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SUMMARY

An experimental investigation was made of apparent friction coef-
ficients in the inlet length of smcoth, round tubes with bellmouth en-
trances. Tests were conducted with flow of water through one-half inch,
three-quarter inch and one inch copper tubing at Reynolds numbers varying
from 46,000 to 333,000.

The results were recorded ir terms of the local apparent friction
coefficient and the integrated apparent friction coefficient. The appar-
ent friction coefficient is a direct measure of the pressure loss and in-
cludes the effects of both frictior and momentum flux changes. The inte-
grated value of the coefficient is simply a measure of the total loss
from the tube inlet to the point conecerned.

The teste indicated that an undetermined amount of turbulence ex-
isted at the tube inlet, This induced turbulence greatly affected the
boundary layer and the friction coefficients within the inlet length. The
results indicated that, for flow through the one-half inch tube and for
flow at Reynolds numbers less than 125,000 through the one inch tube, the
boundary layer was initially laminer with a transition to turbulent bound-
ary layer at an average Reynolds number (based on distance from the tube
inlet) of about 500,000. This value compared well with the corresponding

value for a flat plate. For flow through the three-quarter inch tube and
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for flow at Reynolds numbers greater than 125,000 through the one inch
tube, it was found that the initial furbulence caused the boundary layer
to be turbulent from the beginning of the observed inlet length.

Within the inlet length, the local apparent friction coefficient
was found to vary widely from the Karman-Nikuradse coefficient for fully
developed turbulent flow. The variations of the coefficlent consisted
of an initial deecrease within the region of laminar boundary layer, an
increase accompanying the transition to turbulent boundary layer, a sec-
ond sharp decrease and subsequent fluctuations due to adjustments in ve-
locity profile. However, the initial decrease and increase were absent
in the tests for which no laminar boundary layer existed. TInitial tur-
bulence induced by the 2ntrance greatly increased the magnitude of the
variations in the values of friction coefficients in the zone of turbu-
lent boundary layer. Also, elimination of the laminar boundary layer by
induced turbulence acted to greatly increase the value of the friction
coefficient in the region which would normally be the laminar inlet zone,

The experimental results tended to be in general agreement with
the results of a similar investigaticn conducted by Shapiro and Smith

and published in N.A.C.A. Technical Note #1785,

ix



CHAPTER I
INTRODUCTION

Object.--The object of this investigation was to determine experimentally
the values of apparent friction coefficients in the inlet length of round,
smooth tubes and to find the effect on the friction coefficient of Reynolds
number and distance from the entrance. It was anticipated that the results
of the tests, conducted with the flow of water at Reynolds numbers corre-
sponding to fully developed turbulent flow, would verify and supplement

the results obtained by Shapire and Smith in a similar investigation com-
pleted in 1947 and published in W.A.C.A. Technical Note #1785.

Survey of literature.--When a fluid from a calm source flows steadily

through a horizontal tube of uniform diameter, the veloeity profile in

the region immediately downstream from the entrance varies with distance
from the entrance. After this distance has become sufficiently great, the
variations in the flow patiern disappear and the velocity profile remains
unchanged. This length, wherein the flow pattern is developing, 1is re-
ferred to as the "length of transition” or the "inlet length."

The changes in velocity profile in the inlet length have an imvor-
tant effect upon the friction coeffiecient in this region. It has been
found that the friction coefficient varies appreciably within the initial
portion of the inlet length. At the end of the inlet region, the friction
coefficient approaches a constant value and becomes independent of the

distance from the tube inlet, However, even though values of friction



coefficients for the fully developed region have been accurately established,
only scant and inconclusive data are available for the inlet length.

The usual procedure for calculating friction coefficients from pres-
sure-loss data is to assume that the velocity profile is constant at each
cross section, However, within the inlet length, this precedure does not
consider the momentum flux changes accompanying the changes in velocity
profile, and, therefore, the resulting friction coefficient does not rep-
resent the true drag coefficient. DPFriction coefficients calculated in
this manner are designated "apparent friction coefficients," The "true
friction coefficient" or the ratio of the wall shearing stress to the ve-
locity head is equal to the "apparent friction coefficient" only when the
velocity profile is constant at all cross sections and the flow is incom-
pressible. Therefore, in order to caleulate values of true friction co-
efficients within the inlet length, the changes in velocity profile must
be determined,.

With varying results, a certain amount of analytical work has been
done in connection with velocity profiles and pressure losses within the
length of transition.

Boussinesq (1), in 1890, obtained a solution for the development
of the velocity profile for laminar flow. From his results, 1t was con-
cluded that for purely lsminar flow, the length of transition in terms of

a length-diameter ratic was
L/D = 0.065 Ry

Schiller (2), in an investigation of laminar flow, assumed that

the typical velocity profile near the inlet was composed of a straight



line segment terminated by parabolic arcs. He then applied Karman's mo-
mentum equation to the entire crcss section and the Bernoulli equation to
the central core of fluid. The rate of development of the velocity pro-
file was computed and the pressure drop from the inlet predicted. For

the length of transition, Schiller obtained the ratio

L/D = 0.029 Ry

Langhaar (3) comp_eted an analysis for laminar flow by employing
a linearizing technique with the Navier-Stokes equation and retaining more
terms than previous investigators. He assumed that the velocity was con-
stant over the entire inlet cross section, Tests by Nikuradse Justified
this approximation for tubes with short bell-mouthed entries. Veloecity
profiles and pressure losses may be computed from Langhaar's results, The
velocity profile was found to approach the fully developed parabolic form
in asymptotic fashion. The length reguired for the center-line velocity

to reach 99 per cent of its ultimate value was predicted to be
L/D = 0,058 RD.

The development of the velocity profile for turbulent flow was an-
alyzed by Latzko (4). After assuming that a typical profile was composed
of a straight-line segment terminated by arcs, Latzko cobtained for the

length of a purely turbulent inlet length the ratio
L/D = 0.69 RDO'25.

Experimental investigations of the inlet length for turbulent flow

seem to be few in number, limited in scope, and inconclusive in results.



Kirsten (5) measured velocity profiles at various distances from
bellmouth entrances for the flow of air through smooth tubes., His results
indicated that the boundery layer near the entrance was initially laminar
with a subsequent change to the type of combined laminar and turbulent
boundary layer associated with flow over a flat plate and with a fully
developed turbulent pipe flow.

In 1937, Egli (€é) completed an investigation of the flow of air
and steam through narrow channels. He obtained the result that the fric-
tion coefficient was a funetion of the length-clearance ratio as well as
the Reynolds number and the roughness. For flow through a channel of a
definite clearance, the friction coefficient decreased with each increase
of the length-clearance ratio.

Keenan and Neumann (7) conducted an experimental investigation of
apparent friction cocefficients for the flow of air through smooth pipes
at subsonic and supersonic velocities, The air streams were introduced
into the test tubes through bellmouth entrances. Results of this inves-
tigation led to the conclusion that within an entry length of about 50
diameters, the apparent friction ccoefficient for supersonic flow was a
function of the length-diameter ratic and the Reynolds number, It was
found that at distances from the inlet greater than 50 dlameters, the
apparent friction coefficient for either subsonic or supersconic flow is
approximately equal, for equal Reynolds numbers, to the coefficient for
incompressible flow with fully developed boundary layer. It was further
concluded that the variation of the friction coefficient with the length-
diameter ratio at supersonic flow was similar to the variation correspond-

ing te incompressible flow. However, the investigators agreed that an



accurate comparison coulc not be made because insufficient data were avail-
able for incompressible flow through the inlet length.

In 1947, Shapiro and Smith (8) completed an experimental study of
apparent friction coefficients in the inlet length of smooth, round tubes
with bellmouth entrances., They cornducted the tests with the flow of water
and air at Reynolds numbers corresponding to fully developed turbulent
flow. Values of the coefficients determined from these tests were reported
in terms of both local =zspparent friction coefficients and integrated ap-
parent friction coefficients. The integrated friction coefficient is a
measure of the total pressure lqss from the inlet to the point involved.
Values of the local coefficients were compared with the Karman-Nikuradse
coefficient for fully developed flow, the theory of Langhaar, and the flat
plate theory.

Near the inlet, the tests indicated a zone of laminar boundary lay-
er, followed by a region in which the boundary layer was turbulent, Tran-
sition from laminar to turbulent boundary layer was found to occur at a
Reynolds number (based on distance from the tube inlet) of about 5 x 105,
which Eompares well with the corresponding value for a flat plate. In
the laminar inlet zone, the apparent friction coefficient was found to de-
crease rapidly with incr=ecsing length-diameter ratios. Then, a sharp in-
crease accompanied the chenge from the laminar to the turbulent boundary
layer. After some irregular variations, which were probably the result
of adjustments of velocity profile within the boundary layer, the values
of the coefficient approached the Karman-Nikuradse coefficient.

Within the laminar inlet zone, the reported values of the local

apparent friction coefficient varied from 3.5 to 0.5 times the Karman-



Nikuradse coefficient, The investigators were of the opinion that wvery
near the inlet it was probable that the apparent friction coefficient was
infinite compared with the Karman-Nikuradse coefficient.

Values of the loeal apparent friction coefficient varied in the
turbulent inlet zone from 1.5 to 0.8 times the Karman-Nikuradse coeffi-
cient. For the local and the integrated apparent friction coefficients
to remain within five per cent of the Karman-Nikuradse value, about 50
tube diameters and 80 tube diameters respectively were required.

In addition to comparing well with the theory of flow over a flat
plate, the pressure drop results of these tests were in agreement with
predictions from Langhear's laminar inlet theory.

The investigation by Shapiro and Smith seems to be the most recent
in regard to friction coefficients in the length of transition. However,
due to the limited date available, it appears that much additional exper-
imental work must be completed before definite conclusions may be advanced

witii confidence.



CHAPTER TII
APPARATUS

A flow diagram of the apparatus used in this iInvestigation is given
in figure 26. Figures 29 and 30 are photographs of the test apparatus.

The water used for all tests was cobtained from a line supplied by
a centrifugal pump at a pressure of epproximately 60 psig. Water was drawn
from the supply line, through a globe valve, through the calming chamber
to the test pipe, and, after passing through the test pipe and a second
globe valve, was discharged into an open weighing {tank.

In order to obtain the desired conditions of uniform velocity and
minimum turbulence in the flow at the inlet of the test tube, a calming
chamber ten inches in diameter and fecur feet eight inches in length was
placed upstream of the test tube. It was believed that this calming cham-
ber with its baffle, tube bundle and screens as shown in figure 28 would
reduce the initial turbulence in the test section to small proportions.
Also, the large ratio of area reduction between the chamber and test tubes
would further promote uniform flow., The baffle consisted of sheet brass
with one-inch holes drilled so as éo distribute the flow over the entire
cross section of the calming chamber. Two-foot lengths of one and one-
quarter inch pipe were [iled smooth, painted with a waterproofing paint,
and placed inside the ¢alming chember to form the tube bundle. Two brass
screens were installed downstream to remove turbulence produced by the

tube bundle.



A Y-type filter was installed in the line before the calming cham-
ber in order to protect the apparatus from excess foreign matter.

Each test tube was sttached to the calming chamber by a bellmouth
entry section machined from brass <o very close tolerances. In each case,
the inlet curve was a circular arc with a radius egqual to the diameter of
the test tube. Cross sections of the three entry sections are shown in
figure 27. Each bellmouth entry was attached to the test tube with soft
solder and the inlet curve burnished so that there was no observable junc-
tion between the bellmouth and the tube.

The three test tubes were one-half inch, three-quarter inch and one
inch Type L straight drawn copper tubing approximately one-hundred dlame-
ters in length, Pressure taps were located at distances from the inlet
as indicated in table 23. Because of the emphasis on the region of chang-
ing velocity profile, the pressure taps were more closely spaced near the
inlet. Thesgse pressure taps were drilled through the tube wall and great
care was exercised to insure that they were free of burrs. Actually, the
inside of each tube was burnished with very fine polishing cloth after
the taps were drilled. Connections were made to the pressure taps by
means of three-inch lengths of one-quarter inch copper tubing soldered to
the outside wall of the test tube.

Each pressure tap was connected through one-quarter inch copper
tubing and shutoff valves to two pressure manifolds arranged so that any
tap could be connected to either leg of three different manometers used
in the test, Therefore, pressure differences between any two taps could

be measured on any one of the three manometers. Also, the taps could be



reverged relative to tlhe manifolds and the manometers, thus affording a
test for leakage and a checlk on readings.

The three manometers used were a mercury-water U-tube manometer, a
vertical air-water mancmeter and an air-water manometer inclined at an
angle of 11° 32! (sine @ = 0.200). The two air-water menometers were con-
structed so as to permit application of a common air pressure to the top
of each leg. The pressure manifolds were connected to the bottom of each
manometer tube. Therefore, upon application of water pressure, the water
level in the tube would rise until the total head was equalized by the
air pressure. Thus, the difference in height of the two columns of water
indicated the pressure drop between taps. The air pressure applied to
the manometer was controllesd by a regulator.

Initially, a mercury micromanometer was installed to measure the
very small pressure differences. However, after mumerous unsuccessful
attempts to measure the small pressure drops at low rates of flow through
the one inch tube, it was decided that the tlse of an inelined air-water

manometer would result ir more accurate data.
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CHAPTER IIT

TEST PROCEDURE

To initiate a test, the supply valve and the discharge valve were
regulated to permit the desired rate of flow., This procedure entailed
purging the calming chember of air, partially opening the discharge valve,
and then adjusting the supply valve to establish a prescribed constant
pressure within the calming chamber. The water flowing through the appa-
ratus was then weighed by discharging into an open tank. This procedure
was repeated until the desired rate of flow was established. After the
steady flow rate had besrn established, the pressure taps, manifolds,
manometers, and all connecting lines were purged of air. This was accom-
plished by removing the plug located above the manometers, and, by opening
the shutoff valves, allowing water to flow for an adequate length of time
through each manifold and through each leg of the air-water manometers.

Alr was removed from the lines to the water-mercury manometer by loosening
the connections at the top of the manometer.

With two pressure tap shutoff valves open to opposite manifolds,
air pressure was applied to the lines above the air-water manometers, thus
forcing the water level down into the legs of the manometers. Sufficient
time was allowed for all droplets of water to drain into the manometer
tubes and all entrained air bubbles were removed from the columns of water.
Subsequently, precautions were taken to prevent the water levels from drop-

ping and entraeining air ia the manifolds at the bottom of the manometers.
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However, the purging operation was repeated whenever the water level in
either leg dropped into the manifold.

After the purging procedure, the rate of flow was again checked by
weighing the discharge for the period of time necessary to fill the weigh-
ing tank to its capacity of approximetely five hundred pounds. This con-
cluded the operations preparatory to the actual observation of data.

The exact testing procedure varied with the different tests, but
in general as many measurements as pessible were made with the inelined
manometer., Then, as the pressure differences increased beyond range of
the inclined manometer, readings were taken from the vertical air-water
manometer and finally the larger differences were measured with the mer-
cury mancmeter.

To measure the pressure drop between any two points, the taps were
opened to opposite pressure manifolds by means of the tap shutoff valves.
Then, by means of the manometer shutoff valves, the manifolds were opened
to opposite legs of the appropriate manometer. After observing the pres-
sure difference, the taps were reversed relative to the manifolds and a
second value for the przsssure drop was recorded.

In an effort to increase the accuracy of the cobserved data, the
pressure drops were measured and reccrded in an accumulative manner when-
ever possible. For example, pressure drops were measured between taps one
and two, one and three, one and four, and so on until restricted by the
range of the manometer. In the same manner, subsequent downstream measure-
ménts were recorded relative to other selected taps. Because of the fact
that equalization of the air pressure and the water pressure resulted in

fluctuations of the water levels within the manometer tubes, all



measurements were read from the air-water manometers by two observers.
Throughout the test, the pressure within the calming chamber was
closely observed and maintained constant by either opening or closing the
supply valve by very small increments. Also, the temperature of the water
flowing through the apparatus was observed frequently throughout the test

and the average value recorded.
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CHAPTER IV
DISCUSSION

The results of the tests are given in figures 1 through 22 in the
form of curves in which the local apparent friction coefficients and the
integrated apparent friction coefficients are plotted against the 1ength/
diameter ratic. The results of each test were plotted in a separate figure.
Also, in figures 23 through 25, values of the local apparent frietion co-
efficient are plotted against values of RX (Reynolds number based on dis-
tance from the inlet). TFor purposes of comparison, the values of friction
coefficients according to the theory of Langhaar and the values according
to the theory of laminar and turbulent flow over a flat plate are also
plotted.

Tube I,--For flow at low values of RD’ the results indicate that the
boundary layer is initially laminar with a subsequent change to a turbu-
lent boundary layer. For ftests A end B, it will be observed from figurss
1 and 2 that initially the values of the local spparent friction coeffi-
cient decrease rapidly to a minimum. After some fluctuations, the values
increase sharply at L/D values of ten and seven for tests A and B respec-
tively. When plotted in figure 23, the results of tests A, B, and C indi-
cated that transition from laminar to turbulent boundary layer occurred
at velues of Ry between b x 10° snd 6 x 10°.

In regard to the higher rates of flow, figure 23 indicates that

for tests E and F, the boundary layer is turbulent from the beginning of
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the observed inlet length, The results for tests D and G are similar to
those for tests E and F. As represented in figures 4, 5, 6, and 7, the
local apparent fricticn coefficients for tests D, E, F, and G decrease
rapidly from very high initial values. Since it has been indicated that
this decrease cccurs within the zone of turbulent boundary layer, it there-
fore follows that turbulence greatly increases the apparent friction coef-
ficient in the region that would normally be the laminar inlet zone. This
fact is supported by results obtained by Shapiro and Smith. For a test
with water flow, they found that turdvulence induced by a wire screen at
the tube inlet resulted in a threefold increase in the region where RX is
less than 5 x 105. Similarly, for air flow, a strip of tape placed on

the tube wall at its entrance cauvsed an eightfold increase in the coeffi-
cient. Shapiro and Smith further concluded that initial turbulence either
moves forward the point of transition from laminar to turbulent boundary
layer or entirely eliminstes the laminar region.

Pressure drop dats definitely indicate that the bellmouth entrance
gection induced an undetermined amount of turbulence at the high rates of
flow. This explanation is given fer the fact that pressure increases were
recorded between taps one and two, two and three, and four and five for
tests D, E, ¥, and G. Therefore, as evidenced by figure 23, the normally
laminar boundary layer was displaced by a turbulent boundary layer at high
rates of flow.

After the initial peak following transition to turbulent boundary
layer, it was anticipated that the value of the friction coefficient would
gradually decrease, with small fluctuations, and approach the value of the

Karman-Nikuradss coefficient. The values for test A followed this expected
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pattern. However, for tests B through G, the values of the coefficients
varied widely within the region of LfD values from 15 to 50, As indicated
in figures 1 through T, high maximum values were recorded at L/D ratios

of 20 and 38. It was believed that the effects of the entrance section
probably contributed to these wide varistions.

Values of the Integrated friection coefficients approached the
Karman-Nikuradse coefficient in tests A and B, and exhibited trends toward
the Karman-Nikuradse value in tests C through G. If the length of the
test tube had been greater, values of the integrated coefficient for all
tests certainly would have approached the corresponding values of the
Karman-Nikuradse coefficient. In general, the integrated friction coef-
ficient at any L/D value is greater than the Karmen-Nikuradse value when
the Reynolds number exceeds 150,000, When the Reynolds number is less
than 150,000, the integrated coefficient is less than the Kerman-Nikuradse
value for low values of the L/D ratio and greater than the Karman-Nikuradse
value for the higher values of the L/D ratio.

Tube II.--As in the case of Tube I, initial turbulence was introduced by
the bellmouth entry; pressure increases were measured between taps four
and five in all tests and between taps two and three in tests C through H.
Figure 24 indicates that, for all tests, the boundary leyer was turbulent
from the beginning of the observed inlet length. Therefore, it was con-
cluded that the initial increese and subsequent decrease in the values of
the friction coefficients between L/D ratios of 0.75 and T7.00 occurred in
the region of turbulent boundary layer, thus resulting in the high wvalues

of the coefficients. Within the region of 1/D values between 2.5 and 10.0,
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the results of these tests were very similar to the results obtained for
the high rates of flow through Tube I,

In general, values of the local apparent friction coefficients re-
main within about 20 per cent of the Karman-Nikuradse value beginning at
ten diameters from the tube inlet. The integrated friction coefficilents
decrease from very high initial valu=sg and approach corresponding values
of the Karman-Nikuradse coefficient in asymptotic fashion. Figure 24 in-
dicates that after an HX value of approximately 5 x 105, the results are
similar to the theory of turbulent flow over a flat plate.

Tube III.--No pressure increases were recorded in any of the tests con-
ducted with Tube III. Therefore, it was assumed that any initial turbu-
lence would be of smaller proportion than that induced by the entrance
sections of Tubes I and II., The smaller tube size together with the
greater ratio of area rsduction between the calming chamber and test tube
would promote laminar flow at the tube entrance.

Figure 25 indicates that the initial region of the boundary layer
was laminar with transition to a turbulent boundary layer at RX values

5 to 6.5 x 105. However, the test data

ranging from approximately 4.0 x 1C
indicated that the entrance section induced enough turbulence to cause an
excessively high static pressure at the fourth tap. Accordingly, the ob-
served pressure differences between taps three and four and between taps
four and five were assumed to be respectively lower and higher than the
differences which would have resulted if the velocity had been uniform at
the inlet. Therefore, the resulting values of the friction coefficients

at 2.5 diameters and at 3.5 diameters were respectively low and high. It

was concluded that the initial turbulence thus contributed to the relative
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high values of the coefficient at 3.5 diameters from the inlet. Consider-
ing the fact that actunl pressure increases were recorded in Tests I and
IT, this condition could reasonably be expected.

Within the regicn of turbulent boundary layer, values of the local
apparent friction ceoefficient varied from approximately 0.25 to 2.0 times
the Karman-Nikuradse coefficient. These wide variations were believed to
result from the effects of the entrance section. For all rates of flow,
the integrated apparent friction coefficient initially decreased with in-
creasing L/D ratios. Then, accompanying the transition to turbulent
boundary layer, the coafficient increaszed to a maximum and subsequently
decreased to approach the Karman-Nikuradse coefficient. Values of the
integrated coefficients varied from approximately 0.70 to 1.50 times the

Karman-lNikuradse value.
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CHAPTER V
CONCLUSIONS

The following conclusions were drawn from the experimental inves-
tigation of friction coefficients in the inlet length of smooth, round
tubes with bellmouth entrances.

l. It is the opinion of the writer that the bellmouth entrances
used in the investigation did not result in uniform veloeity distribu-
tions at the tube inlets.

2. The turbulence, although unexplained, induced by the entrance
nozzle, acted either tc move forward the point of transition from laminar
to turbulent boundary layer or to eliminate the laminar boundary layer
entirely.

3. For flow through Tube III and for flow through Tube I at RD
values less than 125,000, the boundary layer was initially laminar with
transition to turbulent boundary layer at an average RX value of about
500,000.

Y, For flow through Tube II and for flow through Tube I at Ry
values greater than 125,000, the boundary layer was turbulent from the
beginning of the observed inlet length.

5. Within the region of laminar boundary layer, the local appar-
ent friction coefficient decreased with increasing distance from the tube
inlet.

6. A sharp increase in the friction coefficient accompanied the

transition from laminar to turbulent boundary leyer.
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T, Initial turbulence tended to increase the magnitude of the var-
iations in the values of friction coefficients within the zone of turbulent
boundary layer.

8. Elimination of the laminar boundary layer by induced turbulence
acted to greatly increase the valus of the apparent friction coefficient
in the region which would normally be the laminar inlet zone.

9. Due to the variations in the cbserved data, no definite value

of the inlet length could be accurately determined.
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CHAPTER VI

RECOMMENDATTIONS

There is a great need for compilation of experimental data on frie-
tion coefficients in the inlet length of round tubes. In the case of
tests conducted with turbulent flow, the foremost problem seems to be that
of securing a uniform velocity distribution at the tube inlet. Therefore,
further investigations should be made with improved combinations of ap-
proach sections and tube entrances. The need of veloecity probes as a
means of evaluating profiles is indicated.

Considering the data of this thesis, better results may be obtained
by the use of a bell mcuth entrance designed with an inlet curve of greater
radius. Also, & larger calming chsmber would tend to reduce the amount of
initial turbulence,

In order to more accurately determine values of the friction coef-
ficient, it seems advisable to install a larger number of pressure taps;
or consideration might be given to determination of local friction factors

by measurement of the wall shear stress and probes of the velocity profile.
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Table 1. Test A, Tube 1.

P = 26 psig Ry = 5k4,100
W= 115 1bs./min. iy = 0+0206
T =88 7.
W
Pressure _ _
Tepn ar fapp Tapp/Txn Tapp Tapp/Txew
("E,0)
X% 0.06 0.0225 1.09 0.0225 1.09
243 0.06 0.0225 1.09 0.,0225 1.09
3-k 0.08 0.0300 1.k5 0.0240 1.16
L-5 0.06 0.0113 0.55 0.0216 1.05
5-6 0.06 0.0113 0455 0.0181 0.88
6-7 0.12 0.0113 055 0.0158 O.TT
7-8 0.16 0.0150 0.73 0.0150 0.73
8-9 0.22 0.0131 0.64 0.0146 0.71
9-10 0.54 0.0253 183 0.0160 0.78
10-1 1.00 0.0234 L.15 0.0185 0,90
11-12 0.90 0.0211 1,62 0.0196 0.95
12-13 1.70 0.0225 1.09 0.0208 1.01
13-14 1.80 0.0211 1.02 0.0216 1.05
1k-15 1.50 0.0176 0.86 0.0210 1.02
15-16 2.40 0.0225 1.09 0.0209 1.01
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Flgure 2. Results for Test B, Tube I. Ratlos of local
and integrated .apparent frictlon coeffliclents to the
Karman-Nikuradse frictlon coefficient against L/D
for a constant value of Rp.
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Figure 3. Reaults for Test C, Tube I. Ratlos of local
and integrated apparent friction coefficients to the
Karman-Nikuradse friction coefficient against L/D
for a constant value of Rp.
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Teble 4. Test D, Tube I.

wnn = 25 psig wu = 125,000
W= 271 1bs./min. Ty = 0-0172
T = 86° F.
W
Pressure o s
Taps AP fapp £yp/ T Tapp £ ppp/ i
("H,0)
12 0.14 0.0095 055 0.008¢5 L
2-3 +0.06 e s - -
3-4 0.58 0.0392 2.28 0.0116 0.67
L5 +0.1k4 - . — s
5-6 0.50 0.0169 0.98 0.0109 0.63
6= 1.08 0,0182 1.06 0.0132 0aTT
7-8 1.10 0.0186 1.08 0.0143 0.83
8-9 2.70 0.0220 1.28 0.0169 0.98
9-10 2.10 0.0177 1.03 0.0179 1.04
10:07 5.90 0.0250 1.45 0.0193 1.12
11-12 3.50 0.0148 0.86 0.0195 , EsXR
12-13 11.5 0.032k4 1.88 0.0210 1.22
13-14 6.10 0.0128 0.75 0.0211 1.23
14-15 8.55 0.0181 1.05 0.0198 1525
15-16 10.9 0.0184 1.07 0.0195 1.13
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Figure 4. Results for Test D, Tube I. Ratios of local
and integrated apparent friction coefficients to the
Karman-Nikuradse friction coefficlent against L/D
for a constant value of Rpe.
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Table 5. Test E, Tube I.

P, = ol psig Ry = 153,500
W, = 326 1bs./min. Txw = 0.0165
T =88° F.
W
Pressure _ _
taps AP fapp Tapp/Tky Tarp Tapp/Tkow
("H,0)
1-2 0.00 - - - -
£-3 +0.10 -- -- - --
3-4 1.00 0.0468 2.0k 0.0k68 2.84
b5 +0.50 -- - -- -
5-6 0.80 0.0187 1.13 0.0164 0.99
6-T 1.34 0.0157 0.95 0.0165 1.00
7-8 1.96 0.0230 1.39 0.0175 1.06
8-9 3.40 0.0199 121 0.0187 113
9-10 3.20 0.0187 1.13 0.0189 1.14
10-11 7.80 0.0228 1.3 0.0197 1.19
11-12 5.00 0.01k46 0.89 0.0194 1.18
12-13 1k.9 0.0291 1.76 0.0205 1.24
13-14 10.2 0.01kg 0.90 0.0206 1.25
14-15 10.2 0.01k4kgy 0.90 0.0197 1.19
15-16 16.3 0.0191 1.16 0.0188 1.1k
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Table 6. Test F, Tube I.

P, = 23 psig Ry = 223,000
W, = k7l 1bs./min. foy = 0-0153
T, =88 F.
W
Pressure _ _
Lape AP Tapp £ ppp/ Tx_y Tapp T ppp/ Txon
A:mMOV
1-2 +0.40 - . = =
2-3 +0.50 - i i i
3-U4 2.90 0.0645 L.21 0.0645 h,21
4.5 4+0.70 _— " - -
5-6 2,70 0.0300 1.96 0.0236 1.54
6-7 L .60 0.0255 T 67 0.0250 1.63
7-8 2.40 0.0133 0.88 0.0230 1.50
8-9 7.00 0.0194 1.27 0.0210 1.37
9-10 5.80 0.0161 1.05 0.0200 L3
10-11 19.5 0.0270 1.76 0.0211 1.38
11-12 10.2 00,0141 0.92 0.0209 1:.37
12-13 35.2 0,0326 2.13 0.0221 1.4Y4
13-1k 17.6 0.0122 0.80 0,0218 1.hk2
1k-15 23.1 0.0160 1.05 0.0199 1,30
15-16 31.8 0.0177 1.16 0.0193 1.26
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Flgure 6. Results for Pest F, Tube I. Ratioa of local
and integrated apparent friction coefficients to the
Karman=Nikuradse friction coefficient against L/D
for a constant value of Rpe
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Table T. Test G, Tube I.
moo = 30 psig wU = 290,000
W_ =610 1bs, /min. £y = 0-01L6
Pressure H _ _
Lape AF Lopp T app/ Txon Tapp wmww\wmuz
A__.H.HMOV

1-2 +1.20 - - e s

2-3 +1.00 - i # o

3-4 7.80 0.10k0 T3 0.10Lko 7.13
L5 +1 .60 - _— B -

5-6 3.90 0.0260 1.78 0.0325 2,23
6-7 4.80 0.0160 110 0.0268 1.84
7<8 3.50 0.0117 0.80 0.0221 151
8-9 11.5 0.0192 1231 0.0202 1.38
9-10 T7.75 0.0129 0.868 0.0191 1.31
10-11 25.8 0.021k 147 0.0188 1.29
11-12 1h.2 0.0118 0.81 0.0181 1.24
12-13 54.0 0.0300 2.06 0.0194 1.33
13-14 ol Lk 0.0102 0.70 0.0192 1.31
1k-15 31.8 0.0132 0.90 0.0174 1.19
15-16 48,1 0.014L 0.99 0.0169 1.16
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Karman=-Nikuradse friction coefficient against L/D
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Table 8. Test A, Tube II
B 26 psig Ry = 51,400
W= 85 1bs./min. By = 0.0208
T = 86" F.
w
Pressure _ _
HepE ar fppp £app/ T Tapp Fapp/ Ty
( HEO)
T2 0. hk 0.1030 h.o5 0.1030 k.95
2-3 0.20 0.023L B33 0.0632 3.0k4
3-L 0.96 0.1120 5.39 0.0656 3.15
-5 +0.70 - - - -
5-6 0.34 0.0199 0.96 0.0461 2.22
6-7 0.16 0.0093 047 0.0364 1.75
-8 0.84 0.,0245 1.18 0.0309 1.48
8-9 0.80 0.0234 1.12 0.0290 1.39
9-10 1.66 0.0243 Yok 0.0274 1.32
10-11 1.50 0.0220 1.06 0.0262 1.26
11-12 2.30 0.0224 1.08 0.0251 1.20
12-13 3.60 0.0214 1.27 0.0250 1.20
13-14 2.65 0.0194 0.93 0.02h5 1.18
14-15 3.70 0.0216 1.0k 0.0238 1.1h
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Table 9. Test B, Tube II.

P, = 25 psig Ry = 73,000
W= 121 1bs,./min. H.m...z = 0.0192
T = 86° T.
Pressure _ _
Taps aF fapp Tapp/Tkw Tapp Eapp/ Ty
ﬁ:mmmuv
18 0.80 0.0922 4,80 0.,0922 L.80
2-3 0.28 0.,0162 0.8k 0.0542 2.82
3-k 2.32 0.1340 7.00 0.0646 3.36
L-5 +1.74 -l o s e
5-6 0.90 0.0260 1.35 0.04ok 2.57
6-7 0.60 0.0173 0.90 0.0408 2.12
7-8 1.60 0.0231 1.20 0.0346 1.80
8-9 1.64 0.0236 1.23 0.0313 1.63
9-10 3.00 0.0216 1.12 0.0285 1.48
10-11 2.60 0.0188 0.98 0.0261 1.36
11.-12 4. 4o 0.0211 0.,0246 1.28
12-13 T<50 0.0271 1.h1 0.0245 1.28
13-14 k.30 0.0155 0.81 0.0238 1.2L
14-15 6.50 0.0188 0.98 0.0224 1.16
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Karmen-Nikuradse friction coefficient against L/D
for a constant value of Rp.
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Table 10, Test C, Tube II,
= 26 psig

165 1bs./min.

= 88° F.
Pressure B _
Taps Ar faee Tap/Tkw Tape Tae/Tkew
( "HEO) *
1.2 1.34 0.0833 L. 65 0.0833
2-3 +0.38 - = -
3-4 4 ol 0.1535 8.58 0.0593
4-5 +3.00 - e .
5-6 1.66 0.0258 1.4k 0.0ko2
6-T 1,18 0.0171 0.95 0.0407
7-8 2.8k 0.0221 1.23 0.0342
8-9 2.50 0,0194 1.08 0.0303
9-10 5.20 0.0202 144 0,0271
10-11 4.60 0.0179 1.00 0.0258
112 7.80 0.0202 1.13 0.0233
12-13 8.70 0.0169 0.95 0.0220
13-14 10.2 0.0198 1.11 0.0211
14-15 11.3 0.0176 0.98 0.0205
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Table 11. Test D, Tube II.

P..= 2k psig Ry = 130,500
W, =212 1bs./min, £y = 0-0170
T = 88° F,
W
Pressure . _ _
Taps AP faep Tape/Tky Tape Tare/Tkew
("H,0) B
1-2 2.20 0.0827 k.86 0.0827 4 .86
2-3 +0.80 -- -- -- --
3-4 8.30 0.1560 9.18 0.0597 3.51
h-5 +4.80 = == s o
5-6 3.T0 0.0348 2.0k 0.0516 3.0k
6-7 1.10 0.0103 0.61 0.0k27 2,51
Tl 3.80 0.0179 1.05 0.0340 2.00
8-9 L. 10 0.0193 0 B 0.0295 173
9-10 8.50 0.0200 %16 0.0265 1.56
iD-13 7.40 0.017h4 1.02 0.0242 1.k2
1112 11.6 0.0182 1.07 0.0225 1.32
12-13 13.3 0.0156 0.92 0.0209 1.23
13<1% 17.0 0.0200 1.18 0.0202 1.19
1415 18.5 00,0174 1.02 0.0197 1:16
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Figure 11. Results for Test D, Tube II. Ratlios of local
and integrated apparent friction coefficlents to the
Karman=Nikuradse friction coefficient against L/D
for a constant value of Rp.
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Table 13. Test F, Tube II.

wno = 27 psig wu = 203,000
W, =330 1bs. /min. - 0.0156
T = 88° F,
W
Pressure _ _
Taps AF fapp Tapp/Tkw Tape app/Tow
("H,0) |
18 5.50 0.0853 5.46 0.0853 5.46
2-3 +1.50 == — - --
3-4 A 0.1685 10.80 0.0634 L.06
L5 +10.4 - - - -=
5-6 8.00 0.0310 1.99 0.0537 3.4k
6-7 1.80 0.0070 0.45 0.0430 2.76
7-8 9.20 0.0178 1.1k 0.0340 2.18
8-9 9.00 0.0175 1 el2 0.0291 1.86
9-10 19.6 0.0190 122 0.0258 1.65
10-11 15.9 0.0154 0.99 0.0233 1.k9
11-12 29.0 0.0187 1.20 0.0218 1.ko
12-13 30.2 0.0147 0.94 0.0203 1.30
13-1k 36.8 0.0178 1.1k 0.0193 1.24
14-15 40.0 0.0155 0.99 0.0188 120
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Table 14, Test G, Tube II.
P_. = 30 psig Ry = 267,300
W = 425 1bs./min. Ty = 0.0148
TW = 90° T,
Pressure . = =
Fape Al Lapp L ypp/ Ty Fapp Tapp/ Ty
(TIE20)
1-p 12.6 Q,1176 T.95 0.1176 7.99
2-3 +2.6 - _ -= .
3-U 39.5 0.1845 12.45 0.0755 5410
L5 +17.0 - -- -- --
5-6 12.0 0.0280 1.69 0.0604 .08
67 2.0 0.00k47 0.32 0.0467 3.15
7-8 14 .0 0.0164 e 0.0360 2.43
8-9 14.5 0.0169 1.14 0.0302 2.04
9-10 32.0 0.0187 1.26 0.0265 179
10-11 25.0 0.01k46 0.99 0.0236 1.59
1112 L 7 0.0174 1.18 0.0207 1.47
12-13 k9,5 0.01k44 0.97 0.0200 1a35
13-14 55.5 0.0162 1.09 0.0189 1.28
1415 67.0 0.0156 1.05 0.0183 1.24
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Figure 14,
and integrated apparent friction coefficients to the

Karman-Nikuradse friction coefficient against L/D

for a constant value of Rp.

Resulta for Test G, Tube II.

Ratlios of local
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Table 15. Test H, Tube II.

= 4k psig Ry = 330,000
= 525 1bs./min. - = 0.01k2
= 90° F.

Pressure , _ _

o AP Tppp e/ TN Tapp T app/ Tk y

(11'}120)

1-2 20.4 0.1250 8.80 0.1250 8.80
2-3 3.4 - -- - —
3-4 sl 2 0.1660 11.70 0.0778 5.48
L5 +28.4 - = - -
5-6 17.6 0.0269 1.89 0.0590 h.15
5T 3.k 0.0052 0.37 0.0458 3.22
T-8 21.0 0,0161 1.13 0.0353 2.48
8-9 20.3 0.0155 1.09 0.0295 2,08
9-10 50.1 0.0191 1.35 0.0260 1.83
10-11 39.3 0.0150 1.06 0.0234 1.65
1112 67.8 0.0173 1.22 0.0215 1.51
12-13 76.0 0.0145 1.02 0.0199 0.40
13-14 86.7 0.0166 1.17 0.0189 1:33
14-15 109.0 0.0167 1.17 0.0184 1.29
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Figure 15. Results for Test H, Tibe II. Ratios of local
and integrated apparent friction coefficientas to the
Karman-Nikuradse friction coefficient against L/D
for a constant walue of Rp.
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Table 16, Test A, Tube III.
P . = 2k psig Ry = 46,300
W = 51 1bs./min. oy = 0-0212
T, = 90° F.
Pressure g _ _
e AP faop Tape/Tk-n Tarpp Eape/ Tx
A:mmOU
L2 0.40 0,0301 1.42 0.0301 1.h2
2-3 0.14 0.0211 1.00 0.0283 1.34
3-4 0.1k 0.0105 0.49 0.0229 1.08
L5 0.30 0.0226 1.07 0.0208 0.98
5-6 0.36 0.0135 0.64 0.0194 0.92
6-7 0.40 0.0150 B E 0.0178 0.8k
7-8 0.96 0.0181 0.85 0.0176 0.83
8-9 0.94 0.0177 0.83 0.0177 0.84
9-10 3.84 0.0361 1.70 0.0214 1.01
10-11 1.52 0.0143 0.68 0.0225 1.06
11+12 6.20 0.0389 1.83 0.0242 1.1k
12-13 3.00 0.01kLk2 0.67 0.0244 1.15
13-1k 3.70 0.017h 0.82 0.0224 1.06
1k-15 7.30 0.0275 1.29 0.0225 1.06
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Table 19. Test D, Tube III.

P, = 26 psig R, = 132,000
W, = 147 lbs./min, £y = 0-0170
T, = 89° F.
Pressure _ _
weps Ar Tapp £ypp/ iy fapp Papp/Tx
A ___mMOv
B 2.60 0.0234 1,38 0,0234 1.38
83 0.50 0.0090 0.53 0.0205 1.20
3-4 0.80 0.0072 0.42 0.0157 0.92
L5 2.80 0.0252 1.48 0,0159 0.93
5-6 2.00 0.0090 0.53 0.0154 0.91
6-7 L .00 0.0180 1.06 0.0148 0.87
) 13.4 0.0302 1.78 0.0184 1.08
8-9 8.10 0,0182 1.07 0.0201 1.18
9-10 29.0 0.0326 1.92 0.0225 1.32
10-11 5.60 0.0063 0.37 0.0216 1.27
11-12 Lo.6 0.0305 1.79 0.0214 1.26
12-13 17.6 0.0099 0.58 0.0207 1.22
13-1k4 22,1 0.0126 0.Th 0.0184 1.08
14-15 k9.5 0.0223 131 0.0183 157
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Figure 19. Results for Test D, Tube III. Ratios of local
and integrated apparent frictlion coefficlents to the
Karman—Nikuradse friction coefficient against L/D
for a constant value of Rp.
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Figure 20. Results for Test E, Tube III. Ratios of local
and integrated apparent friction coefficients to the
Karman-Nikuradse friction coefficient against L/D
for a constant value of Rp.



TET #LT0'0 A §020°0 G* 00T ST-H#T
AR olT0"0 Lo*0 GOTO*0 L oY HI-ET
ol 0020° 0 £9°0 E600°0 0" gt E1-2tl
0£'T 0200 £6°1 H0£0° 0 0°98 ZT=TT
TE°T 9020° 0 e 6£00°0 Sl TT-0T
TH'1T 232e0°0 gg°T 9620°0 0° LS OoT-6
#7ET TT20°0 g6°0 75100 9 HT 6-9
0E°T £020° 0 26T O0TEQ°O 062 g-L
ET°T QLT0"0 611 L8100 o6 L-9
gO'T 69100 2T, L0200 0° 0L g9-G
G6°0 61100 CE°T 21200 016 G-
HO' T £910°0 Ge o 6£00°0 olL°o #-€
LT €200 feldtle! T600°0 OF'E £-2
691 ¢T20° 0 69'T 4920°0 o' 9 21
(0%m.)
z-mm \mﬁm %ﬁm N3, \m%ﬁ ddvy av sder
aanesaig
i 06 = "1
ygtote = ¥ urw/*sql LT2 = M
o
000°46T = Y S1sd 9€ = ~ d
*IIT =2qnl ‘4 382 °T2 9148l

T T



63

=
|

£arp/TK=N

0.6
|
ot Hf——— |
| | -
Q22— F—— i @ fklPP e Wy
| | |
0 . | ‘ \ J E
(o) 10 20 30 40 50 60 70 80 90

L/D
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Figure 22. Results for Test G, Tube III., Ratios of local
and integrated apparent frictlon coefficient to the
Karman-Nikuradse friction coefficlent against L/D
for a constant value of Rp.
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METHODS OF CALCULATION

The Reynolds number based on tube diameter is defined by

i, = VDP/H

where V is the mean velccity in respect to the mass rate of flow and the
density Q@ and viscosity.;J are evaluated at the mean temperature and

pressure of the stream,

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

RX e VXp,/F_

where X is the axial distance from the inlet to the point concerned.

The local apparent friction coefficient is defined by

% - X 2
Py =P = Tppp — 5 Zg
where Py and.p2 are the static pressures, measured at the tube wall, at
the axial locations Xi and X2 respectively., The value of fAPP caleculated
was taken to be the local value midway between Xl and XE' The veloeity
V is the mean value based on the mass rate of flow.

The integrated apparent friction coefficient at any point X is

defined by

where ®o and p are the static pressures measured at the first pressure

tap and point X respectively.



The Karman-Nikuradse coefficient is defined by the relationship

1
= =2,0 log, (R

) =~ 0.8,
Tk-N

D fKr-N

T
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Table 23, Location and Size of Pressure Taps.

Tube I Tube IT Tube IIT

D = 1.028 D =0.785 D = 0.545
Tap X/D a X/D a X/D a
1 0.50 0.0260 0.50 0.0225 0.50 0.0225
2 1.00 0.0260 1.00 0.0225 1.50 0.0225
3 1.50 0.0260 2,00 0..0225 2.00 0.0225
Ly 2.00 0.0260 3.00 0.0225 3.00 0.0225
5 3.00 0,0260 4,00 0.0260 k.00 0.0225
6 4,00 0.0260 6.00 0.0260 6.00 0.0225
i 6.00 0.0260 3.00 0.0260 8.00 0.0225
8 8.00 0.0260 12.0 0.0260 12.0 0.0225
9 12.0 0.0260 16.0 0.0260 16.0 0.0225
10 16.0 0.0260 2h,0 0.0260 2l .0 0.0225
11 24.0 0.0260 32.0 0.0260 32.0 0.0225
12 32.0 0.0260 4L .0 0.0260 Wh,0 0.0225
13 i o 0.0260 60.0 0.0260 60.0 0.0225
14 60.0 0.0260 76.0 0.0260 76.0 0.0225
15 76.0 0.0260 96.0 0.0260 96.0 0.0225
16 96.0 0.0260
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