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By Ascher H. Shapliro and R. Douglas Smith
SUMMARY

An experimental study was made of friction coefficients near the inlet
of emooth, round tubes with bellmouth entrances: The range of Reynolds
number (ba.sed on tube dismeter) was from 39,000 to 590,000; these values
corresponded to turbulent flow in the region of a fully developed velocity
profile. The tube size ranged from 3/8 inch to 4 inches. Four different
combinations of approach section and bellmouth entry were used. Tests
were made both with water and with air at low Mach numbers.

The results are reported in terms of the apparent friction coefficlent,
which 1s directly a measure of the pressure drop and which includes the
effects of both friction and of changes in momentum flux associa.ted. wlth
changes in veloclty profile.

Near the inlet the tests indlcated a zone in which the developing
boundary layer is laminar, followed by a zone in which the boundary layer
is turbulent. Transition from a leminar to turbulent boundary layer was
found to occur %t a Reynolds number (based on distance from the tube inlet)
of about 5 X 10/, which compares woll with the corresponding value for
a flat plsate.

In the inlet region the friction coefficient was found to vary widely
from the Kérmén-Nikiradse coefficient for fully developed turbulent flow
and was.sometimes greater and scmetimes less than the KdrmAn-Nikuradse
value, depending on the value of the Reynolds number. About 50 tube
diameters were required for the local friction coefficient to coms within
5 percent of thé Kdrmén-Nikuradse value and about 80 diameters for the
integrated frictlon coefficient to come within 5 percent of the KArmdén-
Nikuradse value.

The effects of inducing turbulence artifically by wire screens and
by an obstruction on the tube wall were studied.

In the laminar inlet zone thé ‘results were found to be 1n accord
with the theory of Langhaar.
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Values of the frictlon coefficient measured at large dlstances from
the tube inlet were foumd to be systema.tica.uy about 1.3 percent higher
than the values given by the Karman-Nikuradse formula. .

An approximate method for predicting the dlscharge coefficiemt of
rounded-entrance flow nozzles, based on the reported results, is presented
and 1s shown to compare well with published data on flow nozzles.

INTRODUCTION

General

When a fluld flows steadlly through a tube, the flow pattern in the
region immediately downstream of the entrance to the tube depends in great
degree on the distance from the tube entrance. After this distance has
become sufficlently great, that is, of the order of 50 tube dlameters
in length, the veriations in flow patterm vanish, the velocity proflle
remains unaltered, and the frictlon coefficlent is independent of the
distance from tube Inlet.

The changes in velocity profile which occur in the Inlet reglon
immediately downstreem of the tube entrance have an Important effect on
the friction coefficient in this region. Through the combined efforts
of many Investigators the values of the friction coefficlent in the
permanent zone downstream of the inlet region have been established with
good accuracy. For the inlet zons, on the other hand, only scant and
inconclusive data are available.

There are many instances 1n the design of engineering equipment,
particularly alrcraft equipment, where the length-dlamester ratios of ducts
and of tubes are not large compared with the length-diamster ratio in which
inlet effects are strong. As instances may be cited the following cases:

(a) The tubes of radiators, intercoolers, and oll coolers

(b) The ducts connecting air scoops in aircraft with cooling
equipment or propulsion devices

(c) The passagsways in rem-Jet and gas-turbine power plants

(d) The connecting and return ducts for wind tunnels.
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ObJect -

The obJect of this investigation was to determine experimentally the
values of the friction coefficient in the inlet length of roumd, straight,
smooth tubes and to find the effects on the friction coefficient of
Reynolds number, distance from the entrance, and initial turbulence. The
renge of Reynolds number was to correspond to turbulent £low in the fully
developed region, and compressibility effects were to be eliminated as a
complicating factor by making tests with water and with air at very low
Mach numbers.

Historical Backgréund

ical.- Boussinesq (reference 1), in 1890, employed an approxi-
mate form of the Navier-Stokes equation to obtain a solution for the
development of the velocity profile for laminar flow in round tubes. His
results led to a predicted length-dleameter - ratio for a purely laminar
Inlet zone of

(x/D)1n10t = 0-063Rp

Schiller (reference 2) investigated the laminar inlet zone with the -
aid of Kérmén's momentum theory for the boundary layer. After assuming
that the typical velocity profile near the inlet was composed of a
stralght-line segment terminated by parabolic arcs, he applied the
momentum equation to the entire cross section and the Bernmoulll equation
to the central, frictionless core of fluid. The rate of development
of the velocity profile was computed, in addition to which the pressure
drop from the entrance was predicted. For the length of a purely laminar
inlet zone he obtalned

(2/D)in1et = 0-02%Rp

Atkinson and Goldstein (referemce 3), also using an approximate form
of the Navier-Stokes equation, improved upon the results of Boussinesq by
employing neer the entry a series solution based in part on a generalization
of the Blasius boundary-layer equation.

Langhear (reference 4) presented the most complete analysis for
laminar flow. He retained more terms of the Navier-Stokes equation than
had been retained by other investigators and obtalned a solution by a
linearizing procedure which can be partially Justified on theoretical
grounds. His results are in the form of tables from which velocity profilles

-t
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and pressure drops may be computed. Unlike the previous work in this
field, no definite inlet length was found, but instead the velocity
profile was found to approach the parabolic form of Poiseullls in
asymptotic fashion. The length in which the center-line velocity reaches
99 percent of its asymptotic value was predicted to be

[

(x/D)gg percent inlet = 0-11Rp

Latzko (reference 5) analyzed the development of a turbulent velocity
profile in a tube by a method analogous to that of Schiller (reference 2).
The basic assumption of ILatzko's analysis was that a typlcal velocity
profile in the inlet length 1s composed of a straight-line segment
terminated by arcs, the velocity distribution of which follows the one-
seventh-power law. For the total inlet length of a purely turbulent flow
he obtained

(x/D)in1et, = 0-6%Rp° 22

Experimental.- Kirsten (reference 6) measured velocity profiles at
various distances fram bellmouth and sharp-edged entrances for the flow
of air through smooth tubes at very low Mach numbers and over a range
of Reynolds. number (based on tube diameter) fram 20,000 to 80,000. In
the case of flow with a well-rounded entrance, the nature of the velocity
profiles seemed to indicate that the boundary layer near the entrance
is3 at first laminar and that at some distance from the Inlet a transition
occurs to the type of combined leminer and turbulent layer customarily
assoclated with flow over a flat plate and with fully developed
‘urbulent flow in a pipe. Kirsten also made a few static-pressure
measurements at the tube wall and was able to compute friction coeffi-
cients for two Reynolds numbers.

Nikuradse (see reference T, P. 27) reported velocity profiles for
a purely laminar inlet reglon. (Reference 7 gives only a set of curves
attributed to Nikuradse; a detailed account appears not to have been
published.) A comparison of these measurements with the theories of
Boussinesq (reference 1), Schiller (reference 2), Atkinson and Goldstein
(reference 3), and Langhaar (reference 4) indicates, at least on the
basis of center-line velocities, that Langhasr's treatment is most correct
physically over the entire inlet region. The method of Schiller predicts
center-line velocities accurately at points close to the entry and poorly
at points near the end of the inlet zone. The methods of Boussinesqg and
of Atkinson-Goldstein, on the other hand, compare well with Nikuradse's
meoasurements near the end of the inlet region and compare poorly near the
entry of the duct. -
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The experimental results for water flow reported herein for tube T
were obtained by Brooks, Craft, and Montrello (reference 8).

The experimental results for air flow reporfed herein for tube IV
were obtalned by Smith (reference 9).

This present project was carried out in the Mechanical Engineering
Department of the Massachusetts Institute of Technology under the
sponsorship and with the financial assistance of the National Advisory
Committee for Aeronsutics. The work was carried on during 1943-44 and
during 1946-47.

The help and emcouragement of Professor J. H. Keenan, particularly
in the early stages, are acknowledged with thanks.

Mr. William Vaismann ‘gave valuable assistance in taking and reducing
data.

SYMBOIS
A cross-sectional area of tube, square feet
Cyr discharge coefficient for flow nozzle, defined by equation (11),
dimensionless
D dlameter of tube, feet

£app Jocal apparent friction coefficlent, defined by equation (L),
. dimensionless

fppp integrated apparent friction coefficient, defined by equations (5)
and (6), dimensionless

fDEV friction coefficient in region of unchanging velocity profile,
dimensionless .

r-n friction coefficient :E'rom Kaman-Nikuradse formula (equation T)
correspanding to value of Rp

D statlic pressure, pounds per square foot
Rp Reynolds mumber, dimensionless (VDp/i)

Ry Reynolds mumber, dimensionless (Vxpj)
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v mean velocity, feet per second

W mass rate of flaw, slugs per second

x distance from beginning of cylindrical part of tube, feet
1 viscosity, slugs per foot-second

o] density, slugs per cubic foot

THEORETICAL CONSIDERATIONS :

The usual procedure in calculating friction coefficients from pressure-
drop data is to assume that the velocity is umiform over each cross section.
Since this ignores the changes in momentum flux which accompany a change in
velocity profile, it follows that such a friction factor does not represent
the true drag coefficient, or, in other words, it is not equal to the ratio
of the shearing stress at the wall to the velocity head of the stream.
Friction coefficients calculated in this simple way are therefore called
"apparent friction coefficlent.” In order to calculate the "true friction
factor, " that is, the ratio of the wall shearing stress to the velocity
head, it is necessary to consider not only the pressure drops invelved
but also the changes in velocity profile. The true friction factor is
identical with the apparent friction factor only when the velocity dis-
tribution is the same at all cross sections considered and when the flow
1s incompressible.

When the tube has a well-rounded entrance the formation of the
boundary layer might reasonably be expected to be similar to the boundary-
layer growth near the leading edge of the flat plate. For a short distance
from the entrance the boundary layer would be laminar. Then, at some
distance from the leading edge presumably dependent on the degree of
initial turbulence, the outer portion of the boundary layer would become
turbulent. The turbulent boumdary layer would then spread until it
reached the center of the tube, following which the veloclty profile
would asymptotically approach the shape corresponding to fully developed
turbulent flow. ‘ :

The nature of viscous (laminar) flow; the stability of laminar flow,
and the mechanism of turbulence are all assoclated with the Reynolds
number. Furthermore, the amount and structure of turbulence in the stream
at the tube entrance doubtless have an, influence on the location at which
the transition to turbulence occurs and on the manner in which the
turbulent velocity profile develops. Both Reynolds number and initial
turbulence, therefore, might be expected to have an effect on the friction
coefficient in the transition reglon. ,
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It vas early decided-in this investigation to measure apparent
friction coefflclents rather than true friction coefficients. This -
declsion was prompted first, by the fact that the designer is interested
primarily in apparent friction coefficlents, and ‘second, by the manifold
greater complexity of the apparatus required to measure true friction
coefficients.

APPARATUS AND TEST PROCEDURE

On the basis of the comsiderations Just outlined, the tests were
carried out with water and with air at low Mach numbers. The principal
data comprised measurements of flow rates, static pressures and pressure
differences at the wall of the duct, and inlet temperatures.

Four dlfferent test ducts were used. Those used for the water tests
are ldentifled as tubes I, II, and ITI, and the single duct used for the
alr tests is tube IV. The principal dimensions, nature of entry section,
and size and location of pressure taps for these tubes are shown in
figure 1 and in table I.

Because of the emphasis on the reglon of changing velocity distri-
bution, the pressure taps were most numerous and most closely spaced near
the entrance of each tube.

° Water Tests

¥low system.- Water was drawn from a large header supplied by a
centrifugal pump at a pressure ranging from about 100 to 200 pounds per
square Iinch gage, through a hand-controlled throttle valve, through the
approach section to the test plpe, and, after passing through the test
pipe, was discharged into an open welghing tank. The usual varlations
in flow rate during a test were of the order of 1 percemt or less.

Degign of tubes.- Tube I, which had an inside diameter of 0.373 inch,
was attached by a reducing bushing to a straight run of 18 feet (85 diamsters)

of 2—215—1nch, black iron plpe. The reducing bushing was machined on.the

inside to provide a smooth passage for the flow. TUpstream of the 18-foot
1
run was a 2-foot section of 2§-inch plpe f£illed wlth stralghtening vanes.

The entrance to the test duct proper was, in cross section, a circular
arc with a radius approximately equal to the diameter of the test sectiaon,
that 1s, 3/8 inch. Brass was used for the test duct and all attached
fittings. Pressure taps were cleanly drilled through the tube wall, and
great care was exercised to lnsure that the taps were square and without
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burrs on the inside of the tube. Connections were made to the pressure
taps by means' of saddles soldered to the test pipe.

The test pipe with its attached bellmouth inlet used for- tube IT
was the same one as that used for tube I. The sole difference between the
tests with tube I and with tube IT lay in the approach section used for
the respective tests. For the tests with tube IT, the 10-inch calming
chamber shown in figure I1(a) was placed- upstream of the test pipe, as
shown in figure 1(c). The baffles, honeycamb, and screens in this stilling
section, together with the area reduction of T00:1 between the stlilling
sectlon and test duct, would 1t was believed, reduce the initial turbulence
in the test section to very smaJ_'L proportions.

Tube ITIT, ghown in figure l(d.), was of brass and of 0.735-inch
internal diamester. Iike tube IT, it was attached to the stilling chamber
of figure 1(a), the correspond.ing area reduction being 185:1. In construction
1t was similar to tube I, except that at each of the first four pressure
stations there were fou:r pressure taps connected by a plezometer ring.
Thig arrangement tended to reduce errors near the emtrance which might be
caused by a slight imperfection in a single pressure tap.

A1l the test plpes used In the investigation were polished on the
inside. The dlameters were carefully measured at as many locations and
as many orlentations as convenient. The average dlameters of tubes I, IT,
and ITT over thelr entire “lengths were found by filling with water.
Departures from roundness and from umiformity in diameter were within
0.001 inch. The bellmouth entry was in each case machined while attached to
the tube proper, and the inlet curve was burnished so that there was no
observable Junction between the bellmouth and the tube.

For.runs wlth induced turbulence wi‘bh tubes IT and ITT, brass
screening (24-mesh, 30-gage) was placed mear the exit of the calming
chamber, flush with the flange Just prilor to the bellmouth entry to the

test duct.

Measurements.- Each of the pressure taps was commected through tubing
and shutoff valves to two manifolds. Each manifold was connected in tum
to each leg of a mercury-water U-tube manometer and an air-water U-tube
manometer. With this manifold arrangement, pressure differences could
be measured between any pair of taps, and the pressure taps could be -
reversed relative to the manifolds and to the manometers so as to permit
tests for leakage 1n all parts of the system. Because of the important
offaects that even the smallest amount of leakage might have had on the
measurements, every set of readings was checked for leakage by reversal
of the connectlons between the pressure taps and the manifolds. All
connection lines were carefully purged of air and fllled with water prior
to each test.
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Flow rates were measured by direct welghing in an open tank mounted
on platform sceles.

Auxiliary measuremsnts Iincluded the temperature of the water leaving
the apparatus, the pressure in the calming chamber, the pressure in the
manifolds to permit corrections for the head of alr in the alr-water
manometer, atmospheric temperature, and atmospheric pressure.

Alr Tests ) '

Flow gystem.- Air was drawn at atmospheric pressure from a large room
into the test pipe through the bellmouth entry shown in figure 1l(e). After
leaving the test duct, the alr passed through a sharp-edgsd orifice mster
and was then discharged outslde the bullding by a steam eJector.

During each run at a specified Reynolds number the flow rate was
meintained nearly constant by manual control of a throttle valve down-
stream of the orifice meter.

Deslgn of tube.- Tube IV was of copper with an Internal diameter of
4 inches. The entry consisted of a spun=copper bellmouth attacheéd to an
annular disc of plywood 34 inches in dlameter. The bellmouth was in
cross section an ellipse having the dimensions shown in figure 1(e).
Presumably the air drawn from a large gulet room into the test plpe through
this bellmouth was very nearly free of measurable turbulence.

The precautions followed for tubes I, IT, and ITT in obtaining clean
and square pressure taps, & smooth finisgh on the inside of the pipe, and
a smooth, continuous Juncture between plipe and bellmouth, were followed
algso in the case of tube IV.

For runs with Induced turbulence, two different methods of creating
turbulence were employed: (a) A pilece of brass screening 4 inches in
diameter (24-mesh, 30-gage) was placed in the test duct at the end of the
bellmouth entry where the latter Joined onto the cylindrical test plpe
and (b) a plece of scotch tape 1/4 inch wide and 0.0033 inch thick was
placed around the inside periphery of the duct at the same locatlon as
. the aforementioned screening.

Measurements.- The first pressure tap was connected to a water-
micromanometer. Each of the other pressure taps was connected through
a length of tubing and a valve to a manifold, and the latter was connected
to a second micromenometer. Both mlicromancmeters had one leg open to the
atmosphere. Pressure differences were in each case measured betwsen the
first tap and the atmosphere and between each of the succeeding taps .and
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the atmosphere, so that the pressure drop between any pair of taps could
be found by subtraction. AIl Joints and connections were covered with

glyptol so as to avold leakage insofar as possible.
The flow rate was calculated from the pressure and temperature up-

stream of the sharp-edged orifice, the pressure drop across the orifice
as measured wlth a U-tube manometer, and stendard A.G.A.-A.S.M.E, discharge

coefficients (reference 10).
Measurements of the pressure and tel@éra.ture of the alr in the room
which supplied air to the test duct were made throughout each run.
METHODS OF COMPUTATION

Definitions

Reynolds numbers.- The Reynolds number based on pipe diameter Ry
is defined by

VD
RD = TL'E (l)

where V 18 the mean velocity wlth respect to mass rate of flow and the
density p eand viscosity p are evaluated at the mean pressure and
temperature of the stream.

The Reynolds number based on distance from the inlet Ry
is defined by ‘

where x 18 the axial distance from the point where the cylindrical
portion of the plpe begins (see fig. 1(c)).

From equations (1) and (2) it is evident that

Ry = Rp (x/D) - (3)
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Friction coefficients.- The local apparent friction coefficient fapp
1s defined by

- X
Pe'P1=”fAP1>x'g’15“l"22v2- (%)

where pp, and Py are the static pressures (measured at the wall of the
duct) at the axial locations x, and X7, vrespectively. The value of
fppp calculated from equation (4) was taken to be the local value midway
between stations 1 and 2, or, in other words, at the axial location

(xl + xQ) /2. This type of friction coefficient includes the effects both

of shearing stress at the wall and of changes in momentum flux associated
with changes in velocity profile. When the velocity profile is the same
at % and X7, the local apparent friction coefficient -ig identical
with the true drag coefficient; it is then equal %o 2_-rw/p , wWhere T
denotes the shearing stress at the wall. When the velocity profile is
developing, it may be shown that the local apparent friction coefficient
is always greater than the true drag coefficient. )

The integrated apparent friction coefficient fAPP is similar %o the
local value fppp but provides a measure of the total pressure drop from a

fixed point near the beginning of the duct to any other point downstream.
It 18 defined by

P'P*=ll-§A_PPx];x*’g'V2 (5)

where the asterisk refers to the fixed point near the entrance of the
duct. For design purposes it would be preferable to haye x* equal to
zero. It was not possible to do this for the experimental tests because
of the difficulty of obtaining a meaningful pressure measurement at the
Point where the bellmouth entry Joins the cylindrical tube. In the tests
with tube II, for which values of fppp are reported, x*/D was equal to

unity. The theoretical results for laminar flow of Langhaar, Schiller,
and Atkinson and Goldstein are based on x*/D egual to zero.

By comparing equations (4) and (5), the following relation between
the local and integrated apparent friction coefficients is obtained:

(z/D)
f(x/D)*fAPP /)

(x/p) - (x/D)*

fapp =

(6)
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The developed friction coefficient frpy 1s the value of the local
friction coefficient at axial dlistances so great from the inlet that the
effects of -changing velocity profile sre no longer observable. It is
computed from equation (4). The value of fppy was assumed to be the
same as fypp when the variations with x/D of the latter were within
the experimental accuracy. .

The Kdrmin-Nikuradse frictlon coefficlent fr.y 18 based on the

experimental research of Nikuradse (reference 11) and the analytical
formuletion of Von Kdrmén (reference 12). It is given by

Precision

During each run at a specified Reynolds number, there were slight
variations in flow rate. In order to elimlnate the effects of these
variations, all results were reduced to standard conditions for each run
in terms of an average valus of the measured pressure drop from the
calming chamber to the first pressure tap. In making corrections it was
assumed that the flow rate was proportional to the square root of the
reference pressure drop and that pressure differences were directly
proportional to the reference pressure drop. In no case did these
corrections exceed 1 percent.

The average flow rates were, in the case of the water tests, accurate
to about 0.2 percent and, for the air tests, to about 1 percent.

The reported frictlion coefficlents for the water tests were, as
regards preclsion of measurement, accurate to ‘about 0.5 percent, except
for two runs at low values of RD, where the accuracy was about 1 percent .

In the air tests, because of the small pressure drop between taps, the
friction coefficients were accurate only to about 5 percent.

Tt 1s important to note, however, that the reported friction coeffi-
cients near the inlet are subject to a source of error entirély independsnt
of the instrumentation, namely, the effects of nonuniformity in the
different pressure taps. For example, the pressure drop between two taps
1 tube diameter apart is of the order of 2 percent of the velocity head;
in that case a defect in one of the taps which produced an error in the
measured pressure of only 0.1 percent of the velocity hsad would cause &n
error in the friction coefficient of 5 percent. The error is corres-
pondingly larger for smaller tap spacings or for greater defects in the
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pressure taps. Therefore, although the tubes were carefully polished with
£ine emery cloth on the inside so as to obtaln clean pressure taps,
appreclable errors due to imperfections in the taps are doubtless presemnt
near the inlets to the tubes. Thils is particularly true for tube IV, whsre

the tap spacing was as small as %-tube dlameter.

RESUITS AND DISCUSSION

Apparent Local Friction Coefficlent

The results of the tests are given In figures 2 to 5 in the form of
curves In which the ratio of the local epparent frictlon coefficient to
the Karmén-Nikuradse coefficient is plotted against the ratio of the
distance from the Inlet to the tube diameter. Each curve is for a fixed
value of Rp. Straight lines were used for Joining the points because

of the difficulty of falring in smooth curves.

At flrst sight these charts seem to have no regularity whatsoever.
Closer examination discloses, however, that at very low Reynolds numbers
the frictlon-coefficilent ratio at first decreases with distance from the
inlet, then increases rather sharply, and, after a sharp drop followed
sometlimes by a slight rise, finally decreases relatively slowly wntil it
approaches an asymptote of about unity. At intermediate Reynolds numbers
the pattern is similar, except that over the experimental range of
x/D values the initial decrease in the friction-coefficient ratio is
absent. At the highest Reynolds numbers both the initial decrease and
the flrst sudden increase are usually absent.

These results are qualitatively explainable by comparling the flow
near the Inlet to the flow near the leading edge of a flat plate. In
order to make this comparison clearer, the results of figures 2 to 5
are replotted in figures 6 to 9 as local apparent friction coefficilent
against Ry. Also, figure 10 shows the results of Kirsten (reference 6)
on this basis For each Rp +the pattern of points in figures 6 to 9 1is
the same as In figures 2 to 5 because the scales of the two sets of
charts are proportional. In the representations of figures 6 to 10,
however, the influence of Rp 18 relatlvely small as compared with its
influence in the - -previous charts.

In figures 6 to 10 there are plotted the lines representing the
drag coefficlents for laminar and turbulent flow over a flat plate. The
qualitative similarity between the pipe flow and the flat-plate flow
is8 evident. Quantitative agreement cannot be expected because the
values of fjppp Include the effects of both shearing stress and momentum

P —— - e o r——— e - -
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change, whereas the drag coefficient for the flat plate represents only

the shearing stress; also, the pressure gradients in the lengthwise direction
are different for the two cases, and.the flow in the boundary layer is

planar only at the very inlet to the tube.

From figures 6 to 10 it appears that there are two regimes near the
Inlet to the tube and that the cha.nge from one regime to the other occurs
at a value of Ry of about 5 X 102. It is notable that the change fram

laminar to turbulent flow for a flat. plate (reference T, pp. 139-143)
also ocours at sbout Ry = 5 x 10°. The similarity in the slopes of
the curves for the tube and the plate in both the laminar and bturbu-
lent regimes is also worthy of mention. For very high values of Ry

the comparison naturally breaks down altogether, for the boundary
]7ayer in the pipe then becomss large compared to the radius, and the
apparent friction coefficlent becomes independent of R;.

With ‘the foregoing facts in mind, the following summary of events
near the inlet of the tube seems reasonable. A laminar boundary layer
Pirst forms and develops in a manner camparable with that for a flat
plate, and the friction coefficient decreases with increasing Rx. A%b
e value of Ry of about 5 X 105, the boundary layer changes from
laminar to turbulent, and the friction coefficient rises sharply.
Subsequently the friction coefficient shows a general trend downward
toward an asymptote because the rate of change of velocity profile is
gradually reduced. The irregular effects which occur shortly after the
change from & laminar to a turbulent boundary layer are probably the
result of rather rapid adjustments of velocity profile within the boundary

layer.

From the trend of the data and fram the simple physical considera-
tions Just described, it appears that the local apparent friction coeffi-
cient is infinite at the inlet to the tube and that it then decreases
approximately in inverse proportion to the six-temths power of the
distance from the inlet. The hig_%est reported value of fppp 1in the

laminar inlet zone, measured at 3T = 0.5, is about 3.5 times the Rermen-

Nikuradse value. The lowest measurq(i values of fppp 1 the laminar
inlet zone are less than half the Kdrmén-Nikuradse value for fully

developed turbulent flow.

In the transition zone immediately following the change from &
laminar to a turbulent boundary layer the maximum values of fAPP/fK-N are

about 1.5, and the minimm values are about O.8.

Tt is difficult to determine with precision from the results glven
herein the value of x/D at which inlet effects become negligible.

e m e — e ———— - e e —————————— =
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However, 1t appears that the valus of fppp 1s confined within 10 per-
cent of the Kifman’ -Nikuradse value beginning at about 20 to 30 tube
dlemeters from the tube inlet. The value of fppp -1s confined within
5 percent of the Kdrmsn-Nikuradse value beginning at about 40 to 60 tube
diemeters from the tube inlet. These x/D values are far smaller than
those predicted by the leminar inlet theories of Boussinesq, Schiller,
and Langhaar and are about three times as large as the value predicted
by the turbulent inlet theory of Latzko (refer to section "Historical
Background" under INTRODUCTION).

In:begrateci Friction Coeffliclent

For deslgn purposes the most lmportent quantity 1s the total pressure
drop from the inlet to any point downstream. This value 1s represented
by the integrated apparent friction coefficient, which in figure 3(b) is
shown plotted against x/D_ for the water tests with tube IT. Because of
the cumulative nature of f,pp, the curves of figure 3(b) show much less
variation than those of figure 3(a), particularly at high values of x/D.

In general, the Integrated friction coefficlent at any x/'D value -
greater than 20 1s larger than the Kérmén-Nikuradse value when Rp is
greater than 100,000 and is less than the KédrmAn-Nikuradse value when
Rp 1s less than 100,000.

]

Effects of Induced Turbulence

Figures 1l and 12 show the effects of lintroducling turbulence
artificlally.

There are two possible explanations of the results of figure 11:

(a) Initial turbulence moved the point of transition from a
laminar to a turbulent boundary layer forwerd from Ry T 5 X 102
to Ry ¥ 1x 107.°

(b) Initial turbulence caused the boundary layer to be turbulent
from the inlet. The trend upward of fppp near the inlet makes the

first explanatlion physically more plausible, although the data are
insufficient for a definite conclusion to be drawn.

The effects of induced turbulence shown 1n figure 12 are not strictly
comparable with the effects shown in figure 11 because in the alr tests of
tube IV the device for producling turbulence was Inserted &t the beginning
of the cylindrical section of the tube. Presumably, the turbulence for
tube IV was considerably greeter than that for tube II.
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Figure 12 shows clearly that induced turbulence may act to Iincrease
considerably the value of fjpp 1n the region which would normaelly be the .
laminar inlet zone. From the absence of a sharp transition zone 1t appears
reasonabls ‘to conclude that in the tests with tube IV the boundary layer
was turbulent over the range of x/D values in which measurements were
made. The observed decrease of the apparent friction coefficient with
increasing x/D, followed by a gradual trend toward a constant friction
coefficlent, is probably attributable chiefly to the momentum effects of
the developing velocity profile.

It appears from figure 12 that a small obstruction on the wall is
much more effectlive 1n tripping the boumdary layer than is a screen
across the entire duct. In fact, in the region where R, 1s less than

5 X 105, the strip of scotch tape led to about an eightfold Increase
in the apparent frictlon coefficlent, whereas the screen at the inlet
cross section led to about a threefold increase in friction coefficilent.
Also, the scotch-tape strip acted to raise by a factor of about two the
value of the apparent frictlon coefficient 1n what would normally be
the turbulent zone of developing velocity distribution. The effect of
the screen was not so marked in this respect and indeed 1s not easy

to summarize from figure 12. .

Leminer Inlet Zone

Langhaar (reference k4) arrived through analytical reasoning at a
relation between fppp and the single parameter (x/D)/Rp. From his
table IT there was deduced by calculation a series of curves of fapp
against Ry for constant values of Rp. These curves based on Langhaar's
work have been inserted in figures 6 to 10. It is evident from these
charts that in the laminar portion of the inlet zome the theoretical
resulte based on Ianghaar's work compare favorably with the measured
results. The comparison is particularly impressive for the water tests
of tube ITI, which, for various reasons, are probably the most reliable
tests of those reported herein. ;

In examining the results shown in figure 9 for the air tests whth
tube IV, it should be borne in mind that the apparent scattering in the
laminar zone was not physically present but is artificially introduced
because of the errors associated with small spacing between pressure
taps. Viewed in this light, the results of figure 9 support Langhaar's
theory almost as well as do the results of figures 6 to 8.

More precise agreement between the measured results and the results

based on Langhasr can scarcely be expected, since there are several
--nsistent sources of divergence to be expected, among which are:
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(a) Langhaar's theory is based on a uniform velocity profile at
= 0. This condition was only approximated in the experiments.

(b) Langhaar's theory is based on uniform pressure over each
cross section. The slight deviations from this, taken together with the
small pressure dlfferences between taps, might be a cause of disagreement.

(c) The theory neglects any boundary layer which forms on the
bellmouth entry.

In the light of these remarks it seems fair to conclude that the theory
of Langhasar predicts apparent friction coefficients in the laminar inlet
zone with satisfactory accuracy.

Before leaving the subject of the laminar inlet zome, 1t is of
interest to compare the theoretical results of Langhaar with those of
Schiller and of Atkinson and Goldsteln. Figure 13 shows that for values
of the parameter (x/D) grester than 0.0005, the results of Schiller
agree well wlth those of ;Eanghaar. Atkinson and Goldstein dlsclaim
accuracy for their results when (x/D)/Rp is less then 0.0075. Figure 13,
however, shows their results and those of Langhasr to be still within
about 7 percent at this value of (x/D) /P . It 1s noteworthy that the agree-
ment among the varlous theories that consider rate of develomment of the
veloclty profile as to the total pressure drop from the inlet is much
better than the agreement as to veloclty profile This is not surprising
in view of the remarksble success of the Kdrmin momentum equations for
prediction of drag, a success based largely on the insensitivity of the
change in momentum flux to the type of velocity profile initlally assumed .

In order to i1llustrate the importance of the developlng veloclty
profile, figure 13 shows also the results based on Polseuille flow, that
1s, laminar flow with a parabolic velocity profile present from the inlet.
For/a tube length and Reynolds number corresponding to %-[21 = 0.0005,

D
the total pressure drop predlcted by Langhesar is 10 times as great as
that corresponding to Polseullle flow. At Lﬁ@— 0.1, which is beyond

the value at which the theorles predict a ne:arl;r fully developed velocity
profile, the total pressure drop based on Poiseuille flow (considering a
parabolic velocity profile) is about 20 percent less than that predicted
by Langhaar. When the length of tube 1s Infinite, or more strictly,

vhen (x/D) /RD 18 very large, the inlet effects are relatively insignifi-
.cant, so that the curve of Langhaasr approaches that of Polseullle

asymptotically.
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Comparison of Measured Results Obtalned with Different Tubes

In comparing the measured results obtained with tubes I, IT, IIT,
-and IV, the representations of figures 2 to 5 are almost useless because
the effect of Rp 18 too sbtrong on these charts. A better comparison
is afforded by figures 6 to 9, for which the results of Langhasr may be,
used as reference lines to aild the comparison. Taken as a whole, the
agreement among the results for the four tubes seems quite satisfactory.
In the next Bection it can be seen that the agreement among tubes I, IT,
and ITT es regards the developed friction coefficient 1s very satisfactory.

The differences among the results shown in figures 6 to 9 may be
ascribed largely to the different type of entry used with bach tube. Not
only does the shape of the entry affect the velocity profile at the inlet
to the tube proper, but i1t also has & great influence on the thickness of
the botmdary layer at the inlet to the tube.

From figures 6 and 7 i1t appears that the change from the long-pipe
entry of figure 1(b) to the stilling-chamber entry of figure 1l(e) acted
to delay the polnt of tramnsitlion to a turbulent boumdary layer from
Ry 2% 107 to Rg ¥ U4 x 107. This is doubtless a result of the lesser
initiel turbulence present when the stilling chamber was used.

The few results reported by Kirsten, figure 10, fit well with the
results of the present Investigation.

Developed Friction Coefficient

Tubes I and II were so long that it was possible to obtain data
in a region where the variations .in fjpp were within the limits of
experimental accuracy. The values of fAPP thus obtained are called -
the developed friction coefficient fpgy. Presumably, the changes in
veloclty profile were negligible over the range herein considered.

Figure 14 shows the measured values of fipy plotted egainst Ry,
with the curve of KarméAn-Nikuradse inserted for comparison. The measured
values are consistently higher than the Kdrmén-Nikuradse values for the
same Rp. Considering tubes I and IT only, the average value of the
developed friction coefficient is 1.3 percent higher than the value of
the Kédrmidn-Nikuradse coefficient at the same Reynolds number. The
precision of the measured data may be Judged from the fact that the average
deviation from a smooth curve through the measured values of fpry is
about one-third of 1 percent Whether the consistent departure of the
measured results from the Kirmén-Nikuradse values is the result of
systematic errors in either the former or the latter cannot be ascertained
without further data.
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Figure 14 shows also the values of fyppy for tube ITI. It 1s open.
to question-whether these results should properly be considered as the

developed friction coefficient, since the two z/D values over which fory
x

was measured were %— =44 and 5= 126. The departure of the developed
friction coefficient from the KdrmAn-Nikuradse value by as mich as

6 percent is doubtless the consequence of small changes in velacity
profile. This supposition is lent added weight by the qualitative agree-
ment between the way in which f]IE.'\T/fK-N varies with Rp and the fact
that (x/D)./RD appears to be an approximate parameter for representing
the relative importance of changes in velocity dlstribution. In other
words, for a fixed value of x/D, large values of Rp indicate large
effects due to a changing veloclity profile, and vice versa, which seems
to be in agreement with the results for tube ITL shown in figure 1k.

Application to Discharge Coefficients for Rounded-Entrance Flow Nozzles

Nozzles for flow measurement usually comprise a bellmouth entry
with an elliptical- or circular-arc cross section followed by a short
cylindrical section. The downstream pressure tap is commonly placed at
1/2 throat diameter downstream from the inlet to the cylindrical section
but may in some designs be at a different location.

Departures of the dlscharge coefficlent from uni%y are caused by
friction and by a developing veloclty profile. Both these effects on the
pressure drop are taken into account by the integrated apparent frictlion
coefficient. In the appendix, it is shown that the discharge coefficlemt
mey be expressed approximately by the formla

c ___' 1
ooV 1 s M (x/D)

vhere x/D 1s the lengbh-ﬁiameter ratio of the short cylindrical section
of the, flow nozzle. If friction in the bellmouth entry 1s appreciable, the
foregoing formula is still approximately applicable in terms of an effective
x/D for the combined bellmouth and cylindrical section. A crude msthod
for evaluating the effective x/D of the bellmouth 1s given in the
appendix. .

The results of the present investigation indicate that up to
Ry 25X 102 the boundary layer is laminar and that the theory of Langhaar

fits the experimental data with good accuracy. The curve of Langhaar in
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figure 13 was accordingly employed as described in the appendix for
computing theoretically the discharge coefficients for values of x/D
corresponding to standard flow nozzles and over a range of Rp values
which in each case would insure a laminar boundary layer up to the
downstream pressure tap. ‘ : .

Figure 15(a) shows a compariSon between the computed discharge
coefficients and the average of the measured discharge coefficlents
reported in references 13 and 14. The nozzles referred to in references 13
and 14 had cylindrical portions with % = 0.50 and effective x/D valuss

for the entire mozzle of very nearly unity. In figure 15(a) the computed
curves are therefore given for values of x/D of both 0.5 and 1.0. The
agreement between the computed and measured discharge coefficients is
remarkable when it is considered that the curve for the effective ratio

of %-_— 1.0 fits the .average curve of measured coefficients wlthin the
accuracy to which the latter were measured. .

Figure 15(b) shows a comparison between the computed discharge
coefficient and the average curve based on measurements at low Reynolds
numbers by Downle Smith and Steele (reference 15). The nozzle used by
Downie Smith and Steele had a cylindrical section 2.5 diameters long
and & bellmouth entry with an effective x/D of about 0.5. In figure 15(D)
the computed curves are therefore given for values of x/D of both 2.5
and 3.0. The effect of the bellmouth is evidently much less importent
in this case than in the case of the A.S.M.E. flow nozzle. Discrepancies
among the two computed curves and the one experimental curve of flgure 15(b)
are within the experimental precision of the date of Downie Smith and

Steels. .

Tt seems plain from the comparisons of figures 15(a) and 15(b) that
the method presented herein for the prediction of discharge coefficlents
is well founded in its physical concepts. The method should find use
for estimating the way in which the discharge coefficient depends on
the location of the downstream pressure tap of rounded-entrance flow
nozzles. The analysis also explains mmch of the disagreement among the
experimentally measured discharge coefficients for flow nozzles -of slightly

different design.

CONCIUSIORS -

t

From an experimental study of friction coefflcients near the inlet
of smooth, round tubes with bellmouth entrences, the following conclusions
can be drawn:

1. Near the inlet to a tube with a bellmouth entrance the boundary
layer 1s at first laminar end subsequently becomes turbulent at a value
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of Reynolds number (ba.sed. on tube inlet) of about 5 X 105, which is about
the same as the corresponding value for a flat plate. The apparent
friction coefficlent in the leminar inlet zone varies approximately
inversely with the 0.6 power of the distance from the inlet. A sharp rise
in apparent friction coefficlent accompanies the change fram a laminar

to a turbulent boundary layer. Near the beginning of the turbulent inlet
zone there are rapld and lrregular changes in the local apparent friction
coefficient which are probably the result of rapid adjustments of velocity
profile within the boundary layer.

2. The reported values of the local apparent friction coefficlent
fapp vary in the lamimar inlet zone from 3.5 to 0.5 times the Kérmgn-
Nikuradse coefficlent fx_y for fully developed turbulent flow. Very
near the inlet 1t 1s probable that fpp is almost infinite compared with
fgy- In the turbulent inlet zone the reported values of fypp range

from 1.05 to 0.8 times fp . The value of fppp Temains within 5 per-

cent of fx_y beginning at about 4O to 60 dlameters from the tube inlet.

3. The Integrated apparent frictlon coefficlent fA.‘PP’ whizzh is a

measure of the total pressure drop from the inlet, ranges fram 0.9 to
1.25 times the value of fK—N for the tubes which are 20 diameters in

length. Over a range of Reynolds number from 40,000 to 250,000 about
80 tube dlameters are required for fAPP to remain wilthin 5 percent of

fe - In general, fAPP/fK_N is less than unity when the Reynolds

number (based on tube d.iameter_) is less than 100,000 and 1s greater than
unity for Reynolds nwmbers greater than 100,000. .

4. Inducing turbulence artificially acts either to move forward
the point of transition from a laminar to a turbulent boundary layer or
to eliminate the laminer boundary layer altogether. A strip of scotch
tape on the wall was much more effective in tripping the boundary layer
than wes a wire screen over the entlre cross section. In the laminar
inlet zone the scotch tape led to about an eightfold increase in fjpp,

vhereas the wire screen caused about a threefold increase.

5. The measured values of fapp in the laminar inlet zone support

the laminar inlet theory of Langhaar. The integrated apparent friction
coefficients gilven by the laminar inlet theories of Langhaar, Schiller,
and Atkinson and Goldstein are in good agreement despite the wide
divergences in predicted velocity profiles. . -

6. The measured results obtained with four .different tubes and with
alr and water used as the flowlng medium were in satisfactory agreement.

e e e e ——— ——— o
L
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Differences in the approach sectlion and in the bellmouth entry were
probably accountable for the observed differences between the results
with the four tubes. The data of Kirsten for alr flowling in smooth tubes
are in good agreement with the present results.

T. The friotion coefficient for developed flow was about 1.3 percent
higher than the Kdrmén-Nikuradse coefficient at the same Reynolds number
and displayed an average scaetbering about a mean curve of only one-third
of 1 percent. The source of the systematic disagreement of 1.3 percent
between 'bhe measured values of the developed friction coefficient and
the Kaman—Niker'adse value is not ¥kmown.

8. A method based on the experimental results of this investigation
was presented for estimating the discharge coefficient for rounded-
entrance flow nozzles. Discharge coefficlents computed on this basis
were found to be in excellent agreement with published Information on
flow nozzles.

Massachusetts Institute of Technology
Cambridge, Mass., July 29, 1947
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APPENDIX

5\

APPROXIMATE RELATTON EETWEEN DISCHARGE COEFFICIERTS OF FIOW ROZZIES

AND FRICTION COEFFICIENTS IN INLET ZONE

Consider a bellmouth entry leading from & large stilling chamber to
a short cylindrical tube of dlameter D and length x. ILet the pressures
in the stilling chamber, the inlet to the tubs, and the station =x be
denoted by p,, P, and po, respectively. The flow 1s considered

imcompressible.

As a Pirst epproximation the effects of friction in the bellmouth
will be neglected. In that case,

P, -P =5V (8)

For the cylindrical tube, from equation (5),

Oin
Milo
P

Adding equations (8) and (9),

The flow coefficlent 1s defined by

cy = W/he \IE(PO - )/p (11)

Upon noting that w = PAV and combining this with equations (10)
and (11), there is finally obtained

1
Cy = = (12)
\Jl + h'fAPP (x/D)
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If the boundary layer up to statlon x is laminar, the experimental
data reported herein indicate that the curve marked "Langhear" in figure 13
may be used for finding the value of U4f,pp(x/D) corresponding to the
given value of x/D and any arbitrary value of Rp. Using equation (12),
cy may then be found as a function of Rp, as illustrated by figure 15.

The frictional effects in the bellmouth entry may on occasion not be
negligible. There seems to be no simple way of taking these effects into
account with accuracy. However, the order of magnitude of the effects
can probably be found by treating the flow in the bellmouth as one-dimensional
and by assuming that neither the curvature of the streamlines nor the
pressure gradient alters the friction coefficient. The procedure then
involves the camputation of an effective x/D for the bellmouth which is
then added to the x/D of the cylindrical tube to give the effectlve x/D
of the entire nozzle. -

In finding the effective =x/D of the bellmouth, it is first noted
that

2
dx 2 2 (2
ap = Mapp 57 57y = Mppp a(x/D) § (‘f’) (’ﬁ‘i‘>

where the subscript i1 refers to conditions in the entry section.

Also, since

it follows that
5
pd D x)
X = | () af% (13)
A (D>effective <D1> (D

where the limits-of integration are from the beginning to the end of the
bellmouth entry. As an exsmple, for a bellmouth made up of a circular-arc
cross section with an arc radius of D, the effective x/D of the bell-
mouth is about O.4. :
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TABLE T

IOCATION AND SIZE OF PRESSURE TAPS

27

[x, distance from tube inlet (see fig. 1(c)}, in.; D, internal diameter
of tube (see fig. 1(c)), in.; 4, dlameter of pressure tap; ind

Tubes I and IT Tube ITT Tube IV
D =0.373 D =0.735 D = 4.000

Tap x x/D a x x/D. d x x/D a

1 0.37 1.00 | 0.020 0.38 0.51 {20.020| 1.00 0.25 (0.0530
2 .93 3.07| .020 '1.13 1.53 | &.020| 3.00 .75 | .040
3 1.53 5.04 | .020 1.88 2.55 | 2.020 5.00 1.25 | .0kO
4 2.18 7-18 | .020 2.63 3.57 | &.020| 9.00 2.25 | .0k0
5 3.39| 11.20 | .020 4.13 5.61 .040 | 13.00 3.25 | .oLko
6 .61} 15.22 | .020 5.63 7.65 .0ko | 17.00 h.25 | .0LkO
7 7.05| 23.26 | .020 | - 8.63| 11.73 .040 | 21.00 5.25 | .0kO
8 9.49| 31.31| .020 11.68| 15.89 .0k0 | 25.00 6.25 | .0kO
9 11.92| 39.35| .020 14.63| 19.89 .040 | 29.00 7.25 | .040
10 16.80| 55.4k | .020 20.631 28.05 .040 | 33.00 8.25 | .0ko
11 21.67| T71.52 | .020 26.63 | 36.21 .040 | 37.00 9.25 | .0kO
12 || 31.42| 103.69 | .020 32.63 | uh4.37 040 | 41.00 | 10.25 | .OkO
13 41.17| 135.86 | .020 .63 | 60.69 040 | 49.00 | 12.25 | .04O
i 50.91| 168.03 | .020 56.63 | T7-01 .0Lk0 | 57.00 | 14.25 | .0LO
15 60.66| 200.20 | .020 68.63 | 93.33 .040 [ 65.00 | 16.25 | .0kO
16 88.54| 237.38 | .020 | 80.63| 109.65 .040 | 73.00 | 18.25 | .0%0
17 98.68| 264.55 | .020 92.63 | 125.97 .0k | 81.00 | 20.25 | .0koO
18 107.76| 288.67 | .020 | 10Lk.63 | 14k.29 .040 | 89.00 | 22.25 | .0hO
19 g97.00 | 2k.25 | .0LkO

8rour taps were spaced equally around the circumference at each -of these

stations.
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(a) Calming chamber used with tubes II and IIl. Distributing baffles
were drilled so as to provide uniform flow over cross section. Honey-
comb section was formed by a solid bank of thin brass tubes of

%—inch diameter, Brass screening, 24-mesh, 30-gage, was used for

removing turbulence.
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(b) 1Inlet to tube I, used for water tests.
Figure 1.- Test apparatus.
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(c) Inlet to tube II, used for water tests. The same test pipe was used
for tubes I and IT, the sole difference being in the approach to the test
Section. Bellmouth entry was in cross section a circular arc with a
radius of 3/8 inch.
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(d) Inlet to tube I, used for water tests. At stations A, B, C, and D
there were four pressure taps of 0,020 -inch diameter connected by a
plezometer ring. The taps of stations A, B, C, and D were displaced
from each other by an angle of 45° looking along axis of tube.
Bellmouth entry was in cross section a circular arc with a radius of
3/4 inch. \

Figure 1.- Continued.
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(e) Tube IV', used for air tests.
Figure 1.- Concluded.
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Figure 2.- Results for tube I (water tests). Ratio of local apparent friction
coefficient to Karman-Nikuradse friction coefficient against ratio of
distance from inlet of duct to diameter of duct for constant values of
Reynolds number based on diameter.
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Fgure 8.~ Results for tube II (water test).
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(b) Ratio of integrated apparent.friction coefficient to
Karman-Nikuradse friction coefficient against ratio of
distance from inlet of duct to diameter of duct for

constant values of Reynolds number based on diameter.

Figure 3.- Concluded.
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Figure 4.~ Results for tube I (water tests). Ratio of local apparent friction
coefficient to Kdrmén-Nikuradse friction coefficient against ratio of distance

from inlet of duct to diameter of duct for constant values of Reynolds number
based on diameter.
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Figure 6.- Results for tube IV (air tests),
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Ratio of local apparent friction coefficient to Kérmén-

Nikuradse friction coefficient against ratio of distance from inlet of duct to dlameter of duct for
_constant values of Reynolds number based on diameter.
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Figure 6.- Results for tube I (water tests), Iocal apparent frictien coefficient against Reynolds number
based on distance from inlet for constant values of Reynolds number based on dlameter, Comparison
with theoretical results of Lengheer for laminar flow. Comparison with flat-plate theory and
experiment.
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Figure 7.- Results for tube II (water tests), Local apparent friction coefficlent against Reynolds
number based on distance from inlet for constant values of Reynolds number besed on diemeter.

Comparison with theoretical results of Langhaar for laminar flow, Comparison with flat-plate
theory and experiment,
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Figure 9.- Results for tube IV (air tests). Local apparent friction coefficient
against Reynolds number based on distance from inlet for constant values
of Reynolds number based on diameter. Comparison with theoretical
results of Langhaar for laminar flow., Comparison with flat-plate theory
and experiment.
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Figure 10.- Results based on Kirsten’s tests with air. I.ocal apparent friction
coefficient against Reynolds number based on distance frém inlet for constant
values of Reynolds number based on diameter. Comparison with theoretical
results of Langhaar for laminar flow.
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Figure 11.- Effect of induced turbulence (tube II, water tests). Local
apparent friction coefficient against Reynolds number based on distance
from inlet for constant values of Reynolds number based on diameter.
Effect of wire screen (24 -mesh, 30-gage) flush with downstream flange
of calming chamber is shown.
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Figure 12.- Effect of induced turbulence (tube IV, air tests). Local
apparent friction coefficient against Reynolds number based on distance
from inlet for constant values of Reynolds number based on diameter.
Effects of wire screen (24-mesh, 30-gage) across inlet and of strip of

scotch tape (i- in. wide, 00033 in, thi’ck) at inlet are shown. Both

screen and scotch tape were at the beginning of cylindrical section
of tube.
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Figure 13.- Comparison of theories for laminar inlet region. Curves marked Langhear, Schiller,
and Atkinson-Goldstein are besed on theories which take account of changing velocity profile.
Curve marked Poiseuille is based on & parabolic velocity profile from beginning of inlet region. =
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Figure 14.- Friction coefficients for water tests in region of unchanging
velocity profile, Comparison between measured values of developed
friction coefficient and values taken from Kirman-Nikuradse relation
at same Reynolds number based on diameter, For tube II open squares
represent runs with an undisturbed entrance, and closed squares
represent runs with turbulence-inducing wire screen across inlet, The
two values of x/D (x denotes distance from inlet; D denotes tube
diameter) between which developed friction coefficient was measured
were as follows: Tube I,from x/D = 168 to x/D = 200; tube I,
from x/D =72 to x/D = 237; tube OI, from x/D = 44 to x/D 128,
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Curves

marked A.S.M.E. and Buckland are from references 13 and 14, respectively, and

refer to nozzles with cylindrical sections

curves were computed from equation (12) and figure 13.

Figure 15.-

for flow nozzles.

5 diameter in length. Theoretical

Comparison between predicted and published discharge coefficients



http://www.abbottaerospace.com/technical-library

.0 T
L5 e
S
« 2]
g /\ \\ Downle Smith and Steele
§ ™~ Theoretical, iD‘—- 2.5
g Theoretical, % = 3.0
§ :
A
* 05 3
: [ : 0 ' 100 1000 10,000
] . .
| ‘ Ry SREA

i (b) Discharge coefficient against Reynolds number baged cn tube dlameter. Curve marked Downle Smith
U and Steele is from reference 16 and refers to a nozzle with e cylindricel section 22 diametsers in length.
) i Theoreticel curves were computed from equation (12) and figure 13.

B Figure 15.- Concluded.
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