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The development of rotary sprinkler irrigstion systems
has created an interest in hydraulic studies of rotary sprink-
lers. One of the major problems 1s the need for luprovement
in the water distribution patterns of the sprinklers. It was
recognized that one of the important factors in sprinkler dls-
tribution is the secondary flows et tne bend or elbow in the
rotary sporinkler. Therefore it wag the sim of this study to
attemot a preliminary analysis of secondary flows in the bend.

For the further purpose of the study, the following pre-
liminary tests were undertaken as the ob jectives of this dis-
sertation.

1) The method of visuzlizing secondary flow in the
bend of sprinkler.

2) To determine the proper size of manometer tube to
indicate static and dynawmic heads of water flow in a closed
conduit,

3) To determine the proper size of Pitot-static tube
for the study of velocity dietribution in the bend of a
plastic transpvarent tube.

4) To calibrate the manomster tubes.

5) To develop the correction method of projected area
by traversing Pitot~static tube stem into the section,

6) To determine Pitot-static tube coefficlents with
regpect to velocity change.

An effective method to sanow up the secondary flows in

the boundary close to the wall of the plastic tube was found,



The secondary flow patterns were clearly visible on the insgide
wall of the tube coated with fresh white paint or with black
and adhesive o1l which was eroded by the flow to show the
splral streamlines. The alr-bubble method was successfully
used to show the phenomena of streamlines of interior flow.
Five mm regular soft glass tube wzs selected for the construc-
tion of vertical plezometer tubes, 30 degree inclined mercury
manometers, and 30 degree inclined plezometer tubes.

The suitsasble size of Pitot-gtatic tube was determined
as 0.030 inch I.D. because of its high efficlency in measur-
ing velocity and the negligible effect of water vliscosity to
the flow in the Pitot=-statlec tube.

The non-uniform variation of caplllary rise necessitated
the calibration of the manometer., The error of time lag on
the readings was eliminated by allowing two minutes to elapse,
thus establishing steble reading in the manometer,

The double traversing method made possible the use of a
constant correction for the projected area of the traversing
Pitdt-static tube stem 2long a diameter of the plastic tube,
and 1t was used to determine the veloclty distribution curves
in the sections.

The ratios of the mean velocities obtalned from the vel=~
ocity distribution curves, to the mean velocities obtained
from weighlng method was appllied for drswing calibration curves
of the Pitot-static tube coefficlients with rsspect to veloc-

ity changes.



Each of the author's four Pitot-static tubes had its
individual coefficient calibration curve as sahown in Fig. 24.
The slopes of the four calibration curves were approximately

the =same.,
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INTRODUCTION

The r=-1d exoansgion of irrigation in recent years hzas
been brought about, in part, by the introduction of the
nortable rotary cshrinkler system m=2de up of ligntweight
2luminum tutling end fittings. The development of rotary
epriangler irrigation systems hae creoted an interest in
hydraullc studies of rotary s-rinklers. One of the major
protleus 1g tne need for lmorovement in the woter distri-
bution catterns bty roteary sprinklers. There =re two de-
sirable distribution patterns which lend themselves well
to toth overlanning and a silmple arrangement of the soprink-
lers; one 1s a triangular-shaped pattern, =2nd another is an
inverted trapezoildal pnattern. However, the soringlers pre-
sently 1n uege do not give completely e~tisfectory patterns,
especially »at lower oressures.

Bilanski [10] recognized thst one of the imoortant
factors In sprinxler distribution is the secondary flow at
the bend or elbow in the rotary srrinzgler., As the hydraulic
oresgure and degree of bending are fixed, a decrease in
length of extended tube will 1mnrove the distribtution psttern
provortionally whlle increasing tne length will have the opro-
site result. The intensity of secondary flows will vary with
chenge in the degree of bend and veloclty. It wesg,there-

fore,the aim of this study to attempt a preliminary an=1lysis



of relationships between secondary flows and the bend under

severasl hydraullc pressures.

For the further purpose of the study, the following

preliminary tests were undertaken as the obJectives of the

digsertation:

(1)
(2)

(3)

(4)
()

(6)

to develop a method of visualizing secondary
flow in the bend of a sprinkler,

to determine the proper size of manometer tube
to use,

to determin9 the prover size of Fitot-statie
tube for the study of velocity distribution in
the bend of a plastic transparent tube,

to calibrate the manometer tubes,

to develop methods of ad justing error in velocity
measurement with Pltot-gtatic tube, which in tumm
causes a reduction of water flow cross-sectional
area as the traversing Pitot-static tube crosses
the section,

to determine Pitot-static tube coefficlents with

respect to velocity change.



FLOW SYSTEM CONSTRUCTION

Flow System No. 1

This system (shown in Fig. 1) was assembled for test-
ing different means of showlng secondary flows in the bend
of two inches 0.D. (1.85" I.D.) plastic transparent tube
made of polyethyiene, and for measuring time lag for differ-
ent slzes of manometer tube and Pitot tube. The study was
conducted in the Land Development Laboratory in the Agricul-
tural Engineering Building, Michigan State University.

Source of Water: Water was obtained from a concrete storage

tank having a capacity of approximetely 2500 gallons.

Pump: A vertical turbine-type multistage pump capasble of a
rate of delivery of 250 gallons ver minute at 22 feet of head
wag used to deliver water from the storage tank to the flow
system. The pump was driven by a five horsepower electric
motor. The pump discharged at the main floor level A ten
foot vertical pump column extended down to the storage tank
in the basement,

Pressure Surge Tsnks: The pump was connected by a 1 3/4"
dismeter iron plvoe to two 55 gallon surge tanks. The tanks

" diameter pive as shown in Fig. 1 and

were connected by a 3/
Fig. 2.

Two globe valves were placed in the discharge line to
control the pressure.

Delivery of Water to the Bend: A one inch I.D. rubber hose

slx feet long made a flexible connection from the surge tanks
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to a vertical stand pipe of 1 3/4" diameter (nominal) by
five feet long. The two inch 0.D. bent plastic tube was
connected by a rubber hose of two inches I.D. to the verti-
cal stand pipe. The connection of the mercury manometer
(model AF200, maximum pressure 200 psi, King EZng. Coro.)
wag located one foot from the upper end of the iron verti-
cal stand plps.

Bent Plastic Trangparent Tube: A two inch diameter straight

plastic tube five feet long was bent to a 30° turn with ten
inches and eight inches outside and inside radius of curv-
ature resvectively. The method of bending was by heating
with a sand filling in order to xeep a uniform cross-section.
The bent section was located 1.5 feet from the uvstream end
and 3.5 feet from the downstrezm end of the tube,

In order to investigete the static-pressure distrivution
around the inlet section of the tube, four static oressure
probes were stuck into the wall of the tube at a section six
inches upstream from the bend. Four mm (0.12 inch I.D.) ple-
zometer tubes were connected to the probes. The structure of
a orobe i1s shown in Fig. 3.

Spillway: The water outflow from the verticselly mounted bent
tube discharged onto a splllway to be returned to the storage
tank.

Flow System No, 2

This system was used to determine the velocity coeffi-



clent for Pltot tubes and visuallization of secondary flow in
the bend.

This system was agsembled in the Land Development Labor-
atory in the basement of the Agricultural Engineering Build-
ing.

Source of Water: Water was obtailned from a concrete storage
tank having a capacity of about 2500 gallons.

Pump: A horizontel centrifugal pump capable of a rate of
delivery of 150 gallons per minute at 160 feet head was used
to deliver the water from the storage tank to the system. The
pump was driven by a ten horsepower electric motor. The pumn
and motor unit were situated on top of the storsge tank as
snown in Fig. 4.

Congtant Head Tankg: Two 55 gallon open-top tanks connected
to each other by two condults were supplied with water from
the storage tank by the pump as shown in Fig. 5. One of the
tanks received water from the pump. A screen wag provided

at the end of the plpe extending from pump into the tank to
reduce turbulent water circulation in the tank by the jetting
effect. The second tanxk obtalned its water from the receiv-
ing tank., It had a sharp-edged welr near the top to keep a
proper constant he»d. The width of this welr was 4/10 of the
tank circumference. A gravel section was set in the second
tank to retard the water surge from the first tsnk through
the conduits. A hook gage was mounted on this second tank

which supplied water to the two inch dlameter plastic tube
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used for the Pltot tube measurement, in order to mesasure
the elevation of water surface. A thermometer was placed
in the discharge tank. Three round orifices were provided in
the wall of the second tank at different levels. Thig made
pogsible three locations for tne plastic tube for operation
under 3 static heads.

Plagtic Tubeg: A two inch dlameter plastic transparent tube
four feet long was prepared to receive the water supply from
the constant head tank for measuring velocity distribution
at several secﬁiona in the tube. A bell-shaped nozzle was
attached at the inlet of the tube to provide a smooth entry
flow (Fig. 6). The sections for measuring velocity distri-
bution were at 10 and 15 and 19 dlameters of the tube from
the inlet. A rubber hose was attached to the outlet of the
tube in order to divert water flow in or out of a 40 gallon
welghing tank, The st2tlc pressures on the tube wall were
measured at the polnts one diameter upstream and downstream
from the gaging section in the plastic tube by statlc press-
ure probeg with plezometer tubes. The structure of the probe
are shown in Fig. 3 which were used in flow systems No. 1 and

No. 2.
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THE CONSTRUCTION OF :ANOMETERS

For the veloclity and static pressure measurement in
this study a double-column masnometer, or U tube, and piezom-
eter tubes, or single-column manometer, were constructed.
There were two important problems in the selection of a
proper size of manometer suitable for thig study beczuse of
the wide renge of flow velocity from about one to ten feet
per gecond; one problem was the time lag which affects the
time efficiency of test, and the other was the problem of
variable capillary effect in a tube of non uniform diameter,

In order to eliminate the errors that occurred from
these two effects, four different sizes of glass tube were
selected for study to determine the proper bore size of man-
ometer tube. Also two different sizes of Pitot tube were
attached to some of these monometers to study the dynamic re-
sponses related to the time lags.

Detailed callbration of the selected wanometer was necess-
ary on account of the varieble capillary effect in the tube of
glightly variable diameter.

When water flows under turbulent conditions, the manometer
willl rarely give a perfectly steady reading. 1Its surface will
oscillate irregularly through a renge of several millimeters,
with a periodicity of perhaps 1/4 or 1/2 second, and there may
be occasional surges of greater amplitude. To make a complete-

1y accurate estimate of the mean position of the column was



12

beyond the power of the observer, and therefore two damp-
ing methodg; capaclity damping by wmercury and resistance
demoling by screw clamps; were applied to bring the indica-
ting column nearly to rest. The use of 30 degree inclined
manometer board lncreased the reading accuracy twice that
of a vertical board.

Above all, the error due to time lag was practically
eliminated by estimating two minutes time lag for five mm

manometer tubes.
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A THEORETICAL ANALYSIS OF TIME LAG

The plezometer tube or manometer i1s generally consider-
ed as a second-order-type instrument for the dynamic responses.
The second order term is due to the 1lnertla of the mass in the
manometer tube. But i1f the diameter size of manometer tube
1s small and the mass becomes sm2ll enough, then the instru-
ment will behave more like a first-order type. The first
order term results from the viscous resistance to flow. As
the m2nometer possesses a dynamlc resnonse to a step change
that way 1ldeally be described by mezns of a second-order 4iff-
erentlial equation which 18 derived from the continuity equa-
tion and the momentum equation. The continuity equation be-

tween Pitot tube and m~rnometer is expressed as follows:

Vo =Vo An_ (1)
Ap
Where Yp = velocity in Fitot tube

Vu

Ap = cross-sectlonal area of Pitot tube

velocity in the manometer tube

An cross-sectional area of msnometer tube.
Then momentum equetion for the flow in manometer with
connecting tube d Pitot tube is derived as:

PAPTEL = vChs=h)Ap - To (WPIL
pL 4 = chs-h) - The

i%:‘é;?:r‘hfr-'ll"liu S
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where L = length of Pitot tube plus corrected lengths of
connecting tube and water in wmanometer,
P = density of water,

¥ = specific welght of water,

hf= final steady pressure head iniicated by manometer,
h = pressure head indicated by manometer,
hL‘ pressure head logs in the system,
T = intensity of shear between water flow and the
tube wall,
W.P. = wetted perimeter of Pitot tube
g = gravitational acceleration,

t time

If it is assumed that there 1g a laminar flow in the

Pitot tube a2nd wmanometer, then

,it"<:ll¢'+<:a Vot Cs Ve (3
d = C, 4% &7
on h, / ,4-,; Vo

When the friction coefficlient of Pitot tube, Cl ig larger

than theat of manometer Cp and of connecting tube Cs.

C, Agp may be expressed as C

Ap

Hence dk J d%'_ dzé
Vrgr ™ AE " dE

The momentum equation 18 expressed as follows:

TA,v T' f= Cﬂ %)

if assume a_.!_"'. 4, C is 4/

/

% as a constant,

éT" t 5%"£k *‘h =‘h1‘ &
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The solution to this second-order differential equa-
tion (6) involves three cases: an oscillatory coadition in
which the roots of the auxiliary equation are conjugate com-
plex with negaetive real parts: critical dsmping in wnich the
roots are negative, real and equal: and an overdamped condi-
tion in which the roots are negative, real and uneQual.

The varticular solutiong for given initial conditions are:

1. Osclllatory response ¥

<1:

.!!-z — / - /" _—t- —

bl - m et (T £ 4] o
characterisgtic time

2
24>
where 7 = ——

2 a,

I
¢

2. Criticelly damped response, § = 1:

A T
w=/-e vy ]

damping ratio

arc sin (¥)

) &)
3. Overdamped resoonse, y»1: ®
R, D W, 1,5

wt! v € + g1 € &
where | + 1~ 442)

=== = gamp;n numbepy
/ "«// ~( L,a*) g
4
The time lag 1s directly proportionzl to the charace=
terlstic time T2: & laerger characteristic time, T2 produces
a greater time lag and a slower response. In sddition, an

increase in damping ratio ff or an lncresse in damping nuua-~

ber \) also increases the time lag and m=<es the resosonse
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slower. Therefore two numbers such as Tp =2nd § or V
are requlred to express the time lag of a manometer. Waen
the mass acceleration existing in the manometer, due to the
step change of pressure head, is extremely small, the man-
ometer will behave more like a first-order type. Ideslly
the dynamic response of first-order type instruments to a
step change of pressure head can be represented by,
a;g%-fh - kf o
In comparison to the second-order differential eguation (6),
Constant Q> 1s assumed to be zero, or practlcally approach
zero, beceuse the second derivative term in the equation (6)
reoresent the acceleration mass, If the constant 4?, is
called 2 time constant Tl' this linear first-order differen-
t121 equatlion hag the particular golution for given initial

condition, -r
A /) - & )
hg¢ ‘

As the time constant Ty, which 1s a measure of time lag,
becomes lorger, the response, while maintsining the same
shape, becomes ~roportionaetely slower. The time constant
T1 is the time required to indicate 63.2 per cent of the
comolete change and 1s numerlicelly equal to the »nroduct of
reslstance, C, and capacltance, i;;é

In this c2se, the second-order type instrument behaves like
a first order type, as the constant @, becomes a zero or

approaches zero in 2n overdamped condition. It is -roved by
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the following msthematical treatment, in equation (9)

2V
h v:’dn L,

7,;‘=/'v-z t =T
a‘a;'—’o D={(a‘)
Lo, V = 00
A,»0 |9

TP defersrcte
then 5T =0 sy AS
t, €2 _ -tr//—f/— f—‘—“—‘)

\

]|

"ﬁ; ) D onoleterminale

The indeterminate form 1s solved as follows =2ccording to

L' Hospitel's rule.
if fla)=)-J1-t
/

q(a) < A4, "y
L f(a:) _ Ftay) _ (/- %) ()
A,»0 ?(dz) ?I(dx) /

2 —-—

7C(ercj%r€
£ 2 T 2 _,}i

——  wem—

T )+l 2 7 c A
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Thus the equation (9) reduces to the firsgt-order ecuation

(11) when #o becomes zero or approaches zero.

The friction factor C 1s obtained by the followlng
equation,

Aqg
S .
It 18 2ssumed that laminar flow exlsts in the Pitot tube and

manometer. j, 22 (, V [J“ L 4 k@_) 2—5 31 L/(
3 /lL
C (’ 2 e;a_) (/3)

e ¢ - swéfgme.@ ey us

}?/f.-'
Where AL

viscosity of water

D inslde dlameter of Pitot tube

*g
o
]

Raynold's number in the Pitot tube

form resistance coefflclent at the entry of Pitot
tube.

L)y
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B. Experimental Analysis of Time Lag.

The test for the measurement of time lag was conducted

with flow system No. 1. The experimental results wers

shown in Flg. 7a, 8, and 9.

In Flg. Ta, three mm capillary tube, filve mm glass tube
and seven mm glass tube, on 30 degree inclined wa2nometer

board, resulted in different time lags due to the variation
of tube size and Pitot tube size, where 0,030 inch I.D. and

0.0215 inch I.D. Pitot tubes were aonplied at a given velocity
of 1.5 fps.

In Fig. 8, the time lag of five mm and seven mm glass

tubes on the vertical manometer board were tested respective-

1y at & given velocity of two fps and 3.6 fps with 0,030 inch
1.D. Pitot tute and 0,0215 inch I.D. Pitot tube,

In Fig. 9, the time lag for mercury manometer, (5 mm

double column manometer) was tested on a 30 degree inclined

board st & velocity of 6.89 fps. The time lag due to the

pressure change czaused by shifting the posltion of Pitot or-
L1fice along the traversing line in the tube section, was

investigated and shown in Fig. 9. Thig time lag behavior was

sluilar to the initial time lag. It was noted that apparent-

1y most of the time lag curves represented overdamped response.
In Mg. To, the experimental time lag curves of five mm
(0.12 inch 1.D.) and seven mm (0.21 inch I.D.) glass tubes
with 0.0%0 inch I.D. and 0.0215 inch I.D. Pitot tubes wers
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drawn with the theoretical curves for comparison.

According to equation (9) for the case of overdamped re-

sponge ln second-order-type manometer,
-2 t 2?
A D D+l Ta / NN
Rl t - €
whepe ) = L2 /- (%241
o
/27 - (*2)

ol

- a’q»yxnf Xumbép

=
‘Ceﬁ,z C= Z', s f/me Conslant
L Aa
R L
L= C Lz ) c :(’/“/‘gﬂ
441" et P
7 2= 242 = 26am
q, c a”
C S 2 ML

P2 ML V m
t £, i3 .ﬁi" /ée )
N A
If Kg 1s assumed to be 0.5, r'eferring to "Fluid Nechanics
by J. K. Vennard, p. 217 - 218 (square-edged entresnce)

Als0 agsume Vp§1.5 feet per second

then K¢ Vp = 0.01165
%

If X, 1s 2ssumed to be 0.8 for tne case of reentrant entrance,
(from the same reference as the above)
2180 V5 & 1.5 feet per second,

then Ko7k §0.0186

Hence the term, Ko ._V} » 18 small enough to be neglected, thus,

2% dn
then ¢= rdf di’ ) 7—/ @+)
- _Ccr de*
L A" 32 _u vs)
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As time consgtants, T;, are obtzained from exveriment as
shown in Fig. 7a. L can be determined.

Also, according to equation (11) for first-order-
tvpe manometer, _ X

'za: = //- 62 7

T, may be obtained from experlimental data. The equation
(9) 2nd (11) with the time constant, Ty, or coefficient €
obtained from experimental data, were employed for drawing
the theoretical time lag curves for second and first-order
type manometer, in order to waze a comoarison with experi-
mentel curves,

If the followlng values are substituted in equation

(15):

o7}
8
"

0.12 inch (I.D., manometer tube)

for]
"

o ® 0.030 inch (I.D., Pitot tube)

Ty = C = 18 sec (obtained from experimental curve in

Fig. Ta.)
0.03) 4
then L =18 x 62.4 x 12 5~ 0.508 feet
32 x 2.7 x 10 -5 x(O.lj)
12
since viscosity U = 2.7 x 10”5 = 1b ged/ft2 (at 52°F)

2 x 0,508 x (0.12)2
18 x 32.2 (0.03

1*J1- 0.0030 T 1249
1 - - (0.0030

To 0.0276 sec

For second-order-type ??ngggter: 2*7?!f
b =1 -1249 o "r"“"’wz_l____[___ e T Jz2fex 00378
or 1253 jx?-f

~0088t
~1 - e 4,08 (//)
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For first-order tyoe manomet ers

V) , ..o.oSﬁF(Z‘
=/-€"7= /-¢€ “7)

The equations (16) and (17) showed the similarity of
the two types of curves.

In Fig. Tb theoretical time lag curves for equation
(16) 2nd (17) were drawn to compare with the experimental
curve for each type manometer. The experlmental time lag
curves of 0.12 inch I.D. manometer with 0,030 inch I.D. Pi-
tot tube 2nd with 0.0215 inch I.D. Pitot tube respectively,
0.21 inch I.D. manometer with 0,030 inch I.D. Pitot tube
and with 0.0215 inch I.D. Pitot tubs respectively were
apolled in Fig. Tb, for the comparlison with the theoretical
curves.

In Fig. 7o most of the experizmental curvesg tend to be-
have ag the first-order-type curve, however it is theoreti-
cally conéldered as the second-order-type with overdamped
resoonse. In equation (14), time constant, T, or coeffi-

dn*

clent, C, is orggortionally related to — with a consgtant,

K. When K = 320k (unit in sec-ft?2) f

where £, ¥, and L are assumed to be constant.
From experimental data, the relative curve between T7 and
';rzwas plotted in Fig. 10, to obtain the value of L which
18 the only unknown in the constant K.

From Fig. 10, the value of consgtant, K, was obtained
with the meen relative curve, as 6.9 x 10~6 gec-ft2, Thus
the mesan value of L, was determined from the equation,

M
K =330, , as 0.5 ft. for the experiment in thig study.

r
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The slope of the mean relative curve in Fig. 10 was
retained in unity according to theoretical relationship in
equation (14). Therefore the least square method was not

applled in drawlng the relative curve,

27
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C. Theoretical Analysis of Cepillary Effect

Due to the surface-tension of a liquid, 1iquid in a
small tube will form a meniscus" or curved surface in the
tube, 2nd the liouild in the tube stands stove or below the
standard level, denending upon tne megnitude of the angle of
contact. The "capillary rise" in such a tube may be calcu-
lated approxim=tely by consldering the equilibrium of the
vertical forces on the mass of fluid ABCD (Fig. 12). The
fluid above the low point of the meniscus being neglected,
the welgnt of ABCD 1s given;by the followlng equation:

w o= rhIs “®

which act downward. The vertical component, Er , of the

force due to surface tension is given by

Fr = T V-dwtg 1f¢ 1s surface tension
which acts upwerd and i1s in equilibrium with the downward

force. Equating thnese glves

P T cal (19) Af@ 1s the angle

of contact between

k = r4 fluid and wall

allowing the copillary rise to be calculated and confirming
the familiar fact that czpillary rise becoues greater as

tube diameter is decreasad.
If diameter 4 has a decrease ofd d
/ -

then 4 = ‘( Aql

4= <« oo
rd’

f L0 CE _ o = Constanl

‘ B
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A3 express the varlatlion of dizmeter with respect to the

caange of capillary rise.

In the experiment,2h, change of capillary rise may be
measured. Therefored4ad might be obtained by the above equa-
tion.

Theoretically, it 1is expected that the vertical capill-
ary rise in 30 degree inclined manometer tube or any other
inclined manometer tube, wust reach the same elevation asg the
caplllary rise in the vertical m=nometer tube. The schematic

dilagram 1s shown in Fig. 11l.



12mm 7mm S5mm 3mm zlass tubse

A
lyl.l“"(

meniscus
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Fig. 12. Schematic diagram of oalibrﬁtion device

jndicatine capillary rise.
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D. The Determination of the Size of Manometer.

In pressure head or velocity head measurement by
manometer, two imovortant effects must be considered: the
first 1s tlue l2g and the second is capillary rise. Four
different sizes of xlzss tube were tested in this study to
make comparison, thus to determine a most suitable slze of
manomet er for the further experiments in velocity and pres-
gure measurement. The four sizes of glass tube were as
follows:

1. 3woo capillary tube: 0.119 inch I.D. -0.35 inch 0.D.

2, Sum regular soft glass tube: 0.12 inch I.D. - 0.32

inch 0.D. '

%, Tam regular soft glass tube: 0.21 inch I.D. =0.32

inch 0.D.
4, 12om regular soft glass tube: 0.41 inch I.D. -0.53
inch O.D.
Two sizes of Pitot tube wmade Of nickel hypodermic needle
were used in this test for determining manometer size
(Fig. 13). These Pitot tubes are:

1. 0.0215 inch I.D. Pitot tube

2, 0,030 inch I.D. Pitot tube
The tests were undertaken in flow system No. 1. A capillary
rise calibration device was used.

This capillary rise calibration device consisted of a

seven inch 0.D. vessel, Y-type branches, elevation scale and



\ 4 )
| | i 0.060 in 1.D.(D1) sémgim Pitot tube
P— 10D —— T for tatal head
1 £2.02) in static B4tk tube
o . for static head
~—————— 13 D e 6D - -
L 4
S :_ 0,045 in 1.D.(D2) eduwds Pitot tube
L 10D, T for total head
=~ 0,020 in static Mpwt tube
o) " for static head
. 16 D, 4

.:00030 1n IoDo(Da, me let tube
——10 Dz — for total head

‘ l -+ p0.020 in static Mggmt tube
o _—> for static hsad

|
16 Dy
total head = —=atatic head
:—-—_-', 3 0215 in I.D. ( D4)
) '—1034"—"4
qy—@.ozo in [ IS}
. (o > [
16 Dy—
i
. | l +{}—0.020 in
| flow > —
. ‘ L 63 4—1033*-51)3—&
| -static
Dy Conmstructed Fitot tube with selected sise

Fig. 13. Diagram of Pitot tube models
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rubber connection tubes.(Fig. 12). The measurement of time
lag for each glass tube was shown in Fig. Ta, 8, and 9.

From those curves of time lags in Fig. Ta it was found that
the three mm capillary tube and the five mm glass tube had
quite similar time lags, but in the region of 0.9 - 1.0 of
%%f , five mm gless tube had a steep slope of the time lag-
pressure head curve., Here, hj i1s the total pressure head

at each measuring time, hy 18 the final total pressure head
a8 it had overcome the time lag., Thus five mm glass tube
was determined to be an ideal tube for the manometer from
the st=ndpoint of tiwe lag. Time constants, T, of five mm
glass tube and three mm capillary tube were approximately
the same, about 0.3 minute and 0.55 minute for 0.030 inch
I.D. Pitot tube and 0.0215 inch I.D. Pltot tube respective-
1y at a given velocity of 1.55 fps. The variation in capil-
lary rise in each tube was investigated by a caplllary rise
calibration device which consisted of a seven inch 0.D. vessel,
elevation scale, Y type branches =2nd rubber tubes. The re-
sults were shown in Fig. 14. Five um glass'tube h2d 2 small
variation of caoillary rise with 3.4 per cent ratio of the
change 2f capillary rise to the original caplllary rise, cou-
pared to 12.6 per cent by caplllary tube, and to 16.7 per
cent by seven mm glass tube. Twelve mm glass tube had a
better effect in capillary rise but its extremely long tlme

lag did not =admit it for the use as the manometer,



Actual head on the board (inches)
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;+,€_w

"_, : . 1

Legend B

./.L 1 /L bt ————12 mm 0.D. glass tube;__;

‘!’,:::/: /l::‘ 1 —— 7 mm 0.D, gless tube

e b

VARV S R Nt | '} |----A 3 mm I.D. capillary

1

—T7 T 7T T , T 1 tube |
:{‘ bbbl v 1TTTB 0 ditto i

J—

/;:/-T:' | |l i | —AS5 mm 0.7, glass tube |
P B 8 _{

|
- |—8  ditto '
| |

/ T T T T 71 |
N A e B B B e e B e B N B S

1l 2 1l 3 4 2
standard head (inches)

Fig. 14. Variation of cepillary risss in four manormeter
tube sizes on 30 deeree inclinsd board.
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Flve mm glass tube was selected as an 1deal size of
m=2nometer tube for this study on =2ccount of acceptable time
lag and controlled caplillary effect.

The approximate varistion of tube dlameter in five mm
g€lass tube wasg computed from formula (6) as sbout 0,1 per
cent of the ratio of change of di=zmeter to the original
tube diemeter. It was determined that the use of five mm
glass tube for measuring velocity or pressure head 1n this
study, would result in one or two minutes time la2g and ebout
three per cent variation of ceplllary effect, which was com-
pens2ted by the calibration of manometer board on account of
different caplllary effect at each elevation due to the

change of inside diameter of the tube.
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E. A Chemical Treastment for the Dissipation of Surfzace
Tension.

Due to the gurface tensions of water, caplllary rise
caused a menigcus In the tube. In order to dissipate the
meniscus or retard the canlllery effect, several chemicals
were tried in this study. Wien these chemlcals were added
on the meniscus in the manometer tube the resulting surface

tension was sbout geven to ten times lower than for the water

- d

elone. From formula (20) | _
ad. 2hd R )
C-ah 2 e = 40 &n B

Ad A
If is fixed and C will be variable due to the change
dd-A)

of surface tenslon, 7 then g~and C have a proportional rela-
tion when contact angle of water and tube wall, @, and specif-
ic welght, ¥ ,are assumed to be constant. Thereforé‘;h has a

prooortional reletion withv—., If

4 caé_= d = K (constant)
- N
rd(d-24)
Ah =T K @/)
If ¢ decreases & h will proportionally decrease. So in this

gtudy, an attempt to eliminate or decrease the variance of
caplllary rises in the same slze manometer tube due to the
slight change in dizmeter of the same size tubes, was carried
out. The surface tensionsg et tne interface between two 1i-
auldg, so-cezlled interfacial tensions, (each 1iquid saturated
with the other) were referred to Handbook of Chemistry and
Physics {P.1869 34th Edition Chemical Rubber Publishing Co.)

as followss
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at 20°C temperature

between: (dyn/cm) (Ibs/ft)
water-Ethyl ether 10.7 0.000733
water-Heptylic acid 7.0 0.00048
water-Octyl alcohol 8.5 0.000583
water-alr T2.75 0.00499

The data shows that there 1s about seven tlmes wmore surface
tension in water-air than in water-Ethyl ether, and ten
timeg more in water-air than in water-Heptylic acid. The
term A h will decreasse ten times as the ¢ decrease ten times
according to the assumption on which equation (21) 18 based.
Therefore the variation of capillary rises was supposed to
be eliminated. In the experiment, Ethyl ether and n-Valeric
acid respectively were tried, and which was found quite ef-
fective in application to the same size tubes.

It was difficult, however, to supply the same vertical
height of chemical to each tube so that the increment in
pressure head on each water column would be the same.

Actually it was a complicated process to eliminate the
variation of capillary rise by this method, when compared
to the direct calibration method.

For the sake of efficliency, it wes believed that the
direct calibration method for capillary rise at each eleva-
tion was a more effective method.

The resson for using n-Valeric acid instead of Hyptylilc

acid was that n-Valeric acid has gimilar property in the as-
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pect of carbon number; n-Vezleric acid has five carbonsg while
Hyptylic acid hag seven, and which wmeans it was insoluble
in water due to the high number of carbons.

Filg. 15 demonstrated the result of adding n-Valeric
acld to the top surface of water coluun in the manometer
tubes. There was an apparent effect on tne interfaclal

tension between water and the acid,
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View of the effect of
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F. Description of Constructed Menometers

Vertical board manometer: Four 5 ma regular soft glass
tubes four feet long each, were placed on the vertical board.
Graph strips, 20 squares to the inch were used as the scale.
(Fig. 12) The actual calibration was completed on the scale
in order to eliminate error frow cavlllary rise due to varila-
tion of dlameter of the tube. A part of the callibrated board
scale is shown in Fig. 16. These scales were used with ple-
zometer tube for measurement of static pressure at the plastic
tube well, also occaslonally for higher velocity head measure-
ment .

Thirty degree inclined board manometer: Eight 5 mm reg-
ular soft glass tutes one foot long were provided on the board
with 20 squares to the inch graph strips. The scales were
calibrated to compensate for cepillary effect and bore varia-
tion. (Fig. 17) Also two 5 mm double-column manometers, or
U-tubes containing mercury with cslibrated scale aside, were
gset on the same toard, for the measgurement of high velocity
head which nszs fluctuating reading because of the turbulent
condition. In this study, the high velocity ranged from
four to eight fps.

The eight plezometer tubes were used for lower velocity
head messureaent.

In order to eliuwinete or domp out fluctuation of the he=d
re~ding under turbulent conditions, mercury was used as capac-

ity damping, 1 ww capillary tube and screw clamp were applled
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as resistance damping. Careful operation of damoping device

wag necessary to eliminate error.
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Figure 17. View of 30 degree inclined manometer and

vertical manometer.
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Figure 18. View of constructed Pitot-static tube with

double lock nuts and washers.
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PITOT TUBE PRACTICE
I, INTRODUCTION

The Pltot tube was consldered 2s a2 basic instrument

for the measurement of veloclity distribution in a conduilt
bend, however, there were some difficulties in measuring
two =nd three dlmensionsl flow. At sectlons far beyond the
tend, the pltot tube 1g effective In the velocity measure-
ment with a high z2ccuracy, thersefore Fitot tube practice
was undertaxken primarily as a method to approach tae study
of secondary flow in tne bend. The first description of a
tube uged to messure pressures for velocity determinations
was presented by Henri Pitot in 1732. (6]

The n2me "Pitot tube" has teen applied to two general
classiflications of instruments, the first belng a tube that
measures the impact or total pressure only, 2nd the second a
combined tube tn=t meagures toth the lmpact and the static
pressure with a single primary instrument.

In order to avold confusion it is desirable to distingu-
1sh between the two types of Pitot tubes: "Pitot tube" and
"Pitot-static tube". Tae Pitot tute consisted of one forward-
facing tube to re2d the dynamic head plus the static head
in order to determine the veloclity in a closed conduit. A

single tube usged to measure static pressure was named "static

tube". The Pitot-static tube was made up of two tubes: one
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reading the dynamic head, the other the static head. (Fig. 18)
The fundamental form of basic equation that applies to
Pitot tube or Pitot-statlic tube measurement 1la:
V=0CcJzfh (8)

where C 1s an emplirlical coefficlent depending on the shape of
the orifice and on other éariables, h 1s the helght of water
column in the manometer tube that the velocity V may be deter-
mined, and g 18 the gravitational acceleration,

Before the Pitot tube can be uced the value of the
coefficient C in the equation (8) should be accurately deter-
nined. To do this the instrument must be rated or callibrated
Py a flow gystem with several wmown flow velocitles, or it
mast be towed at varlous known speeds through gtill water in

a rating channel and the corresoonding differential heads
noted.

Ian tols study flow system No, 2 was used for the determin-

ation of coefficient, C.

In gener=2l, the value of C will always be less than un-
ity, because tue étatlc tube records a pressure glightly less
than the true static pressure, owing to the increase in veloc-
ity past the tube. However, for most engineering oroblems the
value of C may be taken as 1,00 for the conventlonal types of

Pltot-static tubes: such as those made by American ﬁlower

Company, Prendtl (Gottingen), National Physical Laboratory

(England), end American Soclety of Heating and Ventilating

Engineers.
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In thlis study, the relatlionship btetween the coefficlent,
C and the velocity, V' wag necess=ry in order to estimate the
accuracy of veloclty me=surement. It was znown th2t this
type of Pitot-static tube, sizllar to the Cole pitometer,
had a distinct character th=t C and }/ were related almost

inverge-proportionally.
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II. LITERATURE REVIEW

Broad information about the Fitot tube was obtalned
from Folsom's {6) "Review of the Pitot Tube".
A. Tube shepe
Inpact total pressure: The results obtained by a large

nunbsr of investigators have demonstrated that if the shape
of the Pitot head 18 one in which a stagnation polint exlsts
in the flow system, the full impact preesure is measured at

a tap located at the stagnetlon point in uniform velocity

flow,

Merriam and Spaulding {11) have investigated the effect
of the slze of the pressure with regpect to the dlameter of
the Pltot he=2d in the case of a hemispherlcal tip within the
range of 0.2 < 4. <—O.74 and found that the slze of the
hole has no effzct on the magnitude of the lmpact pressure

measured at zero yaw. On the other hand, to obtain the true
lmpact pressure, the problem of alizgnuwent in yaw of the Pitot
head 1s most critical in the case of the smsller pressurs-
tap slzes.

Static oressurs: When a Pitot tube i1s used in a pipe
and the static vpressure 1s deteruined by a plpewall plezometer,
the pressure distribution zbtout the Pltot tube stem may affect
the plezometer opressure. Waen the head of tne Pitot tube ex-
tends into the region of the plane of a pipe-wall plezometer,

the pregsure measured by plezometer tends to be low due to the
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reduced cross section of flow.

With a Piltot-static tube or combined tube, the mognitude
of pressurs sensed at the static-pressﬁre tap may be a function
of the shape of the tip 2nd the distance from the tip to the
plane.of the holes.

Hemoke's test {6) demonstrated that hole dlameters of the
plezometer must be less than etout 0,06 inch for accurate pres-
sure-distribution measurements. The pressures on the rear side
of the cylinder were independent of hole size.

B. Fluid-flow characteristicsg

Turbulence: Turbulence in the fluld stream may have a
decided effect on the flow in a system, such as changing the
boundary layer characteristics, including the separation point,
and oroducing a pressure rezding on a Piltot-static higher than
the true mean pressure, On the bacis of the theory of iso-
tropic turbulence, Goldstein (9] obtains the expressions for
the pressures as _ﬁzf 3;5751

total head = P +72 *+ 2

static pressure = Pg + i%??z
where 18 the resultant mean velocity and the resultant
turbulent velocity. Flow in pipe does not exhlbit 1gotropic
turbulence, and Fage calculated on the basis of turbulence

mezasurement s. —
2y

static pressure = Pg + *ﬁ;ﬁ‘
For the usual degree of turbulence at sections in pipes of

fully developed velocity distribution, the turbulence errors
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are small and tend to equalize in the velocity determination.
For higher degrees of turbulence it is possible for the tur-
bulence errors to reach appreciasble magnitudes in termsg of
dynamic pressure.

C. Dynamica]l gimilarity

Reynolds Number: A wlde range of experiments has shown
no change in Pltot tube pressure-coefficlent characteristics
at values of Re greater than about 500 and for Pitot=gtatic
probes (NPL type) at values of Re greater than about 2300
with Re based on probe-head external dlameter. At Re = 500
pressure coefficlent C4 = E S L 1s increasingly
greater than unity as the Re decrezases, actually.values de-
pending on the geometry of the probe and impact opening.

Mutual interference: When pressure-measuring tubes are
rlaced in the vicinity of fluld boundary, the tube calibra-
tiong wmade without such boundary usually can not be applied
dirsctly.

Couparigong of hot-wire 2nd lmpact tube with tnown static
pressure for vslocity measurement in the boundary layer have
gsnown good correlation as long as the tube dlameter is small
enough., Care must be exercised when making measurements in
the flow passages of turbomacnines for the purpose of inter-
preting the instrument readings obtained.

Compzarative tests of Pltot-static tubes by Merrian and
Spaulding {11] have demonstrated that the effect of 15 yaw

degrees resulted in a five per cent error; 24 yaw degrees
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- 13 per cent error in decrezse of pressure he=d. The ef-
fect of static openings on static-pressure error was shown

ag follows: when dismeter of gtatic ovening was 0.02 inch
and degree of yaw was zero degree, the error became 0,05

per cent, at elght degrees of yaw the error was 1.1 per cent.
Thus 1t was found there was the sawe percentage error on the
two dlameters of opening for static pressure. The difference
in total pressure hesds resulting fro: round connection and
sguare connectlion was lnvestigsted ond found to be 0.3 per
cent when the distance tetween the tiv and the vertical stem
wasg five times the dlameter of tne Pitot tube and 0,05 per
cent for 10 diameter distance. Chesky, Hurd and Shapiro {7)
found that above Reynolds number of 1000, there 1s no effect
of viscosity, and tne pressure coefficient, Cp 18 equal to
unity. Between Re 2y H0 and Re 2 1000, Cp is alwaye grester
than unity. When Re 1s below unity, the pressure rise is
Independent of the fluid density, snd the data may be approx-

imately revresented bty the formula Cp o 5.6
~ Re
22oF
z
FP Veo

&Ap 1s the excess of stagnation-point cressure over free-stream

Cp =

static pressure, V 1s the free-stream velocity,j’ is the flu-

14 density.

Goldstein {9) mentioned thet usuzlly a sm2ll diameter of
single Pitot tube is required for detsiled exslorations of
the flow in the boundary layers of bodies such as cyllnders

of stream 1ine solids of revolution, and in traverse sections



of plpes, and the only limitation to te observed in this
respect 1s that Barker's criterion, %i},?o is still
fulfilled at the lowest velocity it is proposed to measure
in any particular c2se. The tubes are best operated by
meansg of a wicrometer arrangewent,

Cole £5) discussed the practicel anplication of the
Piltot tube to flow measurenent, corrections for the effect
0f the projected area of tne rod, and the errors caused by
angularity of flow in 2 pipe. He also presented the follow-
ing i1tems: (2) a sultable weang for inserting the tube in-
to the pipe under nressure. (b) a practical and accurate
method for cnlibrating tae instrument, (c) a differential
manometer free from air which contalns a 1iquild permitting
the magnification of the deflections a2t low velocltles, and
(e) a me~ng for tne frictionless recording of manometer de-
flection where a continuocus record of flow i1s necsssary. 1In
connectios witn c<llbration, the following items must be con-
sidered: (1) For iumportant tests the tube wuet be celibra-
ted., (2) Frover correction must te made for tie effect of
the orojscted area of the rod. (3) The effect of engular
2nd ediying flow in the normzl plne line w2y be corrected
by a cosine-readinz tyne of tube.

The following det-=ils of ooeration walch comorise the
FPitot -treverse method are also iunort=nt: (a) A oroper
gelectlon of geuginz soint wmust be made. (b) The nipe
factor, 1.e. ratio of mean to center velocity, 1s of funda-

mental value 2nd is deteriined by tr=versing the -ipe. The
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mean veloclty of the traverse is obtained by ring integration,
and the value for the center velocitles taken from the traverse
curve. (c) All rerdings of the deflection should te made
through out a full cycle of flow and careful atteation glven

to the U-tube ~nd its connectlong, =2nd the specific gravity

of the mez2curing licuid. (d) For large pvipe, sttention

should Tte given to the pogeible effect of vitrzation of the
Pitot tube.

In Coles' test at the Alden Hydraulic Lstoratory, Wor-
cester Polytechnic Institute in 1230-1934, seven different
Pitot tubes (Cole Pitometer) were tested both in moving water
and still weter. Thne results 2re shown in Fig. 20, in which
tae indication led the author to belleve that with the proper
correction for the projected =zrea of the rod, when used 1in
cipes, c21librations by elther of two methods will zive the
s>me results.

A summary of oreviousg Piltot tube c2libration d2ta com-
2iled by Cole indicated that sligle Pitot tubes had coeffici-
ents of unity, and most Pitot tubes or compined Pitot tubes

had coefficient of less then unity.
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III., DEVELOPKENT OF PITOT-STATIC TUBE
A. Determination of the Slze of Fltot-static Tube

The eize of Pltot-static tube suitesble for this study
was determined. The following four slzes of Pitot tube and
four gizes of sgtatic tube were evaluzated in thig test:

(1) 0.060 inch I.D. Pitot tube or stztic tube.

(2) 0.045 inch I.D. Pitot tube or gtstic tute.

(3) 0.030 inch I.D. Pitot tute or static tube.

(4) 0©.0215 inch I.D. Pitot tube or statie tube,

The four different sizes of Pitot tube (total pressure tube)
and st=tic ture (static or >iezometric pressure ture) as
shown in Fig. 13, were inserted into the section of flow
system No, 1, extended fifteen dlameters of length downstrezam
from the tend in the two inch olastic tube. Tne Pitot tubes
or static tubes were convergently moved from four directions
to the center of tne section where tne velocity of flow was
agssumed to be approximately the szme within certain cross-
gactional erea around the center. Thersfore the four Pitot
tubes or static tubes were coansidered to receive the same a-
mount of dynamié or statlc pressure respectively in the weater
flow,

Total or statlic pressure heads received respectively by
four single Pitot tubes 2nd four statlc tubes, wefe measured
by thirty degree inclined manometer (piezometer tubes) at the
velocities ranged from 0,75 to 2.90 fps. The results shown

in Fig. 19 exoress the variation of pressure head due to the
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glze of Pitot tube and velocity of water flow in the placstlc
tube, while the viscosity of water was assumed to be constant.
In this test, the space between the four Pitot tubes or statilc
tubesg converging to tae center of the section, were kept at
about 0.l inch between sach two tubes in the final position
in order to avoid the influence of toundary effect of each
tip of a tube on adjacent tubes.

From experimental results shown in Fig. 19, it was demon-
strated thet pressure coefficlents, Cp,Aof the four Pltot
tubes were unity at the velocity higher than 0.75 fps, but
there w2s a small variation of pressure coefficient, Cp, at
the velocity 0.75 fps. Referring to Barker {9] (7), Homann
and Hurd {7), Cp, was defined as the ratio of measured vel-
oclty he2d to the glven veloclty head at the stagnation-point
on the tip of the Pitot tube., For values of Reynold's number,
Re, less than 50, it wz2s deterumined that Cp is alw~ys grezter
than unity,

While in thlisg test, 0.0215 inch single Pitot tube with
0.75 fps velocity had a Re of 49.2, (Re =-%;-where P’= veloc-
ity in the tube, a = radius of the tube, D = kinematic vis-
cosity; according to British reference) and for 0.030 inch
single Pitot tube the Re was 70. According to reference 7]
and (9] which demonstrated the pressure coefficlent as a func-
tion of Reynolds number, there was some doubt about the unity
of pressure coefficient, C,» at the velocity of 0.75 fps for
0.0215 inch Pitot tute.

At the velocity of 2.95 fos, slight varlatlion of nressure
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head in the four different sizes of Pitot tubes and statlic
tubes occurred due to the oressure fluctuation in the flow
system No., 1.

As for static pressure heads recorded by four statie
tubes respectively in Fig. 19 at the velocitles ranging from
0.75 to 2.90 fps, it was found taat there was some irregular
varization of Cp in the four sizesg of statlic tute through the
range of velocity, becauce of a comolicated boundary layer
effect and suction effect due to the size of the plezometer
hole compared to the size of the Pitot tube. No reference
was found on this aspect concerning the static pressure
coefficlent as a function of Reynolds number. It was con-
cluded that the 1de2l size of Piltot-static tube for the vel-
ocity measurement in further study is 0.030 inch I.D. for the
following three reasons:

(1) high efficiency in velocity weasurement because of
its gre=2ter dynamic response to the flow, compared
to 0.0215 inch I.D. Pitot tube.

(2) a confirmstion of the unity pressure coefficlent

for the Pitot tube 2zt thne velocity higher than 0.8

fps (Re %70)

(

N

) the effective area of the 0.030 inch I.D. Pitot-~
gtatic tube orifice i1s regarded as geometric
voint, comparing to the total cross-sectional area

of plastic tube.
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B. Construction of Pitot-static tube

After determining thet the 0,030 inch I.D. hypodermic
needle wee the proper size for the Pitot-static tube in thils
study, the technlcal reports of the Pitot-static tube by
Merrian % Spaulding {11), Folsom (6], Hurd (7], Goldstein {9),
Cole {5), and Addison (2] were studied. The following specif-
lc information was obtained as reference for the construction
of the Pltot-static tubes

l. 0.02 inch dlameter static opening or plezometer hole
resulted in 0.05 n»er cent static pressure error, while the
0.04 inch h2d 0.05 per cent error, referring to Merriam &
Spaulding's experimentsl results. (11)

2. The differentisl error of total pressure between
using round connection Pitot tube =2nd square connection Pltot
tube, was 0,05 ver cent whea the tip was at ten di~meters of
Pltot tube distance from the connection or the tend: five
diameters distance had 0.3 ser cent error (From Merriam &
Spaulding reports. {11)

3. Velue of the coefficlient, C, in velocity formula
V = CJ2gh, will depend on the forwm of the instrument, on the
turbulence in the stream, =2nd on the Reynolds number of the
flow past the tube. (From Goldstein {9})

4, The influence of impact-tube size (or Pitot tube
slze) in a uniform-velocity stream was checked by zanm 6],
usling a 1/8 inch diameter square ended tube agalnat a five

inch dlameter pine =2t well 2s a 1/8 inch glass tube against
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8 0,01 inch I.D. hypodermic needle. Both checks gave the same
impact vressure within instrumentation tolerance.

5. In Pitot tube made by Cole, (so-called Pitometer) the
tube facing downstream measures the sressure in tne turbulent
waxe behind itself, which 18 less than the true static pressure,
Tne coefficient of the Pitometer is, therefore, much less than
unity. £5)

The 0.030 inch I.D. Pitot-static tube was designed and
constructed similar to a Cole pltometer after giving consider-
ation to the gbove information, with a difference that the
statlc oressure was me2sured at the static opening or plezome-
ter hole on the static tube facing downstream, instead of at
the end of the tube. (Fig. 13) A winimum radius 90 degree
elbow connection was made between the tip section and the
stem at a nolnt ten diameters of Pitot tube dlistance from the
orifice of the tiv. The cross-section at the 90 degree elbow
was kept 28 largze 28 possible.

In the static tube, the distance from orifice of the tip
to the elbow connection wag 15 dizmeters of the tube, 2nd the
orifice weg filled with solder. Three 0.020 inch diameter
gtatic openings were located on the wall of the tip, around
tne section five diameters distance from the orifice of the
tip. The minimum radius elbow of the Pltot-gtatic tube made
1t possible to measure the velocity in the toundary leyer
close to the inside wall of the plastic tube. The Pltot tube
and static tute were inserted into the inside of 1/8 inch 0.D.
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(0.10 inch I.D.) hypodermic needle, 2.5 inches long. The
two tips were faced in opposite directions to each other as
gshown in Fig. 13 and 18.

In order to decrezse the turbulent wake effect on the
static tube with the 1/8 inch 0.D. stem, the covering tube
was keot at a distance 1/8 inch from the tip of the Pitot-sta-
tic tube. (Fig. 18)

The Brasg Collar:

The constructed Pitot tube was mounted in a 3/16 inch
thick brags collar, and was located on the wall of the plastic
tube with a rubber seal which was ceuented boetween the brass
collar and tne outside wa2ll of the tube.

Two Pogitioning Devices:

The first positlioning device for the Pitot-static tube
when traversing the vlastic tube section, was supplied with
double lock nuts =2nd eight 0.23 inch egual thlckness brass
waghers. The washers were lngerted between the lock nutg
fastesned on the Pitot tube and the brass collar in order to
orovide a definite nosition for the Pitot-static tube in
velocity traverse measureuments.

The second device consisted of making elght equally
spaced marks on the outside wall of the Pitot-sgstatic tube
stem. The outside surface of the brass collar was used as
the reference point to determine the position of the Pitot
orifice. (Fig. 18) From the experimental results, it was
noted that the effects of the two positioning devices on the

measurement of veloclity distribution were 1dentlcal. Four
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slullar types of Pitot-static tubes were constructed in this

stu d.y .
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C. GCorrection for Projected Area of Rod.

According to the continulty equation, { = VA = constant,
either the change of velocity or crogs-sectional area in a
constant fluid flow, may affect the other element in an in-
verse proportional manner. The ingertion of a 1/8 inch
effective dlameter Pltot-static tube into the two inch I.D.
nlastic tube section reduces the plastic tube cross section-
2l area by an zmount equal to the full area of the sten,

Thus the mean velocity by that section 1s increased above the
value when the Fitot tube was 2ot presgent.

From the previous study by Cole and Pardoe (51 and the
experiuental results in tuls study, it was believed\that the
upstream orifice of the Fitot tube for total pressure wmeasure-
ment wasg not affected by the stem effect which decreasing or
Increasing the crogs-sectional area within the plastic tube,
and since the most effects of turbulent wake and velocity
change due to the reduction of the cross-section were affected
on the static tube. Because of this reduction of the cross
section, the shape of tne traverse curve of veloclity measure-
ment was apoarently distorted, the measured velocitles being
higher on the far gside of the plastic tube than the value
when there was not appreclable reductlion of cross section by
the traversing Pitot tube stem. In sm2ll tubes or pipes the
effect of this reduction in the flow sectlon 1s serious.
Howevsr, the variation in the veloclty distribution across

the section due to the reduction effect, was difficult to
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investigate. Nevertheless, it was assumed that the ratio
of the polnt velocity to mean velocity remalns constant.
Apparatug: Flow system No. 2 was 2pplied in this test.
The flow w=s well regulated within 0.5 ver cent variation
of discharge rate of flow. A centrifugal pump discharged
water into the tanks with an overflow to mzintaln an essen-
tially constant head. During the Piltot-static tube traverse
teast, continuous welghing tank measurements were made to de-
terinine the true mesn velocity. The three orifices provided
in the vertical wall of the tank made possitle flow veloc-
lties ranging from six to eilght fus.

Pitot-static tube g2ging sections in the four foot
length of nlastic straight tube, were loceted at 10, 15,
and 19 tube dlameters distences from the tube inlet respec-
tively. 1In each geging section elght eaqually spaced Pitot-
statlc tube onenings were made 1un the clircumference of the
tube, the zero location weos at the top or vertical position.
In some tests one of the four Pitot tubes was lnserted from
one of the four axis such as the vertical, the horizontsl,
and at 45 degrees dlagonals. At the szme time a dummy stem
of the same silze as the Pitot-static tube stem was inserted
from the opposite direction in the tube section, and the two
were moved slmultaneously as a palr or as one continuous
gstem in the tube. A 0,1 inch constant spacling was malntained
between the two opposite stems. The purpose of passing the
dummy stem with the Pitot-static tube was to ma2intain a con-

stant reduction in the plastic tube cross-section vwhen the
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Piltot-static tube was in use. A rubber seoal cemented be-
tween the brags collzr and the tube wa2ll prevented water
leskage. Two Piltot-static tubes were also inserted from
opooegite directions along tne vertic=l, or norizontal or
diagonal axls 2ot the section, and wers 1oved simultaneously
ag a palr with 0.1 inch spaclag between the two opnosite
Pitot-static tubes at all times.

The mounted Pitot-static tubes were connscted by 0.06
inch I.D. flexible plastic tube to the mercury manometers or
rlezometer tubes. The static pressures were measured at the
points one diemeter upstream and downstream from the gaging
section,

Procedures 1n thue Test: Two methods of correction with a

checking procedure were tested. They are:

a) Sinzle traversing metnod with correction ratio:
The method was to locote a2 Piltot-static tube asg g goging
stem at some :0int 1a the plastic tube =2nd without changing
its position to =ove 2 second or dumay (may be called pilot
rod) Pitot-static tukte scross tne olastic tube on another di-
ameter in the g=2me g=2ging section. The location of the or-
1fice of grging stem was defined at 0.015 inch (in this cace,
actually, Pitot-static tube tip wees contacted to the wall of
the tube), 0.115 inch, 0.462 inch and 0.90 inch respectively
from inside wall of the zlastic tube from which it w2s in-
serted.

It w2s indiceted by the first Pitot-static tube, that

the further the dummy stem was projected, the greater would



be the velocity indicated by the g=2ging stem. It was aosparent
that the dummy stem wauld disturb the flow past the zaging
stem 1f it were too cloge, and various positions of the indice-
ting stem were tried to note the efiect of disturbance.

The experimental results were gsaown in Fig, 21, where the
correction curves were drawn with the ratio of original veloc-
1ty head wmessured goging stem when the dummy stem was not pre-
gent, to the velocity head measured by index stem when the
dummy stem was traversing into the tube to any locstion, as
the ordinate, and the change in ratlio of areas 2s the atsclissa,
It wag noted in Fig. 21 that each Pitot-static tube had a differ-
ent slope of curve, expressing itsg different response to the
effect of disturbancs.

The loc2tions of the nine traversing positions in the sec-
tion for dumny stem were uniformly distributed through the
diameter, 1.e. elght ecuzlly divided spaces. The mesn veloc-
ities apolied for correction curves, veried from 6.86 to 7.50
fps.

Thesge curves in Fig. 21 were applied for the compensation
of distortion on the velocity distribution curves measured by
the four Pitot-etatic tubes respectively.

In the correction, two systens were e-plied; the one placed
the initial correction point on the traverse point nuuwber one,
then the correction ratio increased from zero at the entry side
of the tube wall to a maximum correction at the far side of the
wall; the second method placed the initial correction point at

the center, thus there would be a plus correction on one side,



66

s poyseu SUFSJIOABIY eTsULle ©qu]3 20374 J0J soaInDd COﬁpbwhhoo ‘12

T = s

amuﬂ&
suoj3Fs0d Fujsasaed) weys 307jd
6 8 - ? : 5 2 z .

— S : B *Z °ON *29°d Fulded 4 ng ‘q NN vy o P

. ve ‘ON °*3°d Juided 4a :9y%%% g ‘ON qQ 109 ‘97 se owes .4 ™I
[ m .om eq°d Fupded Lq :9gx®¢ "2 ‘oN '3°d BuiFeS &q 3ng ‘%7 gy os”” P B . &
pidi _ _ *Tiem 8y3 wWoIg Uyl pg° u , o e _
i | H | @ | ‘ O PuB Uy 29%-g ]
ii+lL i | i {iilae: 5. .ifi LY PR nGOﬂOHQOQ wqﬂﬂkOPﬂHu 3% Inq ‘o .Q

1] L&.L}illx!\“ij?ln-f m I ‘T *o 33Tp Y| |

1 SN0 SR Vil ‘ i A R g eqn i
rllvm\bwt ! ! _ m H N 10114 m%CHQMM AQ .@Qﬂp YL hw Hﬁ.m.ﬂ“ ’L’J
5 ST GRS PO R S s .| epysUT woxy uy gIT'0 pue » |

it i S8 Ak R el i o el 0 Pue Ul G100 |
ltﬁwwi\%wxlnmeWW%djﬂ . d | , §UOT3Ts0d FulsaersIy 3w PeUTE3q0 gt s

\1I;1LIL1J, i r i [ i|®98P Tviueuiaedxe oU3 Jo eaino uwew ;B |-ml-
AL | FETE T 1 O 1 *I53°Wep FU[sdeasd] eyq uwo m
L FEE: W o ! ¥ \411 ! uoi3ysod Aue 1w 7 weas q071d se T

il | m ! W m—1eqnq 10314 ZUjdes Jo pweiy £371o0Tea : Fu, y

; N en et R R ! “ m }100T8A b
GHN4IITII * ,2i“‘xliktli‘pllilL-li,,{ig *uciqilsod juEiqs Ha w 8°0
e e | , 4 ey 18 ST we3s 30TId 88 equy 3097 B
i SRS TELES EERERMa S _ e , ; 1 FUTZ8S JO DuY AT00T6A TeT3Tuy - Typ |——tl
el Y] VP e O i ) TR IO DERES e

| e T T i SN v

w | -




ord

h¥:




67

agssuming the resdings 2re to be corrected with respect to the
Pitot tube at the center. One of the corrected velocity dis-
trbution curves 2nd the orlgin2l curves drawn by single tra-
versing method with correction ratio are shown in Flg., 22.

b) Double tr2versing method with correction ratio: 1In
order to eliminate the effect of area reduction causing a
distortion of the velocity distribution curve, the direct
method was applled instead of depending on the corrective
curves. The four Fitot-static tubes were inserted from oppo-
site directiones along the vertic=2l and horizontal axis, and
45 degree diagonal axis. However, only one pair, two direct-
1y opposgite each other, were used at one time. These Pitot-
static tubes were moved slmult2neously throush tne dizmeter
with 0.1 inch gpacing constantly maiatalined between the two
opvvosgite Pitot-gtatic tubes. Rse2dings were slmultaneously tak-
en from both Fitot-static tubes 2t each traversing point. The
veloelity distribution curves measured with four Pitot-gtatic
tubes resnectively, at each gaging section elong the four axes,
were drawn as the one ghown in Fig. 25. The correction to the
veloclity distribution curve wzs wade by abstraction of the vel-
ocity increment due to the coastzant projected area, with the
2sgumption that the ratio of wmean veloclity change determined
by welghing-tank measurement, caused by the reduction of tube
section‘might be the same as the ratio of veloclty change at
any point on the velocity distritution curve during the saame
test,

It v:i‘ the mean velocity determined by welghing-tank
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mesgurement, with plasstic tube cross-gectional area minus
effective area of double traversing Pitot tube in the flow
direction, vris the mean velocity deteralned by weighing-
tank measurement with plastic tube full cross-sectional area,
Ag 18 the plastic tube cross-sectional area minus effective
area of double traversing Pitot-static tubes in the flow
direction, A 18 the plastic tube full cross-sectional area.

Then if discharge Q 1s consgtant: Q= AaVa" AV

{mc'C AatA ‘/A‘FV
of K==L 4
Va © Va  uniform
According to an egesumption, thatAincrement exists at veloc-

ity distributlon curves due to the change of tude cross-sec-

tional area.

2
=

then 1 2 A
K~ Ag

thus ‘J':.Vak:)&%\
Where'd;is the velocity at any point on the velocity distri-
bution curve along the diameter with the nlastic tube cross-
cection2l arez minus offective area of the double traversing
Pitot-static tubes in the flow direction, U 18 the velocity
at any coint on the veloclty 3digtricution curve slong the
dismeter of the plastic tube full crogs-sectional arez. A
sample computetion for dlscharge, Q = 0.13223 cfs in two
jnches 0.D. (1.85 1.D.) olastic tube follows:
0.0LT166 ft.2

0.0187 ft.2
0.1%223 ¢+ 0.0L766 = T.7 fps

Ay
A

Va
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4

Va

V
then \}3 VA ‘*V“-"‘-‘- 8.45 x 7.07 = 7.76 fps
q T.7
One of the exnerimentzl results was presented with the above

0.13223 ¢ 0.0187 = 7.07 fps

8.45 fps (mezasured at the center of the tube)

correction metnod in Fig. 22.

¢) Checking procedure: The distﬁrbance caused by the
presence of the static tube was eliminsted by use of a wall
vlezometer onening one diameter upstream from the total head
tube. The velocity distribution curve was drawn by this
measuring method along the diameter by wnlch the results of
single and double traversing methods were compared and the
reliability on these metinods was evaluated.

Moreover by using single and double traversing method
for the measurement of total pressure head with the Pitot
tube, the effect of stem to the orifice of Pitot tube was
examined as shown in Fig., 22, The maximum difference be-
tween two methods 1n velocity measurement was determined
28 1.4 per cent.,

Discussion of the Experimental Results:

wWith the exceotion of two lower correction curves for
Pltot-stetic tube number one and number two respectively in
Flg. 21 the other correction curves fall within four per
cent of one saother, therefore the wean curve mzy be considered
accurate within two per cent for the correctlion in the single
traversing method.

The two traversing methods were comonared and evaluated in
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Fig. 22. It was noted that 1n tne single traversing method,
the two systems for correction; with the initial point at the
side wall of the plastic tube and at the center (traversing
position no. 1 and no. 5), had no significant difference,
hence the corrected distributlon curves were éimilar but

a difference in the magnitude of veloclity caused by helf
dismeter length of projected area for the reduction of tube
section.

The double traversing method was successful in bring-
ing out the similarity of the distribution pattern with the
reliable distribution pattern as determined by checking pro-
cedure. Because of the significant similarity in the two
disgtribution oatterns measured by checking procedure with
single and doutle treoversing method, 1t was concluded that
there was no apparent effect of the stem on the orifice per-
formance in the single Pitot tube when it 1s facing the up-
stream in the tube.

Imperfections of correction rotio to the velocity distri-
bution curve are gaown in Flg. 23. Two Pitot-gtatic tubes were
alternatively inserted 2long the horizontel axis into the tube
from right and left sides for velocity measurement by single
traversing method. Thne distribution curves along the same
axls were adjusted by the correction retio respectively, and
were drawn in Fig. 23, which failed to show the simllarity
of the two distribution curves measured from toth the right
and left sides along the horizontal axis.

As 2 conclusion, 1t w=2s noted that the double traversing
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method was advantageous in eliminating the variation of the
effectlve cross sectional area and resultant variation in
velocity due to the stem effect, However, it possessed the
disadvantage of cauelng a measured velocity due to the exis-
tance of the turbulent waske at the stestlic pressure opening in

the trailing tube.
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D. Callibration of the Pitot-static Tubes

In thls study, the procedure wss to measure the mean vel-
oclty with the Jouble traversing method and to compare it with
the true meen veloclty as determined by welgtuing tank measure-
ments. Flow sgystem No., 2 with constant head was used. The
mean velocity ranged from 6,260 to 8.057 fps. During the
traverse, continuous weighing-tank measurements were made to
determine the true mean v:ilocity, 2nd to investigate the
discharge veoriatlion., It was noted thet the discharge varia-
tion was about 0,5 - 1.0 per cent, i.e. the variation of vel-
ocity. Tnls error was consldered as negligible.

For the c2libration of the Pltot-static tubes, three
sectiong at 10, 15, and 19 dizumeters froa tne entry nozzle
of the plastic tube were selected to measure the velocity
distrivbution in the section from two or four directions,

After drawing the corrected veloclity distribution curve,
the average of the velocitles obtained at the center of the
area of six rings of equal areas for the two inch plastic tube
was taken ae me2n veloclty of the Pltot-statlic tube. The
ratio of the mean veloclity thus obtained to the mean velocity
determined by the weighing tank 1s the coefficlent. Ls was
exnacted the coefficlent of each Fltot-si~tic tube wee ciffer-
ent and varied with the cheonge of mean velocity almost inversge-
proportionally. The calibration curves are shown in Fig. 24.
These four curves were couparsed with the curves presented by
Cola and Pardoe {5) in Fig. 20. The results of this study dem-

onstrated that the slope of the callbration curves were qulte
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gimilar with th=t of curves drawn by Cole 2nd Pardoe.

The true velocity will be comouted without traversing
stem effect from the obtalned ce2libration curves. Four of
the measured velocity distritution curves at the section ten
diameters distance froan tne entry nozzle, 2t the mesn veloc-
ity of 5.852 fos, were shown in Fig. 25. The distritution
curves did not possess symumetry with rescect to the center
of the plzstlic tube due to the variation of plastic tube
diameter and the tend of the tube. The variztion or plastic
tube diameter (0.D.) measured at ap-sroximately 1.53 ner cent
and the slight bending of the plastic tube due to gravita-
tion2l force on the water in the tube both might affect the

nonsyauetry of the velocity distributlion curve,
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IV. DISCUSSION OF TURBULENT FLOW
IN ENTRANCE REGION OF A CLOSED CONDUIT

As the fluid enters the conduit through a well-rounded
ent rance or square-edged entrance froam a large reservolir, a
uni form velocity distribution occurs at the start of the condu-
1t. Through the action of wall friction, a boundary layer is
created at the wall, which gradusally encroaches on the uni-
form stream as the flow proceeds down the conduit. As the
total flux remalns constant, the flow in the undisturbed
Qentral core must accelerate to compensate for this retarda-

tion of the flow near the wall. This change of stream veloc-

ity causes & greater reduction of the static pressure than for

the corresponding fully developed flow. The w=ll frictlon is

also greater than that for the fully developed condult flow,

giving a large gradient of the energy head. The sbove des-

cription of the turbulent flow 1n the entrance region of a

closed condult was mentioned by Ross {14). Fig. 26 1llustrates

the development of the boundary layer and serves to define

geveral of the pertinent quantities.

The fully developed turbulent flow is recognized at the

gegment behind the boundary layer gegment which 1s occupied

by the nondi ssipative core. wWhen the conduit 18 of sufficient

length to assure the full development of the layer, the thick-

ness of turbulent 1ayer ecquals the radius of the conduit. In
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the study of Pitot tube calibration or measurement of veloc-
ity distribution across the gection, 1t was desired to locate
the gaging section in the fully developed turbulent flow seg~-
ment of the conduit, in order to avoid particular turbulent
flow at intermedlate layer between the turbulent layer and non-
dissipative core, in the boundary leayer segment. Keulegan {13)
demonstrated the relationshlp between the lengtn of develop=
ment of boundary layer in rough plpes snd the roughness factor,
as shown in Fig. 27, where Ly was the length of development of
boundary lsyer in rough olpe, K was the roughness factor, and
R wes the radius of pipe. According to hls figure, if assumed
K for plastic tubte is 0.00005 referring to Rouse (3] F.405

R is about one inch, then R/K = 20,000, The Ly, will be more
the SO0R or 25 dismeters. Therefore the gaging sectlons at

10, 15, and 13 dizameters from the entry were supposed to be

within the boundary layer gegment, so it was conegldered that

the velocity distriputlon curves represented ten partially

developed turbulent flow sroflles.
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Fig. 26. Schematic diagram of the development of tihe boundary layer
in the entrance region of a closed conduit.,
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boundary layer in rough ripes and the rouchness f
Y a L]
(by Keulegan 13 ) etor

turbule nt foow
invariable with



82

VISUALIZATICN CF SECONDAKRY FLOWS
IN BEND OF A CLOSED CONDUIT

I, Introduction:

It was recognized from previous study that when fluild
flows through a bend or curved conduit, the flow pattern
becomes more complex than in e stralght conduilt and 1s
characterized by an alteréd velocity distribution and the
development of longitudinal vortices or secondary flows.

As a primary study of secondary flows, it was siluwed to
obgerve the chenomena of secondary flow in the bend. Several
viguslization techniques were guite effectively employed to
indicate the streamline of secondary flows along the boundary
layer close to the wall of the bend and some puenomena in the
interior of tne bend.

II. Methods and Results:

Flow system No. 1 and 2 with 30 degree bent plastic tube,
five feet'long, was orovided for tunls test.

1) Dye method: For the observation of laminar and tur-
bulent flow, dye method 1s frequently apolied. The atteapt
Lo saow uo the streamlines of secondary flows by injecting dye
into the flow of flow system No. 1 did not succeed with a
satisfaction, The potassium permanganate solution was injec~
ted Into the flow by syringe through a fine hypodermic needle

at the entrance section of the bend. The injection was made
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at several positlons across the eection,

Becausge of the turbulent condition in the flow, the dye
was ranidly dispersed into the whole section after passing the
center of the bend, so that it was difficult to distinctly
obgerve the flows at the bend. However there was a slight dif-
ference when the dye wes injJected at the center of the tube
ag opposed to the dye inj)ected 2t the boundary layer close to
the wall of the tube, but it wes impossikble to identify and
describe, because of its unstable condition. It was noted that
the interior flow curved toward the bottom wall near the end
of the bend at a radius larger than that of the tute., After
2as8sinz the bend, the diffusion of dye tegan at the portion
nesar the tottom wall of the tube, then the whole tube was full
of diffused dye, and identification wz2e no longer possible.

2) Sand method: Fine sand wes supolied es suspended
materiz]l in the flow. Thils method failed in the visuallzation
of the secondary flow due to the difficulty of obtaining a con-
tinuous =2nd linear suo»ly of e3and bty injection., The instantan-
eous passage of egand through the bend was difficult to observe
by eye or regular camera.

3) Air bubble method: Alir bubtle injiection was applied
under lower static pressure of three to five inches of water
coluamn 1a flow system o, 2. Tnlsg metnoi wag more effactive
than the sand method in showing the flows. Because of the low
gstatie vressure on thne tuke. It was easier to control the con-
tinuous bubble supply with a small amount of compreselon on

the injector. The alr bubdhles were regulated into s su=ll



1
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slze of approximete 0.03 inch diameter, 80 as to eliminate the
effect of buoyancy. The route of the alr tubbles passing the
bend was sketched schematlically in the vertlcel =and horizontal
planes in Fig. 28. The air bubbles generally followed the in-
terior flow rether then the boundary layer flow close to the
tube wall. The trend of the interior flow in the vertical plane
in the bend 1s described as follows: after the flow got to the
bend, the interior strezulines rapldly epproached the tube
curvature, elthough the boundary streamlines followed a spiral
path, Nezar the end of the bend, the interior streamlines curved
inward toward the tottom w2ll of the plastic tube at a radius
larger than the dizmeter of the tube, 2nd continued to curve
verceptively for =_.out one tube dizmeter or wore dlstance down-
stream from the end of the bend. Thereafter, the streamlines
returned close to the center line of the tube with a curvature
at 2 radius smaller than the diameter of the tube, toward the
ton w2ll of the tubke. In the norizontal plzane at the end of
the bend, these air bubtles were carried toward the center line
of the tube.

From the observation, it wog Iindicated thot the flow, at
least in the region away from the top and tottom wells, tended
to follow a combination of two dilmentionzl potential flow pat-
terns.

4) Colored thre=d wethod: Tuis test was ccnducted with
flow system No. 1. The susceasion of colored threads one and

two feet long in the flow was attempted. At nortions of the
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bend and a stort distance downstre=m from the bend, the threads
showed essentially the same streamlines of interlior flow that
were obsgerved by the 2ir bubble method. BEBut the threa2ds did
not follow the route of the ailr tubble passaze at the points
some distence beyond the bend. The tunreads 1l2id along the
bottom wall of the tube after it formed the curvature vattern
from the top to the bottom well at the end portion of the bend.
The threads that were attacned to the slde close to the top
inside wall or bottom inside well, tended to aporoach the
bottom wall and to lie 2along the wz2ll. The utility of thne
thread method of visuanlly obgerving the flow cattern 1s lim-
1ted because of:
(a) the restraint on the thread since it 1s attached to the
w2ll,
(b) the viscoeity effect of the flow attempting to move the
thread with it,
(¢) the thre=d in effect shows a resultant position rather
than the true streamlines.

5) Paint method: Flow system No. 1 was applied for this
test. Satisgfactory pictures of the pattern of secondary flows
In the boundary layer close to the tube wall were tzken. A
coat of white palnt avpproximately 0.01 inch thlciness was
, Placed on the inside w2ll of the plastic tube., Water flow
was then immedistely imposed on tne paint. The pazttern of
secondary flow in the boundary close to the inside wall of
the tube was ilmoressed on the fresh paint.

The sgtreamline curvature commnenced between one half and
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Fig. 28. Schematic diagram of inter io.

flow at the bend in vertical
and horizontsl planes.

Fig. 29. Side view of secondary flows in the boundary near the tube
wall at the bend.
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one tube diameter upstream from the bend. The boundary stream-
lines in the sroximity of the bend as shown by this paint method
ghowed gradually more curvature of flow then those in the in-
terior as was obgerved by the alr bubble method. The flow in
the boundary near tne wall was dlverging to the right and left
with respect to the top wall of the tube. Thereafter two dis-
tinct spirals were shown on the tube wall at the bend symmetri-
cally, as shown in Fig. 29 and 30.

In Fig. 31, the bottom wall showed thaot the boundary stream-
lines at the bend symmetrically converged from both gides to-
ward tne center line of the bottom wall.

The disadvantage of thisg method was that the paint was
oulte difficult to remove after the test.

6) Oil-eand method: A second method making nossible the
visualization of secondary flows w=2s ty mixing thick oil with
8and and co=ting the interlor tube wall. The oll and sand was
much eacsier to wash out with cleaners and gave essentially the
same patterns of secondary flows which was noted with the
vaint wmethod. This test was conducted with flow system No. 2.

T) Plastic powder method: Green plastic powder which
has the snecific welght of zbout one gram per cublc centi-
meter, was mixed with the water in flow system No, 2. This
Ingoluble rlastic powder moved through the system as granular-
tyoe clusters. These clusters followed the szwe Dathway as
the a2ir bukbles, when they moved through the bend section.
The test provided a confirmation of the reliablility of the

snall a2ir bubtle method,
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Fig. 30 Top view of secondary flows in the boundary near the

tube wall at the bend.

Fig. 31 Bottom view of secondary flow in the boundary near
the tube wall at the bend.
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III. Discussion

The ohenomena of secondary [lovs in the bcundary close
to the tube w2ll and in tne interior of the tend and in the
extenslion tube beyond the tend were effectively visualized
by the vaint method, oll-sand method, eir bubtble method, 2nd
green plastic powder metnod, It was noted tnst the interior
flow and the boundary flow in the tend are distinctly sepzr-
ated with different spir2ls, due to the difference in viscos-
ity effects 2t the boundz2ry close to the tube w2ll and the in-
terior. Down streem from the m2in double spirels, at the bend
there was some separation effect on the layer ne=r the bottom
wall due to the return flow in the interior frou the wain scir-
als. Further investig=ztion 1s necesgary to study thls separa-

tion effect,
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SUMMARY

Since it was recognized that one of the important factors
in sprinkler distritution ie the secondsry flows at the bend in
the rotary sprinkler, the study of hydraulic instruwments and
its construction, and the visuallization of secondary flows
were conducted in this nroject for the further purpose of the
study in secondary flows. Tne results of this test are pre-
sented as follows:

I. Five mm regular soft glass tube was chosen for use in this
study as the croper size of manometer tube. The error of
time lag on the rezdings was eliuinsted by allowing two
minutes to elapse thus establishing steble re2ding in the
manometers. The verlistion of canillary rise in the noum-
lnally similar sized wanometer tube was od justed bty a cal-
ibrated scale shown in Fig. 16. Three tyres of menometers
were constructed: A) tne vertical plezowmeter tubes for
tube well static pressure, B) 30 degree inclined mer-
cury manometers because the velocltles ranged from tharee
to elght fps, and C) 30 degree inclined olezometer tubes
for the lower velocitles from less than one to three fps.
The devices for c2p2city and resistance dawmping were
provided with mercury and one mm caplillary tube with screw
clamp recspectively, 1a order to daump out thne fluctuation
of re~dings in the wrnometer c2used by turbulent flow.

[ ]
II. 0,030 inch I.D. hypodermic needle wa2s used to construct the
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Pitot static tube since the hizh efficiency in the veloe-
ity weasurement due to time lag =nd negliglible viscosity
effect on water flow in the Pltot-stotic tube. As ghown
in Flg. 18, the constructed Pitot-static tubes were de-
signed with a sinilarity to Cole Pitometer which consists
of two tubes made tosether: one, so-called Piltot tute,

for tot2l »ressure facing upstresm, 2nd the other, gso=-
called static tube, for gtatic pressure facing downstream,
However, they =are set 2long a strezmline. In structure,
the only differsnces between the Cole pitometer and the
author's Pitot-static tube are the followings

A) With the Cole Pitometer, static cressure is messured
at the orifice on the tio of the stotic tube. E) With
the author's Pitot-st=tic tukte, stotic oressure wzss me=s-
ured a2t the statlc openings on the w2ll of the stzatic
tube. In the study of correction for orojlected area of
Fitot-static tube stem th=t treverses into the plastic
tube, the double traversing method wzas found to be better

for correction rather than the single traversing method,

In =2ddition the cunecking process supported the above
statement., By the double traversing method with the
correction fasctor for the reduction of cross section of
vlastic tube, velocity distribution curves =2t the gaging
sections were drawn for the coefficlent calibration of
Pitot-static tubes =2 ghown in Fig. 24, It was noted
that the four siwmilarly designed Fitot-static tubesg had

different c2libration curves, however the slope of the
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curves were oHractically the s~me.

An effective method to visu~lize the sscond-ry flows in
the bend was found. The secondary flow in the boundary
close to the w2ll of ths tube wos cle~rly cshown on the
1ngide wall of the »nlacsilc troneparent tube co=ted with
(4) fresh waite pzint 2nd(B) black oill mixed with sand.
The streamlines of the interior flow ian the bend was
obeerved by the sm~ll air buavtle, ture=d, dye, nlastic
powder and g=-nd mesthods. The mpogt effective method to
show interior flow wos the small zir oubble rethod,
The schematic dilagrsm of interior flow isg srnown in Fig.

28.
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