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ABSTRACT

Fourteen basic experinents in nechanical engineering,
intended for use at the sophomore level, are presented. The:
experiment s arg described as open-ended in order to give students the
opportunity to discover the importance of stable operating |, °
conditions. The concept of experimentation is-introduced and there is
ant¢interrelation between theory and experiment. The experiments allow
for‘nodificatioé‘%gnd some of these are given with the exercise. Each
experiment does n depend on the previous one, but stands by itself.

'Sample results, curves, data, ahd .calculations are al}so included.
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Freface

Y
P

The present booklet describes fourteen elementary experiments in Mechanical Engineering, of. which
3 4
more than half can be readily incarporated into a sophomore course. The book differs significantly from

most laboratory manuals in 1ta philosophy towards both the student and the instructor

A

The student is introduced to the concepts of experimentation, to the inter relat.ion of theory and
experiment, to the use of dimensionless quantities and to the vagaries of instrumentation with a minimum

of prior theorettical background. Some of the experiments are open-ended so that students cen.learn
early in thelr college career that a-slight change in operating conditions can shift a problem from the

trivial to the chailenging. Perhaps most important is that many of the experiments involve transient

situations; all too rarely are studentd introduced to the idea that the real world does not correspond

to the steady state ‘?ich 1s usually set up in the laboratory.

-

The instructor should appreciate the underlying simplicity of the experiments; little is demanded
in terms of mangfacturing and erection, and the instruments called for should be available in any
undergraduate'laboratory. Where needed, construction details are given in full. Furthermore sample
_ resulty are pregented; all experiments have been pretested with student groups.

In terms of required bAckground knowledge, little is assumed for experiments 6, 7 and 12 which ean
be o{fered at any time during the sophomore year and may even be included in a freshman engineering'
course. Some knowledge of differential equations is desirable for experiments 1 through 5 with a dyna-
mics course xecommended for 2.and 3 and strength of materials for I and I, Experiments 8 through 11,

13 and lh are prob&bly best offered during the junior year although for exceptional students or for
\\/

specia] projects they might be suitable on the sophomore level.

Hopefully this set of experiments will make an impact in a field where all too long stereotyped

s

performance tests have ruled the curriculum and where experimentation has been driven from the lower

-
v

'divisjon years: If it can prov{de only a modicum of excitement about mechanical engineering problems

&

and supplement the annlyttcal diet of which 5O many sophomore complain, it will have gerved its burpose.
This booklet has been prepared under the sponsorship of the National Stience Foundation
(Grant No. GY~ 2h6() and the continued assistance and patience of the Foundation is grateﬁully acknowledg

One free copy is being distributed to' each accredited Mechanical Engineering Department. Additional

'

'n'cdéies will bexaveilable_at—nominal_cost from the project director.
T o ' F. Landis, Chai rman
U . ) - Mechanical Englneering Department

. New York University
February 1971 -~ = - Project Director :
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Introduotion

.

A

-

The objective of this work ims to bring together a serioe of experiments in mechanical
"engineering which are understandable to students in their first and second years of the
undergraduate program. While an effort has been made to maintain this level, - it is ta be
expected that some seqtions will be too advanced for froshmcn and sophomores. This is most
apt to occur in the theoretionl development, and in sections where one might expect this to
happen there are notations in the text. Each experiment is relatively simplek to construot
and operate, and can be done using instrumentation normally available - in’ undergraduatsg, lab—
oratories. Thene is no attempt to prepare a structured laboratory program. The order of

' é@periments is arbitrary except ‘in so far as they are grouped acagrding to fiplds of study

\
A

Each experiment is written in sufficient detail to be useful to -the instructon\or the
Primarily,lthe text is designed as an instructor's manual. * Theory is developed
with;.onsiﬁerable detail when that is necessary, and usually references are given for two _
source ‘where additional pertinent information can ber found. Drawings are given of speciél
e@uipme ' as’ well as diagrams for the experimental set-ups. . ‘ \
\, experiment hss been executed successfully by ‘undergraduates in the Department of
Mechanical Engineering\at Tufts University. Sample results, curves, data and calculations
are given. Data can not always be_guaranteed to be preciss, but it is safe to say it is
the best available from sevéral sets of results. An object statement-precedes each experi-

 ment. An effort has been made-to insure that each description will stand by itself. It is
. : .

not necessary to read the experiments that precede a particular experiment in order to under-

x O

stand it. : : o o

An objective of any experiment for the engineering undergraduate is to motivate the
student ;and call on him to.use his imagidation and to be creative. All of the experimpnts
" can be modified so that the same apparatus can be used to do several distinct experiments
or a succession of experiments. It would be improper to'use the same experiment repeatedly
for a uccess10n of students, and that plainly is not the internt of setting these down.
" Some modifications are given in each of the experiments. A useful technique for introducing

modifications is to have one group of students start an experiment, letting groups that

follow build on the results of those who precede. In this way, the development of the experi-

.ment follows the pattern of long-term ré&search programs LIt also provides incentive for each

group to present its results in- a manner easily understood by the succeeding grohp In the

author's opinion, these expcriments are best done with' three students in a group-.

In addition to the people C1ted {n the text, I sho&ldalike td ‘acknowledge with appreci-

ation the speoial contributibns of several: Professor Fred Landis, for his confidence in me
which he showed by asking me to undertake this task; geter Boyce, s Tufts undergraduate, for
preparing the drawings; Mrs. Irma Wallace and Mrs, Betty Steel for typing drafts and finsl
copy; and to the students too nnmerous to list who performed the experiments so wellf

/ . ) I
- Kenneth N. Astill
Tufts Univewsity
Medford, Mass,
1 February 1971
SR
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. ~ Experiment No. 1 : Lo

—me - The Torsiocnal Pendtlum

The object of this experiment is to measure the frequency
of a torsional pendulum and -determine the stiffness of the
system. . ‘

A simple, but useful plece of laboratory equipment is a Yength of music wire about six
feel long with screw fasteners razed on each end, Fig. l.aa One end is clamped in the
ceiling, while the other is fastened to an vbject to form a tor51onal pgndulum. A torsional

pendulum oscillates about an axis, in this case the wire, as shown in Fig. 171b. Several

’ intevesting experiments can be developed from this- systqm, but first the wiré stiffness must
e be determined+ ----- - . . . T ‘ e A -
. e B )
MWire calibration ’ ' - _ - ‘

k To be useful, the stiffness of the wire must be known. Fdn sall 6scillations,.with

.negligible aiF resistance the motion of a torsional pendulum can bé described by the equation

‘ . . W=
1513—9- + k8 = O ) 1-1
at? SN
i where 1 = mass moment of the object ébout the axis i
. % : N of rotation . ‘ &\\
@ = the angle of oscillation
‘ .o t = time ) > . - . ’
‘ .k = ‘the stiffness of the wire, radians per unit )
of torque - ;. .
From the solution of this‘equation whiﬁh is @ = A sin (wnt + al it is seen that the dis-
; placempnﬁ is sxnus01dal with a frequpncy, called the natyral frequency, of W ={§j: radians/
. ﬁecond. (Seeref. 1). 1n this expre351on, A is the amplitude and ¢« a phase angle, found
using the initial conditions. Using this information it is apparent that if we measure the
T . frequency of wwaoscillation for an.object of known inertia, we can calculate»{?e stiffness k.,
A calibration disc, Fig. l-lc, was made from a solid cylinder of metal (aluminuh). Its

mass moment of inertia about its axis of rotation&is
. : ]

2
. _ mR .
. A ’ = T . 1-2.

) 2 .
g . : ' .
where m 1is the mass6f the disc and R its radius. Measuring the period of oscillation of

cen”

the pendulum, the stiffness of the wire, k, can be determined from the expression for W, -

¢

There is a discussion of units included with sample results in the next section.

An assumptlon has been made that the mass-moment of inertia of the wire is ‘negligible
when compared Yo the inertia of Lhe calibration disc. Lach section of the wire turns through
an angké between O and © depending on its distance from the fastening “point ih the ceil-

‘ ing? Normally an "&quivalent inertia" is defined as the inertia which would b added td the
disc to produce the same etfecl.as the inertia of the wire. As the wire turns through an
angle less than 6, this is bound to be smaller thaulthe inertia of the wire, 1 . . ‘Phis

_ X . wire
equivalent inertia could be found experiméntally. If, instead of 1 in eqy. (1-1), we add

.'Elil(j - | . o vé?- %

s R :
. «
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v

the equivalent inertia to that of the calibration disc, T, then

Y

Now w, ‘can be measured, I Tsan be computcd trom eq 1-2, leaving two unknowns, Ie and k.

Using a second disc of known inertia -1 and repaatlng the meagurement for produces a

2 2
second equation in k and le, which can be solved 31multaneoubly with eq. (1-3). It is
possible that the effact of Ié on the frequency is too small to measure accura{ely, as 1is
quite likely the case here. It is a klmple matter to determine Ie analytlcally for a wire

or shaft of circular cross section (reference 2). ‘The result is

~ _ 1 . . ;

1 = _.‘thg_ . Ve L=ty

. . e 3 R e -

. . : "t

An asqumptign has been made in this analysis that the angular detlection of the wirt is pro-
t .

portional Lo its distance from the point of attachment.

r

It is posgible to compute k from the propertles of the music wire using the shear

modulus for the wire .G = s/Y, in lbf/ln . , . )
4 where 4 s = ohcar stress and Y = sheap strain,
f.et ¢ = length of wire i
g = angle of twist per unit lenggh of g/
A = ‘cross-sectional area of the wire
. f = radius of wire ‘ N T
then the moment required to twist a unit length of wire through an angle ¢ is
Pl ~N
. Y - N
- M = ./ r sdA .
A ) ) e
3 <
r.:.‘ = [ T GYdA ~
- A .
y = r¢ ;
' % ‘ — -
r,
Hente M = l 2 Vh_‘? GdA .
» Y‘l
M o= g6J : ’ .
p Where J is the polar moment of inertia of the wire cross section
. M _' - _ .
. Now k = 3 torque per angle of twist, where € is the angle

“through which the end of the wire'is twisted. 1n terms of 6, the deflection of each

) P¥ement 1s @ = 0o/f .
. ' goJ > GJ 1-5
Hence k = === = — . ) ]
(4] ¢

ERIC

Aruitoxt provided by Eic:

Ry

Sampie results o

An eéxperiment ‘was conducted to determine the wire stiffness.
kY

o
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: . LT e ' . . s ;
Dimenaiom of c&libration disc: N ~ '
' maes\ m = 1671 .gm or 3.881 lbm ‘ . L ;%i
o . radius. R = .9 cm £ 0.1 am or 0.295 “Ft ’ . . e oL
¢ N Nd O " . - 2 ) Y N h ;“
% w I=1/%mR% %=’ l/2~1(1671)(9)? = 6.77 x 10" gm-dm?" D %
. . N ” L X
or, in English units 1= (1_/2)(3.69)(0.2‘;‘35)_2 = 0.160 lbm-ft~. ‘ con e e
. Tor-five measurements of the periocd made 'with a stop watch, the average was | L L
' . . ' \ b
T = lB.u'sec which oorrespondq to frequency of ' o
! 2R i 4 . L
' W= = 0.3u radians/éecond -~ ' S
n T : o N ) y
) N ' - v ’ N l i/L-.
’ ko= wn2 = (0.3'{)2(6.77-10l) : T R -
- \ ) o i . :
- = -0.783-x_10{-dyancmfrddrw--' v e e
or k= ( 3u)2 (221201(12) = 0.00689 1bf-in/rad. = SRR
This cal?iiation requiggd introduction of the_two“éonversion factors . ,f' ) ' -
: g, = 32:2 lbm—ft/l’ﬁf*seCQ ) o i
and / ) , 12 1n/ft to produce ‘the units ordinarxly u$ed for k. _ ) ,ﬁ{
A value of k can be foumrd us]ng eq. (1-5). For the wire: - ﬁ' ] . ‘:‘_ -
"length: 0= 148 cmtO.l cm -or B , . s
L T 58.27 in $0.04%n T .7 o . ? :
' ' -2 i:v s T ./,
diameter: d = .6.10%%. _I.O Cm \&Qi, T '
, < 2unex 1077 4 - v T e
T o ! v ) =¢;Ai;.'g> )
N J o= nd _,'ﬂ(6,10) 16 8 ;?-.; . A .
. 3?~ = 343 ¢} . r /"’, ) ’ I
: y. - N p ’ s ’
H(Q.N)!lO 8 b 7 .
— gy An o
Shear modulus for musié w%ﬁp: ) ’ ' N ", i .-
. G = 12.5 x 10 1bf/in op - s
* ) - 5 ol T . . 2 : R
N ’ (12 6 lbf/cm2)(U=H5 X 107 dynes/1bf){0.155 Inz/qm-)' o
» . . = 8. l d nes - o o - . ‘ ¥ ) /; "-
. ’ i ' . A
e ¥ R , f N
* From eq. (175) N . .. . T
In cgs: . . Gi oL £8.62 % 10M)m(g.0) 1078 CoT D e
. PR S (el (32) 7 oo
. ‘ A oo
= 0:792 X lO!‘dyne—cm/rad
: ‘ ' | 2.5 x 105020 078 - ) ] |
In English units: k = ~159)(32) ., )
. = 0.00690 1bf-in/rad. . ‘
The experimental value is within 1% of these pvedlctlons
: ¢
To .determine the cffect of the mass- -moment* of 1nevt{a of tHe wire first compute .
)
+ (m )( ) g
L. L. wire )
gwire ‘2 e
. - o 12
; 3 [ . i ( 4
» > - /—\f{ .
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"- . For thik we require the to C - : ' o . '
) . . o " - . .
. . . ) ' 1rd . ﬂ(2 u) 10 09( 500) N
‘s Ma?s.d{ the wire: myirszr- ( W Q)(density) = 8 (1/?8) _
“ - T . Tt e T, 72 x 10‘% ?im % T : . L
- 7 _The density chogen, for the sta@,,wtre was 500 lbﬂ/ft . i
b
) <o i -1 ‘i
) - o (7.72)(1. 2%07" L 21
) A roo © Nre T T Gy = 055 x 19" -
N » . . .'7 ) S ,‘ ’ N ’ - v N
“Then determine the effecf'dh.thg inertia by:iptroducing = | .-
' £ —_— oo VAL ire e -4 T \ T
’ : Lo ‘1 . =1.85 %.10 L e e :
... Soa e .- . e -3 o . o
S v . Lo T ) . A L .
e ﬂhe conbected inertié inclu&tng This is T o
- : N R R U B
\ . J£ . . . .
) - 1} . . . : o

P_which"is a change in the value of k of about 0.1%: "This lg‘small enough to neglect.

o * . o . . .
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’ : <3§‘ ; . g Experiment No. 2 N
) . ‘ uat . " R . ! R ?
. V0 J%%; S ‘ Damping.a Torsional Pendulum ~*
\ ;L-:J ) . > . . '
“,  An ‘electric galvnnometer consists of a cylindriocal core suspe;ded on a filament. When
“the core moves, it carries an ‘indicatqr such as a needle or mirvor.: It is necessary to damo
the system so that it doés not oscillate when the reading is changed bu1 comes to rest at ~
N the proper position. - One suggestion is to immexse pdrt %of the core in a fliid so that the
shear forca between the fluid and the walls of the cylinder will provide damping.
. - The object of this experiment Is to obtain a relatidn between ' .
L ) the geometry and the damping, as.well as’between fluid properties - . ) ,//

and damping.. In addition, a second expériment will be’ proposed -
w=. . ‘.. to examine the effect of a stationary concentric cylindrieal wall
on the d%pping .. . .,"-. . . ' T

. Experiment No. 2A

Effect of Fluid Properties

“A model of the system is shOWn in Yig. 2 1. .1t consists of a hollow cylinder, 3.867 in.
diameter; ] ll/6H in. long‘e ‘Tt is capped with a threaded ‘hole to receive the end of the music
wire. The .cylinder wcight is 2.321 lbm. A drawing with dimensions is given in Fig. 2-2. A

paper is cemented on the top surface, having markings on the outer edge in degrees 'This will

at- each .end of the oscillation

\

Using the music wire, the cylinder is allowed to oscillate in %ir and 1its period of
' osc1l1ation determined irom +he. me thod described ‘in Experiment 1 (which assumes alr damping

to be negligible) the inertia of the cylinder lS found. ® . o .

b

* The pendulum is then allowed to osc111ate in a liquid, as- illustrated in Fig.-2-1, and
.the angular displacemcnt measured as a function of time. For the fixed geometry of the cyl-

indér, the vdriables of interest are: the kind of fluid used; the gipth of immersion; and the

distance bétween the' cylinder wall and the container wall. In the practical dase it was the

last effect that was’qf mpst interest - «
' . v 1“ . Lo , ~
- Dcve‘ppmeﬂt of theory . . o o
',' . ' '!r . ;,,\7. . ‘ ‘, N . .

.

. The. objective Was to;ﬂepnvmine the damping ratio for the damped Single -dggree system.
. 'rhis can be expressed 1ﬁ‘tqus of the -logarithmic decrement, §, or the ratio of dampcd fre-
\quency,' wi ~jo the,natural frcquency, w - Damping ratio is thie ratio between the coeffic-

2 ficnt of vikcous damping, c, and the critical damping coefficient c . The development of #

C

. i .
; tH.se expreSSions can be found in any elemeritary book on Vibrations, e.g., ref. l.or 2.
I

~

. f‘ To sumﬁprize this analysis briefly, begin with a statement of Newton's second law for

;he System, Equgking the time rate of change of angular momentum (16) to the sum of the

.I_

resistin nmm@qﬁ% due to the spring (~k0) and the damping (-ch) pesults in the governing

’

glx diffGFERtial equation

R FEAES ' 10 +ch+k0 = 0 2-1
-7 LY O AN .
N .\. .y . }
S . ,
A 4“. ’l",”.
-'..- .ll
P td v
S TR -7 = - .

T e
-

be used to measure theﬂﬂngle of oscnllation, by matching the lines with a stationary indicator é;
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IN AN _UNDERDAMPED FLUID -
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1500 ml CONTAINER: C/C¢ = 0.0338__
—3000ml CONTAINER C/C¢ = 0.0339
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: whare the dotted ©'s ara the second and £ipst dérivatives with respect to tinme. Introduqging . '
A ] . . . * '- R o ";
_>” a“trial solutlon of the form ' ) ' . . ‘ : .
- . - . . - . . ‘ - L.
' o ! 0 = ept - A L I 2 2

. A .\ , .
leads to the solution . o7 ' . A cr N
' . * i . . R ‘1 . o . A
o < - p t p t . ' ’ o \ ,
s , o 0 = Ale 1+ A7e 2 2-3 S
N ‘.‘ . . ‘ - = _ _-/ - )
: i c e 2+ k ' \ J L o
" where . 2 -t =) - e . A B AN
' . . bl_ e ?1 V(Of AN I - - : hi ! P S
. . . N ' ' \- L, ? “ \ , ’:
™ [4} C 2 k . \ RPN \' 14
and . 2N\¢ .- (=) - . . NS ST
o A 210 7% : : a “\"}' s
N . .o P - ’ ot . - » wats
o . . L. , . ) K L~ ! &y
t _The. fort pf_the solut&on depénds on the hatore of_the tearm in the pgd}cal‘ =“?e“r¥L is- f.:?fﬂ
‘ > . .' s . R - t ‘. ) T - - ‘a - Y ' . ! ; Vo N ¥ I_’I\'_' .
_zero, - S N SIS Yooy
: o R N S , e
- L. ?I T » p / ‘
L . -
I ',

The system is said to be crltically damped and’ the crltjcal damping factor 1

; ! i \ \
g c = 2 kI : N ?2-6 e
< C . ! 1Y i
LN - l ‘; N s . K
This can be introduced, into the expressions for P, gy multiplying and divihin by . . by '
. - - i . f'l : lL ‘1
o u)n :‘.. T' ‘ -’ , £ [ T .‘ _v ' ‘
' : ) ) ] . ‘ i
The result is : J i
- t ' ?
- P . ) ‘*—- ¢ i ‘.
- ' 1,2 o A -
. ZJkl . 3 : . o_g
c
RS = ["_ ‘5"" t *
. c
The ratio- c/cC is sometlmeb cxpressed as [ . L . o : .
When - c/cC >1, the system is said to be ovordamped and .does not oscillat\. Instead =~ s

the amplitude decays exponentially froim the initial .state. ~Light damping or un erdamplng

occurs when c¢/c _<L. ‘Then the préot is imaginary and the solution has the form f a damped

- ¥
sine wave. - ' <
- R . - c 3 - N
: - - (—T_)wnt ' \
: “n T c 12 ' : ,
. 0 =0 —e sin 1 - (—)Ywtl+ ¢ . 2-9 -
. ' o W, C n : - .
d c ‘ :
3 - : . o : o i
Here “Oo is the initial’amplitude which decays in time according to the exponengial expres-
. 1, C N
- (E—)wnt ‘ - “ : .
sion e ¢ . The frequency is called the damped frequency, W,,. and is llefined to be ~
. . 2
! 3 . .
C 2 ¢ '
w, = \’l - ()" w 2-10
d ' ~C n - : .
. c :
. :
This is the actual frequency of the damped system, and can be measurcd. . Finally, the phase
angle ¢ can be detevmlned from initial conditions. ) ., ot ’ .

Solvlng the expression for the damped freyuency provides a meano of deLe‘anlng the

-
N L3
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'\a frequency of the” pundulum in air (undamped) and

in the danving fluid, then - c]ccl can be oomputeﬂ . o

kg

ewpar%mént&lly wh@n damplng-ia ?mﬁf] because md‘ is apppoxi—

" fn alternnte procédurt is to measura the nmpl{tude -of _the osclﬁ/g}ton. .

and -O . ~Lat Lhu swingg Qe at times t n

"0, on Lwo JucceSJiva OSCLIlations Ol
t{ + 1 where .U is the p?piod of the dampad pendujum " Then since the sine p of %ba s -
.expresgion is the same iy/eabh Case, ““the ratfo of ihe two amplituaos {s B -y
3

- S wt
c 1 -Tc _ .
Ol e c ' oW T .
Cot 5 = e C L 2-12
2 _ - wh(tl+T) '
a o ¢ .

The logarithmic decrement §

tudes, or

9
§ = In, = 2-13
5, R
For a more accurate experimental .Lerminati%n of 6, it is better to compare two peak. °
, N L . 7
amplitudes that are seveval oscillatighs apavt, say n .. Then it is easy 1o show that the
logarithmic decrement between the ‘ peak and the (i + n)th pea{ becomes .. - '
) 0, \ . -
L n ot ’ 2-11
. ' itn '
But the period is relate tg.the damped frequency by the expression | = - y
. . _ - e,
. \ . v ? ' o )
. 4 21 . .
- . L ‘ T = = T e ’ ) 2-15 ..
) . - wd l . ‘ $ "
) - l\ ~('—") . . ) N
[} . . . . .
, : Se
“ B . ’ - . ~ * L
With this subgtituted in the expression for the logarithmic decrement, the damping ratio can
be ‘expressed “ag \, : o
2-16 i

un® + §

* Sample results’

A

the damplng was too small to determine the ampli-

tude cHange, 80 - ﬁe value of § was assumed Lo be small and ®w set as w_ . For the system
g n y
lhc inertia of the Lylxnder was found to bc y.u46 lbm-in”, using

.

"

For the cylifder oscillating in air,

tested wn = qé-u rad/min.

calibrated in Experlment 1.

ythe music wir
g . '

In one/experiment water and clycerin were compared.
small and it was more accurate to measure amplitude, while changes in frequency

damplng wa
of the glycerin- damped Systcm were more accurately obtained. Some results are given in the /_ /

: A / : - ' . - R PN

It was found that for.water, the
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fo]lowtng rable for tests & omvtatnema of aeveral sizes. The effect-o.ﬁ;: gontainer wall
. N 1 z .
—e L is avident Ln the resulls. _/”/ . ,' - e . ) .

- . . oA ] v N ! ‘. N )

. - v M L0 c . LTy

- Flude - é gging (\ D We S I T

R ‘ . . ;-.' ‘ MR _-‘ E ot : \": ' '. . . '.'
- ( N 4 ¢ S "Nén«h oo ',4 . ’Sh..’fg N ;",' L N e

. watqp .‘ -. ) 5 qlt. ;)a{,h : | D .‘A 213~ %, e | "'. -- . i .08"0\ . . - ___; R
. . S At i N . S ) .
T o 1500° q{\beakap, \_..)OL b e . 7_.0338 T
- h\ o

. . . v B ey s e T . N :
. - - . 3000 beakexr. AT L - oLt .B339 . _ .

L . Glycerin 5 qt. pail. R -\‘;»V’. 31.9 rad/min-. .837 E T R I
: ' /1500 ml beaker  °- 20.2 ral/hin . .936, . ’ o

'
.

lhe glycévin is a moye offective damping fluid- than water and the effect of t.@ H;ilmlg.-;

\ngre pronounced. lhe‘%mal]er gap (1000 ml beaker) produced more effective damping tﬁan the ' R N
larger (5 qt. pail). Curves of amplitude and the anvelope of theamplitude are shown in - . )

i

y .
Fig. 2-3 for the 1500 ml beaker. - . ' 4 . ;

Experiment 2B L ’ :
. 1

. "‘i-:j-l'-,. .. .
. Effect of a ConqentriéﬁWall ) 'a .

In the proposed galvanometer system, a concentric wall will be employed to improve the

damping. The object of this cxperiment.is to determine the relation between damping and wall

.~

/ - loéation. The c¢ylinder is allowed to oscillate in glycerin in a large container. A concen-
tric wall is introduced as shown in Fig. 2-1{ 1In this case the wall can be made from a sheet

of thin aluminum so it can be adjusted to séveral diameters. -As the cylinder is 3.867 in. in

diameter, the gap will be half the d[lfcrcncc betwcen wall diameter and 3.867. Tests then can

be made by determining amplitude ad a function of” time for the torsional osci]latlon, for ‘

(XY

several wall diapeters. ' 1 o

Some results ) . o
.-r /

[ - T

Damping in these tests was more scvevc than in those for Experiment 2A. v It was ‘over-
damped so that the pendulum did not osqilldtg. Amplitude was ready by several observers at

lntevvals and vecordcd A more accuratle Keasurc would be to use stroboscopic light and

recovd the posiilon by multiple expoqur03 on camera fl]m The angular displacements coyld ]

then be -taken from photographs. ‘iﬂlf . T

An Q P ,‘, .
A . Curves of displacement versus - time (Btg 2-1t) show the intcvestnng result of an optimum

wall dlameter of 5 inches. Larger dlametcrs ]ead to a partial o°ciJlation whlle th]lcr

ey

diameters are so heav:ly damped, that ihe cy]:ndcr requires too much time to cﬁmi/;o Pebt.

.t
i
&
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“"'“'“'1ncrease the ;mass  or inertia term .as well as contribute to the damping term. -But-as the

-

{ntroduction ’“ , ¢«

)

- \

v v ' Bypariment.ho. 3 _ .

the Lffect of l]uid Forces on Ogclllating Systems

5, e

The abject of:this experiment‘ls to investigate the effect a
sloshing £luid hus-bn a dynamic system. . '

' In the previous experfﬁents the pendulum was §¥3011d mass, ‘gnd the position of eaéh
elemgnt in the mass was fjxed with’ rejpect to each other. 1If, during the oscillation, the
pendulum interacts with a fluid-, the fluid will be set “{n motion through viscous interaction .,
and pressure forces Phe fluid will then move'at a speed which ls\différent from the speed

of the pendplum Jn 5olving equations of-motlon the mass of the flutd ?o excitad, will

Y

veloc1tie$ of the fluld and solid surface are different the effeative. increase 2 1nertia

_will'be different from the actual ‘mass or inertia of the fluid. It can be described~as an

equivalent mass or inertia. This is a diffigult problem to analyze but experimental results
will be aseful in understandlng the behavior. In addition, these experiments provide an

0}

opportunity to examine dimensionless nymbers. oo _
Dimensionless numbers allow generalization from an experimental result For example,

if one says a measured length is accurate to within one foot, it may not carry much meaning,

as it would be good or poor depending on the length measured. If, 1nstead, Fhe error was

one foot in a length of u000 feet, then one can expre¥s this error as a dimengionless num-

berl 1/4000, whlch glveo an indicatYon of theuaccuracy A more.complicated expression is the \*

drag coefflctent of a body mov1ng through a fluid medium. This is the ratio of the reslistance

2
force ‘created by the fluid to the force equivalent of the velocxty pressure E%-. Using

Cp to represent the drag coefficient and A, a projected frontal area of the body, this is
3 - - l N
traditionally written ‘-
7 CD = Dr‘g ? 3"1
' (B ,

In dimensions of force (F), mass (M), length (L) and time ~(T) we see that

N \

N Dpag: = force, I
) ) density of the fluid, M/Lg
& ) v
v

4]

velocity, L/T

. » ’ A = area, ﬁ?
“and ‘ f .
. . B
. i % s E V2o EL 3-2
: S e L ML
[ . ~ M L
( 3)~&r)

"L
There is a redundancy here as we knqy_that'force, mass, length and time are related~by_§ewton's

law as
v . F = M

v
*
=Rl

. - 13 - ?1
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'Qonsgq ontly

IR SUUE * .o CD = s% (;;). =; dimengiqnless. -
. : ,
Reynolds number . . , T
" pvb : N
. v R —
with * : D -= a length (L) ' , ' o -
' W = viscosity ML/T | S -
is another useful dimensionless expression in fluid I chanics; Expe}imental results for the
fluid drag on bodies,\such ps'a sphere, show that a cturve of 'CD versus Re ts independent * .
of the size of the sphere or the prdperties of the fluid. Thus results from a'siﬁgle expebi- o
T “nent éan bé"a'p"p'lied'}:Q;"’Qt.her' similar systems -. . ; S , I " st
Experiment 3A e n ‘ . ' ' f”“\
L - ot

Fluid Mechanigg in a Torsional Bendulum®

- P -,

A simple but effEctive experiment can be made using a common bucket as a torsional pen-
dulum,. The handles of thé bucket are brazed to prevent swinging, and a clamp of some sort J/)
fastened to the handle. Fitting the clamp with a 1/4-20 thread allows it to‘be attached to
the music’ wire of -Experiment 1 to form a torsional pendulum.. H%Nﬁbis i1fustrated in Fig. 3-~1.
’ "Having Zalibrated the stiffness of the wire, the mass-moment of inertia of the pail can be
determined using the procedure of Experiment 1. ) ’
. Neéxt, the bucket can be filled to different levels with sand{op other granular material.
The inertia can be determined using the music wire, and might be graphed against the maas of.
£he sand in the bucket. It is possible to separate the contribution to the total inertia due
t6 the sand. It would be best if a granular substance having the density of water were used
to compare these results to the next part of the experiment using water. ° . y
A more interesting experiment results Qhen the bucket is filled with liquid. This prob-
lem is a difficult 6ne,,but it offers an opportunity for the student to select diﬁensionless
variables and determine their appropriateness. One can define a -linear damping-factor, c,
frém eq. (2-1). Using inertia determined from the sand experiments, and, the wire stiffness
evaluate c as in Experiment 2. It is found from the experiment that this is very nearly
: constant for any given run. The damping factor can bg related to a characteristic Reynolds
‘ qumber and coﬁpéred grapﬁically to determine if'this is a suitable scaling parameter fon the
damping factor. Variations in Reynolds number can be obtained by using fluids of different
viscosity or density and by filling the bucket to diffgrent depths.
A Reynolds number in this case can be defined as the ratio of the torque at the wall due
to the fluid momentum divided by the wall torque due to viscous fortes at the wall.
Then

(mass of fluid) (velocity atwall) (wall diameter) ”
(viscous stress) (wall area) (wall diameter) -
" %This experiment was based on one by Professof William C. Reynolds, of Stanford University  «-

which appears in ref. 1. ’ '

- 7 ' Re =

. "
- 15 -~




K

‘ Introducing the ppoperf?hs from this 6poblem the Reyno}hs number is

- _ ;‘\‘ - Mﬁ; é@i ’i R s ® o,  Jj‘-* whnfmT
y b = bupkét diameter-! v o - _ i
/ »” U = viscosity of;iihuid,’U ‘ N @ - { N\
\ ’ 0 s»'density of liq&id. | | ‘ | ; R
. ‘ & = angular velocity of bucket ' ' - .

S ’. : ]

S - . - R ' . ._ ' Ty
As we require a single value for O, we can recognize that. - N 5 '
‘. - .. é Ay Ty

Awsin wt - . R 3-y

i

A is an amplitude and w® the frequency of the oscillation. v :

e el e .._..__!._u.,_,-.,.__A_.;T__..._.‘..... e e g g
~ : s L : " !

h ) . * . .

or pAwD . " '

| u , 3

Kl
s o

Whether or not the initial diéplacement of amplitude_should enter is a question to.be examined

experimentally. ) v
0 N

, This experiment provides a good exémple of a very difficult problem in which diménsional
analysis is a profitable tool to employ. In fact, by‘éxperimental measurement, the rather loﬁg
list of importéﬁf'variables cah be narrowed. For example, the ratio of spring coﬁstadi to’
moment of ineriia is important, but not these iadividual quantities. Fluids of differing
viscosity and dénéity can be used. In addition, the Sprihg constant can be changed byushorﬁep;
ing,pr lengthening the wire, and the moment-%%,inertia changed by adding mass external to i:e
bucket, so that the dimensionless parameters can be varied in a number of ways, and the scal-
ing laws given a thorough test. ‘ _ .

\~ Technique is not too important. With periods of the order of 5;10 seconds it is an easy
matter to meastire the amplitude at the zero velocitx points by marking on polar graphvpaper,
and noting the time on a stop watch. One must be carefui in locating the clamp to~have it
ahpve the center of mass’of the bucket, lest lateral sw1ng1ng motlons be excited when the

~

torsional pendulum is allowed to oscjllate. With water in a one gallon bucket, the amplitude ¢
is down about 50 percént after about six swings, so the experiments go rapidly. A three-man ] ‘
group can get more data than it can process in a matter of an hour or two.

The flow .patterns during the oécillation can be observed by introducing dye near the
wall and along the bottom of the bucket . Through %hese patte%s, the relationship betweén the

motion of the bucket and the motion of the liquid can be examined.

\ ¢

Experiment 3B '

A Torsional Pendulum with Two Pegrees of Freedom © -

. o : - !
It is simple to modify this experiment to one having two degrees of freedom by connect-

ing .a §econd bucket similar to the first with a second music wire as shown in Fig. 3-2. This
is said to be a system of two degrees of freedom because it requires_ two independent coordin-
ates to describe the position of elements of the system. In this case, it is the angular

position of each bucket with respect to the ground. This system Ras two natural frequencies,
¢ ,

e & S o
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be necegsary to determine the stiffness of both wires by the method of Experiment 1 as $1) as

-»rglated to the lnertia of 1he two masses and the stiffness of the twq wires; that’'is,.tocthe

s .. . : 4 ( T Yopee o
. v ’ . -~ Y 4

' . P

which can be observed iffthe -oscillation is started in just the right way. Normally the

mot.ion will bc the result of oombinations of the two "modes" of oscillation assoclated with

- s ’

the two natural fraequenc ies. Analyqes ang cxamples of freq wibration (no damping) For syetems
of two degrees of frecdom are gjven in most elementary taxts in vibration such -as refs. 2 and 3.

Resulta g%e better.if the two wires have the same or nearly the same stiffneqs It will .

the noment -of inertla of gach mass. ‘The- attractive asp;cf of this sysiem is that tha inertia
of either mass can be changed by simply changing the amoufMt of sand added to, each bucket. _ The
motion will’ follow the behavlov predjcted by the vibration analysis ‘quite well and can- be

natural frequenuy of each 19div1ﬂyalﬂpendulum, . L o “ . ' )
. t

- . R o L. — R R v
- . ‘.

v }_(___ _' .

] x o ; _
To, produce a more complex system, damping can be introduced by adding water to the

buckets instead .of sand. This system is too complicated to attempt to analyze but provides

3

an opportunity to sLudy the motion through eXperlment ' ,

Experiment 3C . . ' N
o T ) ’ N ) ._/\-

ok . . . .
I'tuid Mechanics in a Simple Tendplum . .

The .objective is _to determine the effects on damping of a
. simple pendulum resulting when the mass of the pendulum -
] oscillates through a liquid.

9

A dcslgn cal&g'!ur damping the mot-ion of -a simple pendulum by allowing the weighted end
to_ o 0301llatc in a ]Lqu1d S An experimental model was constructed as shown in Fig. 3-3. It
consisted of a pcndulpnlfﬁcjjlatlng on a hardened steel knife edge taken from an old weighing -
balance. The pendulunr Bob was vectangular in cross section. It was consLPucLed so- the pen-.
dulum bob could be in the position shown or at right angles to it. A large tub was fllled
with water apd p]a@bq under the pendulum so that the bob was submerged for small angles of
oscillation. Teats were then made to measure the frequency and Jogqvithmic decrement in an
efford{ Lo evaluate the e}Tecl on the motion produced by the water, ‘

[ ]

Lor & simple pendulum with a mass, m, assumed to be concentrated at a length’ £ .

from the fulcrum, the restoring force due to gravity, g, is*-mgf sin 0, These forces are

shown in the "illustyation, 'ig. 3-4. Lxpressing Newton's Jaw for the pendulum,
. ’ ?dO “ N e
. mf — = -mgf sin0 3-6
t - - .
*.

For small deflections, 0= sin0 eq. (3-6) becomes

2
- ' Q_g_ + -%.
de” ’

for which the natural f{requenc w s
1 Y )

1 ' ‘
Tow o= \‘5- . K 3-8
n R ‘ A |
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and the period | . .

. T = ?1‘:— - w - . ‘39
: A " '

L .

£ g

»

The development of this golution directly parallels that for ¢§..(l~13 (see also ref, 4).
This &xpression for the period can be compared experimentslly to the.period of the pendulum
measuraed in air. _For.the pendulum df rig. 3-3, thea mdss is notlconcentrateq,aT a point which
will result in a éﬁightly diffdrent perlod from lhat given by eq. (3-9). N

When the pendulum oscillates in the water, damping will result due to the resistance oﬂiﬁ&
the water. In addition, the pendulum will ihducc somc\of the water to wove wifh the pendulum,

a 159 ) N
which adds to the mass in tho cquation of motion. The liquid will also affect the vrestoring

force. Cousequently eq. (2-1) will be written in terns of equivalent mass. damping and

~_restoring force, Me, c , Ke vegspectively. Assuping that the equivalent mass is concentrated

.df

e -

- V -. .- - - .? . - E— - e e e e — -
a dlstance & from the fulcrum, the moment of- inertia about the fulecrum fs Meﬁ and eq. (2-1)

becomes, for small 0,

MEZO0 + CO + KO = 0 3-10
e C C .

Now wa cah express the equivalent mass as the mass of the pendulum M plus the equivalent *

mass effect of water, e, '

. Moo= (Mt oe) : ' ©3-11
: X _
- . N )

Damping is caused by the resistance of the water to the pendulum motion. This can be

. ~ p- v » . A ¢ a ) ’ N
expressed in terms ol the drag coefficient, which is known for flat plates, see ref. 5 or 6.
)

Referring back to eﬁ, (3-1) for the definition of dvag coefficient, Cp> and regogﬁizing
that each Cerm in eq.. (3-10) must be a moment about the fulcrum, then

. 2
. . CDpv
(_‘.e() = (Drag) - L= —5 A - R

o -

A. is the arca of the penhduluy normal to the dircc#jon of motion. But the veldcity of the

‘pendulum bob is - _ . =
Y v = R0 ' : '
Hence T . '
) . ; , .
co = c pd? ag’ . - A
e D Y————e——
2 .
Tvoh which we tconclude that -
' 6DQM'JA B .
~ = - - . . ' 3~ .2
(c 2 P . « J
" \ °

Finally the restoring torque involves not only the heigﬁt ot®the pendulum but the bouncy

B

effect -due to the liquid. Hence the restoring moment for small 0,

. i ) - »
KO = [1ng - (Al)pg] 0 . - | B .
and ) K = Jmg - Atpg ]2 , ‘ . 3-13
_ It'is important to verity that each term in €q. (3-10) has the same dimensions,
i.e.” ML2T—2. o ‘
\ - 1 - '
’ . . 2 9
L3 * \
.’.
: 4 < -

AT
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To relate the quantities expraessed above to measurable quiantities, w¢ can use several
axpressivns from Experiment 2. Defining, for convenience, N ‘ - —
a
'Eft“ b C \
. g .
cquatlbn 2~10 for the damped frequency is ) o B
- . " - -

. . : ] , .
' - . x> _ 2 : ' _ o
o S Wy Vl ()" w, , _ 9-24 '."l%

Combining eqs. (2-13), (2-14).and (2-15),

0
1 i n
“ . o) ::—,Q,nr&u .
n i+n 1-(¢) r

with eq. (3-10), eq. (3-11) is -

Referring now to the expression for S éq. (2-6), the damping factor can be written
Y ' :

,
Noting that w o= Ke/Ie -~

- * Ke - ‘.
. ) Ce = 2T -;;- .
and “
. . - C K
] - 5 e - e
= e w 2
\ ¢ %)

The experiment-

liquid and the equivalent damping from measurements on the pendulum Simple Mysical measure-
ments were made to determine the pendulum mass, area and volume. The Qendulum
swlng In the water. A Polarold camera was used and the shutter opened for a swi\
pendulum. Afttr seVeral measured swings (n) the camera shutter was opened agaln\\
exposure in each case was long enough to Tecord the extreme posifion of the pendulum \ This
4 showed quite clearly as the arm came to vest at that point. During this intdrval, the
‘ frequengy was measured counting swings with a stop watch. The gxperlment can be run witu-the‘
bob as shown in ng. 3-3 or al right anglos to it.
The proceduve for determining the equlvalunt mass and damping were:
1. With liquid properfies determined, the equivalent stiffness,

K,, can be found from eq. (3-13). ' ‘ \

2. Measuring 6 at the two exposures § was cdlculated from

eq. (3-15).
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. , K] 'R
*'3. Knowing & and having measured Wys o ‘was eomputod ,
from eq. (3-16). . T . -
4. Now [ was dalculated from eq..(3-14) or (8-15) as -
® ’ ) : ‘ ('l) 2 b .
o o= (—-—) | y
“ n "

5. Haviﬁg found T, K. and W , ‘the equivalent damping was
found with eq. (3-17). C

6. With Ky and W ‘eq: (3-18) was golved for I

7. From the relation ) , ‘

I o= (Mt oe)t?
¢

a value -for the equivalent mass of the water was found.

o e i s e e e e e et e

Sample results

: nh : N .

Step 1. For the pendulum=shown iu Fig. 3-4 oscillating in water (p=62.h lbm/fta), the
equivalent stiffness is NI
Y - : .
K, = [5.75 - (.018)(62.4)] (32{3)(1.63)
' 2
= 950 lbm—f; )

T v sec i _ {

o - Lbm- £t e
(Note: if Ke is divided by the conversion factor g, " 32.2 = . the result is
' 1bf-sec \

-

7.77 1bf-ft, which is‘properly/torque.)
Step 2. Experifents were made with the pendulum mass as shown }n,Fig. 3-3 and with
the broad edge of the pendulum normal to the path of the arc. For the latter case, the

damped frequency®as 25 cycles per minute and the logarithmic decrement measured from the

' photographs was 1.20. C , ' oo .
Step 3. From equation B-16),
.:’[ . - ‘
w2 ) . s 2
0, 8 .2 ) 1.20 3 . oo
(Kro = [(2") + l] = ‘( 2".), + 1 = 1,101 .
d 4 ‘
LW o= 1.101-25 = 26.2 cycles/in ¥
‘ or 2.75 rad/sec. 'f
Step 4. The damping ratio, equation (3-19 is™ . . -
T r = 1l - 1 0.303

1101 SN \\\‘

Step 5. From @3-17, the equivalent damping was

. , § -
(2)(0.303)(250) _ . Lhm- £t

. Q = 7 T = 55,1 - G
‘ e 2.75 . secz . e~
. S 55.1 ) e ,
.. ‘ ‘ or 3573 1.71 1bf-ft-sec
'
- *
" © - 23 -
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' Step 6. The eqiivalent inertia, I, 1s from dq. : : : o f%b
t : . . <
' ' , ' ' ' . %
_ N P 3
ﬂ !E . - .
. ((0 )" '
. R V4
p \ whigh ia cqu{valaﬁt ‘to a mass of !
) . . . _ o/ e e
- ' M o=n ——ggjii-ﬂ 11, 71 ;fm, L L T
* (1.60) ; :
Step 7. Mass aquivalent of the water is 'r’: , I * ff
t ) . / B 3
.o : -4 = 11.71 - By75.= 5.96 lbm 3 -
2 . ] I}‘ /
i, - Based on the’ results of Stelaon and Mairs (ﬂaf 7) the equiva]ent mass , Mc, shbuld .
X3 e ’ -
(... . have beon 13,6 lbm. This is 14% larger than that Yetermis ed above! . 8

TS " An equtvaleny drag voefficient can be esLimak*d for the plate using eq.. (3 12) and the
computed damping coefficlent 1.71 1bf-ft-sec.” A v&locity is ryﬁuired and the average was ‘

' ” LI

~’agsumed to be ‘wd/‘[— . “ A by - / _ .
Then = a \ : 7 : . .
‘ ' (1.71)(32, 2) 2.75
C. = (0, §79)( )
LD (e, E)(L 68)§— T.u1k ,

= 0301

This ts about 1/3 of what' one mtght anticipate for thé drag coefficient from expcvimental
pesults (ref. 5 ob 6) This discrepancy could be examined by further experiment I§ is
quite likely that a more appropriate way of sclecting "average velocity" could be made

Two additional observations can be made regarding the experiments. Results for the
pendulum turned with its narroﬁ eége normal to the motion were comparable to the above in
btheir agreement with ref. 7, and in the magnitude "of the discrepancy in determining C ~
Several tests were made for each case, varying 6 at the start of the test from Jo to ?20.
The damped frequency was unaffected for this variation in the starting condition.

' L. : ' . “
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" ' \ Experiment No. ‘ s
\ - A
o : Internal Damping_in'Structural Material , ) ' ‘. |
. ‘Prepared by Robert” Graif =~ -
Associate Professor-of Mechanical Engineering. . . ‘
. N _ . Tufts University C . _ Cot
—t N ' N { . ’ . .
v ) v - : o
: " The object of this experiment is to defingzanalytically and ‘ S
measure experimentally the internal damping properties of \ , -
. structural materials. . ‘ . _ s \
Introduétidn '

_ . This experiment brings together, in a laboratory setting, some oongepta in materials
------—---------—énd--dyhamies-~~that _the -studaent. -learns -during his first moyea_ps_pf__engip_ge_r‘ing_e_ciUC_afion e et

Somé of the more pertinent aspecté are

. .
. " {) modeling a beam as an equivalent spring
11) modeling material damping behavior in tarms of equivalent - | N

viscous damping

2 L]

1ii) clear determination of the relative damping properties of
various common’epgineering materials and the possible ’
wvariation of this damping effect with frequency.

{
v

Nomenclature:

'I
m - mass of cantilever beam
' M -~ mass of tip load . ) . .
. y - deflection of tip mass )
% - length of beam, . _ *
"1 - moment of inertia of cross-section ‘ {
N b b ]
: E - elastic madulus of bheam N
t - time o . -
T K —"equiValent spring constant; K = 3EI/23
. . A
¢ - damping ctonstant ) o
e, = critical damping associated with viscous damping, C, = Q@wn
. r . .
W /> undamped natural frequency; ® = JK/M . '
o _ 2 )
P My - damPed natural frequency; cwd = mn _%—C
. - dimensionless damping ratio; §'= c/cC
- material damping factor (dlmensionlesS)
§ - logarithmic decrement® . - . . .
N Discussion
A The basic experiment involves the free transverse vibration ofqa tip loaded cantilever )
 beam and the measuremént of the resultant amplitude decay. The first step in the analysis is
to model the cantilever as an équivalent single degree of freedom mass spring system Fig. -1. ,
! . . ‘ . ‘
. ' . . : . T - é

~ERIC . » = o - 25 - 33 _
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o~ ‘>\\ ) ’ .
Ry~ In the following, it will be asaumed that M>>m =0 that the beam is essentia]ly acting as a
spring for the tip mass M. 1 The atiffness’ or spring coustant, K may bé derived from

‘\"Btvongth of materials" considerations for a cantilever subjected to a tip load. This-load,
vided by the doflection at the tip (x = &) due to this load, gives the following value

of: \K (ref. 1) » .
% \M«

- \\ ‘ k= apr/ed [1b'f‘/1nj . , -1

The qU&ntity ¢ 1is not the usual constant- agsociated with the viscous damping of a dashpot

but iJ related to the material damping factor n that we are seeking to find in this experi-
At

mcnt . However, for tho time being we shall take - ¢ as a constant; application of Newton's:

law to “the single degree of freedom system of Fig. -1 then leads to the follbwing second’

gydan,»iinear ordinary differential equation, with ‘constant coefficients, (ref. 2).

N : t o 2" '
\\:. ) ) ‘ - Ed_.%+9%{_+ ky =‘ 0 -2
‘ ' T dt - / o

A

Normally, this equation is pnt in more useful angineering form by introducing the following
terms: o, the critical damping associated with viscous damping (= 2Mwn) ‘r, the dimen-
slonless damping ratio (=c/cc); and W the undamped natural frequency. Then eq. (4-2)

becomes

. - -
- ~

o .
* 9~%—+ 2cmn %%—+ any = 0 4-3
d .

‘and its solution for a system with an initial displacement y(o) = Yo but with zero ;vel-

ocity (dy/dt)t_.o = 0, in an underdamped situation of [<1, 1is (ref. 2).2

>

—Cmnt cwn
. - : n _ N
. y ¥,© [cos wyt + o sin wdt] A

.

where Wy ts the "damped natural frequency" (:wn l-C?) . This solutiqn represents a
) % -

~

damped periodic function which schematically looks like Fig. u-2. .
The higher the damping constant c (or equ1valent1y { since { = c/c:), the steeper
2 .
v the exponential envelope, and conﬂequentlyfthe vibration takes less cycles to die down. The

rate at which this vibration decays is of importance and, indeed, is the quantity that is "

£
s
ot v o N

lkor a more accurate model which takes the mass m of the beam into account, it follows from
t! . ref. 5, pg. 430, that the’ equivalent mass in the single degree of freedom >ystem may be taken
as (M + .23m).

0 .
By making use of Lvtgonometrtc identltles, it may be shoyn: that this solution can also be
written as - - ¢ a

& w Y -fw Lt LW
S ) y=y~q%nsin(wdt+¢),¢=tanl—i-

w ©
. . ° % ) Ly,

| \ <27 - 35 :
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measured in this lxperiment. Consider the two local maxima Ya and Yg in Fig. N-QS in

. d;‘ —CmntA ’ ﬂ% ;Cwn(tA * %l)
yhich the amplitude chagges from Yo = Y, GZ a :- to yB.= Yo Eg-e ‘d . Note
that y, is a constant factor o~ 2MLW, /W

d times Y This factor is the same for any two

consegutive peaks. Therefore, in general for any two adjacent peoaks, vy and Y4l * the

n-
following relationship holds,

y 2MLw /w
n = e n 9 : 4§
‘( yn+l :
- -~ Taking the natyral logarithm of both sides of this equation introduces the logarithmic'
decrement § - AT e . . —— i
5= in Y i 211Cwn ) .
Yn+1 % k -6

‘ " - < om | )
Thé magnitudes of the adjacent peaké may ,ba picked off the response cyrve Fig. 4-2 and the
logarithmic decrement‘calculated; substitutiyn into 4-6 widl then yield g, which is a
measure of the damping in the sysfem.

As will be seen from actuaL-experimenfal'output, the adjacent peaks are so close togther
for small damping (7<<l) that it is quite difficult to obtain accurate results. A better
technique is to pse_xwé'peaks Y, .and Ynsl at are-Separated by enough cycles so that an
accurate measurement can be made. It is easy to show(ref.2), that for this case the

r

logarlthmié decrement § is
¢ 4
’ y : \ _
Lo, 1. om | et

k n Yn+1 - JIjEQ

Finally, for small damping [<<1, we may approximate eq. (u4-7) by ' ;

,

. ) .
. 1
L= - é .\
. ) Zm , -
) R4 2",;—“-“- £n !
] yn+l N t !

4

As has been mentioned previously, the damping involved in this experiment is basically
-
due to the inherent internal friction property-of materials and is not associated with any

: i : ., Ceas . . s
£ external ‘mechanisms. We may now write the dissipation term «cg%- in eq. (4-2) explicitly

3We may assume for engineering purposes that these local peaks Yo and yy are tangent to
the envelope curve

. W -Tw t. . o
y=y —e¢ T
. O(L)d

1 _ ' ‘ . . )
'Coments on some possible energy loss associated with clamping procedures and also air damp-
.ing is discussed in the following "Experiment' section.
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for the materidl damping property that willf be measured in this experiment. From previous N
experimgnts on typloal engineering materla]siit has been obsérvgd that the energy dissipated
in a typical engineering material per cycle of fprced.siﬁﬁsoidal vibration 4s independent of
the frequency and is proportional to the square of the amplitude. Covsequently, we model the

material damping force as independent o6f frequency and proportional to aniplitude,

)

Y. © mateglal damping force = -

=
=1

M

= y-9
[{\]

where n is the (dimensionless) material damping factor, and w is the frequency. The

damping force, as e%prossed by eq. ¢4-9), is obviously independent of frequency since for

forced sinusoidal vibration the velbcity dy/dt is directly proportional to the fréquency w.

We may now carry these concepls over to the present free vibration problem and replace the R

démping_copstant ¢ in (4-2) in terms of an "eéquivaleni viscous damping" basead on (4=9) - -

/'/

. 030. . ¥ s i
Mdz o d \\‘\ ' | ‘ y
=L 4 e —l- + Ky =0 4-10a

.2 dt -

dt

/ . Md2 Kn d. ’ )
—_— = 18—

——J’—MQ + o, 5% tky =0 1-10b

Introducing terms in a similar fashion to that used in going from (4-2) to (4-3) and

- .
assuming W = W,, yliolds

kN
2 :
d_Y_ +  2Lw gy_ 4+ W ?y = 0 - b : - 4-1la
2 n dt -n .
- dt
- r = n/2 - 4-11b

Combining (#-11b) and-(#-8), the damping ratio [ is-eliminated giving a relationship between’ *

n and two peak amplitudes yl cand y .

. y ~ ‘
n = 1%;‘- n 1 ) . 4-12
' yn+l

Equation (12) is the relation that is used to calculate the material damping factor n

Bxgeriment

The basic experiment Involve the monitoring of the free vibrations of a cantilever

+

beam carrying a heavy mass at .its tip. The material’damping factor N is then determined

from eq. (4-12). It is also of interest to determine bossible varigtions of n with fre- .
quency of vibratiog¥ This frequency variation is obtained experimentali?\by changing the
magnitude of the tip mass5 or shoptening the length of the beam. It is inherent in the

ww

discussion involving eq. (#-9) that n is independent of frequency. (Expérimgntal results

A
-

x

From a study of gravity effects it may‘be shown that decreasing the frequency by increasing
the tip load will yield accurate results.as long as g/ < %., j=.e. the beam frequency is

‘greater than the frequency associated with pendulum motion. This equation serves to put a lower

limit on the frequency range. .

. . s I - v |
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an onginoqriﬁg materials sat low frequency, i.e. between 2 and 100 cyclea per second tend to
confirm thiqurequency independence, (ref 3)).

A schehatic of the apparatus used to obtain data is shown in Fig. u- % "

The cahtilever is clamped securely ‘to h nassive structure so that losses due to this
connection ape minimized. Some researchers have reported good results, (ref 6), using a
beam with anienlarged end. which is then clamped {o'a massive structure. Strain gages are
glued to both sides of the beam near the clamped end (BLH SR-U gages with Eastman 910 adhe-
give produces good results). The gage leads are attached to a bridge circuit so that the
(strain produced) change in the res{staﬁce of the gage can be measured with,precisio?. Al- -

thbugh self-temperature-compensating gages are the most desirable, temperature compensation

may be attained by attaching the leads from the'gages to the two adjacent arms of a four arm

bridge, (ﬂef ). "This set-up also has tHé“Ethnfége"Bf”élimiﬁgfiﬁk"éfFEiﬁé"h§§6613¥éa'Wifh"m""'

longitudjnal stresses (as opposed to bending stresses). The deflection y(t) at the tfb of
the beam and the'strain - e(t) from the gages are both linearly proportional to tip load,
and hence linearly proportional to each Q&her.e The strains aré then amplified_and sent to
a strip chart recorder so that a 'hard copy:“of strain versus time can be recorded. A very
convenient device that combines.both a bridge and an amplifier circuit, and is specifically
built to accept strain gage input, is a Type Q Plug-In Unit for use with Téktronix oscillé—

scopes. - This wunit minimizes problems associated with calibration, balancing, lineafi;y, etc.

The typical chart recorder that acéépts the amplified signals records-on heat sensitive paper.

Chart speed is variable so that maxXimum accuracy can be attained in reading relative ampli-
tudes. Good results have been obtained using a-Sanborn chart recorder, Model 322 Dual
Channel DC Amplifier-Reébrder.

It should be noted Fhat for metals, which typically have gmall values of n, the
damping associated with air resistance can be of imporfance. For accurate results one then
has to consider a vacuum enclosing system around the beam. A typical device would be a long
glass tube around the ‘beam and base with an attachment leading to a pump . %he vibration may
be initiated by uUsing a bar magnet outside the tube to attract a strip of iron attached. to
the beam. Another “way to start the motion is by displacing the .end of the beam with a thin
conducting wire and then sending a high current through the wire (using a battery source);

a highqenough current will melt the wire and start the beam_vibréting.

A %ypical specimen is a wood (pine) cantilever 7" in leﬁgth and 3/4" by 5/32" in cross-
section. The natural frequency is aboﬁt 70 cycles/second (simply let it vibrate without any
mass at the tip and count the cycles on the chart paper). Shown in ffg. 4-4 are actual test
results for- the beam with response frequenciés of 16 and 30 g¢ycles/second, respectively (the
chart speed is 100mm/sec). It may be seen that it takes about 20. cycles for the amplltude
to drop 50%; substitution into eq. (4-12) leads to a value of .01l for the structural damping
factor n. It is sometimes difficult to read the curves if the zero point is slightly off

line, as in Fig. 4-4b. To alleviate this difficulty one can read the double amplitude. (on both

1
Y

6 e . .
The actual constant of proportionality are irrelevant since only the ratios of strain (or
displacement) amplitudes are necessary in the calculation of the material damping factor n.

.

J

/

¢

- épgw ' . | E



(@) 16 cycles/sec.

(b) 30 cycles/sec.

Strip chart records of damped oscillations

Fig. 4-4
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. »\;r;.}"v“ ‘sides of té’ zero). Further testing with differsnt end masaea verified that this result
Cd ";‘ \ .
:‘ r‘cmghly A dependent of frequency. These r‘esulis are plotted in rig. 4-5 and agree
—— ".‘.' 4

B N .
R ﬁ; .= 2.0. ”‘1}\0 values of n for common metals such as Bteel and copper would fall

\, an order o,f‘ magnitude below this value for wood (thereby necessitating a partial vac-

'w. .
uum u.vir‘omhejt w maintain accuracy) while a hard "viscoelastic" substance syjich as poly-.
. meth h;ei;hac ylatﬁ,@ucite plexiglass) would have n about 6 to 10 times as hjgh as the
val }"m’-ﬁ 00d. Segl typical values of N baken from experiments and ref. 3, are, shown in

Fig‘:'_ :

_t shoulc . pointed out that viscoelastic materials such as lucite are quite

T T T R8N B : b envglron ntal- coaditiens, 4n-particular,--the-temperature. .. 'I‘his leads tb_saome

e

difficul't in repro?étﬁng resu1ts for different specimens under different conditions, but
it should- ‘bk\ of 'jntevdsﬁf }o the students to try to quantify thege effects.
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Experiment No. 5 . .
- .. . .
Oscillations in a Manometer Fluid
Introduction R < . .

. N, _
One of the problems ancountered with manometers {3 the oscillaitions that can ocour when

the pressure boing measured is changed suddenly. Instgad of coming Lo rest, the fluid.qgcil—
lates, un&i} the natural damping causes it to come to rest. In this experiment we ﬁréan; to .
examine tAe ralation between [luid viscosity and the damping.
Consider\the simple manoﬁelor shown “in Fig. 5-1. A coiumn of liquid of length £ and
R having dénsity' o} is contained in the manometer as shown.  lq¢th; analysis gt will be aggumed
« that Loth ends of thn U-tube arc open to air. We shall neglect the mass and damping of {he~
~air. Vlor the present we shall also neglect the damping fii the "11gutd; ~ The f1lustration shbug = -

the fluid oscillating wlth the distance from the squilibrium level to the liquid level equal

to h.' _ ) ’ ( .
The made of ‘11quid oscillating is ¥ & o
_— ) nd2£ ) ~\\ ‘
R ) m = ——Triz - 5-1 ;
whcrev d is the'insidé diametor of the tube. ' . <

If we consider the pressure on the surface of each leg equal, the force due to the difference

- in levels, ?2?h, which -terds to restore the liquid to a level state is.

™ . 2 :
p . 2hnd pg . : 5-2
. o h QEE ; )
. . a%h _
Writing Newton's second law for this use, using h = —5 as the rate of acceleration of the
. . . ‘ : dt : .
liquid, we obtain the expression .
200 Yaq? . .
LIS NN S SR N ‘ 5-3
I I
or more simply T ! k
A S ' h + 2 %“h = 0 _ 5-4
-7 . - a * 3 ’ (] N . ’ - - .
For ‘more detail about the dévelopment of the equation and its solution see ret. 1. The .
solution of the equation indicates that the oscillation is sinusoidal with a frequency,
e o 3 3 [y 3 . ’
o s the natural frequency. For an initial dlSplSCement- ho* the motion is ' - N
h = h sinuwt o - 555
0 n .
e ,2 -
- where w =.‘q—&
, n L .
' - . * !
. The 1iduid contributes damping due to the viscous-action-along the tube wall. Assuming T3
this to be viscous damping, which means that the damping foree is prubortionak*to velocity,
h, such that the damping force equals. ch, Newton's second law becomes
' cr ey 2 - ’ .
.o : - ‘ he = h 4zkh o= 0 , - : 5-6
. m 2 2 : . o
~ : » : L T
. For a discussion of the solution see ref. 2 or 3, and Lxperiments 2 and 4. lor damping less

¢ -
’

‘ oA
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than critiocal, .the damping ratio can be expressed
! : ‘ o

- [

. where C, men, the cripical dq@ging factor _ B

A
B Wy * ‘frohuency of damped gystem :

' ‘ N w = frequency of undamped system (the natural
~ & t 6" . » . .
. fr?quency) 0 "ig _

Referring to Lxperiments 2 or 4, it ls possible to measure the logarithmic decrement,

-

ey e 6 ) and 'C'Om'pu’ta - C '—'from" 'it;'as U .._:.__._ e i R LRI LR RO,
N Y i. . 2 5.8 o
- l . - in i Lie jr!

0 N ¢

Cn
i
=3
Py
3
[}

.. The ichoice of procedures will depend upon the amount of damping. Tor very light damping,
H t
Co U and wy are nearly the same, making precise evaluation of eq. (5¢%) difficult.
Having found [ , it is possible to determine the damping factor ¢ by evaluating

~

w eq. (5-5) then ¢ . : .
n Q- ) c .

' Experiment 5A ’ ) _ - .

Lffect of Manometer Geometry on llamping Factor
2an try. ping

o

The objoctiye of this experiment is to determine the effect 3

on the osciMation of liquid in a manometer produced by
changes in the length ang diameter of the liquid column.

This experiment will involve a single liquid in an open ended U-tube. WYater Is suit-
able. Now apply a pressure to one leg and releasc it shddenly. This will causc the column

to vibrate. The tube will be filled with diffevent amounts of liquid, thus changing 12

For each & , the frequency,. ® will then be measured and the natural frequency wn

d b
computed from the expression developed above. TI'rom this information valoes of c/cC and

¢ -

¢ can be computed. Now plot, versus liquid length & , mn., c/cC and ¢ . Try to

establish some velationship for c (). .

- ~

.
Por low frequency and large damping it may be practical to evaluate wd witﬁ a stop

watchy then to determine ihe damping ratio from eq. (5-7). Tor other cases it will be
necessary to geterminae the logarithmic decrement which will require determining the amplitude

T at specific times. Optical measurements provide an accuracy with no disturbance to the
dynamics.v-This redujres that glass tubing be usead withicoloved (or opague fluid). Dye can o
‘be édded to clear fluids. One techiique is to use a photo-electric cell, mounted so It may
be moved vertically. When the fluid is between the light‘sou¥ce and cell the signal will be
interrupted. By positioning the system so that it is just intervupted by the fluid at the
top of its oscillation, the pé).in't c‘&n be detected when the Fluid stops jntel‘lggpting the beam,
and this height measured. Quickly relocating.the Eoll, and counting oscillations, 'n ,'a oo

second point, hn+i can be measured and § calculated.

O - 37 -~ .
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e < Using a Polaroid oémgra'(ob bétter still, vidéo tape) wigh 3000 film, exposure oan Se
L - made at. two successive tdmes. This will require advancing the film for each exposure.

v , Exposures must bes made by opening the lens rear the top of the oscillation for sufficient
'K/. S time for the fluld to reach its maximum.height. .With- a saale m&ﬂnted beside the m;nomatop
the height of the odcillation can be measured from each photOgDapﬁ. With video thpe the N
.?ecovded pictures can be replayed frame by frame to determ#né the &aximum haiéht at.two }
Alffereont timos. Clése-up lensas an theuvidoo camera will iMprova'the acoyracy of the méas-
urement. In'either case, better dafinition can be obtained by liﬁhting with high freYuency
stroboscopic light. "
~ Another problem which should'be examined is the effect of fluids which wet the wall
Non-wetting fluids will behave more like the model. Jt may be possible to treat the inner

‘w@IBFﬂ%tMETEFM&ﬁh&WﬁEﬁHWWﬁﬁﬂ“”“ - R
Au alternative experiment might be performed by repeating tbis experiment for tubes of
three different dliameters, and to establish the effect of the {ube q}ameter on the several -
‘ variables. "

What might be of more interest is to relate the damping' c tgo the wetted area of the

manometor tube, wdR . Plot the regults of all tests with damping as the .ordinate and wetted
. surface arcea as the abscissa. Does there appear to be a consistant relatlionship between them?
Experiment 5B . . ' ) ;

The Effect of “iiquid Viscosity on Damping in a U-tube
" The objsct is to evaluate the affett of fluid viscosity on
the ddmping of oscillations in a U-tube manometer. - ’

3

In Estperiment SA, the objective was to determine if damping could bé related to the
« tube geometry; and'in particulaﬁ, the wetted surface area. Our next objective‘is to evaluate
the eifect of fluid viscos {ty on the viscous damping. fo accomplish this fluids of.diffarent
viscosxty‘WLll be caused to Obclllatc in the U- tubg, and the damped frequency or logarithmic
_decremcpt m%apuvcd. Tube diameter and length of 1iquid, & , should be kept &onstant for
each of the {luids. "This will cstablish a single value for W “and-wetted surface area.
From separate measurcments or tabulated values, p and the viscosity, Q‘, can be found.
Now determinc the damping factor c. F‘}lc should be used with less thén criticdl damping.
Try mercury, and silicone oil.- Select fluids for which M is kﬁéwn. Graphs CaQ-be drawh of
damping factor VOPbUS Vchoslty Once'again, the question is:- Can a relétionship between
these properties’ bc ‘established? If go, what is it? Furthermore, can a relatioﬁship be
. - established for damping'which includes both wetted surface and viscos%}y? Measureuments cgn
- be made with various & and a for séverai fluids In order to evaluate this relation.
An additional exercise can be done with the mOPe:ViSCOUS fluid. That is to try, by

extrapolation and experiment .to reach critical damping. Now compare the result to the
) . N 4 > .

expression for Cyo . .

C = 2mw -
C 4y ) n -
-~ 0 )
Y
- 38 - 3 - &
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Modifiqation ofrtho System to Increase Damping ' _ ' ' . 2

i - e

Experiment 5C

’ - The objective is to introduce damping with a small
restriotion to the flow, and to evaluate its efifect on
the oaol]latjon of f%uid in a U-tube manometer.

One way to increamse damping in the U-tube manometer is to introduce an orifice into the
‘ system. The réstriction impoaed on fluid movement will reduce the response of the instrument,
= but will glso provide additional damping. An orifice might*pe used in the base of the U-tube
to restrict fluid flow from one leg.to the other. In this experiment;'the‘restriction wilt .
be placed in the opening to atmosphere on one lai. Conseduently, air disblaced from one leg

by the fluid must pass fhvough the orifioe to eaoape or return.

We seek, experimentally, answers to several questions
1. What is the effegct of orifice opening on the time for the manometer
v to respond to a pressure ohange? A variable orifice or val®e should be used,
with response time measured and plotted versus some measure of the valve . . .
setting or orifice opening. What fs really needed here is to minimize the
time required to come to an equilibrium state when a change in pressure is
a S made, and it is that which should be measured. It may be that too much damp- .
ing will cause thig time to increase. Is theve an optimum? Use water as the

fluid. ° ’ ) .

~

2. What isa,the effe¥t on response time of the size of the air column of

he restriction?

3. What effcct is obsevved by changlng the length of liquid in the U-tube?

Devise a method for evaluating "the response in terms of these variables, and conceive

%cthods of .expressing the relationships among thom in a clear way.

v References

'F .
1. Thomson, W.: T., Vibration Theory and Application, Prentice Hall, England Cliffs, i&
CON. Y. (2969, pp 3-11. = :
2. 1Ibid, pp 39-Wil. .
3. Church, A. H., Mechanical Vibrations, John Wiley & Sons, N. Y., N. Y. (1957), pp u46-58.
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Experiment No. 6 - )
. i . . N . v
. Accalevation of a Spinning Disé .
¢ A machine Is to be dasigned In which a disc is to revolve in free aiv. Il is nocéssamy SoTT
. . :
to determine the power required to drive the disc as a function of the speed of the disc.* Tg
. [ .
make this evaluation an experiment will be conducted usingfthe model shown In Tig. 6-1. A
circular disc {s mounted on a shaft. ‘The shaft iz supported by two bearings, with the disc .
) -
ovarhanging as shown. Finally the syatem is mounted to a firm table. A .
. Ixperimont No: GA .
Dotermination of Frictional Effects
Thé\bbjact of this experiment {s to measure the frictional
raesistance on the dlsc and then to exprass It as a Tunction ’ R
ef speed. )
The test will Involve bringing the disc to some angular speed, then allowing it to
deceleratc due Lo the air resistance and bcaﬁ?ng friction. The rate of deceleration is pro-
portional to the torque applied Ly these vesistlve forces, according to Newton's law:
: -
M
. “la = qun) ' - 6-1
, . where 1 = the mass moment of inevtia of the system
‘ , about the axis of rotation
o .
" ' a = the angular deceleration
: -
. _ : tl = torque due to friction forces, a
' function of the angular speed, w. .
” - e v ) . ' - id
Inertia of the disc and shaft can be found by calculations, knowing the geometry and !
; density of the disc and shaft, or it can be measured by meank of the calibrated torsion wire
C . Lo . S . 2 . - '
ol Experiment 1. Lxpress it :ﬁ lbmalnchgf/, 1t is necessary to measure the accelervation.
. . . <
This is more difficult to do than to measure angular velocity, and it is known that accelera-
. ) g -3
* tion is the time rate of change of velocity. In terms of infinitesimals, tt is the derivative
of velocity with respecl to time: . <
)
dw
. . ~
Q = 6-?
PR i dt 27
+ ‘ A
. where w = angular velocily ) .
. ! L = time ., ,
One soon learns that derivatives are difficult to evaluate experimentally or graphically as
these usually éntail measurcments at discrete time dnlervals, or approximaling tangents Lo
graphs. 1L is now a question.of making accurate measuvehents of angular velocity, cither al
' “discrete Lime intervals or Continnon{jy in time.
¢ :
Procedure suggestions
) o Some peasuring schemes come to mind” quickly which extract excessive amounts of encrgy ‘
from the sytem. Thus, the instrument contributes to the resistance giving a false vesult. b
Instruments. in this category include mechanical or electric tachometets. A simple revolution
. *
counter can be made by attaching a small manget to the shaft, which will pass a pick-up coil
< . . . . . -V ’
' ( with each revolution of the shaft. As it does, an electvic impulse is induced in the coil by

) . . . N e : .
[]{i(j\fthe magnet which can be‘used to drive an eled¢tronic impulse counter, or.to produce- Lissajous
- ' - 4] - . N .

.
Aruitoxt provided by Eic:
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pattarns oun an ogcllliscope ( ref. L and 3).
. - : 4
Another aimple speed-measuring tochnique which can be employed 18 to use a Strobotac to

bring a mark on the whesl to an apparently stoppod condition. Ono soon learns it is better to -

sat the frequency of the strobotac and measure the time at which the wheel spaed becomes syn-
chronous, rather than tpying to measure the tlme-varying speéd at a given Instant of tipme.
This is best done by setting the strobotac to a frequency, say 600 flashes por minute, then
marking the time that the mark on the disc appears to bae stationary. A single mark will
appear al 600 rpm. There will be two marks at 300 rpm; four at 150 rpm and so on. This haé
the advantage of spacing the readings more closely in the low speed range. Repeating the
teat with the light set at 400 flashes per minute, wilT &HI1dw measuvément at’ 200 rvpm, ibO rmp,

atce.

-

Determination of resistauce

It is now necegsary to dotermine »a .from the time~velocity data. This can be dene by

: apprgximating the derivative by a finite difference approximatjon

w, ~ W
, dw o ? 1 63
. == . -
‘ -~ Jau ., 41
N 2 1 :
3 :
where the subscripts refer to successive measurements. As an alternative, data gan be plotted

dw . - . ; ‘ :
and tangents (E;Q measured. An improved technigie would be to fit a second degree polynomial

through three successive data points expressingidf (1) as
2

w = A+ A U+ A T ‘ G4
o ] 2 : . ‘
! With the coefficients Al and A2 determined .
dw - .
— N A+ 2A -5
dt 1 2t K 6
for a value of t in the center ol the two-step intevval. ' J -
. Now the value of o in eq. (6-1). can be found for secveral values of specd w , and
a graph c vs . W can be constructed. [t might. look like Fig. 6-3.. Notice that for the

1
units of ¢, (w) are in 1bf-ft., which requires that the inertia of the shaft and disc, 1, be

T 2 2 . . 2
-converted to*slugs~f1° (1Lf-scc”-ft) and « to be expressed in radians/sec” .y

Sample resulls

e

An experiment was conducted using a solid aluminum disc 12 inches-in diameter having
o 9/16 inch thick annular r»rings fastened With scraws to the fpont'and back faces. These
rings had an Sutside Qiameter of 12 inches and an ingide diameter of 8 #uches. The disc
assembly was faétunod to the shatt of -the apparatus, fig. 6-1, and a pulfej was fastened to
the back end. The asscubled rotating parts had a mass moment of inevltia of 0.0751 1bf-ft-scc
or 2.ul9 lbm—ftQ. Using an eleclqu motor dnd a v-belt drive, the sfétem was brought to a
speed of ‘about” 1000 rpm and the belt slipped off the pulley. Using a strobotac, and the
technique described, the time requirved to dece]gratc was dolornﬁhodf ' It is shown graphically

~ .

in Fig, 3-2. .

v ' v

\) ~ - . ‘r- .
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From points on the curve, the acceleration was computed by eq. (6-3)." Patting I C
and a in eq. (6-1) o(w) was calcylated. Results for o(w) are shown plotted va. spbded
- - %o - 2 2 . i
By . in'Fig. 6-3. For 'I'% 0.0751 1bf-fr-sac” and "o “in rad/sec,  c©(w) - is expressed -in-ibf-ft - -—
4 \ ) . l . v
Experiment No. 6B » I N .
A Least Squares Curve Fit - ‘ .
. The objeot now is to use the data for c, (w) " from the previous . St
experiment and express the. functlohal reiationship as a poly- ' N
nomial “bf degree two using the method of least squares. ) ' N e
. : ; . oy
The form of the polynomial is .
c, (w) ma+aw+aw2 6-6 . . °
. . U NSO o SN S-S - e et
. - & . * ) . . , -?\i
" : The method of least squares is described in refs. 2, 4 and 5, and involves a seleation of w
. the coefficients fao, ;] and a, such .that the quantity, : ' ' ' B g}
. A ' N ‘ e ) ~ ’ of
] P ‘ ' ‘
2 - .
« 0 - N ~ 6= -
kgo (a_ + ajw "t oa,w Clk) i _ . 7 ?
' ¢ . ﬂ@?r “
15 a minimum. Here the_clk are fhe_values oju ¢y computed from the test results_at the . :
w - There are a total of n such pointsf The method requires the solution of a set of ¢ '
i © * 3
” simultaneous algebraic equations, linear in the unkriowns as ai and 8, )
. - ' " 4
; S PRI
( n?o ot 'alkéowk . + Qk_ow " =l ST LA |
5@ B n. )
- L\) = - =* ) 6- “" “
% Kok ' 1k20“’k i avkgo‘”k k2o “1x“k g
. : ‘ < - ' @ , *
n 2 n 3 I ‘o 2 N -
. z = 1 o
aO kgomk * Jkgowk M 2}( owk k):‘o Clkwk .
. o | t \ :
- The procedure then is to take the computed values of 1k and the- corrcaponding B
" v kx
w, and detcrminc the "best" fit according to tﬁc crlterion of least squares. The values -
of A @ and | Ay will be found using the eq. (6~8) These will then be-substituted in
.eq, (6 6) to gmve the second-degree polynomial hav1ng the "best” fi{ ’
Sample results-. » ©
f For the data plotted in Fig. 6-3, the expression for Cl(w) was found to be
n : ) Cl(w) = 7.6 x 1072 4 7.5 x 107° + 2.05 % 1070 w?
~ N , ) . . i . -
A Experiment No. 6C “ ; ) .
6 . . ~ 2
Evaluation of the Effect of Air Resistance
y
The objective here is to determine the effect p given area
change has on air resistance, and to determine hgw the
. . coefficients of the resistance équation (Experiment 6B) are .
_ o affected. . . ) ' -
Y s Fy <3 . 8 . )z‘ . )
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Variationa of prerimant 6 ocan be introduced by altaring the air peaiatﬁnce of lba‘diao
through the addition of vanes or apoilers to the.disc, .or adding roughness to the flat surface.
- v Such changes would®effect the air reajistance which vould reveal itaelf by changes in 0 (w). T

-+ » Another variation is to conatr\uct a disc having tho same maqa and same’ moment of iner\tia but
.a different diameyer. In this way the beaning vesistance should remain the same as for tho g
first disc, but bécguso the surface area has changed, Lhn alr’ vasjstance wi]l be chnngud . L
. In this way the air rbsistance'can_be isolated from the be g friction.
One meang of changing the disc area without changinﬁs or fnertia is to construct
an annular disc as illustrated in Fig. 6-4. For examﬁle, suppose thé material of the apnuldr
. d@§c has a densiiy 2.8 times thal of the firet (Bteo%/&luminuma and the edge discs ageﬁl/e the

. thickness of the Fflrst disc, then for each value of outer diameter there is a certain inner

|
]

dimmeter which -will pboducc-discs-with~mass"and—inertia-equalnfo~a75011d-discﬁ~—YaLues—of~the~——---~
inner radius, r,, are given for several choices of r, in the table.below.  The radii are
made dimensionless by .expressing them as the ratio of the radius to that of the plain disc.

Outer and {nner radii for amnnular disc having mass and inertia of solid

- disc of radius ‘R. Radil are given in terms of the ratio to the radius

of the bQ§{d disc, . 5

r = inner radius - . , = Outer radius

"] R 2 R
r, , ry
0.9 ' .795

x ! .
0.866 (3/4 area-of solid disc) - .723
. 0.8 . . ' " .51H \
F .

0.773 : T 0. (8011d disc of

3

dense material)

Notice that if r, is .773 tdmes the vadius of the first dlSQ, the second disc is solid. .

An amular disc was conbeuctud ~from stcol w1th an outside diamoter of 10. 3Q0 inches and an

inner diameter of 8.6 Jdnches.. For thc solid disc having a diameter of-12 inches, this cor-

. \

re%ponds to an outer radius ratio, Ty ot +866. This results in,the area of the annular
- ) .

dlbc belng 3/4% that oi the solid disc.

Values of (w) arc again determihed e\peplmentally and compared graph1gdlly for Lhc

two discs. Locffic1cnta can then be obtained for Lhe second degree cquation using a least

»

squares criterion, then compared to those found for the solid disc. The question of which.

coefficient in the polynomial is most affccted is of importance to évaluate how air resis-

tance contributes to the total torque. The ¢hange in resistance can be related empirically
to the face area of thc dlbub ’ - . : - ' :
. " *w
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. Expsriment No. 7

“}u{d Erigtian in Plpo Flow

\ . e e e A ————— . — I e e

* In this oxporimont the objocttvo 18 to reprodqpe the well known
cuprve of Priction factors for f£luid Flow in circular tubes. The N
tubes will be made from sections of glass tubing or’ OOppOP tubing . ) W
with short connectiouns for’ attachipg a manomstér, oo

the flow to stnbtlize and develop A section of tubing’ﬁxtended 10 inches beyond the down-

The test facility | o o - L} ; S
= A - o - R : . .

\s o
A sketch:of the test set-up is shpwn in Figl'7- l For this-text, &/16. ooPper*tubing by
was used having an inside diameter of 0.137 in. Prassuve taps weng looated 60 7/16 in. L
apavt and there wag a seot{on 25 inches™(79 diameters) upstream of the first tap to allow L Y

gtream tap rhe taps were connected to a U-tube manometer with an entrapped alr bubble as

shown, on which pressure drop was measured in centimeters of water. At the downstream end, . LR

the water was collected, and measured over’ a g{ven time intepval From this.the flow rate ~

could be found. The tubtng was clampedfto a table and levaled. b '

Water was SUpplied from a constant head tank This ocan be constructed easily, and
proves to bé' a useful tool in the 1aboratory A S5-gallon dpum with an open top, such as a
paint drum, servas for the tank. A X-ipch diametev ovérflow tube extends through the bottom
In the tank showﬁ the Lube could be slid to any level by a collat arrangement A threaded
knyrled ring was used to pull a rubber, O-ring. seal tight around the tube, which secured the ,

tupe in place. Also on the bottowm of the tank a tube oconnection was fastened. for the water

outlet. Water was'shpp}ied,by a hose having a perforated §leeve'9ver tha ouflet to act as a |

paffla. A venticai plate with openings at the bottom acted as a‘second baffle ko-sepgvate LA
the disturbances set up by the inlet flow fro.lp"the overflow, and outlet. Finally a gage |
glass was attached to permit obServation of the watef level in the tank. The tank was ele-
vated on a stand to provide the elevation necessary for flow. Position of the tank oh the

stand cdéuld be altered for head;chqnges with fine adjustments in head made by changing the

v -
.

h%ight of the overflow pipe. i o .
¢ ' - ‘
Test procedure ) , “~ ;

The level in the constant~head tank.was first established and the manometer readlng and
flow per unit time were measured The level was changed to provlde ‘a new flow rate, and the
new data recorded. About one mlnute was allowed to stablize flow before ﬂeddlngs were made.
Flow was collected fov one minute USlng a stop watch, and the volumu was determlned by

measurlng in a graduate Water Lempqgature was Pecorded in order to establish the viscosity

of water., ) ) . ‘ : )
CL : : ' .

Calculation procedure ,
.

Velocity, v, was calculated as ' ' »
v = %-, ft/sec. 7-1
’ .. 'where §) = volume flow, ft /sec.

=
i

2
cross sectional area of tube, ft;. .

\ - \).l_ T o0 ’ . . . -

sty o

«



..Zg..

] _/,
MANOMETER «

L)

TUBE;

“VALVE

o -PERFORATED. s

 OUTLET

PIPE

: - CONS E ® ‘
|
|

GAGE —]
GLASS

— ——

TANK!

HEADL '

PIPE

COLLECTING
- JUG

N Y§§§V§VN§§§$<§S§§§§§§§§§§§;Tii>\\§§:\§§§§§§§§§\flNK ‘ |

cen - | !

FIG. 7-1 IEST FACILITY FOR DETERMINATION

" OF FLUID FRICTION IN TUBES

Ta

oy

L ) suPPLE
S R BAFFLE
‘ ' /KNURLED

ADJUSTING
KNOB

L
OVERFLOW

S

/. 4+—STAND -

-



P 4 11 2t b
S Ly Ay
«ka A

o O L e & R S B Sl sttt Bt St A e s R

'd .
Nextthe Reynolds number was found L U
D - « !
Ro = yo ’ 7.7
v : _
‘ where D = pipe diameter, fu.

= kinematic viscosity ftz/sec. at the
watar temparature

. It L
Finally the friction fagtor, f{, was found from the definition

h

- ' . . 3
I p——— - 7-3
- (ky ¥ »
D7 2g .
where h, = pressure drop duc to frictlon, ft. \

s L = lgngth of Lubg between pre gsure Lqps, i,

. —— .? - - - -
accclevation duo to Fravity, 32. ?(t/sec '

- \-1 Al N .
v and D are as defined above. 8

[+ =]
1

'

Friction 1autor waa thon plottod against the Raynolds number on log-log graph paper,
and the Pcoults compared 1o’ the Moody dingram found in any elementary text on fluid mechanias
(for example pof, 1l or-2). : : N
Some resulls _ & . o

!

4

A word should be said about units and “dimensionality, as it is an importamt educational.

aspect of this expériment. Both the Reynolds number and friction factdr are dimensionless and

thelr importante should be emphasized.

v ' r 1 o N
Furthermore the units must be consistent, and in this experiment some conversion has

.3
been necessavy. As Q was taken as cc/min. it is necogsary to convert it to {t /sec.

Hence, for the 0.137 in. diameter pipe,

3 3
[ ‘-] LO 06102"1”,1;] l: 1 f1.3 rL min | ' )
v = Q _ _min cc’ 1728 in bO sec .
A - 2 1 frl
[3.1n16] [(0.917)° in’ ] = =5
1wy in
- = (0.0010739) Q, ft/sec.
where Q “has the units (———0 \
. min
ks
~ [Q( 0010139) J [0.317 in] 3~ 3%] -
. v D , /
Re = -— : . sec C12 ft
\) 1
' Ly “5 ] *
t'or the water temperature which ranged from 4hlP to 46F Vv was taken as .58 - 107
it /sec . )
Hlence . hj _ . - (/ . l
. Re = 1.79545 Q LDimensionless“ki/\

-.“. @ . C . .

o o ' T R AN AR
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Some modifications

/

TN [ - - oo T LR BT AR T | c
\’2"{";"""‘ ’ ,\ 1 . . 5 \ ,'." o .g‘ ‘;“uﬁ%\\. - A ‘.-,,".. by
Finally the friction factor s .
T e h 'r‘ [) 2 Cm..] [2..] [.T?Q"Q . ) —i -,
. fFo= ____Syh - a;c .
D’ 2g 0. 3i/ In Fr.
. . sec : .
. , . hf x5 g
= [0.01108]-§ _{(Dimensionless) :
i Y "
¥ g Calculations were tabulated with the data as illustrated in the.table below.
Two examples' are given. o - -
‘\ ’ .
Daga )
T “Prial- Pressure drop - -Flow-Rate’ w~~~VeJocity--~—Reynoldﬁ-w FPiGt*O“ T
‘ » No. (cm) (cc/min) (ft/sec) No. . Factor
+ 5 2.3 596 0.61400 1070 0.0622
10 3.8 967 10384 " 1736 0.0390
A graph of friction factor versus Reynolds number was constructed from the results. .
This is llg 7-2. Comparlson are vcry good both for the laminar flow range where -
£ : .
: B El' and in the 1urbuleht range. The data compare_best to the‘results for a Ripe
* havtng a dimensionless roughhess of % = 0.001.

e ¥
[ 4

Expcriment 8 can be modifléd by adding elbows, or valves to the system and determining

prossure drbp as a function of the pipe Reynolds number.

data.

1. Streeter, V. L.
pp 288-289.

2. Hansen, A. G.,
p. #21.
r 4

f

e

:

{)bse can be compared to existing

& .
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Unsteady Flow of a Fluid

) TETTTY T \\;' T SRR t\}f ﬂ.‘r" '!\-‘{\"}W*Y‘ TRy ,;’z‘“‘f
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Ekpevihent No. 8 . - : .
‘ .

The object of this expeviment l& to predict the time required
to empty a tank of liquid and to evaluate the prediotion axper- :
jmentally.

® ¢ (Note: This can be parfoﬂhed a8 an experiment without the
' analysis if it is felt that the analysis is too difficult.)

Introduction -
.

Dasigning systems in. ngineering réquires application of theorieq~§o predict the

'-\ J 4

behavior of the qystem before thé system is actually COnstructed It goes . without saying

“that véliable" prcaictlons are eggentlial foy successful” dasignS'“'Fhrfhermora, it-is mueh

less GXpensive to modify the design on paper than to alter the system after its construo—
tion. The objective of this experiment is tb predict the behavior of a system with a
simple theory,: theh construct the system and evaluate its behavior experimentally The
system selected is the emptying of a tank of water Lhrough a simple piping system ‘There
are many real situations where tanks of llquld (or gases) are emptied or filled, for N
which this experiment might serve as a model. For oxample, a rural water supply system,
operating\from a sipgle standpipe might be:required to supply water for' emgrgencies at a
prescribed rate gnd for a set time. How should this standpipe be elevated? If a hole
were accldently ﬁade in the ‘pressurized cabin of an aircraft at high alyitude,®how long

would it ‘take for the pressure to reaéhwdangebously low leveld? This Involves flow of a

compressible gas which is beyond the scope of this experiment.

Description of apparatus

The apparatus for the exper'iment is illustrated in Fig. 8-1. It consists of a
5-gallon tank with an opening in the bottom, to 'which is”brazed a short tube, 3/8 inch
outside diameter. Ubing 'ygon tublng, copper. tubing ahd piping, a simple plumbing system

is édded. This can be varied but, in the experiment shown in.Fig. 8-1, it consists of a

- 90° turn in the tubing, a 1/4 inch (gate—typé) valve, and a 1/4% inch pipe elbow.

The tank is sct at a presctibed elevatlon above the piping. It is filled with watef
to some level and allowed to drain-through the ii;}blng system. The objective of the

analysis is to predict the eleyation of the surfdce of the water h, as function of time.

From this information, it is sxmple to computc flow rate or the velocxty of dlscharge
Bernayilli's equation relates the elevation (head), velocity and presdure in the steady

flow of an incompressible fluid without losses due.to friction. Between two-stations, 1

* -

and 2 (designated by subscript), the expression can be written » T oew
y . ¢ ’ \;? .\/2 ) ._ ..
hN) h, + B + Yp = h +‘_2__+ Yp., = h : . 8-1
: 1 2g 1 2 2g 2 T .
IS i ~ -
] 3
' &
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, where . h = elevation, ft e . R " fe o “
R * . . g . Wwog ".'AA
v = velocity, ft/sec - e g ¥
R S R N
. v . ) g = acébleratgon dus T gﬁuvity. 2.2 ft/seo U D
2 G PR .
. ‘ p = static pressure, lbf/ft -\,3T;§;fi,pd\ N )
! y = weight of fluid pdb oublc foot” . ‘ﬁi“h;;ﬂ:“cw 3“
h,l,"= a constant in the flow, called "tota& héJﬁ“m¢f£\ (%"'
The specific weight of the fluid is related to the density by Nawtoqfﬁgﬁqﬁnﬁﬁ }aw«; Symﬁ
h a LT
bolically, . _ . o Ca “;”%“ﬂ.g“ e '
: - & B
. y = P& \ Lo - N
. go : ‘ N N R AT Woote e
v . LT o 3 e S _
. . here p = density, lbm/ft R e e T
e R ._M_,f,_“_._;_gé“s“_dimensionlasaﬂconversion"fackor_m__;%im“LmLmﬁia:"” AR
f ? . o . -
N . 32.2 lbm-ft/1bf- sec . K » ,

Notice that the specific weight is given in lbf/ft and has the same magnitude "as the
denslity p . For water at room temperature, we can take p = 62. By 1bm/ft

A prachcaL modification to the Bernoulll equation is to recognize: }haf %&bre wi]l

be lossed in a real flow caus:ng the rjght hand side of eq. (8-1) to be deficient by an

S o,

amount, hQ, the loss is the flow. Then o BT AR e

[ ; AR -

- v 2 v 2 S Al

o 1, 2 " T e

h, + =+ Yyp, = h, + =— t ¥p e
12 1 2 2 2 +h 5oL
g g R‘ . ‘k "8"?‘2
Wy ,\';_/‘ \

For the emptying tank, “take station 1 as the free surface of water in thé tank hnd

station 2 at the point of discharge as shown in Fig. 8-2. let h = h?‘ the dl%t&noc from -

1
the point of discharge to the surface of the water in the tank. FProm the same refepence 5&

-h2 = 0, The pressures on the free surface (p ) and at the point of dispharge. (QQT

are both oqual to aLmospher1c pressure and can be sel to zero. Finally, the tank daamﬁ

eter is so much lapger than the diameter ‘of the jet at discharge that the veloc1ty R
N N

the tank surface, can be.neglected when compared to the discharge velocity, Vo

l’
Then the modified Bernoulli eq. (8-2) can be written

’

v

vy 28 (h-hg) : . . o 3f?

A

To bring in the time depéndence of h, write the equation for conservation of'mééé Y

(continuity), 'equating Fhe flow rate from the tank, 'QT, to the flow rate from the plpé

QP s ' . .

3

For the tank, the flow rate can be expressed as the rate of change'of ieyel with time,-t,

" ' Ej . v ! . ) h i 2 . ‘{'.' !
s _ d - D™ dh . . _
- T S Al TR T o 8-5
. . . R ?
where . AT £ the cross sectional area of tank,” ft
D = the diameter of the tank, ft.
‘ . f J - 59 - v

fA'

f e . . -
h N . . . . . -

e
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From the pipe, the flow rate oan. be related to the velooity of diachavge. v é. and
the drea of the pipo,"Ap whioh "with oq. (8-9), 1 '

e e e . . s - . W __.“ . N d2 e . . __ o ' . . - P ..._.____‘._‘:
] - . “ - « F * - W ~h )+ ’ - " ™
‘ . ® ) Qp = Apv2 . e 2g (_h hg), o . 8-86 .
where . ‘ , d = thed side diameter of the plpe, ft.. ; ‘ 1
N Equations (8-5) and (8-6) can be substitued Into aq. (8-1) to axXpress tho time dopend— - ,5L
- ) . . %, 3
’ ence of ' h -as- . . .- Ca . : ‘ o
| : ST a a2 - B .o , e
" w,, l.\ ‘ : * S . - - N - ' ,'“ . . - » ...
. 35 = - 7 Y28 (h-hp) g o 8-7 - 4
- » .. .D a “ ) -
. Jh e X f . < . o3t
T o - " w t Y.
W& now seek an oxpveastqn for hg . For this, we will use the loss cobffilcients e T
found in elementary texts in fluid mechanios’ for ‘the plumbjng system. There aye: a sharps- ) “;
nTT “edged entrance, a straight’ p{pe a gate valve,'and an elbow. “~Uslng a ‘reference sﬁch as < E o L.
Streeter (l) or Bronkept (2), these are . . o _ : _—
. _ ' o . i T
‘ * . N - . - N &
. : \ . N sharp-edged entrance: th = 0. 5 Vo /2g S ’ 8-8a
. 2 ' . a pipe of length L: hl = f (v /%g) (L/d) . ) B;Qb <3
e : ) - p A ' " L
' " gate valve wide open: hl = 0. 19 s /9g . Y 8~8c¢ -
i N . . v . v x v *  ®
- O . . 3— ) .
90~ elbow: hl = 0.9 v _423 . : 8~8d
. ' e - = - )

The value of thelfriction factor . f in eq. (8-8b) is a'fungtioﬁ of the velocity of

» the flow,;the viscosity and density, of the- fluid and the diameter of‘tﬁe,piée. For laminar ‘:_“
flow it can be' written as | ' . ST e, ‘
v f = 2—:% e o : | - .89
where : v ? density of the fluid,.lbm/ft3‘ )

<o
1

=, velocity, ft/sec
u = viscosity, lbm/sec-ft ' . -
d = pipe diameter, ft: )

.« Note: f is dimeﬁéionleés; and the expression pvd/)" is the flow Reynolds number, and i§
dimpnsionlesé. A value -of Reynolds number larger -than 2000 in pipe.flow indicates that the
flow 1is probaBlLy Lurbu[cnt and eq. (8-9) should not be uséd. -Instead, graphical value of

f as a function of the Reynolds number g(R@%g should be obtalned (see. paf./L%or 2). - ‘ Ty
: When these expressions for head losses are substituted 1nto eq. (8), the peQQlt is
A ‘\ ' . .‘2 - - . . . 2 .
- T2 v, .
v : dh d 2 L y .
L2 LS (h - = (0. : 942 8~10
, @ T3 (h 7 (0.5 + 0.19 + 0.9 + 78 (Re)7) |

For the case of laminar flow, the friction factof_is an easily expressible fundtion of

Re, eq. (8-9), making eq.,(8-10)

\

’ -
dh a* a V2 (159 4 LA )) : ' 611
57 = - 5 (th - 57— (159 + R ot -1
‘ av D'z‘ 2R d pv,d o | o .
) - “ | .
Q , 6@ - N ) ‘ L3
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- linear form. - Consequently; ‘the solution must be. u\numerical ona. A triaj value is found .

N (1)

1o /' h = h

[ AR b e Mt rﬁ(-'r“— R Y ITIRGOPTON Y. 7 TTAIYRY T TN 1 VT RO U
1 !vl . ) A e i & R AR SR V52 S i RIS TTATRTTTAY Y ORI
. . I S At NAE ST A AR " . . ﬁﬂ & "l‘}m ’mau\"\ﬂul:\ e RS uW"'u X ; )}k‘ﬂ “'?:}x
P " . . { ..
v PR . N . . - . " "\1‘.\,\1:_‘_ ' oo . o
¢ : L . ) o . g o .
. - . . . . -
VIR . . .
. L.
v om . .. ' . ) — L S e,

Equation (8311) is difficult to solve because v, is a fuction of h and appears in non-.
}

» for Vo with ‘hg ‘set to zero in eq. (8- 6). ' ’ : B

>

o - )
" : D . ~.

e . , . r .
4 [ - Y

(;'Thep a value of hl is Found using equations (8-8a) thropgh (8-8d) and an evaluation of the

[l
'

Reynolds number. The equation is h I ' o o

o . o oy | -
| | hy' = 3o A1.59 + L/d g (Red ) B

~e
« v,

8--12

.; * Vi

’

“-—An-improved-estimat 5o£wthé¥velocitymcanfnowvbewmade—by—uSing~eq-—(éfﬁ)-Hith—xhhiﬁnﬂlyn~—~+wm-ﬂvw-u-—»f

?

computed yalue of; h£ s ' ‘ - S . t .

2 g (h-hp)

.S
;

};?J L . ‘ . ) - 'l. .
_ At this point, .the improved velocity v should be comparéd to véc.’One way is to - :
R .. - 7
ask if

Y - ¢ . )
- o
<€

}

where € is sompe small value'ussigned to test the accuracy of the iteration.r If this is

(1)

not true, the new value of Vo Yy s is used in eq. (8 12) to flnd a new i, whiohkin'

turn is used in eq. (8- 6) to find an improved value of Vo ‘When the iteration Has con- -
verged ‘that is |v (l) |;; £, then eq (8-10) is solved for %%—.' Integration of this .

eXpres51oh can ‘be cartiéd out from the initial state by .any’ of séveral methods including a
Slmple technlqme called Euler s method (see ref. 3). In this method a new value of h is

found from the expression _ ‘%J

(0) _ ,dh
y & o (d?:-
(0) | dh (0)

1s the valhe found above and .-

(1)

_6t is some $mall 1nterval of tine for the next step HaV1ng found . the*process

In this case h is the initial value of h 5 (

can be repeated. That.,is, a new trial value of v, found hz calcplated' an improved

" calculated; the test made for conversion, 31eratlon uhtll the best 'values’

. ) . : .
' ‘are f0und for v, and h£, .and then Euler's method“applledato find h(2)" Gradually the

1ntegretlon goes forward uhtil h  has reachod some proscrlbed value at which

value of v

.com utatlon is termlnated For each te 1n time, the ve1001t and head h, .
p Lep y s

It is evident tﬁat xhis is a tedlous calculatlon If a dnglgpl computer is avallable, ,;
’ 3

a program can - be written to hgndle this. "In the dlScussion of an actual experament a . "\

' program wrltten by $tudents performlng thls experlmont js presented s g .
N ; r’).". R . A

» k] - N ! A A AL,
. A . . , ' . '.{\‘
- . . .. A - ) . ]
Experlmental procedure : . : ) p ] R
e d T . v, . .
N . TUNUY a ?‘ e

T - 'S > -
When the calculations have been made, a curve of ' head versus timo can -be construoted

“»

New, using the apparatus, the tank can be filled with water -and mcasurements of head versus .
* o, o P CRER A o
L . N R A " .

3

“ ¢ R Y = ’ - . :
AT y - g T
, .

o N o ' : . w b Ny
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time recorded as the tank is allowed to drain. Thi&joun be done uasing a stop watch and !

recording the time when the surface of ‘the water crosses pre-solected points on a meter
- stick; or, colleating the water in a graduate and measuring the time necessary to collect
"a certain amount of water, then converting this to change in head. For a small diameter
piping ‘system, and large tank diametor, the readings with the watch can be made with

réasonably good accouraocy.

Sample results , ' ¢

e

In the wmodel used by the students, the water level was ﬁeaq in a gage glass which was

n N

attached to the tank as shown in Fig. 8-1. The, tank was filled with a clamp on the hdse.
At time zerq, the clamp was rehoved and the tank began to- drain while feadings were
“recorded. Two sets of readings were made, and first differences were-evaluated to .
determine whether thé'résu]ts'were linear. (First divided differences are found as the
dtiference between two successive Values of head divided by the time difference between
them.) As expected, the first differences were smaller for higher times than they were
initially. That is to say, the change in elevation for a given time change is less for
the smal]er head because the velocity is less. This curve of the experimental data,
Fig. 8- 3 looks very close to a straight line. ’
~ In the computer program, the students entered an average value. of friction factor,
0.032. This simplified the calculation as it was necessary neither to calculate Reynolds
nuTbers nor to use a table.lgok—uﬁ for evaluating f. This could have introduced erfor in

that the value of € L/d for this case, with a 62 inch long section of  3/8. inch tubing

wag L
. (62) c
. = -2
o G gy s s
which was the dominant term in the expression for h, . - Values of -loss factors, diameters,

L
and a trial value q‘ velocity were read into the program. The program, Fig. 8-4, is self-

dxplanatory. . .
- The predicted curve shown in T'ig. 8-3 shows a slower rate of draining than the

. measured curve. Poss Jb]e sources of %rors arc thc use ‘of an average value for ' and
4

==

* *  the rather lapge value of ¢ used in the program. In thlS case, € = 1. However, the
? fudents'’ afpproach ta the problem, the quaLlLatlve agreement between analysxs and experi-
L& 4
ment, andb&hﬁ}recognltlon of sources of error made thts a worihwhlle exeércise. 1t pro-
Ty

vides an opporﬁuditx\for theory-testing and gives the student -a chance 1o relate analysis,

Lwy

dlgltﬂ} computation and experiment in a single exercise.

-~ . -

Modifications of the experiment

Several modifications of this expecriment are possible. Lor one thing, the piping
~can be altered ingmany ways. A system of plplng can be employed, and a gingle c¢lement
P added or pemovedﬁﬁnm thc.results compared, Paxtlcula!ly 1ntcrostlng is the addition of a
. globe valve.to the system. Comparlson can be made between the losses with a globe valve
and a gate valve.

Fluids can be changed. Using a'élycerine of known’viscosity will provide results

0
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which are quife daifferent frdom experiments with water.
. The helght of the tank qan be changed asg can the dlameter of the piping to Insure
. turbulent f£low. | ’
Using a pressurized tank oquipped with a.prosaurefgege, the time for a gas to leave
the tank can be measured. Here, the important term ;é the tank préssure expressed as a
function of time. This experiment should inclpde‘ an aas\imption of compressible flow.
Any of these can be done as an experimeqt'Withouthintrodection of th; analysis

which may be too advanced for some first and second-year students. : A
. .

Experiment B8A P g ) R ‘ - | )

-~ - ---—--The Effect of Entrance-Geometry — - - — - = = oo o

*

In this experimont goyeral ontrance conditions will be employed
and head losses determined for the draining of liquid from a
tank. .

»

-

Introductlon

The previous exhcriment was modified.to investigate the affect’ on the\empxying rate
of the tank for several inlet gecometries. Three were used. FEach is illustrated in Fdig. 8-5.
_ - The first is a Borda mouthplece, Fig. 8-5b. 1n the second, the tube has been lowered to
: B fg/m a shavp edge entrance Fig. 8~5c. The third was a bell-mouthed entrdnce, Fig. é-Sd..
A Iive -gallon d%um was used fon the tank with a ‘1L/% in. diameter brass tubing. The
tubing entered through a vubbev saal iastened Lo\the base of thé tank. This is sho&n in
Pig. 8-5a.  The tuhing could be pushed through the rubber seal so that the tubing eed was
set at any se]ected distance above thc bottom, or”Flush with the bottom. A smdll bell-

’

o mouthed ecntrance was madé of a;umlnum. It had a 7/8 inclhy diameter 0penlné at the entrance.
The bottom was recessed to tit snugly over the cnd of the brass tubing as shown in
Fig. 8-be. . _ "

Referring back to eq. (8-2) and the analysis that follows, It is apparent that the
only di fference betéeen the previous case end the present one is that hg* is not zero,

3 - : .
but is equal to-the length of the tube. Consequently eq. (8-7) beéecomes

: ) : |
. dh d '

— = e e ’ - - 8_]3
B - a 2 }/28“" hy) = by) _

As the tube length is fixed, h2 is a constant for all of the experiments.’

3
-

The experiment

N

The tank was filled to a pre-determined level with water. A Scale was fastened
"inside the tank to provide a measure of the level of the water surface whiie the lower end
of the tube was closed with a stopper. One of the inlet conditions was established.
Several minutes were allowed to pass for the fluid to come to a quiescengrsthte‘ At a
signal, the stopper was removed and a stop watch started. At a succession of closely
spaced intervals, the time wae recérded and, simultaneously, the scale was read to indicate

the Height of the water surface.

\‘.-1 ‘ . ‘ - ) . ) . 74 - 66 -
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Plotting h vs. time, the values of ‘%%- gould be determined for a set of values of

h. This can be done graphically or by approximating the derfvative In finlte differonce

N

fopm
) - dh o h(Q) h(l) ' .
Hové -h(l) and h(z) aré values of h at two times, sepavated by a gmall interval §t. A
With 4, and D émeaaured from the experihent, .hl’ h2 and %%- were known; a calcu- A
lation for hg was made from dq. (8-13). ' . -

Graphs can be prepared for the several cases of_ h vas. and for hgﬂvs. h, to
compare the effect of each entrance on losses Wh§n Lhe experiment is run, it will be noted
that a single vortex is fOPm@d which is quite spectacular It becomes apparent that its
presenca affocts Lhe results, and - better evaluatlon of Eﬂé“éﬁtrance condit{ona ‘can be made .
1f the vortex 18 destroyed This is possible if several oieces of window screening are .
put in the tank dividing the tank lInto ple ~-shaped sections. The screening. “should go from
the tank bottom to above the water surface. A modification of the experiment, which is

! concerned only with this vortex, 1s presented as L&pepiment'O—Bu ] ‘ ¢

3

Sample results

( .
Measurements were made durkng cmptying for a tank having a diameter, D, of 11.13

inches, and a tube having an inside diameters,, d, of 0.25 inch. Four entrance conditions
. ’ * — 3 v
i e . v

were used:

Condition 1. Borda cntrance, 6 inches above bage

Condition 2. Borda entrance, 3 inches abovc base . 4 ’
Condition 3. Bell-mouthed entrance, 3 inches above base
Condition 4. Sharp-edged entrance -- ‘tube moved to a poaltlon flush with the

bottom of the tank.

Tests were made without screening (vortex present) and with screens (vortex absent) .
Graphs of the head, h, wversus time were congtructed for each cdase. Shown in Fig. 8-6

. . . - dh . .
are conditions 2 and 3 with and’ without screens. From these data qr vas approximated

_and the head loss determined. Head logs, hg’ is shown for conditions 1, 2, 3 and 4 with

gecreens in Fig. 8-7. - v

These results indicate that the emptying times are\not appreciably reduced by the ) ﬁ,'

N

elimination of the vortex. Also indicated is the conclus;on that the losses are moasurably -
less for the rounded entrance than for any of the other entrance conditions. There is ot -

’ . T .
a large diffe renpe~nmong cages 1, 2 and 4. Erratic behavior in the values of hi is due .

to dxfflcu]ty in &valuating the dev1va1ive accurately from the loss- time curves.

It is probabjy more useful to plol the head loss {07 *imensionless form, one which . -
coMpensates/er Lhe change in vclocxty WLth head. Using aun expresslon like the friction’ ot £
factor onp f has thxs cha teristlc, T hoo }

o ’ ' —_& A v A ¢
¥ o % 5 2 L
- Z . . N v
v ¥ f*o = = ‘814
" N . 2 £ M ST W .
: ) B . 3
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;’ C "" ' M a
) haad . . : - ? ~ ¢
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' ' ) v * “ '.h' “
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AifFficult to obtain. 1t 15 always aifficult to determine derivatives from &Qta ~»For ¥ Y —

™ ' W l
i . . LY o > .
Here the velocity can be defired as an ideal velocify if losses wers wero, ' €
. g b B “ \ ‘ . oo
_ ) v = \zg (h-hy). o o - (818
or ,sm3 the measured velocity, ’ ' )
“ C (f 4 R 2 . : \‘G‘n
S T )
2 Q 2 dt o R
i . nd . d
{ m ’ . P
-.& ~

Examination of eq. (8-16) shows a sdurce of error in tols experiment that might be”
axcéssive. When.the pipe diameter, 4, small compared-te the tank dismeter, D, the
head ls casily measured in the transient s-it Is chanéing slodly. However, the ratio

?2,.2 - -
D°/a° 1s a very large number and must b  multiplied by a small number, dh/dt, which is_

curve of a given function, the curve of the derivative is less .8mooth than the curve of the

function, and the integral produces a curve that is smoother than that of the function.

‘Errors in data are magnified In differentiation and suppressed in integration. Cqnse=

/

i cro§§“on_a§ph 'which Float on the subfa

quently, for this test, more accurate results might be obtained by measuridng ® Q directly.

ths can be done by collecting flow in a graduate for a short pev1od,,finding q as the

amount collected por second; and computing Vo from the expression r
Yo T 2 ‘
' nd

“ 1y .

This will be the average velocity over the interval taken to measure tho flow.
Lquations can then be left in terms of v, and the losses computed as before.
Experiment 8B

Study of a Vortex . & §

The objective is to cxamine a vortex in a tank being
drained. ' :

As Indicated ih\the previous experiment, when fl&w was established in the draining
tank, a vortex was 1opﬁed. The profile of the water surface is shown In Fig. 8-8a. An
experiment can be devlsec\to study the behavior.of this vortex under different flow
condlt{ons and to trace g\y FEBE,&ﬂ’¥ﬂ§/vortex system "

Phe tank is fllled wﬁfﬁ~water and allowcd to settle for ten minutes. Flow is begun
hy removhng the’ plug at Lhc bottmm of the pipe. 1t may b& found that the vortex will not
“deve Yop.. SOOn-enough 1[ the water 1é\Loo Stlll, and the tauk could empty before the vortex
is Lbfabliﬁhed LA small swlrl can be‘h couraged before drdlnlng to induce the vortex.

rood COlbring cah be 1n;ented Lhré\g] a long hypodermi¢ tube at different points in
the flowyfo obaevvc,the dlbectlon ot fLow hgﬂd:ffercnt leve] . Surface movement can be

W
By
.

deé ﬂcted b “"vortex metcrs ) lhe%@ ca be cohstructed from small bits of paper, with a .
¥ “\L />
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Th;-z‘véxfmx motery will show the surlace velocity in the vortex and indicate whether
the éurface flow {s "irrotational" or not. Tt is found that the velocity decreases_ as one
moves away' from the canter of the vortex. The motors rotate less in the regiong away from
the wall and not ioo ¢losb to the centery If thera.is no rotation of the meters, the flow
¥s behaving as an ldeal fres vortex. Viscaus effects cause rctation in the Vortex which
will’cause the moters to revolve on theﬁn bﬁn axes. .

Observation af the dye trades shows the gntire mass to be swirling. The dye will be
,8een to move in along the bottom of the tank and then spiral upwards along the outlet pipe
as shoﬁn.ih Fig. 8-gb. When it reaches the inlet, it is drawn into the tube. |
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Experiment No. 9 “ Y

Convection Heaat Transfer

When an objeot at one temperatura is immersad in a fluld.at another tomperature,

-hea1 is transferred from or to tha obiect. The mode of heat transfer is called convextlon.

Ona measuro of the rate of oonvective haat trans fer- ia the coefficlent o;ihe&t transfer, "

<t A

h. }t is defined from NewLop 8 law of qooling as ¢ ST . N .
. ‘l‘ S o o | R - .
w%ero o : ' q = rate of heab‘transfor per unit of, time Af ’
= : . - ~A = surface. area_ of, the object U <
t = surface teqperature of the objecy ’ o
h o t, = bulk temperature o the fluld..

"1§glcal units of h are BLu/hr—ftQ—oF. Sometimes h is grouped with a length ddmen-

sion, .L,' and the conductivity of the fluid medium, k, to.form a dimensionless number
. ? vk
called the. Nusselt number, ’

}J “ . : ' ’ i
Nu = ! ' v 9-2

k
If the object is in a gfavitational field, and the fluid mo::;\bver it due to gravi-
tational effects, the heat Lrunsfcr is described as natural or free convection. For the
same fluid, the rate of heat transfer can be increased by blowing'or pumplng the fluid past
the object. This is forced convection. One soon learns that the magnitude of h dependq

on the fluid vclocity, the gqometry of the object and ;iuid gnpperties qpch as Lonductiv1ty,

Y

viscosity, M ; density, p ; and speclific heat, cp . ) T

In this serics -of experiments we shall determine the coefficient of heat transfer

bctwoen a small object and ‘a fluid for gsevepral situations by weans of a transient temperature

measurement. The objects w111 be small enough with high conductlv1ty (coppep or Qldminum)

so that we can assume the temperature of the ObJOCt to be unifopm Let that temperature

of the ‘object be t. From eq. (9-1), the heat Lranbfer between the fluid and the surround-

ings is
- q =-hA (t—to)

-

~Jhis will be refletted as a change 1n icmpepature of the object. ltor a mass, W, with

gpecific heat, Cp’ ~the rate of heat transfer is %elated to the time rate of change of
¢ . L |
temperature by the equation

dt
- —— . Q-
; q = m cp At - _ 3

where 1 is time.

We can now. ﬁscord the temperature history of the object as it is heated or cooled. At any
at ' ' '

,polnt in time we can.obtain t and 3T

§

We can obtaln ‘values of m, Cp and A for the object and then solve foiifhe coefficient

f heat transfer by equattng the Lwo expressions for g, ] L@
-m C (dt
' A (t-t i
e : : — 73 = -
. . i .

*

+
&
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LXquimént QA , .
N ’ Tt ~ ) N
Determina the Coefficient of Heat Transfer for Natural Convection .
(5\‘ ° . N Y . ’ ) . .
L N | . \
* The object is 1o detcrmine the CoeffiQiQnt of heat transfer in ‘ . )
- natural col‘\vectlon from a small copper object by making a
.transient maasuremcnt of the temperature.
The objeot Lo be tested is -a small cy]indrioal copper slug with a rounded. end. This
is hoHowcd out and mowunted on a p]aatic support as shown. inFig.. 9- l Some dimensions &are :
glvem oif@the figure. l'f:\bedded near the center of the object is a Coppex‘ congtantin ther\mo— .
couple with thc 10ads cam\led om Lhr\ough the pl astic rod For information on ‘thermocouples,
© sec x‘ef’\‘] or ?, A diagr‘am of the test set- up ‘is given in Fig. 9 27 ('l_"or“‘naturabconvec—ti—on-——-------~----_..,.
: K .
eliminate the -air supply and hot-wire anemometer‘ ) ' ‘ ' , ' .
The Cppper slug \is f’wst heated . by putting it in a blast of hot air, or immersing it - '
., o ]
in boiling watey. lf'wa'ﬁxls used, dry the slug bcf‘ore beginning the test. Using the
’ﬁlaStlb suppert anc,l a4 ring Stand, the slug is placed in still air with its axis horizontal.
&dlrie temperature “is thcn meeuured at specific intervals A better .approach is to use a,
| pp
- millivolt recorder such as a Lceds and Northr‘up Speed’u@ax recovder ﬁl‘he chart record gives
a cux‘ve of*millivolt. out,put of the Lhermon ouple varsus tlme which .can be casily “converteds -
to- temper‘atur‘e vevus time. A Lhart record is shown in rig. 9-3. Alr temperature is read
from a :;(,Lon{l thepmocouple quspendod in ‘the free” air. _ ! - L -
. Dcr‘,lvatlves of tempermum with lime can be ol;tained from the chart record "and the -
qcx(,fﬁu ent of heat trans fer computed at various Lempcr\atures a,long\:he‘cooli.ng c‘:urve‘.
C s . . . . ~ ' .
: . . ~ . > : . i g
Samplg - rebults . a : . - - '
. N ! * : _) o T
ot for the- copper probc illustrated wlth C_p,.: 01092 Btu/lbm-"F, the Pr‘oduct" .
. - . B - ’ s . M
. . . . h N -
L ) me - - - . . 3
—E =013y Bru/FCT .
. B ) . . . ° . . \ , . « . - B . r . ~
At a temperadture of 177.8F, the change in’ temperature was measdred as S_C_)[‘ in 37 seconds-
from “the chart. From this, S - ‘
N .“, [ e vy . . d ) ‘ - . * . D -
t 2 . 0 I *
’ . - —_— S g 36 O o "‘”8 .5 y l .
: Coar e gy (060007 86,5 A _
Wwith the air 'texnpei‘ax\we measureds as 'Z8I‘,'the coefficiel{t of héjat transfer from eq. (9-u)°_
. ’ ’ ‘ - .- . '
'j_S . - ~ Lo - .
: {0, u3n) (486 . 5) ?_ 0. *
v B = = 2. 't, hr- —3 .
| o ' ‘ h (17]' 5 78) 12" Btu/hy i[‘ |
Converting this to a Nusselt number usn\g as the chdr‘gcterlstic length 'the'diz‘heter‘ o1f \n'
the copper slug, (_).75 in, and k = 0.01% But/hx‘ it~ F fox‘ aiv, - v - /
. L . _(2.12) (L75) ’
b ; Nu = = 8,84 . e s -
Lo S NN - . Q1R) ( L?) Lo
‘ - AS . . . ‘ . : * M ”\ ' s
’ Curves oi"(Nusselt number versug &Ly’ .tempex‘atur‘e can be developed and the* rbéult:; campared
to thOS'élth.VQn in ref. 3 or 4. ; . e . ' N ¥ . .
) : . _ ) y .
1/ v . - . . -
N c‘. Ay ) ~ bt .
- ) . ¢ - ' ! .
-. ) /, ] It
. - 75 - A 9 i
Al - B =~ & -
v M .
o 4 o
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-Modlf&uatigns } _ -

-« fied by making the measurements with the axis’verticalX, and the ‘blunt noge pointing dowri~

_ERIC -

Aruitoxt provided by Eic:

- i - ) 2 - ! - I3 -
" Dimensionless correlations can then be madeﬁ hdging the form

. o ° - [ N
] . .

. In natiral convection-the geometry is an important‘fdotor. Tholgﬁperimpnt cnnnbe mod-~ .
ward. A second slug made of copper but‘with a diameter of 1/2 inch yas uged to evaluate. the’
ef(egt of diameter on the convegtlve heat tranater. Rebult§ for .h*‘were about 10 pvraent
hlgher fov thie amall pvobe which is about-what wbuld be axpeoted for free convect{on from
horlzontal cylinders (ref. 3) To evaluate LhL offact: of properties ‘of the s]ug on the
experimental results, an aluminum slug can'be made having the same dimensions as tpe laxrge e

prohe. Differences betwean heat transfer for an” aluminum-and for the topper slug were less

than the observed-errors in any given test run.. . . . L

Tnstead of alr, the responsc'{ﬁ an ice bath or hot water can bo madéured This

requires a racorder .0 oblain the tempcvature h{atory as the temperaturcorcsponse is too

»

«

dpld to follow by manualily balancing & potentiometer pa 4 -
-~ -”/" .

.
= 14 b . . +

Lxperiment 98 . . o :

©
Determination d!hihe'Coefficient of Heat ‘fransfer in Jorceg Convection
T e . . C . : - ) oy : -
- * The object is ta determine the hbat transfer coefficient . N
in forced convection by makingmtransient measuroment of-
! the temperature in a copper object. T .

-

) This oxpuplment differs from the farmer {u that -the cﬂﬁect 13 placcd in a btream of
mov1ng Air., Aiv’cnn bc supplied by a commercial vacuum cleaper, a woman's hair drier or a
hpuiegunp The object can be hcatcd/or cooled and put In a stream of unheated air, or it
can be.,at rapm tempcrature and placed in a stream of heated air. In aﬁy [case, it will be
necessary to measure the temperature of. the air bctng blown past tho object using a_thérmo-
couple suspended in the free air stream. It is also lmportant to be able to change the .
approach.velocity of theiaip and to measure its speed just ahead of the obj'ec.t.y~ This
should be done with the'objgct in place, bug,dot necessarily during the time that the
temperature record is made. A‘Xiumlc hq’twmrc dpparatus capable of Jndicating the magni-
tude of “the air velocity works besC o R

The slug is brought to some temperature different from that ‘of the air stream. 1{ is

? .
then pﬂaced in the stream and the thermocouple regord made on a strip Chart recorder. "Using

‘ -
thiese results te evaluate Ut and dt/dt, eq. (J;h) is solved for h, and the Nusselt num- .

ber palgulatgd. Graphs of versus slug témpevabure and  h versus flow velocity can be.
- : . . ,
made. "Most useful are graphs of Nusselt num‘cr versus the Ylow Reynolds number. Here the -~ |
keynolds number is defined as ~ s ) . L '
~ ‘.'_‘- ¢ * < ~
. - Re = E v d . . ) .
c. - It . \
N : ’ ' ' . v s 3 \
where ‘ + v p = densWy of the oair, lbm/ft : - :
T \\. ,. W = viscosjty of the air, lbm/sec-1t
L v = velocity of the air, ft/sec ;
- - d = diameter of the copper~slug, ft- -

Vo v - N
. ~ N

- 3 ~

o Nu = A (Re N g .

P
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. - L . - . " o ? .
T N ' . " N * -0 ’ ‘
Where A and.'m  acly constants Found from the plot. . e, . T
) " - > - " a \ ‘ll -
' Sample raesults ’
v ~
’ The test set-up 1 shown jn }Lg Alr was suppligd from a vacuum cleandr -

////oxhnust with the spaed
was set and the air ‘vel

heated In boiliﬂg water, withdrawn, drigy and sét in plaqp ytth

be placed.. The slug wa

the ain stream as shown v

a ring-stand support lt wag positioned with its axis parallel t
in Tig. 9-2. The time Lemporature record was made as -done tn prerimont 6A
Results were computed from the records ‘and graphs made of h’vs. tempOPaturo‘and
b vs. ;elbéity“for velocities rm;éfng from iObb"ff7ﬁiﬁ;f6 7560'}£7hih'ﬂ Nussalt numbgyéjh_ N
. werg plotted agafnst Reynolds numbers on log log graph paper for several temperatureg, as .
s shown in Fig. 9-n. Et is apparent that the eff@cl of velocity is more importantwthan the
affect of slug tumperﬁturc on the heat transfer.. Tests were run fbr the large and small
copper (3/4% iInch diamoter) (1/2 inch diameter) 9luge, and the vesults correlat@d for a

-

range of Roynp]dq numbers from 3000 to 10000 ns‘follows.

' for the §mall praobe, Nu 0.344 Re ,0- 681 N -

For the large probes, Nu ;\B.JSJ Reo'ﬁb9

x 4
IS f

v Modifications

N One obvious change is to place Lhe prébe so ils axis is normal to the air velocity.
_Another modififation is to induce . turbulence ahead of the object by placiung a wire cross-
wist to the flow. In a sories of expaeriments using the large copper slug, dn increase of
flve to ten percent was measured in the heat transfer coefficient w1th the tPlpplng wire

credting turbuleyce. '
Both Experiments 9A and 98 offer an opportunity to consider and, whenever pOssiblé,

. . .
evaluate sources of axpemjimental error. - . '

e .
. \'. v *
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- Experiment No. 10 " R
' : R
¥ v o . ) f ~t W ~
. The Magnus Effect . ‘
" » The objective is to determine the ¥ffect of e tA e
’ . rotation on the trajestory of a cylindrical body " - -
. " % movlng through air. ' ) ; ’ 5 AR
" It is well known that the trnjoctory of a gpinning ball or cylindr{cal rotor 1is Qhrxpd «-§$?|
A curve thrown by a baseball pltcher Ls one example. The spin of the object sets up pressure =, “;}:

v )

)

forces normal to the flight of the object These foroos cause the path to curwe. Phis is

. called the Magnus e{fect lhe Flattnev rotor ship was designed 1o utilize this principla

as a meany of propulslon (ref J) A S{mplo expeviméht can be performed to illuatvate fhis I

phpnomenon and evaluate its influonce. ‘ .
5

Experimental-model ot o ' . L? , N

The modal was a simple cardboa tube Juch ag used for a paper towel or=toilet pape%

roll. 1In this case, th poll was 1Y% inches in diameter and Y inches long. A cipcular disc

. was COmGnted to‘each end. These ware Latdboard 3 inches in diameter and O. 020 dnch gﬁick

-

They were used to mark the flight. The assemb]y is shown in Yig. 10-1.
Propulslon~of the tube was aacémplishod by using nine rubbor bands tied'togéther .

icoe were attached to a string 58 inches long. The tube was wrapped with fhe strihg and

plﬂcggh$orlzqntally on the table. The string was connected to the vubber ‘bands whigh were

strotchcd as shown in Fig. 10-2. When the tube was released, the bands pulled the string

fovward giving the tube spin and forward velocity. A 1ittle practjce is necessary to ‘control,

s 03

the flight. ‘ o L . ] .

“

\ : ¢

Lxperimental procedure
L o .

&

It ‘was necessary to bc’\ble Lo measure the poﬁution of the object as sa function of time,

to detevqinﬂ the trajectory, velbclty and rate of spin. A SLrobotac might be used. The
technique used in thié experinment: was to ignife a corner of one of the circular discs befere
starting the élight:i'Bf\photographing-the~£&%ght on a single exposure, the trajectory as
well as the prn cap be recorided. Photographs made in this.way are shown in Fig. 10-3.
These were made on Polarotﬂ 3000 film u&ing a Speed Graphic camera with lens oﬁehing of
4.5.- ﬂhc shutter was thd open from 1 scuond‘béiowe flight until aftcr the flight was %om—’
plcted Photographs were made in &\4~erntd room with the camera 15 feet from the fllght
path. To veoord t1me, a v1bpatlng reed was . used forme&fg;\tastenlng a cardboard ilai on
the end of a Steel bar which passcd in front ‘0f the lens. Shown_ in Fig: 10-t, this caused
thc dark veglons on the photograph of lhgjépajectory The flag Wéu placed two inches from
the Lens, and’ vxbvqted at the rate of 3.8 times per second. ‘A SLalC “In the Flight plane waq‘
photographed to give a scalu oi leng th toqlhe photographs. It is important.that the fllghé

~ be confmned to a planc parallel to the, film b%ﬁfdb@ This_ s’ accompllshed better in

.
-~

. 'Pig. 10-3b thah in 10-3a, ,- ' - //. .
" . <.
; N ‘2 ;. \ ‘L < i . : : N .
. “buggeqted by Rnpfessor lloyd %rdiéthen Dept. of Mechanical Ingineering, Tufts University,
Medford, M assqﬁhuséti . 'a\\ X S
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- It is nccessary to compute the- lifL t’or‘c,c from the photographs Cons{der the skétc'
Voo Fig 10-5. "The 1ift force is normal to the tvajectqry Acting on.the body arej&he forces
. causing Cbntrifhgal and tangnntlal accgleration dnd thQJwetght ferce, (Mg 7g lhq tangen-

~

S ]

Ana]yais of dqta and sample results

‘ From the phbtogvaphs, the volooity,‘anglo of tvajoctory and rate of 5p{n, aould ba
meagured.: This was done for each of the time sogmcnts which were of 5/19 seaonds durbtton.
1t was noted that while volooity was slowod during fljght the rate oﬁ spin did. noL ghangq

» appreciably. The,varlables are the spin rate, N the valocity aIbng the path, . v the

‘ distance along the;path, §; the angulax\ volocity of rspin m;_ the angular direction, of

the trajectory, 0; .and the time, T. Several interesting gvaphs and cross~plots can be

made for combinations of these. . Of most intérést i/,the Lift ooefficient, C.4 This is°
defined as the ratio of thc force normdl to thé Lrajoctopy, (the 1ift) L, # z}dﬁﬁ!by\the
f

_ force equ{valent to the dynamic pressure, PV /Qg Using the projected areal fthe;cylin—
der to relate pressure and for;e, ) S -jdmw—m_—~'7—_;:'fmfff_ T T T

: i . i ’ ’ . )
' ' . : Co L . ' : \ ' 30—

o’ * ¢

;\ | .: ' ) §§-(2 rf) . S : - q- .

"‘wﬁerg = tube length, ft o l e
tube radius, ft . ) '
= air dens{ty. lbm/ft

= velocity determined “from photographs, ft/sec :

/
< D B8 =
1]

oo.hycrsion factor, 32.2 ibm~£t71bf- sqczﬁ?

-1ial force lis drag and does nob contvibute to the 1ift. Hence, 1ift is equal to-the ‘con-—
trlfugal force" ierm‘pjgs the.pomponént qP weight in the directioq of - 1{ft or

n

. e “
. . 1y 5 ‘\“ ) \ u? . i .
. ) . (;l' . \ «. l_’._ .\“l.: L = M_R_ ) ’ + m& COS (-) . - . i - . .' 10_2
. I : SR ' € & . T c -
. ) \_. 3 -, . o )
wheré oo ., xm\ = the mass of the roll me '
e L ' ) 6 ki dofined in Fig. 10- - o
N e \ )
‘ . ‘ g = \the aoceleratjon due to gravfty, ft/sec2
. ‘ . 2
) y L g = maas conver31on “factor, 32.7 lbm ft/1hf-sec ;
vl [ ’ r ”
o - . . > ; R .= tha radius of curvature deflﬂé@ in ﬁag 10 a, ft
" The angle B cah be meadured from the ph8tograph using a drafting machjne or equivalent.~
, To flnd the radLus of curvature, rccall e o S Lt L ,\
7 N - R 1, PO . .
| L o _ R8O =85 .. . S ; . o ‘
AU, or . a o R = %g‘ ' K BENE ‘ < L, 10-3
to ) . ' . . " : . . . .‘..’ L )
lhe approximatloh to the derivative g— qan be lounJ by takxng tangenis to-a iﬁiﬁa ofT S
P versus 0, or using a finlte differdénce appvoximatlon from meaburemento of S | -0,

1]

rdller detarmlned llft €an be computed from eq. (10- 2) Mgasurlng £ an%h r, and

With R, dnd v dctermined ¥roi the photographs &% déscrlbtd and the mass«of.the gpper.

1
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obtaining the propev value for p, the lift coeffic{ent can bs found from od (10-1).
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Relation can be investigated between 1ift coefficieht and a tangontialfveloclty .
Reynolds number, or qyﬁpin velocity Reynolds number by graphing the results, Since the lift
is related to the circulation. it can be demonﬁtrated thaé%a relationehig eﬁists ‘betwesn the

. Jift and the ratio of spin velooity. w.r, to tangential velocity,_ Heve W is thet . -
spin rate of thé tube, radians per adcond, and .r is the tube radius Thﬁs result is given oy
<. by Prandtl, ref. 2. v ' : R : Y
_ The 1ift coefficient was plotted against- wr/v and compared to. the?result in reference o
2 for tubes with diacs on the ends. These curves .appear. in Fig. 10- 6. Th results of the " o
experiment are ip&ﬁery good ‘agreement with the curves fvom Prandtl - .
~ 0 . - ’ *
™ - . Referen;)es : . BN S
.o 5
lh Streeter, V. L., Fluid Mechanics, McGraw- Hi&i New York, New Yovk (A97h) p. 426,
2., .Prandtl, L. and 0.-G. Tietjens, Applidd Hydro and Aeromechanica. Dover Publicatione,
New York, New' York (1934), pp. 8u4-85. , ) _ >
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Expeniment-NQ. 11 .

T - .. ‘The Archimedss Sarew Pump Ty

L 4

_ - The objeotive is to invespigate the principle of
R \ : the Archimedes Screw and to evaluate its perform- e .
™ ™ . ance as a pump. , . ot ! ,’ ‘_‘“ﬂ”ffd““‘”“*
t { [ J

Archimedoa (287-212 B.C.) is uau@lly credited with inventing the water screw pump R
which bears his name (ref. 1). A relatively simple model can be. constructed by wrapping. . n

transparent, flexible plastic tubing in a-spiral around a: oylinder as shown in Fig 11-1.*
The tubing is open at both ends, ‘with one end in a tank of water " Water is carried up the

__tubing as the cylinder is rotated In each ooil the water is trapped at the bottom, and ¢
moves up the spiral because gravitation keeps {t from- being carried oven ‘the loop,¢ o T
: . . s

. ‘1Pefformance varigbles ’ \

‘. ' L,
It is evident that, if the angle of the shaft, &, is made too largg,-ddpending upon

the angle of the spiral B,'lthe water in the spinal would run out and the flow rate would o

be zero., ,This would occur when onq leg of the spinal became horizontal or a = 90 - Py .
, Déeign variables include: angle of elevation, a; helix angle B; tubing diameter,

diameter of the helix (shaft diameter), and length of spiral Operating variables ape: . ) o

aepth of liquid in the. tank, shaft spAed properties of liquid such as viscosity. Experi—

.ments can be developed around any of these-wﬂriaﬁles As oneé normally builds a single .

system, the tube diameter, shaft dlameter and length. are fixed but it is simple to change

elevation angle or. helix angle. ’

- performance parameters include the. yolumqtric pumping rate, Q; the volumetric ‘ °,
efficiency, n,s .and the pumping efficiency - np Pumping rate is. easily measured by .
collecting liquid over a glVen time span. Volumetric efficiency is the ratio’ of volume
actually pumped, divided: by a maximum dlsplacement Maximum displacement differs depending
uppn the velocity & the pump,. + If the ve1001ty were very Slow, the tube would fill to the .
level of the watersin the tank; that is, everything ifh the angle 27-® illustrated in N
Fig. 11-2. This is called static flow volume. When the tube is rotated, the maximqm yolumée
is equal to the. volumetgwept out by the mouth of the tube. If the last turn of the helix _ '
were at 90° to th®axis of rotation, these two would be the same. As it usually isn't the .-

swept-out volume Qmax is related to 6 and the helgx angle, B8, as

o . : ! - ®
Qmax_ = Ao[(R + r)(27-0)] w cosB ) o ) 11-1
where r = tube radius '
- . . R = shaft radius : N
' Ao = open area of tube? m‘?
? ‘w £ angular velocity’ of shaft
- ;7 . T . .
. . B and 6 are defined above.
Then the volumetric efficiency is ' - ~ . _ > Lo
s : NG Q/Qmax R : 11-2
. .J The pumping efficiency, np, is the ratiq of the Qgrk done to raise the water to the

“work required to drive the screw, or
=~ ‘ -89 -
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R
o \ h o _ - o A
R .- Qh PRy . , 11-3
_ LN S s u-s
. . . . . ) .. . RS
- . * ' . Lo " 1 (
_wher'e =" denaity of hiquid lbm/ft : o

= .gravitational accoleratlon, ft/uech— R . -

‘3

o]
g
g = conversion factor, 32 2 lbm-ft/lbfeuc2
Q = flow rate ft /min

h

2  total 1ift or vertical distance from water
surface to shaft centerline at point of
delivery, ft- : '

. W = work, lbf-ft/min. ¢ .
In order ‘to compute | np, >lt”ia_u;cessa§§ to measure the woFE”Iﬁ'EHdifiéh to Q. 7 T e

One method would require converting the motor to a~dynamometer. "To do thls, the motor

'

aleo rbf. 2). It is constrained by a spring scale fastened to an arm on the casing.

is supported in: bfarlngs 8o the casing is free to revolve,-as shown in Fig. 11-3 (see

, The torque required to drive the motor pulley is- the product of the net force on the
spring scale, F, and the arm length, &. For the scale to indicate net force, it is

necessary to counterbalance the stati¢ torque due to the weight of the arm. The net work , N
* W, is theén ! ; S ’ > - - _
' , . W = omeNES ] . . 11-b4

where N is the motor speed in rpm., With'units df £ "in feet &nd F in 1bf, units of M

W are ft=1bf/min as required in eq. (11-3). Losses due to the drive system will be

included in W measured this way. Other methods of obtaining W might include using a

transmission dynamometer (ref. 3). Thls requires using a pulley with "elastic beams" for .o
"fhe spokes. Using straln gages faétened to the spokes, the output of the strain gagee
» can be callbrated against torque Measuring pulley speed the work can be found using )

e? (11-4). "A crude estimate ofi work might be obtained by driving the system through /

lowering welghts Speed control is lost: thls way ahd. results may be inaccuratge unless

kinetic energy of weights and‘system is accouhted for. .
n .

-~ N N

The experiment . s .
- ~ \

: ) .
A test set-up was built l1ike that 'shown in Fig\‘ll—l. The shaft was 8#2 inches long

and 3% inches in diameter with )% inch diameter plastlc tublng Ball and socket joints

were used to support the bearings. The bottom -bearing was able to carry the thrust lqad

Bgcause of the flexible joints, the angle ‘o could be changed Drive was through a

v ~-belt, using, -an A.C. motor controlled with a Variac. Hater was used and collected to

determine flow éate Water was supplied to the tank at a rate to keep the level constant.

Tests were run changlng variables of shaft angle, .0; «depth of water in the'supply tank; ,
and shaft speed. A;alyses yere developed to determlne volumetric efficiency. and pumping ’
efficiency. Numerous 1nteresting questjons can be developed concerning the operation of .-

this ‘device. Does it work if "the end’of “the tublng is completely submerged? How ,daes "

A
viscosity affect performance? What causes the work losses? |

‘

03 .

o

£~
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Sample results

depths in the supply tank. Tests were made at various speeds for a fixed tank depth. The
. _ ,

3

" In Fig. 11-4, a graph is shoé% of the fléi rate vergué speed_for a number of operating

Bvay T L v T e ke S b S LA M)

water leyel was changed and the tests repeated. ‘Results caﬁhbe graphéd for n, and” np

against speed,®tank depth or inclination, a.

cluded that for an inclination of. a= HOO, optimum shaft speed was 245 rpwm with enough water

- 3.

f\l.

Rouse, H. and S. Ince, History of Hydra

(1957), pp. 15-17.

Holman, J. P., Experimental Methods for Engineers, M

. to cover one;half of the first coil of the helix.
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" Experiment No. 12

A Solar Hater Pump
Ul ' ' -
Vo -0 : _ .. .
" The objective is to design;\build and evaluate the. per-
formapce of, a ‘model solar'water pump oo

Operatingﬁprinciple I ‘

2 1deally be at COnstant pressure. Atmospheric pressure would normally lie between pl and

* Cycle analysis

In red&ons where power sources are not available but there‘is much sunlight, one;seeke

to utilize solar .energy to accomplish useful tasks. One proposal is a water pump using .

solar energy. J}ts principle is to use the expansion and contraction of a confined volume

~4F atp to pump water; energy for the process coming ¥rom solar. nggigtion.____n_

The system is showmin Fig. 12-1. A sealed volume is connected to a water source, and
a water delivery line. _j;;

is trapped between the water syrface and a sealed cover plate. Ty
The plate is the radiation receiver. It must have a surface which absorbs solar radiation | }; A
efficiently and it must conduct this .energy into the air bubble Heating or cooling the,air
will cause the pressure to rise or fall. .. : , ' B ) .

The operation can be described by a cycle. Solar radiation raises the.air‘temperature
at constant volume. This is shown as process 1-2 on the pressure yoiume diagram for the air
(Fig. 12-2). At some pressure, Py> ‘a one—way“check valve in the delivery lﬁi; is forced o
open and the air expands, forc1ng the water through the delivery line to the storage tank.
A second check valve in the suction line prevents water flowing back through that line. \?As
the delivery head, 2, is essentially constant, "this process, 2-3 in the cycle is ideally
at con stant pressure, p2. At point 3, the air is cooled. This could'ﬁe done naxurally by )
waiting until night, or shading the surface. It could be done more frequentiy if gome of the - x-"z;
water from the tank were allowed to flow ovet” the: plate At any rate, the pressure will drop '
during cooling, and ‘with both valves cldsed, the process, 3-4, will be at constant volume.

When the pressure, Pp,, is reached, the suction- line valve will be opened and water will be

¥drawn into the pump chamber. As suction Head, l’ is constant, the process, -1, will ‘ n

p, as shown in Fig. 12-2. _

There are several performance quantities of interest In the actual device, the vol-
umetric flow rate, "Q, the total head developed, h 4 h apd the working efficiency hp . W,
are important. A thermodynamic cycle analysis can be developedqie evaluate the thermodynamic
efficiency for an ideal machine. This we call ng and it can be shown to be a function of
the pressure ratio, p2/pl and the temperature ratio, T /T .These temperature are the
maximum and miﬂ!;um attained in the cycle and are expressed as absolute temperatures

k .
\ !

o ¥

o To develop the cycle’ efficiency, we require the following concepts

1. Assume the trapped air obeys the gas .law-’ : - @
. " - . .f
N %!_ = constany. . o 12-1
where p, V and T are pressure, yolume and - _

temperature respectively. _
. - 95 » A ) '
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Work done by a gas during a constant preaeuve procna
betweqn atates A and B is . R

e o N p (V

Ly}

Y & ;.:x_hl'-j;—-.
Work done by a. gas during the constant volume - prooe,bq
is zero. -/ . .- >. L

~

Heat transfihrad*tq the gas in @ obngtint PXY
- from A to B,, ia ,\-Hp.

Yoo

- change,- .

I Ho-= c (Tg-~T,) S
LR . p - p B ﬁg o ..
‘ }:here Cp is: speciflc heat at constant prepeure et v
"~ S, Hea‘t transfx;\red in a oonptan,t vplume change “Hv R TP
BN 1 ] v :
i e L 9 . _.*:" . ‘: ’ '. St . o ) ‘~ v
. . i ) Hv .= o ev_ (TB -~ _E) A ., ."_;_;:'_ PR R Q.T‘L-.. e e
: " \ . . . e .t . ..
. <y wheve c, .is'specific heat at constant volume’ S
* For a_thermbdynamic cycle, the summation of, the wch S T
equals the summation of the heat tgansfer.,_ O IR

The cycle efficiency is the ratlo of the wo;‘k donem
- divided by the heat transferred into the‘gas, l{‘,
" or _ C e

: %; ‘\ Work : Sl

n , = . ..,‘,4} .
. . . 1 HI - v
As the net work can be expressed as the heat t;panefemd
“into the gas minus the heat transfer from: the gas, 'H-o"
the efffciency can be written as: + '

- . ‘ ‘ 2 H

g Feleagm L s e

R

“dm

The net work of the cycle can be expressed with eq. (12-2). Defining this quant':i'ty :

“the net work nis done along paths 2-3 and 4-1 in Fig. ,,]_;2-2’. Hence,

)

and h, are suction and pumping head, ft.

v - We = p, (V2 Vo)) + py fVl - )

s é i - P2t Y
, . “ Va._— V2 = Vq‘ - ~Vl: = ’GV, this becomes*
>~ M "- . W = - (SV SR i ’ ’
N ;,( “ i (p2 pl) o ’:’
of the’ panp head K .
. p s 0E
‘ p2 =. P + g h2
. o . '
- - p - P8
b Py 7 Pamg M Y
N o
Lo . e 2’
S . P, * atmospheric pressure, 1lbf/ft" .
; p. = density -of_liguid‘pumped, .'_l.bm/ft3
) ‘ . e g " = acceleration _due to gravity, ft/
. gb = 'mass conversion factor, 32.2 lbm-

o ! ) Lo e

" .To expréss efficienty we can evaluate Hy and H - Heat is transferred,into the

~ < b TR | J y
cycle’ along{Peths 1-2 (constant volume) and 2-3 (eonstant pressure).

,,. - —97_

P T RS \il“ ,*



- ey RAACANE: 48 o LN
VA A WA
AN

K
» . - "
i
. , i
f vy
. R s d [N |
‘ +
\ N -
s \ . :
. »
- <
~ .
. . - 1 . ~
- . N v - . . '
] - » J

) . (/ AN ". 035 [~ ) . #*
. “, _“ . - * ’ » ‘..
—— e - - - . U - - 0_ e
S - [y \
030 ;
.'5: (
~ , — . .025. ‘ !
& .
;o N .
O )
Z  .020
(1Y ] .
| Q
N . ll:: -
S Ll s -
. ’ ..J e . - - ;
3 S g o X g
- n ' m.l 0'0 " N
v . w l\ »
- 005
. | . ‘. |
. ~ ’, . o,r.._ . , O, ‘, | . ‘ , . s;-‘ ) | " . ) , .
T 0 -1_- A 2 i3 14 5 ,
: STy PRESSURE RATIO, R, _
w L Y 2 Q-. ‘

SR R \Fﬂ‘g |2 3 _THERMAL EFFICIENCY OF SOLAR

Lig

9g - /

+




'”y?Wﬁj;ﬁﬁﬁﬁ?3§§§FWWvﬁwmw?ﬂﬁ?‘“‘ R

. .\ . & | ! 0

(T /((Té) _— 12-9 5

“' .  Heht is rejected (trqnafqrréd-ffom;the'ai;) g%§B§'bggﬁ;"é;hqiﬁd_ﬂll. " The absolute value T
- of H_ is ~ ' / . . “‘

o R = o (Tg -T) 4o ~ - 12-10 -

- - o) N4 ( / P ) N N -
- » ¢ F—
" Putting these expnesqions in the effigiency eq. (12- 6) T

r o g _ 1“0‘.’ (Tq ;5) + e, (Ty - ;) . : . lQ*li. .

L . /' i £y WQ - l) + (?p (TS - u) .o { S

*

-

: ni,

>

~

-

Now we ‘can define two cycle

After some algebraic m9nip"ﬁlatioKan'd expregsing cp/c-_v-

= k, this equation Becomes

R

r—— .. - - P ) . - . - ‘

Ty [1.- Tl-f k =L (=2 - 1)]

: ST, T,

1 —— 2 Ajgl— 2 12-12
) 2 Ts T, '
Ty G- 1t kg (- )]

1 1 3 )

”

These -are the pressure ratio,

paramete'rs which are impontant.

’

Pp = Po/Py K } , 12-13
.‘ . ‘-" - )
and the temperature ratio, ,
| To = T,/T)- ' .
In addition, noting that . . ‘
CT 0 T T T ) ) -
rT = 57 5 B . 12-156
- ’ 2 l 2 R -
equation (12-12) becomes . ﬂ . * "
. p T
_R.[p —"l+k-—13—(-—13-—l)]
. JPR R _TR PR
v n. = 1 - ¢ et — v : 12‘16
1 * PRI T . .. t
[PR -1+ k Py (§;~— 1)]
'\ -
. . y ' . . .
Pump capacity is important and related to the volume change §v. App\l\ying‘ the gas
law, eq. (12-1) to the.cénstant pressure change, 2-3, we can write . :
! ] X ) ) ~
; | v ' t ' '
Té' = Vﬁ. =14 %! . 12-17
: 2 2 1
L3 - L}
Using the expression, eq.. (12-15) for 'I‘3/T2, we can write 3
. . i 6v ) "l‘R .‘ X s
L P 1 \ 12-18

eq. €12-18) intq eq.
the thermodynémic cycle,
and P

g.

Ru

An ‘expressic.m for efficiency can be ‘developed in .terms of GV/Vl and PR
(12-16)
N3

by Shbstituting
So we have expressed the important performamce parameters for

T

and flow (§V/V,) in terms of two dimensionless ratios Ty

111
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A series of OIloulationa yas made to evaluato tho c clo off ibnoy in terma of T,
¥ R

and’ Py using eq. (12 16) Calculationa

were made for three temperature ratios. 1.1,

1.25 and 1.50. It is doubtful that temperature retios larger than 1.6 are attainable. ‘

Curves are shown in.Fig. 12-3. It is apparent that the efficiency is zoro forga Z6ro pres-

sure ratio, Efficiency is also zero when

the pressure ratio eguals the temperatura ratio. |

At this time; the temporature at 2 hua reached the value at 3 80 no; oonstant proasupe prooceas

13 pbssiblo. The cycle is completed Ly poturning to point X along patho? -1 with ho work

being accomplished. Congoquent:y, there is a prasaure ratio whioh gives a well dofined max-

imum for eycle ‘efficiency for any given rqtio of temperntures.' It would be wol to design

\far that‘cohdi%{on:

.

[N

.l'l‘he ,utest._ll'noael e g _ I ,,__._..._ -

i
Y

A model system can be built‘and tested. One 18 shown' in Fig. 12-4. If.cohsisted of

0 &

[, ceeegmee e e e e
A

a steel tank 18 inohes in diameter having a oapacity of 3 gallons, A delivp'y_tubp(and

suction’ tube were brazed into the bottom.

check valves were installed in each line.

held in place with 39 bolts. A rubber ring gasket was:used to seal the pl

These were 1/u inch diameter oop er. . One-way
The top platp was pf 1/8 .inch thick aluminum,
e and tank

Gasket cement ‘was applied to insure a goed seal. The tank was checked for [leaks by blowing

air into it while it was submerged in water.. The suction pipe was put in

jug of water and the system was primed.

Aé a heat source, two 375-watt "heat" lamps were used, plaOGd'a few

one-gallon
< o4
B J
/'.’I'
inches from the **

7

4

~top surface of the plate. The plate surface was given a dull black coating. Thermocouples

Y

by

were located in the air space and in the water below. )
‘- Cycling was accomplished by turning the lights off for cooling. Th
adjusted so that the system pumped water, and the cyoling begun. The tw

sible a maximum temperature of over 200F

‘delivery hewd Was
lights made pos-

35. minutes.

.

for the air, which was reached

Although a higher tempenature might have been readhed the tempevature hjd begun to level

off, and this point was selected as point 3 (1ights off). This can be s

The test

en in Fif. 12 5.

. '

Lo g

4

-

i . '
. !

It required at least one cycle to have repeatable results. During, éach cycle, the

water was collected dand measured at the delivery, ‘and the ambunt “taken in dnrlng suction was

noted. Temperatures of the air were recorded every mlnute, and for the wqter every five

minutes. Cyole time was 70 minutes, with 35 minutes for heat:?g Times were marked at

valve openings and closings. Results for two cycles are .show

ture histories are given for the air and

place. "H'' stands for heating and "C"

" ideal cycle.

Sample results

For the test described above, some
tank volume
water volume

. air volume

in Fig. 12- 5 Here tempera-
water. Along the bottom are noted the events. taklng

for cooling. Numbers correspond{to states in the

measurements ware: ,E o .
. 3 gal. or 11,353 ml.
o ow218'ml.. \ (R
7137 ml. A
- 101 - AR ’
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L T SR
N . X So
AR > ’ ' \i\ .
R 7
Wy ' : T C
) _ room nh fomponaturo R £ 1 A \ B . ey
—T‘.‘T'——"-" - o . F vo}u————ju °d p.!‘ cycl. R B ._...__. _.10“0 _.ml, e e et emn . _._\ e e __.._._...__._.._..__.._.___.________..
- Hea in. — : : Y
i, 0 .dl .2 - . . ‘6 R R 4~ . . . ' “LE
e Hoad hy ' 10 in. - . 1
- : . . . . L O S
u _;,‘ Atmoppho}{c pressure . 29 85 in Hge _ T g
. . : _ : -"ﬁ
A’ . " ’l' Pt‘om theae data we can determine pressures (p=62.4. ll?m/f't ) from eq. (13-8)7 ‘ e?‘%
o e ‘ 32,2, 0.5 . o SRR
‘ ' » . o _pg-’ = '29 85 (.491) + 62 '& (m} iy - . ) ! . ) . ""’-.E
b A ' N A ’ R s . N ‘) ‘. -;;
T T -=1u'.ee‘+0'22-1uee - . , . -
| | psiq - _ . ‘ ¢ ,/*’*}w
T p = In.es < 62.4 (32 2y, 30 = 14.30 paia L e T B
] C e By = 4.66 -~ 62 39,2712 qq U e e e s : - "-";}
: : 14.88 : - - ‘ A
Therefore P o= Iﬂ;_ﬁlz 1.041 . . ) g ¥ BRSETR
R - ..3 . ) '%' ) \,"/"HM” . . . . . 1 . ':f-
L A . B - . ’ P ’:- ’ ‘I
From the test (Fig. 12-5), Ty 207 + 460 = 667 R and,” ; , .
P 3 . T T, 79 4460 = 53R, ' o T
: - . T, 667 = 1.261
ol . . R 533
From the curve (Fig 12-3), the ideal cycle would be expected to have an efficiency of 1.2%. ‘ _ ,
In this" teat ‘the heat flux to the plate was not measured. 80 no comparison could be made. - o
tf - Using eq. (12- 18); the flow per cycle for the ideal case can be determined as
. f’l. 51 ST
, _‘g%ﬁf—l-O.QQQ.
In the actual cf$$egﬂthe volume of water -pumped (which equals the volume change'of air) was
v ;OMO ml For an original aiﬁ"volﬂme of 7137 ml., o
8 L R\
o %‘\&v , - )iév— : = ’]7.(])_33 ;":*’0.1146. a , - . . .
«a{ Gy Test’ ) o :
ES v, K
This is sombwhat less than the pﬁo&Lcted value. ‘\\\\
"_ - . \\ )
s e . k SN
Work and efflciency ' L =
’ ,\: - "F'\ : Y
' or the model or prototype‘pUmp,--Qe actual useful work, W, can be expressed in .
- terms of the flow per cycle, and the head; or B [
1 ‘ ) T
W o= Q g& (h, +h,), ft-1bf/cycle ‘ ©12-19
’ ¢ 4 O '
For a measured initial air volume, VA’ Q is related to the volumetric ratio as
3 . . \
. . §v
' PEEA
S P
v , ..
S The knergy supplied to the flevice per cycle, E, must be measured from the incident ~
. //ridiation on the surfacey For a 1aﬁp sourde this'might be difficult to get. For a solar
' urce, tabular values. are available for vradiation from the sun normal to the sun's rays
o L for various latitudes and seasons. An average value of 425 Btu/hr can be used. Know1ng
: - 108 - S
L] A"
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‘ ¢

‘the angle of 1nclinatioh hbtwpeh a normal to <the plate and' the sun (a) the radiation o

\)_'
» \.

,,
-
2
-
.
,_enz_‘%;

v’

I3

e ... .. rveteived per cycle s e m U
. , ‘ L .‘\\\Y‘ . ) - 7 . . .' .‘\:‘

. ] ) He ﬁ *(Area of plate) (Solar radiation) cos a (8t) v 12-20

. ¥ ' ’ . T .

f'where §t 1is the hour fraqtion for hbating S ? - : v .

v . While it is doubtfq; that aolar tadiation on the plate could be as intense as that

'from the lamp, let's make qh estimate of pump effioiency aasuming that the sun's radiation

*

f::;’ . pupplied the energy in thq\“at_described. Pump effiqiency will be defined as
*;‘.,l-a»"\" ' A\ ) . - ’ . L : -
// A .I np ¥x . . . . - oot 12-21
/ - . ~ e ‘; \ % , . - - ' ."
; The volume pumped per Cycle as’  ..0 . . ' - ) ‘o '
_‘."_ U S, SR g T e = o \ — . S T . .. e e e .. S
' : " Q= Fon0 mf/28316 w/ft° = 03037 fts_ ;

From eq, (12-19) o
62.4:32.2, . ) . . -

W = 32190 . ) ( RS 1833)
' = t-1fb/cycle or
! ' . -1bf -
b < v, : -
: , .- 778(ft Ibf/Btuj 0.0039,Btu/cycle |
- e " '
‘ Assuming the sun's inclination as HS v and noting the heating cycle took 3% mlhutes. then o
) from eq. (12-20) . . Sy \ ot
. ) e N . 2 S v
. H, = 425 (cos '15)(—§—-v——'w l"‘t?.) ) '(15-) ' ' . @
. v R , i 60 N : _
’ = 310 Btu/cycle. e - .
N - ' \ ’ ’ -
Finally, from eq. (12-21), the actual efficiengy is. - o ' 2
L -‘ - . @ . " - \ .
. ! . . Co
‘ _ .0039 _ o . . o
. . np * 370 T 0.,001% - . |

This is considerably lesa than predicted by thénthermodynamic‘analysis There are. losses
due to heat transfer to the env1ronment from the plate and from the air to the water Whiie
' “the temperature rise of the water‘was small it 'must be remembered that the heat capacity
is very large compared to the’ alr: A flexible partition w1th thermal 1nsufating properties
could be used to separate the air and watey thereby reducing this loss.' In spite of the

low ideal eff1c1ency and .the even lower actual- éfflc1ency, these are not_ critical when you

. consider that the energy 18\"free" S .
' " - Modifications B _ ;b P ‘ .
Tests can be made to evaluate design variables such as: S

o Q

¢hanging surface characteristjcs of the plate,

Y

a
b. varying the initial air/water volume,

c. varying the delivery head h2 or the suctlon head hl’ ‘
d. evaluating the effeect of.water cooling on the surface,
‘ _ e. testing under actual conditions (solar radiations). )
L Ee . R .
!
. . * E- s
o S IRENTE L |
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' Experiment ._Nq ~ 13 :
. N . ' . ¢
SR o . _Ultrasonic D Mion of Materlal Propartios
T . e S s
1 . : ' . pro.pardﬂ by 'Ro‘bort Greif , ' ,
e ' , * Assoclate Prpfeasor df MeocKanical Engineering . L
Tufts Univeuit‘y W . u‘&
.,_-_ . A . . . . - - B - v L . [N . . L - .._.,_...,.p.q(ﬁ.;
. - * ' The object of this experiment 1s to_use ultra;onic waves to f ' »~§
: ) determine properties of engineering’ matorials In an efficient = . S
and abcurato manntr.xﬂ . . _ .5;
. o . . ) . . ) . o , o )‘\h
* * b Ya N L, . ' . L . \ .‘!‘ };
h 'Iﬂtroduction ‘ . . .o L kR ’ o i
N /. S ) . ) . SO S
) 5 '\'-;:\\:
S ... In thia work, some elementary concepts 1n “wave pro _pagation and elnticity theory are oo
qombinod so that common material propertios an be féund experimentally Teuts are’ performed - !f' QE
‘ by transmitting shqrt bursts of high frequp cy GibratiOns (ultraaonic wape trains) into mater- 'Qg
ial specimens and making calculations bagé€d on the measured times between reflections. Sincea. k:
" the specimen length iq known, these t intervals may be easily converted “to wave speed; the '-ﬁ
relations between wave speed and material properties are theh used to £ind results. TyPical » _:
.material properties determined in this manner by students ane Young's modulus, shear riodulus, - ;;%
and Roisson's ratio and their respective variation with temperature. ¥ !
L " Nomenclature ' . S ' ‘ - '%
E Young's modulus . N, -7
} G shear modulus (= E/2(14v) for isotropic materials) i :
o - Y Poisson's ratio . ‘ : LT T P
. - . " . V4 - .
’ P mass, density ) . ' - N v T
2 length of specimen - T -~ . .
’ to round trip transit time for extensional wave .
t, - round trip transit time for torsional, wave . /
KRR ;‘ Co- belocity of extensional waves i )
/ , S .
. -7 . N
Basic principles ’ {} ' . .
& : .
The basic principles of ultrasonics involve using an ultrasonic transducer to convert

electrical energy to.acoustical or vibrational energy (ref. 1-3). In the experiments to be
described,.the reverse process is ;lso used, i.e. conversion of vibrational energy to elec-
trical energy. Ultrasonic waves are usﬁally definéd as hi ffeqqency waves above the limi%
of human hearing, .i.e. above 16,000 Hebtz (cycles per segbnd). The frequerncy range generally ' ,
used in‘practical ultrasonlc equipment ranges from 20 k ‘(kilohertz) to 25 MHz (megahertz).

Two typical.methods used to generate ultrasohic waves involve the piezoelébtrlc effect and ,

s #

the magnetostrictive effect. - _ A,
Plezoelectrlc transducers make use of the fact that a varying electrlc fleld can expand
and contract certain crystalllne materials Some typical materials that exhibit this pelzo—

electric effect are quartz, barium titanate, lead zirconate titanate, lead metaniobate, and

L

. - 105 -
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méthog a_shock pulse is used, with the frequency then determined by the resonant characteris-

W, ’ o : : AT ‘ s R . v )
. A

litﬁidm sulphate. Applyin voltage across a piazoelectric material will lead to a thick-
ness variation proportional td‘the voltage variation. Conversely, applying a force of a
"certain frequency to this piece. yill generate a voltage of the same frequency.

Magnetostpiotive transducerﬁ\make use of theefact that a varying magretic field can

.expand and contract certain ferromagnetic and ferrimagnetic materials. Some typical materials

that exhibit this magnetostrictive effect are nickel, remendur, and permendur. This effect

can be revewsed; a mechanical stress applied to a magnetostrictive material causes a change

in intensity of magnetization.’ . -

In a typlcal ult sonic -application utilizing the pulse echo technique, waves of a
certain frequenpy are usuallyJE?oduced in either of two ways in the first aethbd the fre-
quency of the" applled electrical current is set at te desired l!vel while in the sécoid

tics of the.tranquCGr. Typically, the transducer is driven for a short Period of time
Pesult%ﬁg in a short burst of ultrasonic waves. The pulse travels.thrqugh tlte material to ,
theswopposite boundary and is reflected back to the source as an echo (Fig. 13-1). After the

transducer, has transmitted the short burst of wavés, ft then acts as a receiver for the

+

returning echogs. The echo signals are then amplified and displayed on an oscilloscope so
A .
that the time interval between two Sucpessive echoes can be measured accurately.®

. v
Experiment - Vo , N
. \ . §
The object of the experiment is to obtain material propertiee for engineering materials

using low cost ultrasonic accessories. A typical experiment that will satisfy these require-

. . v
ments inv@lves the pulse echo method for thin wire specimens (ref. 4), as shown in Fig.(13-2).

The hltra;onié equipment that a typical laboratory would require are.a pulse generater and

an ultrasonic transducer; the total cost pf these items can bg purchased fo; less than $600.
For example, thisg équipment can be purchased from Pénaﬁetrics (Waltham,‘Mass.) as follows:
$39% for the pulse genepator’("Ranapulser”5 ana $195) for the ultrasonic transducer ('"Modulus
Transducer")...%eqeral purpose\pulse generators are also avallable from manufactprers'gdgh as
Hewlett-Packard (model thB, approx. $800) or from General Radio (model 1217C pulse geng%ator
and model 1397A'power amplifiéﬁ, total cost approx. $950). All of thgge pulse.generators are
used by Just plugging into é‘regulap 60 cycle AC wall outlet.without zhe need for any addi-
tionaI power supply. : ‘ ) ) )

As shown in Fig. (13-2), the pulse generator energizes a magnetostrictivg fransduéer,
launching ultrasonic waves down the léad—in.wi§g¥ The specimen®® is joined to the lead-in
wire by using bonding, brazing or welding. The waves are reflected from the front and from
the back of the specimen. These reflected waves (echoes) travel through the lead-in wire to

the transducer which now acts as a receiver. Because of the magnetostrictive effect these

waves generate a voltage whith 'is shown on the oscilloscope. The time interval, to, between

4

a

'f ~
Enough time must be allowed between transmitted pulses to permit the return of the desired
echo ,signals ahd the decay of any subsequent reverberations. '

¥k ' :
The specimen should be thin compared to wavelength; the largest cross-sectional dimension

sHould be less than Smm for a wavelength of 25mm:I .
IS
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_ proven that Young's modulus, E, 1is \

- top picture has a

[’ . . 4 .

T |

fhese,Vbltagh signals is equal’'to twice the time for the waves to travel through the speci- -

~men._ (Typical pulses ﬁay'be read off a_calibbatéd oscilloseope to an accuracy approaching

0.1 psec). This time interval leads to the ég?evminatién of the modulus.’
To determine the modulus, we may use some_fesults from elasticity theory (ref. 5). For

an el@éstic solid which M thin compared to the wavelength of the propagating waves, it may-be

]

2 Vi

E = pC L 18-1 ¢

O -

. . _ &
where o 1is the mass density and CO is the velocity of»ﬁggpagation of extensiomal waves.

If thé’length of the specimen is %, .then the time interval to is \ N )
v = 2% : . : 13-2°
R N S« S Z 2
' - * ( O . - ) A} -':‘;. &
so that from (13-Y > ‘ L
oL E = up (2/t0)2 13-3

Edﬁétion (13-3) is used to find numerical values of modulus. It should be noted that the
length'of the specimen is relativgly unimportant. - Lengths from 10mm to 10 meters can be
employeé with a typical length be&ng 50mm. .

* Shown in‘}ig. 13-3 is an actual photograph of the oscilloscbpe trace for a test of

work hardened stainless steel 304~wire. The.diameter of the lead-in wire (which is also

. s .
- 85304) is 1.5mm while the specimen diameter is 0.75mm. The lead-in length is 33" (8ucm) °

N, .
. and the spechmnxﬂfngth is 2" (5:08cm). In Fig. 3 we see a double exposure in which the

horizontal) time scale of 50ps/cm while tﬁé“}ower trace has been expanded
to 10ps/cm and is therefore much easier o read. The echo patternishow; the time between the
{nterface echo (i.e. the interface between the lead~in and the specimen at which there is an
abrupt impedance change associgted with the diameter change) and the end echo (i.e. the

echo from the end of the specimen). This time is to = 19us, and from eq. (13-2) the wave
L

" velocity CO is

@]
1}

22/1:0 - ‘vib;"'.'

-
i}

0.53 cm/psec

which may:be written as C0 = .53 x 106 cm/sec. Then from eq. (18-1) it fqllows that
; :

- _ ‘ ) 2
- E—-pCO

o : (7.8) (.53 x 10°%)? 13-5
2.2 x lO12 dyne/cm2
32 x 10° 1b/in? \ .

it

4

4
¥

In this manner, material property data can be obtained for a great variety of materials

. including metals, ceramics and plastics. Some, typical results obtained Ey using this

pulse echo method are listed below. N

' .

10.16/19 13-4
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. ' : Table of Yom'u Moduli (‘J,b/ir\2 X 106)

¥ - ’ ' \ Aluminum P 4 10.4 3
v Y | . ,llium‘ . 7 ". 43.0 ° r. - . S L S I‘:g
T s S Niekgl S ! 0.0 [ . S | . '”?Lg
S Lucite . _ . 0.u48 " T \ f'{%

¥ . s - __::" . q:

s " ¥

There . are aeverdi~nmdificationa that can be made in the enoboding e§£brimoﬁt to obtain | - ﬁ?ﬁ
additional proporty data. Shear modudus -G and Poiaaon 8- ratio. v may be obtained by using g

. a. transducer that generates both,extensional and torsional Naves simultanooualy (ref’ 6). A

) seperation betyeen the two types of waves may be controlled by varying the length of the loadv‘
in wire. It ¥s possible, by proper impedance matohing bhtﬂeen the le&d—ln wire and the speoi—
‘. men, to have the extensional wave eohoes damp’ out before the torsioﬂal wave echoea ‘appear on
. 7% the scope The resulting trace on the scope will then .show. both these wave pattevns clearly
| .and the appropriate time intervals can be picked ofﬁ?accurately . The shear modulus G .may

,/be determined in terms of the time intervall tg “between shear echo peaks using - i

e e = wp(are)? : ‘ . 13-6 -
o . B . o 8 < . . ]
Poisgon's ratio may he calculated from the relationship between E and G for: ah isotropic _ 7
‘material ) - ) N , ' T : A o g
l @ G = Riim . . . l3f7 | '
_Usiné eqs. (13-3) and (13-7) Vv may be solved in terms of t, ‘and tos : .
) . “\_. .
- . ‘ CLov o= Eooy e | 2o 13%8a -
’ 2G ’ ) : n . -~ . N
. 2 : o -
. ) : , 8 ~ <« z . - :
. . v o= 5 - 1 \ ... . 13-8p °
' ' + 2t * ‘ . .
by -

PR

It is'iﬁteresting to note that the specimen’length & - does not ‘appear explicitly'ib thie'

.velationship for V. - L . e s L B <
. " The variatlon with temperature of the foregding material propertles may also be '
¢ determxned by modlfying the basic- experlment The additional experimental apparatus needed'_ o J';

to include thermal effects is sketched in Fig. 13-2 in the form of Jashed lines enclosing

the specimen. Bssentially one can build a emal%,oven facility to enclose the specimen and'
subject- it to various environmental condltion54{kThe experiment ih“run in the same.. fashion

as before with time differences between peaks being read ‘off "the seope*' consequently, the
;varlatlonwof modulus with temperature can be determkped It 9hould be noted that in most -

.80lids .the sound ve1001ty decreases as the temperature*increases which leads “to an 1ncreas—

ing valie of transit time. . . - T g S
. ‘ . . . . E . -' , A . . ) : ; ' : .
. . , A . . . S - .‘n .\'_ - K . , .,'\ N - e -

p f,f Enclosing part of the lead in wire has no effe&t on the traneit t&me sénce gﬁly time _' _ki
differences are’ found. .o - P
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. . _ : f)ée Lo
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The .objective is to evaluate the performance of a nozzle in
- compreeaible flow by measuring the reection force in a o
., ¢.. horEls. » N ' s
. * Note: Bxperimdnte 14 and 1ua Involve compreeaible fluid
o _ o mechanics, which may be too advanced for etudente below -
PR "\ the junior or eenior level. . : . . i

!t'(

-

~We have a small converging nozzle approximately 0. l inch in dinmeter which we intend

"+ to use for a smell air turbine. It will be used to expand air from a high pressure to a . i

@

__i” B pressure near that of the atmosphere in order to produqe a high velocity jet, - Turbine - o

‘ ;:Q_S1adep will convert the mompntum in the jets to work in a 3mall turbine wheel. ufor”tﬁii"“—'—_"""“ _‘
o turbine to be efficient we want an efficient nozzle, .To aid in'the design we would like to. ro
;%- (*5m‘hqve some quantitative expression of the efficiency of the nozzle. o )
- f'ﬂ‘«’ . A nozzle velocity coefficient will be determined as  the ratio between the meesured

velocity of the jet to the ideal velocity.

A

4 ¢ A { -
SRR I ;:-h i k = -rj'— : 1u-1
o, 8 e A n v
. sﬂ_ . :,;:.___.x ".ﬂ,_' N ' . ) . j
"“‘a M . B

.'fﬂ  flowing fﬁpm the high pressure to the' exhaust back pressure in an idealized way; i.e. . :
; i;is“rev@rsibly Rithout heat transfer This is also isentropic, or at constant eptropy. If we
. \ '-.'ﬂ 8 o]
* i conéfh\‘ Y, flow of alr through a control volume conslsting of a large diameter ehamber : .
‘ k and the1hozzle we can write, for steady flow, _ ’ v '
L 5 - / - -
: v 2 _ v”2' . " . » . A
g “:‘r! ’ _‘.‘ - . -
. - + h2 hl t + g(zzn zl) . 14 ?
Q = heat transfer: -
= shaft work, v E CL '
‘h- = enthalpy, u + pV' = ' ' o 4
.‘n . 2 .
v = velocity (hence %— is kinetic energy) : .
I N ‘ - t . - * s
gz < potential energy; product of elevation and
. acceleration due to gravity '
b = “mass flow into or out of control volume _ :
- u {’ " internal energy e : ~ S '
3 product of pressure times specific volume, \
o or flow work : -
. \'s‘ - (2 ~
Fori‘he preseqy4égge, there is no shaft work done; heat transfer.is small enough2to C
S v ’
negl' b, chaqge in potential energy is zero; and the entering kinetic energy 5 is
* R 2 , K
AN 2 ':4‘ v
smhlleéompaned to;thaﬁ leaving "%T" This last assumption is vhlidated by the large

L \

T
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R s,
weight of the pipe and attachments, w. Using a force -balance thiii}elation is

» &

e ! ) .
area ratio at the two crbss sections. Consequeﬂtly ‘ -

' ' T 1/2 | i .
. 1) -
V gy (hy - 2) ) Au-3 _
. Here 8, and_‘J are conversion factors. To convert Bfu 19 ft-1bf, J is used
) ft-1bf ' : ' - 1bm- £t
J - 77 . y . = R
8 Bra . ¢ and to ?rovide proper units for mass we intro@u?o go 32.2 ig¥:§;g¥

Then with h in Btu/lbm, the units are correct. In terms of unitg the right hand side

. ‘ 1bm-ft . ft-1bf . Btu,l/2 =  ft 1/2 . ft : ‘
ot¢the velocity equation ls ( —— BTG \ibm) L2 = = Sed which . ;
¢ . 1bf-sec _ . sec .
" are proper units for veloci¥y. For an ideal gas (assuming constant specific heat)
h = cpT. With this the'yﬁlocity can be expressed in terms of temperatures -
- > v ~ -~ " [i l/2
. v, = NVQEOJC (1 T )

R TR TE It et

¢

N

N

Ca)

@ |
L

v

This does not rdquire that the ppdness'be ideal. It is not practical to measure T2 in .

the high speed flow, so we seek another way of determining the actual velocity. However,

if the ideal T, is avé&lable vhen with this in ‘the velocity equation wa can find 'iv2.

In terms of inlet states and exit pressure, for an ideal adlabqtic (no heat transfer)-

exPan31on of an ideal gas having constant specific heat , ~

- Py k-1 .
" = —— I-—
112 = T (pl) X o . 145

., ¢ s ~

where k is the ratio of spéc{fi& heat cp/cv. It is simple to measure the temperature

of the gas at the low valocity of state 1. From these equations, and the measured ‘Tl, . :
{

"pl and Py it is p0881ble to compute _iv _ under the assumption that Py = barametric

2 .
pressure of surroundings. ' d

The objective of this experiment is to devise & means of measuring v, and compare

it to iv2 ‘as a function of pressure ratio pl/pz. ’

AY

Experimental scheme ) _ - )

One approach to the deteﬁhination of the actual value of v, is to use Newton's

second law, and by measuping reaction of the nozzle, (or impulgive force vof the jet) cal-

culatt v A devite is to be built like that of Fig. l”ﬁl./ The nozzle will bquounted

0"

into the end of a large (1-1/2 in. nominal dia.) pipe. In fadt it is simple to form a

converging nozzle iy a pipe cap. Air will be supplied to the large pipe with a very
flexible rubber tube. The pipe is then suspended by wires to form a long pendul@m. Use

wires 8-10 ft. in ]ength for this.. When air flows'thrdhgh the nozzle, a reaction force

A

will be set up and the pendulum will sw1ng to a stable position, causing the wire to.

traverse a measurable angle 6 . 'The forcc:of the reaction, F ‘'will be related to the

»

F, = w tanf. . ' : 14-6
R : : . . j
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' \
Using the momentum’equation, applied to the control volume (the pipe) the fdrce can,

be related to velocity. h B
HEEN \

e In the x-direction the momentum equation for steady flow is

. *

L Fopces on control volume = Z\momentum flux out - I momentum flux in.\ \

With + assigned to foroes at the right, we see from Fig. 14-2. ) \

T PhA T F+A(p - py

. L Forces = ﬁ tp (ﬁp -A)-p sprr{.

surrounding A

Because the x-component Si the entering velocity is zero, the momentum flux enteriné

is zero, while the -momentum flux out of the control volume is _ S

.
M %

th v, = p2Av22 (see note 1 below) . 14-~7

o --‘_..—- - R e o rm‘—‘-r: RV et T TR "U‘"-“\ v T v WY

~——— — -where the mass has- ‘been: found using continuity.---A good appreximation to p2 B T TS

“

. . . . - p2 1/k ) .

pld ) "

+

Although this assumes reversible flow, the érror in oalculating the density will be'very

-small for a nozale. Then the force of'réaction on the walls of the control volume,'wh%ch

R is equal and opposite to F, is C 5
? \ . ’ _ “ ()QAV2 ) . TN
- & . FR = A (psurr B pl)’-n—“zr—_-. N

‘ . _ s By
¢ 4 . . 4
(Notice that the force is to the left in Fig. 14-1 as Fe will have a negative value).

We could write in terms of absolute values . ) '

" p2Av %
= [ I
o IFRI |A (p, &\psurr g | (see note below) | ;& 9 .
- ( e . 7
By measuring |FR|, Py» Poupr’ Tl and A, we can now compute Vor .FR is measured by

determining the swing of the pendulum and the weight of the pipe. A pressure gage and

thermocouple in the pipe allow Py and _Tl- to be measyreéd. - Apéa A is simply measured

T e

Note: ) ' .

1, When the ratio of theé nozzle exit pressure:to the nozzle pressure, P is less

than a certain critical value, the flaw is restricted by the properties at %Hg no%zle Lhroat
These are called critical properties, which can be designated p¥%, p%, T%, etc. For air,

< p*/pl = 0.53:. Consequently the(réactlon force must he written ;
. , . i
IFRI = |A (pi ) p*) + g; v, N ' "
. e - and m = P A VY ‘ .
‘ But | - . ‘ v = kgoR'l‘*w o . *
hence for air, T .'_k = 1.4, R = 23.5 1bf-Ft/1bm- OR,’
l . m = 0.532 E%— 1bm/sec. f
: . . 1 :

for ideal flow to the nozzle exit, For a more complete discussion of this see, for
example, Shapiro, A, "The Dynamics and Thermodynamics of Conipressible Elow", vol 1,

The Ronald-Press, New York, N. Y., 1953, p. 85. . , .

]
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as is onvironmontal pressure p
This can be fepeated for various norzle pressures, p » and a graph of k vs. in - can

supp® YoM both vb and 1v2 can be found along with"kn, B

" be proparod Preasure pl' can be controllod by"hiani of a valve on the alr Bupply .
\ g 1

Ao

Sample results \ ‘ . . - A

An experiment was performed uaing the, test facility illustrated in Pig* -1, Afr
was .available from a tank sup lied by a small compressor, The air system was oa*able of - .g
suastaining a pressure of 35 psig at “the nozzle. . _ -é
Results for two tests are given in the following table -

bt

\

. ! Deflection of : ' o . Nozzle donditions
pendulum, 6, Temperature Proasqgg'

- — de mes —m———— - ......; - S - - e B - o, - .- ) - e e e _:.A - S - . __._.—...._.

8 ) 3 : “ . ) . Tl. F ’ . kpl’ pa g '
} . . . : . *
5 - : 1 75¢ . 30.0 ,
6 -’ S . 75 " 40.0 o
) Atmospheric pressurse:lYy. 7 psi ' ' -

Weight of nozzle, pipﬁ and attachments = 8.5 1bm

q

“ & | ' Diameter of noz«le at. exit =0, 125 in : ' o ¢§?\

- o~ -
Area of hozzle at exi = ES—AEEl—- = 0.0123 in2

. 4 ‘
c = 0.24.B/1bm - °F | '
p \ ¢

L . i

X TN
.

k-1 ) .

o P — 286
. - : surr, k 14.7 -
?irst Test 'if? = Tl “ pl ) = 535 (MN 7) = 3B9R,
’ . S o . -
tv, = 223.8 V.2u (535:389) = 1325 ft/sec. - " e
. Fp = 8.584n5=0.74L 1bf ° |
. . i i ¢ - .
As the pressure ratio is %%gl; = .328 <.53 the mass flow is (see foot note)
2 . mo= 532 GTIC0123) L 5306 lb: “'t
o 535 . se
Then for the sub critical pressyre ratio, Hith p* =P, (.53) = 23.7 péia the veloocity

- .
- 1]

found from eq (14-9) is ' o .

) F‘A(pl‘?;)- ¢ 0.741-0.0123 (44.7-23. 7) /.

' v, = -
. ~ ) . . 0126
4 . * . . & -\ . . ( 32-2) , B : N
Vo = 1234 ft/sec. " -
kn = vo/iv, = 1234/1325 = .93 : s . (
v S . ~ , -
o 1.7 286 - - ¢
o Second Test iT& = :535 (su 7) = 367R
v \ [+]
. fv, = .223.8 .24 (535-367) = 1419 ft/sec.
. - - . -
’ , F, = 8.5 (sin 6) .= 0.946 1bf
I3 R N N 2
) ,. .
v . B / N ' +
= ﬁ? - r . a v

. . 'r\. o R - ) ‘l .?8 ’ ¢ .
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b Agaln the pro.suro ratio is 1.-: than drltioal._ Ilei . ' - .

. [ / . N

1“.7. e
U, — -~ .269_.__ B+ 3 R : el
. : " F 3 ' ) . ) . .w.’, . . X - - él k\:
‘Lf | The mass flow is (see foot'notq) ‘ - s _ | k@
L ' | A oy
o = ' _\}‘292(5“ :710(0.0129) , ¢ 938 120 B U
P : T $35 : " sec , | L e

Then.with p* = 54.7(.53)" = 29,0 pﬁia:. '

t

0.946 - 0.0123(54:7-29.0) : 409 ft/sec.

Vg ¥ ROLLN - .

1309 ' . . 3

. kn ." L) = 0,92 _ . : . : ,{:
— . S e e e - ; T R I N TS *Sm.tﬂ C e e £y o ¥
Hith additional test data these ‘results can be plotted as a funbtion of the pozzlo _ f;&

pressure, pl,— or the ideul exit velocity Lv “‘\\\J,\\ =

One poasible modifioation of thia.oxperimont ocan bo done by constructing norzles of '’ I
’ different lengths or shapes. Then velooity oooffioienta can be oomparod for the different 'i\l:

nozzle shapes
A simpler form .of this experiment can be done using .water as the fluid.

Experimgnt 14A

Measurement of Impulse in a Jet of Fluid ‘

- ; ‘ ( ?
The object of this experiment is to meastre the impulﬁb force . - .
when a jet strikes surfaces of different geometry. i

2

An extension of the previous expariment can be made by measgring ihd?impulse in tke

jet from the nozzle of Experiment 14. A systém was built, as shown in Fig. iMH&. fhé - o, .
. noizle~was fastened to a support, with the jet pointing vertically downward{i.Placeg‘ ,
several inches below the nozzle was a balance at which the jet was direoted. This per- .o
mitted'the impulsive forée”(reaotion force in the jet) to be mpasﬁred by mgaﬁs of the
b;lanoe. The objecfive of the experiment was to measure the fofce with several shapes used
to change the impulse. Basqdlon measurements of -Tl’ Py and Py the mass and velocity
(ot momentum) in the jet could be determined. These are idealized values. Fhen the measured .
impulge force could be compared to the value computed fro; the pressure and temperatube
measurements. Five shaPes were used. These are shown in Fig. 14-4. The;hVA;y from a simple

flat plate to surfaces with two dimensional flow dividers.

Method of caloulation

For each test, the pressure in the'nozzle, P,» Wwas set, and readings of Tl: psurf

»

. _' and the force on the balance were yecorded.
To oomputo the theoretical force, the momentum of the jet at the nozzle exit was found

as the product ,of mass, i, times velocity.
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LA Here, roforming to Expcrim.ht 4, eq. (L4-4), (1u 5) (1u-7) and the gas law. :

S Ty zz\aq.a_‘_;{)/;p T, -.rr_Q.)_ N | ;

» 3 l

:._..’. ' ’ j_T x (o—-— T- . .

- ‘ . 2 P 1 | | e

pa’ ) |
= p2 ¢ N
\ e RT, »

For casés in whith tho‘prossuﬂtlrgtio is less than critical ‘detarmine the mass -

———- . © o Flow as_.:i.... ’ R

- v plA' “
- ' ‘ m = 0.532 ——
t. : T '
. : The forc8 depends on -the geometry of the object placed on the balance. For stéady
flow, the force can be found by applying the momentum equation to a cont{sl VOldme As : o
the jet is not confined the pressure forces are balanced, thus tho force against the object ' *
is ' ) \ T L
* . ) ' F = momentum flux in vertical direciton flowing out : .
~ momentum flux in vertical direction flowing in o
: : _ i
For the flat plate, case A, the efflux of momentum is horizontal so ﬁvy = 0 . N '
. and . - I . : c, o . e *
. F o= v, ) _ - RISUN
where v, is the nozzle velocity or gas velocity in y- _ T :
. LY
~ direction ente'ring the control volume. * %
This is also true for configuration B. The sphere andsplit fhrough ) cgseé C and D
have y- ‘momentum flowing our of the control volume. It 18 ’ ‘
) momentum out = —ﬁv2
Consequently, as’ the in-flux of momentum is ﬁvQ, the total force is, .
F o= 2w , 14-11
With the exit reduced to 500, config&ration_ E, the efflux was T ) : ]
v, sin §0° = v, (.7660) ’
) and the force on the balance.
F = mv, + mv, (.7660)
. 2 2 14-12
= l.7660'ﬁw2 _ . - —
With the several impulse surfaces mounted, of the balance, the actual impulse force l . R
F"’ can be measured as a function of the pressure in the nozzle. From the equations for R

ideal ~Flow, the ideal nozzle exit velocity, iv,, and mass flow can be found as a function\
of nozzle .pressure, and the ideal impulse computed, F. From these computations a ratio of
measured force FR to ideal force F, can be used to expresé the effectiveness of -each

surface. Then these ratios can, be plotted as a function of the ideal exit velocity, iv2.
. «4 121 -~
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. surface shape. Curves of imputaq fon\a for the. five shapea and ideal exit VQ10q1ty for the. - .4

TR,

[
.:’:ﬁ

2

Sample results

~ -

3 ".' .
‘ IS s N H

preriments were run uﬁing the 0. lQS in\diameter nozvle, nnd the flve ehapos ahoun in
Fig. 14-4. As the tpmperaturap&h the ndgrle rpmainod nearly cqnstant Lt was posaibln to ; .
generate curves nf igdeal exit vaioéity ﬂnd’impuisa.forov as*" a function of noz7le pbeuaube and

nozzle are shown in Fig 4z 5; Foﬂ each experihent the ideal impulseuforee was taken for .. -
the measured nozzle pressure fbom the appropﬂiate curvc of tig. lH*S -This was then eompared

to the measured force, in the rﬁtib F /F Using’the ddeal velocity taken fbom the’ Curva in !
Fig. 14-5, this ratio was plotted to produCe the innts in Fig. 1N 6. o ' :

.

These data are from a etqunt egndhcted experimdnt and no attpmpt is made here to | T

evaluate the results. However, there is cohsistenqy among data for each SuvfaCe, and it is

‘evident in every set that there is an incﬁease B0y effectivenass iv 1k06 ft/aéa —_— B
Consequéntly, this inflection was incorpormted in the " d" cubvee drawn thrbugh the data T
It is more pronounced for cases- A andy . ,:_' j__- . ﬂ; A e ' -
Expériment. 14B S h r o L L .

. K . g N 7 ‘
Distribution of a Free, Jet in Air 3‘ < . 1;5 f~ ) g ) f? R -41-"

- The object is to measure the shape of the plime of
a jet of air into air. _ R

Using the nozzle system of Experiment 4, it s pesslble to map the diatribution,of

the jet in a rom of Stlll air. With a simple hot-wire system, velocity can be measured in _;-

._,. ‘<

, planes aligned normal to the nozzle axis and at differert distaﬂces from the nbzzle exit. - _.1~*

This provides a three dimensibnal distribution of velocity in the plume of the\}q\\“drape ,~i‘ )

show1ng lines of constant velocity can be <constructed. v L

A simpler version of the above can be done by con%tructlng a square about Hft X HEL
of llght plplng, mounted ‘ol- a portable stand . Twlne is, theﬂipttached across the piping to fed.':-J

B
form a square grid as shown in Fig. 14- -7. At the 1nterqect10n of the croSs stringe, qmall .):7?5:

tufts of light yarn are fastened; When the air Jet ls stapted some - of the tuft§ on the frame""

'”will be afﬁected by the air movement By movlng the frame along‘the “dxis’ of the Jef a‘ A

qualltatlve distribution of the ]et p]ume can be construgted -~ (

e - . -

" In each of the cases, the nolee pressure can be changed aﬂd the 3et dletndbutioh

r

mapped as a functipn df the no7zle pressuve : . - ; o : e B e
* - . . 3 ‘ oo --_ e . : v R o . '
. - ' ‘ T : R - g g
. o . ‘ . - . . R
. . - . - ) . R - . “ . v -'; - * . I
Experiment .14C CT . . . . - : e, A
* . . . . . - - . 2 . - . . - -+ \‘v' ar " \./
. . [ . . M N S . - s
Noise.in a Jet . - U — oL, RS
B . 3 R AR - N » . .
, . N ¢ ‘;_; . - q“r.‘, ‘-f PR A s R e '.»7
.} The objective is to measure the souna level .and " B DL
1 dletrlbutlon of #sound level in a 191 plue, f' T A

Y

5 . . . - . . .r._‘_._
Anothcr experlment was ryn with the nozzle to dcteMane the drétrlbutjdn Qf ‘ound 7:*
- The noz¥le Was run 1n frce alr,,and thc room probed with, a amall mlcbcpbone and a soﬁnd -;" Co

Jevel‘meter. From the readings maps were prcpared to shpw the 1evel bi bounﬂ ih the Jat

\:-'
"

and in’ the roqm. 7The distribution of sound was then comparcd Yo thb d1stribut10ﬁ oF job B

- .
AENR S LR

velbeity. A line of max1mum .sdand Lnben31ty wa$‘found startmng at; thc nozzic ccnter.llht ”_ L

R N ) . ..’ . . ,\
o N [T L. L :.._'.' :
. : . . . ) ™ “1"2.,'_13( ' . .i:’",\, ._;'y'-' .'...'.
. .- . . "w- N - ) Y . o Il. W™ . .?I {
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g . - ot E
';”.' and spreading oonicllly. until at a distance 24 ft.- from the exit plan, the oone radius
é; ' } wae 9 feet. Sound lev‘l mape were prepared in two dimehhions for a nozzle presaure of .
T T palg e e e e st e e s e | ey
m‘: . --Q‘ In addition. two mufflerl ware oonstpucted applying 2 inches of fibreglael insulation - ,\A o iﬁ
_to wire cloth. One muffler was cylindrical, 3 feet long and 22 inches inside diameter. ‘The C e
ﬁf‘”f" eeoond ‘wan conice,” 33 inqhes longitwith an ineide~diameter of 4-1/2-inchée ‘oh-one end and . ~m”*.._5;;4
19 l/2 inches on the other. Sound suppreeaion was diaappointing. and the velocity patterne L '1§
S were altered by both auppressors. At the exit of the conic muffler sound . levels chenged. _ ' Ii
periodioally. It was also obeepved that the flow as observed by A hot—wire trace on an ‘fiﬁ
oscilliscope changed from laminar to turbulent to laminar as’ the sound level“changed . S "
. ‘ . | | .‘ . J:t 5 1 ._w
o Bxpeniment wo - | o : e R T
3 S S A A o
Simple Shadowgraph 3 : : , S : : ' - S
) The objective is to view a compressible jet . - A lj
% . - T2
using a simplq shadowgraph . v " S ﬁ

_ _ P .
When a gas flows. at a high speed the density variations in the gas be epfficiently-
large to affect the. index of refraction.. In fact. density variation due to ‘ii::rature ate- '-Agg
ferences cduse changes in the index of refraction so large ‘that nearly everyone has observed ' )

; them. These are the distortion waves seen rising from‘?a road on a hot day,or the waves .
._F ' that ‘can be cbgerved rising from the shadow of your hand in sunlight._ This is’ the principle ) ) i
of the shadowgraph, observing the distortidn as shadows cast by a.source ‘of parallel light. ' -

There are more sophisticated optical systems, for example the schlieren system or the

N )

interfsrometer‘-. .
i A.gimple shadowgraph can be constpucted to observe the wave patterns in a supersonib ‘4 - .
jet using ‘a slide projector as a light souvce. Place the projector about tdh to twenty 21 -
¥ Ffeet from the nozzle jet with the 1fght shining throndh the jet at right angles to it. Then L

‘place a ground’ glass or white paper close to the jet and in the light path, It may be neces- )

sary to put the paper 1/2 inch from the jet. center line to get the shadow ig.focus. Now run

the nozzle with nozzle pressures more than 1,9 times atmospheric to insure supersonic flow. .
- A diamond _pattern of -shock and expansion waves will be .observed in the shadow cast on the .

ground glass. Because the nozzls is small, the shadowgraph is small and faint but it can. B

be obssrved by magnifying it; photographed with a close—up lens or displayed on a television 4

mqnitor with close-up lens in the, video camera.’ e ) S o v
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