conversion factor
modnlus of elesticity
noment of inertia
scale of model
redius of pipe bend
r = mean radius of pipe croas section

t = pipe wall thickness.
The subscripts g snd § refer to the model md full-sosle pipe respectively.
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be remembered that tie iﬁmzﬁﬁm szf e mmmw the direction of &.h -

. 20, e sotual &sw«a% ad mﬁa axar%ﬁ by the full size
zﬁgm étm to'an e@mim e, arer

(!%x’ * I’E f&y R'ex) %iﬁ

ry 4« (R'y + R'ys) ke
Fz = R‘g Ke o

ixy = f’bfs} R'sy Ke
tys = (b/s) R'yz ke
" Z%@ - ;{iﬁ,fé‘} R'zx Ke

0 Zle The sppavatus for testing end reactions of model pipe
systems with no branches consists of the following essential parts:

(1) & rigid bean and right angle support (Flate 1 parts
a and b) so constructed that the right aﬁgle support
cen be fixed at any position adleng the length of the
besm, The face of the right angle support is per-
pendicular to the axis of the bean,

. fixed nead (Plate 3 snc Plate 1 part c) by means

of vhich the reaction forces zre nessured, This
head is wmounted solidly to one end of the bean,
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(3) A movable head (Plate 2 and Plate 1 part d) that can
be mounted at any height on the right angle support
and that can be gdjusted to move one end of the model
pipe in any direction contained in the plane of the
beam and right angle support. The movable head cone
sists of a milling machine attachment with added re-
enforcements and a clamp support in which the movable
end of the pipe can be held in any desived position.

2. In order that pipes with branch systems may be studied, a
suitable bed pla te must be substituted for the beam, and z sufficlent
number of right angle supports with movable heads must be provided. It
is desirable, in this case, to be able to mount reaction messuring de-
vices on the movable heads,

(f)  Theoretical Ends of kibdel Pipe

23. The ends of a model pipe must be held rigidly in position
and direction, A4t the fixed hesd a pipe end is placed in a bracket
(Plate 4), and the theoretical end of the pipe is assumed at point E,
sbove this point the pipe is free to bend. At this point and at several
points below the pipe is held by a totel of 6 set screws and & centering
spacer., The inside of the pipe, up to point E, is plugged with 8 tight
fitting steel rod, Any pipe from 1/4% O.D, to 1% 0.D. can be held in
this bracket. The pipe is terminated in a similar manner in the clamp
support at the movable head. ' 1

{(g) Iemperature and Pressure Varistions

2. An electric furnace was constructed around a pipe by first
covering the pipe with a uniform layer of asbestos tapes Thermocouple
junctions (Chromelwalumel) had first been spot welded slong various peints
on the pipe. On the insula ting layer of tape was wound a continuous
heating coil of #26 nichrome wire. At each end of the pipe was a short
section of winding about two or three inches long, represented as g and d
in figore 4, that was closely spaced, having " between turns. Taps
were brought cut at the ends of these sections. The remsinder of the ,
coil was wound with 1/8" between turns and & center tap cbtaincd. ~ The
coil was then covered with uniferm Myers of assbestos and asbestos tepes
The coils were connected as shown ip Fisure 4. Flate 1 shows such a pipe
mounted in thetestin: apparatus, The box, ¢, is a junction for thermo -
couples, .

a b - ¢ é

Rheostat LIJJ-LRJ-)
! line l

- Blgure b
Esotric Furnace and Furnace Comnections,
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_ transmit
copper ‘tubing, to this hole, The pressure conmection to

had no effect on any measured end resction.
111 m&“ 2%

vy of Apparatus

26, Harchant? calculated the end rezctions for the pipe used
by Semar? in his experimental measurement of its reaction fwcaa.pe For
the major reactions the calculated values agree reasonably well (within
20 percent) with the experimental values, However, the pipe used by
Semar was of very flexible construction and provided no serious test of
the rigidity of the epparatus used in testing, In order that the apparatus
z@r;t afiaaa ﬁ.th ae:gidmee it is necessary that the calculated and meas-

% ves of reaction sgree reasongbly well for pipes re £i or
one hundred times the reaction force per unit of dﬂnepi ctim g
vantage can be had by using mmaller diameter model pipes, but as the Jength,
wall thickness, and dismeter of the pipe are not all independent variatles,
the decrease in stiffness camot be reduced greatly. LAppendix #1, which
discusses the use of rods rather than tubes for models, should be noted
in this respect, g i

27« It was fmnﬁ necessaxy to use dial indicators to measure

the location of the top of the bracket end the clamp support with respect
tc the supporting beam md to compensate for undesired displcements of
these parts because of insufficient rigidity, Flate 1, 2, and 3 show how
- this is accomplished, To compensate for any displacement of the fixed
head g force is applied at Ry (see figure 3) to keep the top of the
bracket in the correct position with respect to the supperting beam: To
make the displacement of the pipe at the movable head agree with that
given by the movable head scale (the milling machine attachment scale) a
force is applied to the clamp support, perpendicular to the right angle
suppert face (Plate 2). This not only corrects for the loss of transla-
tion of this part, tut also relieves bending stresses in the movable head
and its supports and sc corrects for much of the rotation.

(i)  Bending of iodel Pipes

28, Seamless mild steel tubing was used for all pipe models
except those discussed in Appendix #l. For the thick-walled models,
bent to a large radius of curvature, sand or 2 low melting alloy msy be
used to prevent flattening. For thin walled models bent to & small radius
of curvature, such as a 3/4% 0.D. tube with 0,035% wall thickness bent to
a 3% radius of curvature, a half and half mixture of wood's metal and Jead
was found to be a good filler, FVicod's metal alone is too hard and causes
the tubing to break, while le ad alone is too soft md causes the tubing to
wrinkle at the inside of the bends The tubing is bent on specially con-
structed forms in a stendard bending machine.

“8“




Experiments performed fall into 4 general classes which ares

(A) The determination of end reactions and tie compari-
aon of the values found with those calculated from
the dimensions and geometry of the model pipe.

(B) The determination ef end reactions for pipe gystems
of different dimensions, tut scale models of each
other, and the comparison of result s by calculating
the forces to that of a common size pipe.

The determination of the equivalence of reaction
forces caleula ted from data obtained fromz cold
pipe and the experimental reaction forces obtained
by the actual change of temperature and expansion
of a pipe.

The determination of the effect of internal pressure
on the end reactions of both hot and cold pipes,

Datg Obtained
Experiment #l -« Class A

30. In this experdment five pipes, illustrated in figure 5,
were studied. The calculated (see sppendix 2) and messured values of
end resctions are given in table 1. Due to syumetry the coordinate

+2

Figure 5.
Flane right-angle bends.

numbered 14, and 15 are o this type and
DD e eoiaaas aad ostside dimsster of 0,035% and Og75"
respectively. The displacement, OL, 1s along 2 line, L,
connecting the thecretical ends of the pipe. A 2% gection
st each end of the pipe is inective and is clamped in the

testing apparatus.
P




Ry = Rs » In

mponer n-mmuu-m-m
m«m.mﬁm'w ~ g
¢ errors due
Mw independant of this check,

model of the three-dimensional
pe used as sn illustretion in the Piping Hendbook3. The theoretical
values of end resctions of this model pipe have been obtaihed by drect

calovlatien, by a graho-analytical method as described in the above hand-
| mgtvmalingthsvdmammatcdmtmmumcﬂhed

« (See paragreph 15 to 18 and appendix #3). The values obe
tained by these two theoretical methods agree within a few percent, This
can be regarded 28 a verification of the scale model theory.

2,85"
= 0.75“

- Pigs 6. SRt

Pipe #16. The three section of pipe &re mutuzlly perpendicular

Reactions are nmeasured according to the primed coordinate system,
Forces snd moments are calculated with reference % the unprimec co-
ordinate system the axis of which are parallel t¢ the three straight
sections of pipe, 10
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TABLE 11

cm?netmmmm
ob experimentally md theoreti
for pipe A6, o

Bumerical _valno of Force

: _Or loment ,
Theoretical Experimental

Fx | 505 1b/in 442 1bfin,
Fy 2100 1850
Fz 390 423
by 1560 in-1b/in 1450 4n.-1b/in
s 7000 5512
Hax 1980 1858

33s A comparison of the measured forces and moments and the
corresponding calculated values are given in Table IXI. Again it is
shown that the measured forces are, in general, less than the calculated,
Pipe #16 i3 5 short, stiff pipe and provides a severes test of the model
vipe apparatus. If errors are to be kept less then 15 percent, with the
apparatus as used in this experiment, then the forces and mcments per inch
deflection, given in Tsble II, describe the maximm stiffness pernissible
for a model pipe to be tested,

34e - The reactions due to pipe #16 as measured in one of the
first arramgements of the testing apparatus were approximestely one half
of the calculated values, It would appear necessary, therefore, that
all apparatus of this kind be tested with model pipes heving known end
reactions and havirg a stiffness comparable to that of the least flexible
nodels to be encountereds




Experiment #3 Class B

35, In order to deternine experimentally the velidity of the
sczle model theory pipes were constructed of the shape fllustreted in
Fige 7. the dimensions of which ere given in Teble ITI.

o

1 oy

Fig\lrﬁ Te

Pipes #2, 22, 23, 24. These pipes contain three
mutuslly perpendiculesr sectiona.

LiBIE 111

Pipe # 0. D, e Ts b 2 o O ¢ & ©d

252 4n 0,028 in 3,13 in 4eb in 164 iny 1,05 in
« 504 0,051 6495 10,2 3.64 2:32
752 0.071 11.14 1644 Setd .72

1.004 " 3085 15.0 2.0 785 50

36, These pipes are scale models of each other and satisfy the
relations given in parsgraph 16, The theoretical end resctions have not
been dstermined for tlese pipes, but the aversge foarces snd moments for
the four pipes, when scaled to g cormon ciameter, heve been C etermineds
Theee are shown in Table IY, /11 of the reactions of the 1/4 inch die-
meter pipe could not be measured becsuse of leck of clegrance, The sizes
of pipes used includs the awallest snd largest that can be placed in the
testing ecparstus: The dimensions ormtho uﬂ%-r ll.sg agre such that
large percentage errors mgy occury percent variastions from average

~values camnot be considered excessive, They indicate sgein the probsble -
2 curscy under extrems conditions of cperation and roughly verify the scale
model theory, '
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Experiment #4 Class C

37. 4 pipe similar to that shown in Fig. 5, except that the wall
thickness was 0,049 inches, was used to determine the relations between end
reactions and temperature. The radius of the pipe bend was 3.75 inches,
in electric furnace was constructed about the pipe, ze deseriled in pare-
graph Zhe

38, Flate 7 shows the relation between the resction forces and
the displacement of the ends of the pipe relative to each others The
displacement was along a line (L of Figure 5) cormecting the ends of the
pipes The values of the end reactions due to any given disolacement and
at any tempergture can be calculated if the end resctions are known for
& given displacement at a given temperature. The modulus of elasticity
mst be known over the temperature range, a8 these reactions are linear
functions of this modulus. (See Flates 8 and 9).

35. Plate 10 illustrates the relation between reaction forces md
tenperature., The solid circles represent messured forces due to the
temperature change. The open circles represent resgctions resulding from
dis lacenents of the movable end of the pipe at room fenperatire smd cop-
rected for the change of elastic modulus. The equation used in this cale
culztion is miven in paragraph 44. The displacement was equal to the free
thermal expansion between the theoretical ends of pipe that would be caused
by the indicated temperature change.

FAe In Flate 11, on the right half of thegraph, is plotted in
heavy lines the end reactions versus displacerent at 2 temperature of 75° ¥,
The forces are due to a calculated expansion of 0,106 inches, The pipe
was then heated, and the movable head was adjusted so that the resction
forces were kept zerc. The total motion of the movable head, 0,109 inches,
was the measured expansion,s The movable end of the pipe was then dise
placed towards its original position, and the reaction forces were measured.

These are plotted on the left half of the greph, The values of end
reasctions, due to this temperature change with the ends of the pipe in the
positions occupled zb room temperature, sre indicated at the zero displece~
ment location., The corresponding values calevlated from room temperature
data are alse shomne Thé values check within the experimentsl accuracy
of about 5 per cent,

Experiment #5 Class C.

Fa W Pipe #32, with the sane dimensions as #23 (See Fig. 7 snd
Table III), except for a wall thickness of 0,049 inches and I.Ds of 0.656
inches, had an electric furnace %natmted gbout it,

424 Plate 12 is sindlar to Plate 11 except that ?«m ueasured
displacement of the ends of the pipe due to the tempersture change, rather
than the calculated displacement, was used throughoct, As there were 6
reaction forces to be considered, these were tabulgted, 28 shown in ‘i‘a&a
V, rather than plotteds

miﬁu‘s‘.
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43. The expension die to the ﬁmperamm zzhmg@ from 77° F %o
726° ¥ was measured as 04172 inches,

- 44e The measured reaction forces necessery to move the ends ,
of the hot pipe back to the positions cccupied when cold are given in the
gecond column of Tabls V. The calculated forces were cbbteined fron the
equation below and are shown in the third column of Table V.

. 26 8
Bt Ry b0

. Ry refers to a reaction csused by a temperature change fwzxz to to ¢t w&t&;
the pipe ends held in rigid anchorage,

o refers to e reaction caused by a displacement of the ends of the pipe
by an equal magnitude but in an oppesite direction to that which would
be caused by a free thermel expansion due to a temperature change from to
to t+ The reasction Ry, is mezsured at room temperatures By and By,
refer ta Youngt's :mwlw gt the two temperatures.

45. The differences between peasured and zalcnlam velues for
all wajor reactions are less than 5 per cents The large percentage dif-
ference between the Rzx reactions is not significant, as the numerical
difference is small compared with the major forces.

46, Temperature variations among 9 thermocousles along the
length of the pipe were not more than 0° F at the high temperatures,
The temperature change during measvrements et & given besperature point
was not more than & degree, The temperature reccrded was the everage of
the thermocouple readinzs.




' é‘% mmaxm@wmmﬁ ;mams on 'ﬁh@ end reactions
jetermined for ~m and m m};% temperature as & parameter,

" Only results due to pipe 32 are

Ef.f;‘em on ’e&w wé reactions az a emga of
internal pressure of 800 ibﬁ{ﬁ%ﬁ in, Pipe
#32. Wﬁm are givm pmés;

ARz ARy Ok ARy OREAREX

#4343 ig}ﬁ is}-fw #18 K- s 7 2
140 «18 17 9 1B

*&@mmwwmg U D 38 I 0 v a8 0

red gt 725° gg & . ﬁ@éﬁ*ﬁ wk Q & =l

ation of the calcalated valuss of end resction

- m@ ’m 0 a zwam Ma is perfarmed by first finding the change

. of longitudin : dus to the change of pressure, The change
‘of length of t&a p:i;w due to this stress change is then calculated, mnd

- from end reaction versus & icement datsa, the reactions necessary to ,
move the m&a ﬁ?ﬁ‘ﬁ&&ﬁ&mﬁﬁﬁ to their original positions are determined,

t is interestine these aﬁm@zm the change of re
action :ﬁmﬁa &w to a pregsure che .8 independent

.ﬁ&ﬁﬁ%‘b& ﬁw ‘temperature ).

e, ks the zm mmm are very mii it must be exgeam ‘
M m&x factors as bends and non-cireular transverse cross scctions of .

the pipe, which are mg}mw& 4in the caleulated velues, will greatly ef-
, i‘m m wmg of the rasﬁtgg 28 shown in Table VI, is

' m m en “mm forces @m %o an aﬁm& incresse of
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theeretical end
in ite ueage for &1l msasurements taken at room temperature,
temperzture work 1% is difficult to determine the displacenent
of the pipe ends due t0 the temperature change by means other than direct
measurement, a® the inactive ends of the pipe end the clamp supports sre
raised to quite high unknown temperaturess Thus, widle the bending of the
pipe takes place only betweesn the theoreticel ends of the pipe, there is &
temperature gradient nesr these ends that dsturbs expansion celeulation,

55« The probabtle errors sre to be expected in a direction away
from safety - i.e. the measured resction forces sre in genersl less thm
those caloula ted,

Facte Batgh)isted

56« The experiments performed have established the following
conclusions for model pipe gystams with no b ranch cormections:

+ e todel pipe syeisnms and testing apparatuz are practical
to construct and use,

2« EBnd reagtions cen be megsured within an accuracy
of 15 per cent for pipes having moderaste stiffness,
(Forces and moments of 1000 lb/in. and 4000 in-lbfin,
respectively).

The aceurscy of model pipe testing apparstus should
be tested by means of a2 stendard model pipe having
mown and rezctions anc having & stiffmess at lesast
as great as other models to be tested,




4e Scale fgotors, as determined by Semar’, offer no &if-
ficulties either theoreticslly or practically and ecan
bs applied with confidence,

5« It is impracticel to work wnder conditions of high
tempergture for other than research conditions, A1l
information can be obtained under room temperature
conditions with simple reliable caloulstions, Hooke's
law 48 assamed to hold in all cases,

6. End resctions due to internzl pressure changes are
small (about 2 per cent of the maction due to tempers~
ture chanyes for high teuperature systems) and may be
neglectad,

SUL 1 ARY

57. If vdlues of end reactions csloulated for & full scale pipe
and for its small scale model are datermined and 4f the rezctions are com-
pared by the applicetion of the suitable scale factors, the reactions agree,

58, Experimentd ly measured end reactions sgree with correspond-
ing caleulated values within the liidtations of the testing apparetus and
the gecuracies of measurement,

59« lesmuremente under high tempersture conditions can be pere
formed satisfactorily under good lgboratory conditions, but it is consicered
impractical and winscessary to work uncer these conditions, as all inferma~
tion within the limitation of Hooke's law can be obtained from experiments
carried out at room tenperature,

60, e effects of chenges of internel pipe pressure an the end
reactions are small, The chenge of end reaction forces due to pressure
changes are linear functions of the pressire change.

6l, VYor stiff pipes, where measurements are diffieult when
tubular models are employed, the use of rods for model constmotion for the
cetermination of end resctions is believed justified, (Scemppendix 1),

- 19.
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APPENDIX )

The Use of Rods as o Substitute for Tubes in liocel 12
Pipe Systems, A dpcuwseicn of a Psper by Fred ¥, ELLL™*

The advantages of using rods rether than tubes for the construction
of model pipes gres

(1) Iittle difficulty is encountered in makcing suitable bends,

(2) The model can be made as leng sd flexible as is desired,
for the ratio of length of model to pipe ¢znbe chosen in-
of the dameter of the model, This is an
inportat advantage for little trouble need be experienced
with lack of rigzidity of the mocel pipe tecting spparatus,

The principal dissdvantege in uwsing rods rether than tubes for the
construction of model pipes is the wncartainty of the meaming of the mess-
ured end resction, The principal resctions mst, of course, be lrrger than
those far tubes, but the magnitude of this difference is a function of the
ghape and wall thickness of the tube snd cannct be sassily determined, The
neasurements of HL1l indicste that in gemeral thdes difference is not large.

Hhen the flattening theory is daregarded, as 1o the case when
rods are used for pips model construction, the ratio of forces of pipe to
model i

B Bk sby
o nin & In

and the ratic of nomerts of pipe to sodel i
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© yods were am as m&a&&* W& 2&‘. gﬁm& m Wma as determined by
use of pipe m. mﬁ mz& IV gives the results of this mamzyia caloula =
: rimental results wsing the 3/8 inch rod as & model. It will .
be m&i M t}:ea mathemstical vesults obtained at this daboratory are
Mmﬁ iyom those ﬁb%&m&y M? {‘i‘abm II colum 2), The source of
: ' noments tabulatec in Tebles III and

be difficult using ﬁm models
for the destermination of m& rmm is jwﬁ,ﬁm

A check of the theoretical work at this laboratory indicates
that the mathematical results of Hill, as shown in Table II, are
too high and should be equal Yo those given in Table IVe It is
emphasized again that the moments 28 given in the first twe tables
and the last two tables are not comparable as they are determined
for opposite ends of the pipes

APPENZIX 1.




APPENDIX I,
TLPIE I,
Three-Dimensional Pipe Fun Illustrasted in the
Piping Handbock. (Data frem Hill).
(Forces are given in pounds and moments in®
inch-pounds ).

End lesction tathenatical by Solid Per Cent
Tubular Theory Lodel Difference Difference

Fx 5,010 54510 500 49,08
¥y 20,870 21,610 740 +3455
Fz 3,855 4,019 164 +4e25
Mzy ” 220,652 270,000 49,348
Ixy 1,786,070 1,727,000 49,070
lixz 381,548 350,000 31,548

IABLE IT
Three-Dimensional Pipe Run Illustrated in the
Piping Handbooi., Flattening Factor Omitted

(Data from Hill) (Forces are given in pounds
and moments in inchepounds),

Dd Reaction  isthematical by Soldd  Difference Per Cent

Beam Theory Lodel |
8,009 5,510 2,499
30,918 2,610 9,308
5,647 4,019 1,628
247,245 270,000 22,751
2:455,969 1,727,000 728,969
556,663 350,000 206,663

Sheet 3,




 maB® TIT

mm@ammwmmw .
Handbooks (Model Pipe #l6s NIl Dats) (Forces ave given
in pownds nd moments in inch-pounds). ~ o

Three~Dimensional Pipe Run Illustrated in the “iping
Handbook.  Flattening factor Omitted (Rod used as
Model, NRL Data and Calewlations),

Mathematical by Selia Per Cent
End Reaction Beam Theory  Liodel Difference Difference

Fx 6,390 7,050 +660 +10.3
ky 24,060 23,700
Fz 4,800 4,37
My 358,000 365,000
lyz 1,602,000 1,520,000
Mzx 530,000 549,000




Caleulations mma %Gmﬁi.%ingaﬁ: &aeéegme
Bend #nd Tangents, ?ige?m through #15.

For s:mpla pipe systems in one plane generel msthematicel equaw
tions can be set up for ay given type of bend or bends, These equations
can give the end rractions as & function of the end displecement and their
solutiony in graphical form, provide s quick and accurate means of deter-
mining their results for any particular type of pipe that is representeds
Such a method i3 given by E.h. Vert, S. Snith and E.T. Co 40,

The analyticsl method given below, for a guarter bend with
tangents, follows this procedure, As the applicetion will only be for a
feow gi;éea the equstions will be solved for the particule cases rather than
plotted.

The equations given in the above reference contain mumerous
errors and should not be applied without checks The n sture and
coordinate system used below corresponds to that of Vert +C and must be
ﬁrmsfm to correspond to thet employed in the body of this report.

The pipe structure is shown in the figure belows R 18 the
radius of the ﬁwmmmmﬁnm the lengths of the tangents.

E’a
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n+es+p m*B&p

where 3";3&.

- 8-

For the pipes of this {ype considered in these experiments
m = p = 12inchea = Jlength of tangents
0.D. = Og75"
t = wall thic.ness = 0,035"
T = lean radius = 0,3575"
I = moment of inertia = 0,00505 in.é
E = nodulus of elasticity = 29 x 105 1bs/in?
The displacement, A\L, is along & line, L, commecting the ends of the pipe.

Ax = A3 = %_

end Fx = Fz = F

substitute values to get

- 2:032220° 8L  pounds
jeorf
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Full seale pipe
or model pipe #16,

Dimensions of full scale pipe
0.0, = 12,750
I, = 11,750
&b e ,
cd = 18R e 360 in,4
of 48n E = 25x 106 1bAin?
R 6on ' :

Steel tubing having an O,Ds of Q475" and wall thickness of 0,035%
was used for the scale model, The ratip of dlameters and the ratio of
ram ?éﬁﬁxz& scale and mfa‘:& pipe should be as near the ssnme
a8 ent.

The scale is

g = ( & }ﬁ ,%& {»&3&»} &
%3&3:5 2L
See paragraph 17 of rem*i; iar definition of symbols,

APPENDIX 3 neet: 1




The dimensions for the model pipe are therefare

0.Ds 0.75" Tell thickness = Q0350
IlDl 0.&8“

ab J43W

cd 61- 5? 3 in.‘

ef 229 1b. per in.?
R 2,860

. The calculations of reaction forces and moments were performed
in & similar mamner as was done for the full scale pipe?, snd the results
gre given below,

Fx = EI (2.044 %~ 2,864y + J4552) 1072
Fy = EI fa.abox SAb5A7 + 2,1943) 1073
Fz EI (0udS5AA 2 = 2,207 + 1,72A3) 1073

My = +6,90 Fx + 0,92 Fy
Ewﬂ -4'46 Fy - 5-91 Iz
Nzx = =0,81 Fz + 4455 Fx

Forces are positive when directed along the positive direction
of the coordinate axes, The displacements A x, Ay, and Az, of the

free end of the pipe are pesitive when in the positive divection of the
coordinate axes, See figure below,

Y 1=

.

}

|
Pz
I—Jw

Resotion forces and ioments,

Mgure 2

The change of length of the pinpe due to tenperature change will
be such that (see figuwre 1 of this sppendix),

& Xt Ayt &5 = @b + Ry td+2R; of 1
This will make the displacement of the pipe ends teke place zlong

& line cannect the ends of the pips, T. change in Jength between the
pipe ends 1=

alL -\r0820 ;0 e
APFENDIX 3 Gi=et 2
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In order that the reaction forces ¢f the full scale pipe may be
obtained from those determined for its scale model the model-to-pipe con-
version factor, K, is determined (See paragraphs 15 to 20 of report body).

: 3
x-ﬁﬁ-%x%)-e.m

Efs » 667220 = L0
The forces and moments exerted on the full scale pipe arer

Fax = Poux K = « 505 x 6,07TAL = -337041L
Fay = 140004 L

Fazg = «2600 & L

Haxy = Moy KAL/s = 218000 AL

liays = GB00005L

Magx = 277000 &L

wiere the subscripts ¥a® and n' refer to the full scale and to the model
pipe respectively, ’

The expansion, & L, as determined for the full scale pipe cor-
respending to a temperature renge of 60° F to 725° V, is 1.52 inches, If
this value o¢f A L is substituted in the last set of equation the forces
and moments corresponding to this displacement are obtained. The absolute

values of these are gted below together with the corresponding values
obtained by the -
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