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FRICTION IN PIPES AT SUPERSONIC AND SUBSONIC VELOCITIES

By Jose?h H. Keenan and Ernest P. Neumann
SUMMARY

The apoarent friction coefficient was determined ex-
perimentally for the flow of air through smocth pives at
subsonic and sujsersonic velocities., Values of the irach num-
ber ranged from O. 4; tc 3.87 and of Reynolds number from
PRl s 6.7 x 10°. 1In supersonic flow the results were
found to be strongly influenced by the nresence of oblique
shocks formed at the junction of nczzle and oioe. The ef-
fect of these shocks on the coefficient of friction was de-
termined. Nozzle forms were devised which eliminated the
shocks and their effects.

It was found that at distances from the >ipe inlet
greater than 50 diameters the ajjarent coefficient of frlc—
tion for compressible flow at mach numbers greater or les
than 1 is aooroximately equal, for equal Reynplds numberQ,
to the coefficient of friction for incomdiressible flow with
completely develodsed bcundary layer. MNach numbers greater
than 1 are rarely maintained for lengths of 50 diameters.
For attainable lengths the ccefficient of friction is a
function of the ratio of length to diameter and the Reynolds
number, with the ilach number at entrance determining the
maximum attainable length.

INTRODUCTION

The effect of friction on the flcw of comjressible
fluids in pipes of uniform cross-sectional area was investi-
gated analytically by Grashof (reference 1) and Zeuner (ref-
erence 2) who arrived at a relationshio between velocity
and friction coefficient for perfect gases. Stodcla (refer-
ence 3) shcwed that the curves of Fanno ocermit a general



NACA TN No, 963 2

graphical treatment for any law of friction, FrBssel (ref-
erence 4) presented the first extensive measurements of
frietion cosfficients for the flow of ailr through & smoobh
tube with velocities above and below the velocity of sound,
His measured coefficients for both subsonic and supersonic
compressible flow appear to be in excellent agreement at
corresponding Reynolds numbers with coefficients measured
for incompressible flow, Xeenan (reference 5) presented ex-
perimental data on commercial pipe for the flow of water and
for the Tlow of steam at subsonic velocitiese. These indi-
cated that the friction coefficient is the same for the same
Reynolds number for an incompressible fluid and for subsonic
flow of a compressible fluid,

In the subsonic region the measurements of Fr¥ssel and
of Keenan were in accord in that they revealed no variation
of the friction coefficient that was peculiar to compressible
fluids. In the supersonic region the measurements of Frdssel
pointed to a similar conclusion. Fr¥ssells data for this
region were published as a chart (fig. 7 of reference 4)
which, despite its small scale, seemed to reveal great ir-
regularities in the data. The friction coefficients, which
were computed from the derivatives of the curves through the
experimental points, must have been subject to great uncer-
tainty.

This investigation, conducted at Massachusetts Institute
of Technology, was sponsored by and conducted with the finan-

cial assistance of the National Advisory Committee for Aero-
nautics,

SYMBOLS

a crosgs—sectional area of test pipe (sq £t)

D diameter of test section (ft)

d throat diameter of nozzle

F wall-friction force (1Db)

G mass rate of flow per unit area (lb/sq ft sec)

g acceleration given to unit mass by unit force (ft/sec®)

h enthalpy (ft-1b/1b)
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v‘

ratio of specific heats
lensth of test section (f£%)
Mach nunmber

pressure (1b/sq ft abs.)
Reynolds number

temperature (¥ abs.)

mean stream temperature at a given cross section of the
test pipe (F abs,)

mean stream temperature at the initial state of the
Sl strean, that is, where V = 0 {F abs.)

mean velocity of the fluid stream at a given cross sec-
tion of the test pipe (ft/sec)

specific volume (cu ft/1b)
mass rate of flow (lb/sec)

distance along test section (ft)
T

il 2
= oV
2 P

friection coefficient

frietion coefficient calculated from

1

4an,

with - Rer  based on T

=0.,8 + 2 log Be /47,

m

friction coefficient calculated from above-mentioned
equation with Re Dbased on Tj

mass density <J%>
Ve

friction force per unit of wall surface (1b/sq ft)

angle between walls of entrance nozzle
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Subscripts

: refers to the initial state of the fluid stream
where the velocity is zero

, and 5 refer to arbitrary datum sections along the test
pipe

Congtants used in calculations

k ratio of specific heats (1,400)
cp specific heat at constant pressure (0,240 Btu/F 1b)
A number of foot-pounds in 1 Btu (778.3)

OBJECT

Some preliminary investigations (reference 6) into
supersonic flow of air which were made in the Laboratory of
Mechanical Engineering at the Massachusetts Institute of
Technology indicated friction coefficients appreciably dif-
ferent from those reported by Frdssel, The present investi-
gation was undertaken in an attempt to resolve this disa-
greement and t0 obtain some dependable experimental data on
supersonic flow with friction, In order to tie the investi-
gation into previous studies of the flow of incompressible
fluids some measurements of subsonic flow were included.

TEST APPARATUS

The arrangement of the test apparatus is shown in fig-
ure 1., Air is supplied by either a two-stage, steam—-driven
compressor or a rotary, electric-driven compressor. At the
discharge from the compressor is a receiver to smooth out
fluctuations in flow. For some tests a dehumidifying system

was used to remove moisture from the air leaving the compres-

sor., This dehumidifying system consists of a cooling coil
followed by a heating coil, It is connected into the system
as ghown in figure 1,
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The air stream is introduced into the test pipe through
a rounded-entrance nozzle of circular cross section, Details
of the nozzles used in different tests are shown in figures
2 rbiel B

The test pipe is in each instance a piece of standard
drawn brass tubing., For the subsonic tests the inside diam-
eter of the tube was 0,375 inch. For the supersonic tests
three tubes were used having inside diameters of 0,4375,
0,498, and 0,945 inch, respectively.

The air stream leaving the test pipe is discharged
either to the atmosphere or to an ejector which uses steanm
gs the primary flaid,.

The pressure measurements, from which the friction co-
efficients are calculated, were made at holes of 0,020-inch
diameter drilled in the tube wall., To avoid a burr at the
inside edges of the pressure holes, the inside of the test
pipe was carefully polished with fine emery cloth, Gonnec—
tions between the pressure holes, manifolds, and manometers
are made with 1/4-inch copper tubing.

All pressure differences were measured with simple
U-tube manometers. In the supersonic test the pressures in
the test pipe were generally small fractions of an atmosphere.
They were measured with an absolute mercury manometer. With
the aid of a sliding marker on the manometer scales, pres-
sure differences could be read to 0,0l centimeter. Pressures
higher than 50 psi gage before the inlet nozzle were measured
with a calibrated Bourdon gage; lower pressures were measured
with a mercury colunn,

The temperature of the air stream in front of the noz-
zle could be measured by either a copper-constantan thermo-
couple or a mercury-in-glass thermometer. Readings usually
were made with the thermometer,

The discharge coefficient for the 0,375-inch diameter
subsonic nozzle was determined by means of a gasometer. The
discharge coefficients for each supersonic nozzle were ob-
tainod from the A.S.M.E, data on nozzle coefficients (ref-

erence 7).
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METHOD OF TESTING

The air compressor was started and sufficient time al-
lowed to elapse to obtain steady-state conditions before any
readings were taken. Temperature readings were taken at def-
inite intervals of time, Pressure differences between a
given pair of taps were measured on either a mercury manom-
etor or a water manometer depending upon the magnitude of
the difference to be measured, In order to establish a con-
tinval check against possible leakage from either of the two
manifolds, pressure differences were recorded for each pair
of taps, with the higher pressure first in one manifold and

hen in the other. To check against possible leakage from
the connections between the pressure taps and the manifold,
a soap-and-water solution was applied at each connection,
For the supersonic runs, where the pressures measured werse
below atmospheric pressure, the manometer system was tested
by subjecting it to a pressure higher than atmospheric be-
fore starting a test.

RESULTS OF TESTS

The Apparent Friction Coefficient

The results of these tests are shown principally in
terms of the apparent friction coefficient A, This term
is intended to represent for any cross section of the stream
the quantity

2T

pV?

where T denotes the shear stress at the pipe wall, p the
mean density, and V the mean velocity. In reality the ap-
parent friction coefficient is defined in terms of the meas-
ured quantities, flow per unit area, and pressure, through
equation (8), tcgsther with equation (?), of appendix A.
Equation (8) is identical with the statement

‘-JT
pv=

A =

if the velocity across each section is so nearly uniform
that the mean velocity found from the flux of kinetic energy
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is identical with that found from the flux of momentum, or
1f the flux of momentum and the flux of kinetic energy do
not change from section to section,

The flow of an incompressible fluid in a pipe at a
great distance downstream from the entrance satisfies the
latter condition, The flow of a compressible fluid satis=
fies neither condition, It is probable, however, that the
former is nearly satisfied in compressible flow at a great
distance downstream from the entrance, provided the longi-
tudinal pressure gradient is not inordinately large.

The magnitude of the true friction coefficient (27/p7")
can be found only from a determination of the magnitude of
the shear stress at the pipe wall, If the shear stress is
to be measured directly, the experimental difficulties are
formidable; if it is to be deduced from pressure measurements,
either the analytical difficulties or the uncertainties in-
troduced by supposition are likely to prove discouraginge.

The apparent friction coefficient, on the other hand,
may be rather simply deduced from common types of measure-
ment. Moreover, when its value is known it may be readily
applied to the design of passagess

The adoption of the apparent friction coefficient for
reporting the results of measurements of the type presented
here will facilitate comparison between data from different
sourcess The calculation of the apparent friction coeffi-
cient involwves tre simplest calculation and the minimum exe
traneous hypothesis consistent with reducing the measure-
ments to a basis of comparison, The tests of Frossel (ref=-
erence 4) and Xeenan (reference 5) have been so presentede.

In all subsequent paragraphs the term friction coeffiT
cient is t0 be interpreted to mean apparent friction coeffi=-

cient as defined by equation (8),

Subsonic Flow

The results for the subsonic tests are presented in
tables I to IV, The variation in pressure along the length
of the test pipe is shown in figure 6, Por $esgt 1 the Drese=
sure in the exhaust space after the end of the pipe was be-
low the sound pressure = that is, the pressurc at the state
of maximum entropy; conscquently, the flow through the pipe
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was the maximum flow corresponding to the initial condition
of the air stream, TFor test 2 the air stream was throttled
behind the pipe and for tests 3 and 4 in front of the pipe,
to produce pressures at the pipe exit in excess of the sound
pressure, which resulted, in turn, in a flow less than the
maximum flow for the existing initial conditions.

The friction coefficients corresponding to the inter~-
vals of pip> lengilt betwoen pressure taps are given in tables
I to IV, 1Ia figurec 7 the arithmstic mean of these values of
the friction coefficient for each test is plotted against
the arithueitic mean of the Reynolds number for that test.

The lsng*th interval from O to 1 foot was omitted from the
calouvignion of the mean because the valoclty profile was
doubtlescs changiog greatly in this interval, The last 3
inches of length alro were omiftted because of the effect on

‘velocity and pressure distridbution of the abrupt discharge

into the exhaust space., Taus the cata of figure 7 correspond
to a well=developed boundary layer and as stable a velocity
profile as the conditions of compressible flow permit,

The Von Xdrmgn-Nilkuradse relation between friction coef=-
ficient and Reynolds number for incompressible flow is shown
by the curve on figure 7. The greatest discrepancy between
the preseat results and this curve is of the order of 3 per-
cent, which is approximately the degree of uncertainty in
the present measurements.

Figures 8 and 9 show the variation along the length of
the tube of friction coefficient, mean temperature, and Mach
number for tests L and 2, The values of friction coefficient
for inzomprsssidls flow corresponding to the Reynolds number
at each pcint along the length of the pipe are shown by the
dash curve of figure 8, In test 1 the Mach number ranges
from 0,32 to 1 and in test 2 from 0,3 to 0,47, 1In both tests,
however, the agreccment between the measured friction coeffi-
cients and those fcor incompressible flow is consistently
good, This agrecencnt coafirms the conclusion rcached by
Keenan and by Frdssel that for subsonic velocities the fric-
tion coefficient is a function of the Reynolds number and is
not appreciably affected by change in the Mach number,

Supersonic Flow

Length of test pipe.- The length of the test pipe for
supersonic tests is limited by the divergence ratio of the
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nozzle that feeds the pipe. For a given divergence ratio
and a given nozzle efficiency, a maximum length of test pipe
exists for which a transverse pressure shock will not appear
in a pipe. For greater lengths a shock appears, and this
shock moves closer %o the nozzle as the length is increased,.
Since the velocity of the stream on the downstream side of
the shock is always subsonic, the maximum length of super-
gsonic flow is attained in the longest pipe without a pres-
sure shock, Considerations which govern the length of sub-
sonic and supersonic flow are presented in appendix B, The
maximumn length of supersonic flow attained in the present
tests is 50 diameters.,

The Nozzle.~ If the junction between the divergent noz-
zle passage and the test pipe is not properly designed, an
oblique shock wave will form at or near the junction, This
wave will extend down and across the stream until it encoun~
ters the opposite wall and then will reflect back and forth
along the length of the pipe., TFigure 10, from the thesis of
Huron and Nelson (reference 8), shows such obligque waves in
a two-dimensional nozzle. Since in crossing the obligue
shock the pressure rise in the stream is almost discontinu-
ous, measurements of pressure variation along the test pipe
become difficult to interpret. Moreover, it appears probable
that the existence of the shock stimulates thickening of the
boundary layer and so influences strongly the magnitude of
the friction coefficient, Under extreme conditions the ob-
lique shock may initiate separation of the stream from the
wall,

With the aid of the method of Shapiro (reference 9)
nozzles were designed so as to introduce the stream into the
test pipe without the formation of an obligque shock of suf-
ficient intensity to affect the measured pressures, ZFigure
11 (from reference 8) shows the flow from a two-dimensional
nozzle which is comparable to the test nozzles and which was
designed by the same method, The first photographs, taken
by the schlieren method, of flow through this nozzle showed
a clear field in both nozzle and tube. In order to make
visible the pattern of flow and to demonstrate that shock
waves if present would be discernible, the walls of the noz-
zle and the parallel passage were knurled, Each rid of the
knurling set up a disturbance of small magnitude which ex-
tended across the stream in the manner of an oblique shock,
Since the presence of these small disturbances could be de-
tected, the presence of an oblique shock would also be de-
tected, The walls at the junction of the nozzle and tube
and for a short interval in the passage a little distance
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downstream from the junction were left unknurled to permit a
shock t0o be more readily distinguished, but none appeared.

The effect of angle of divergence.- To determine the cf=-
fect on the apparent friction coefficient of oblique shocks
in the test pipe, a series of tests were made using entrance
nozzles with conical divergent scctions of different angles
of divergence 8. The JunctiqQn of the nozzle and pipe was
in each case a sharp corner,

The variation in pressure along the test pipe for wvari-
ous values of the angle of divergence is shown in figure 12,
For an angle of 24° the pressure decreases along the first
10 diameters of pipe length. This decrease appears to be an
extension of the expansion from the nozzle into the test
pipe. It ig doubtless caused by separation of the stream
from the walls of the nogzzle,

For angles of 12° or less tho risc in pressure across
the corner at the Jjunction was measured by means of pressure
taps located immediately before and after the corner. The
measured pressure rise is shown in each instance by the in-
terval between the two points at zero value of L/D, The
ratio of pressures across the joint varies from 1.30 for an
afigle of 12° %0 1,083 for an angle of 2°, The departurs Lron
1 in the latter figure is hardly in excess of the uncertainty
in the pressure measurements, For an angle of 69 the ratio
is 1.16, The analysis of Meyer (reference 10) indicates a
pressure ratio of 1,22 across the obligque shock arising from
a change of direction of 3° at a Mach number of 2,29, This
analysis 1s applicable only to two~dimensional flow which
the flow near the tube wall should approximate. The experi-
mental and analytical values appear to be of the same order
of magnitude.

It may be seen from figure 12 that as the angle of di-
vergence decreases the pressure rise at the Jjunction de-
creases and the curve of pressure against distance becomes
smoother., With a nozzle designed for shock-free conditions
the curve becomes smooth and the rise in pressure at the
Junction becomes zZero within the precision of the pressure
measurements,

Although measurements made under other than shock-free
conditions are not considered wvalid, a study was made of the
effect on the apparent friction factor of nozzles of the
ordinary typee. Such nozzles were used, presumadbly, by
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Fr8ssel who gave no indication that he had developed a spe-
cial nozzle for the purposes of his tests. The friction co-
efficients computed from the curves of figure 12 are plotted
in figure 13 against the angle of divergence of the nozzle.
These friction coefficients are the mean coefficients for
the interval of length between values of L/D of 1,59 and
DTG0, This interval was chosen because it was approximately
the same as that used dy Frdssel,

According to the data of figure 13 the friction coeffi-
cient for a2 given Reynolds number approaches the Von Karman-
Nikuradse value for incompressible flow as the angle of di-
vergence increases. Perhaps this is evidence of the increase
in thickness of the boundary layer caused by the oblique
shock., The Von Kdrmédn-Nikuradse value is obtained from flow
at large values of L/D, where the boundary layer fills the
cross section and turbulence is fully developed. In super-
sonic flow the presence of an oblique shock may have an ef-
fect on the boundary layer similar to the effect of length
in incompressible flow,.

The apparent friction coefficient.- The apparent fric-
tion coefficient A 1is plotted against distance from the
entrance o the test pive in figure 14, Data for the tests
shown in figure 14 are presented in tables V. to IX, The two
extremities of the horizontal line which passes through each
test point of figure 14 show, respectively, the positions at
which the two pressures used in calculating the value of the
friction coefficient were measured., Thus each point repre-
sents a mean value of the apparent friction coefficient over
a short interval of length., The pressure difference across
this interval was in each instance very small, and any ir-
regularity in the pressure distribution or any error 1n &
pressurc measurcment had, therefore, an exaggerated effect
on the calculated friction coefficient. TFor this reason the
points of figure 14 scatter over a band of considerable
width, Nevertheless a definite pattern is discernible which:
is common to all five sets of data., Near the entrance %0
the test pipe the coefficient decreases sharply with increas-
ing distance along the pipe. At a distance of 5 to 10 diam-
eters the coefficient passes through a minimum, At greater
distances there is ovidence of a maximum followed by another
minimunm,

The data of figure 14 are not sufficiently precise to
establish the number of maxima and minima or the amplitude
of the fluctuations in the value of the coefficient, dDut an
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attempt to approximate these is represented by the solid lines
of figure 14, A somewhat similar variation in friction coef-
ficient near the entrance to a pipe has been shown for flow
of an incompressible fluid by Kirsten (reference 11) and by
Brooks, Craft, and Montrello (reference 12), It is doubtless
a phenomenon relating to thc transition from laminar to tur-
bulent flow in the boundary layer. No exact correspondence
between pairs of curves of figure 14 should be expected be-
cause the degree of development of the boundary layer at pipe
entrance varied from test to test with the length and other
dimensions of the nozzle., The one exception is the pair of
curves in the middle of the figure which were obtained with
the same nozzle and test pipe.

On each of the charts of figure 14 are shown by dash
lines values of the friction coefficients Ay and A, cal-

culated from the Von Kidrman-Nikuradse relation for incompres-
sible fluids. The coefficients ANy and A, are calculated

using, respectively, the Reynolds numbers corresponding to
the viscosity at the temperature before the inlet nozzle
where the velocity is zero and that at the mean stream tem-
perature, In view of the "recovery" of temperature in the
boundary layer some value intermediate between these two
would seem to be most appropriate.

For distances from the entrance greater than 20 diame-
ters the trend of the coefficient is definitely upward. The
limit of this trend appears to be a horizontal line or a
curve with ordinates approximately equal to Ay or AL,

The five charts of figure 14 may be roughly grouped
into those of high Reynolds number, the left-hand three, and
those of low Reynolds number, the right~hand two, The left~
hand group of curves shows a distinct similarity in pattern
and pogition; whereas the right-hand group shows in compari=-
son lower values at the minimum point and higher wvalues at
large values of L/D,

No analogous trend with Mach number can be discerned.
Although the top and middle charts in the left-hand group
have Mach numbers at entrance of 2,06 and 3.09, respectively,
they differ less than the two middle charts which have Mach
numbers of 3,09 and 2,84, respectively. Differences appear
to depend upon Reynolds number rather than Mach number.
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To test whether the changes in characteristics were the
result merely of accidental differences between test pipes
and entrance nozzles, two tests were run with the same test
pipe and nozzle at approximately the same Mach number but
with different Reynolds numbers. These are shown by the two
middle charts of figure 14, The differences between these
two charts are consistent with the differences between any
other pair of charts for two different Reynolds numbers.

The conclusion seems tenable, therefore, that for values
of L/D greater than 50 the apparent coefficient of friction
for compressible flow at Mach numbers greater or less than 1
is approximately equal, for equal Reynolds numbers, to the
coefficient of friction for incompressible flow,

For Mach numbers greater than 1, however, values o0f
L/D greater than 50 are rarely encountered; and for values
less than 50 the apparent coefficient of friction is gener-
ally less than that given by the Von Kdrman-Nikuradse formula
for the same Reynolds number. Since the present tests do not
exceed a Reynolds number of 8,7 X 10°, this last conclusion
is open to question if the Reynolds number exceeds 1,000,000,

Because of a slight irregularity at the junction of the
nozzle and the test pipe, the data of test 12 at small val-
ues of x/D were considered to be less reliable than those
of the other tests. The data of test 12 are, nevertheless,
in substantial accord with those of the other tests. If
they were shown in figure 15, they would not alter in any
way the conclusions drawn below, The figure is somewhat
simplified by omitting them,

The mean apparent friction coefficient,~ In figure 15
the mean apparent friction coefficient between the entrance
to the test pipe and any value of L/D 1is plotted against
that value of L/D, This method of plotting has two advan-
tages - first, this mean friction coefficient is more read-
ily applied to design calculations than the more nearly
point values of figure 14; second, since it is computed, 1in
general, from a larger measured pressure difference, the
values of the ordinate of figure 15 are less affected by
small experimental errors and irregularities and, therefore,
yield a smoother curve,

The curves of figure 15, consistently with those of
figure 14, show certain trends with increasing Reynolds num-
ber: the point of minimum mean friction coefficient moves to



NACA TN No, 963 ' 14

lower values of L/D, and the rate of increase of friction
coefficient with L/D at the higher values of L/D de-
creases. On each curve is given the Reynolds number corre-
sponding to the viscosity at zero velocity (the "complete-
recovery" value), and at the right-hand margin is shown the
corresponding value of the coefficient of friction for an
incompressible fluid at large values of L/D,

The experimental curves are extrapolated in figure 15
as they would go if the values for incompressible flow were
the asymptotes, The extrapolations cannot, however, extend
to the asymptotes. It 'is explained in appendix B that for
a fixed value of the Mach number at entrance there is a cor-
responding maximum value of AL/D, as shown in figure 16.
That maximum value represents an equilateral hyperbola cut-
ting across figure 15, Segments of such hyperbolas are
shown for entrance Mach numbers of 1.5, 2, 3, 4, and infin-
ity. TFor an entrance Mach number of 1 the corresponding
hyperbola is formed by the two axes of coordinates, and the
maximum value of L/D 4is zero for any finite value of A,

At the lower values of L/D some variation from the
curves of figure 15 may be expected if the nozzle design is
not identical with the corresponding one employed here.
Large departures from these values will result, as indicated
in figure 13, if oblique shocks are formed at the junction
of nozzle and test pipe. But with a carefully designed noz-
zle and a smooth test pipe the mean apparent friction coef-
ficient should be in close accord with the curves of figure
15,

COMPARISONS

In subsonic flow two previous experimental investiga-
tions by Keenan (reference 5) and Frd8ssel (reference 4) in-
dicated that for large values of L/D the apparent friction
coefficient is essentially independent of Mach number and
is, within experimental error, the same function of Reynolds
number as the friction coefficient for incompressible fluids,
The present investigation, as shown by figure 7, confirms
these conclusionse

In supersonic flow the only previous experimental in-
vestigation is that of Fr¥ssel (reference 4), His conclu-
sion is the same as for subsonic flow - namely, that the
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apparent friction coefficient at the attainable values of
L/D is the same function of Reynolds number as the friction
coefficient for incompressible fluids at large values of
L/D. The present investigation does not confirm this con-
clusion, It indicates that the apparent friction coeffi-
cient is a function of L/D as well as Reynolds number over
the attainable range of L/D, and that the effect of Mach
number is to limit the range of values of L/D,

Fr¥ssel concludes that his measured friction coeffi-
cients are represented within the precision of measurement
by the Von Kidrmdn-Nikuradse relation. Thus, the comparisons
of this relation with the present data, as given in figures
14 and 15, are in effect comparisons of Fr¥ssel's data wit
the present data. It should be remembered, however, that
Frbssel's data for supersonic velocities spread over a band
with a width of about 20 percent, and that the method of
computing them seems to leave much room for uncertainty,

Frb¥ssel offers no discussion of the development of noz-
zles suitable to his purpose, and the only published illus-
trations of his nozzles are to such a small scale that
little dependable information can be obtained from them,
These illustrations, however, are not inconsistent with the
assunption that his nozzles were of the conical type with an
angle of divergence in the order of 15°., The data of figure
13 indicate that for angles of this magnitude Frd¥ssel's con=-
clusions have been confirmed. For supersonic flow without
oblique shocks, however, the conclusions of Fr¥ssel have not
been confirmed.

The classical analysis of flow with frietion through a
pipe of constant cross-sectional area is based on the as-
sumption that the velocity is uniform over any c¢ross section,
Hawthorne (reference 13) used this analysis to show that the
product of the maximum L/D and the mean apparent friction
coefficient over the length L 1is a unique function of the
Mach number at entrance. The form of this function is shown
by curves A and C in figure 16, and the abscissas of curve A
determine the position of the curves of maximum L/D for
Haeh numbers of 1.5, 2, 3, 4, and infinity in figure 16,

From this same analysis may be calculated the minimum
exit pressure for subsonic flow and the maximum exit pres-
sure for supersonic flow. The ratios of these pressures to
the pressure at pipe inlet may be found from figure 16 from
the intersections of the curves of constant py/p, with
curves A and C,
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For subsonic conditions the minimum exit pressure for a
given length of pipe is obtained by lowering the pressure in
the exhaust space until the pressure in the exit plane
ceases to fall, Then the entrance Mach number corresponding
to the exit-plane pressure may be determined by measurements
at the inlet, In figure 6 the measured pressure from the
tap nearest the exit plane is compared with the calculated
minimum pressure (the pressure of maximum entropy). The
measured pressure falls slightly below the calculated mini-
mum, This is in accord with similar observations made by
Frdssel,

In supersonic flow an experimental determination of the
maXimum pressure is more difficult. The divergence ratio of
the nozzle fixes the Mach number at entrance. The maximum
pressure will be attained at the exit only if the pipe at~
tached to the nozzle is the longest pipe which will not
cause a transverse pressure shock., The maximum pressure
cannot be attained, therefore, although it may be approxi-
mated closely by a tedious method of trial and error. Where
it has been nearly attained in these tests, it has always
been slightly less than the calculated maximum,

In a revision of the classical analysis Young and
Winterbottom (reference 14) took "account of the development
of the boundary layer, the variation of density across any
section of the pipe, and the variation in the frictional co-
efficient along the pipe." The boundary layer was assumed
to be completely turbulent., They show graphically to a
small scale the calculated variation in pressure and true
friction coefficient, 2T/poV°2, in terms of the density

Po and the velocity V, at the inlet cross section of the

pipe. For the larger values of L/D these values appear to
be in accord with figure 15, For the smaller values of L/D
the small scale of the diagrams precludes any comparison,

These authors present comparisons of their results with
the experiments of Fr¥%ssel and the calculations of Hawthorne.
It appears, however, that they have compared mean values of
their own true friction coefficients with the apparent fric-
tion coefficients of Fr¥ssel and Hawthorne, and the compari-
sons are therefore invalid,
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CONCLUSIONS

For values of L/D greater than 50 the apparent coef-
ficient of friction for compressible flow at Mach numbers
greater or less than 1 is approximately equal, for equal
Reynolds numbers, to the coefficient of friction for incom-
pressible flow with completely developed boundary layer.

For Mach numbers greater than 1, however, values of
L/D greater than 50 are rarely encountered., For values of
L/D 1less than 50 the coefficient of friction is a function
of L/D and Reynolds number, It is generally less than
that given by the Von Kdrman-Nikuradse formula if the
Reynolds number is less than 106, The effect of Mach number
is to limit the range of values of L/D,

For Mach numbers greater than 1 the mean apparent coef-
ficient of friction decreases rapidly from a relatively high
value at entrance to a minimum value which it attains within
a distance of 20 diameters from the entrance. 3Beyond this
minimum point the mean coefficient rises with increasing
distance along the tube and appecars to approach as a limit
the value given by the Von Kdrmdan-Nikuradse formula. The
point values of the apparent coefficient appear to attain
the formula value at a distance of approximately 50 diameters
from the tube entrance - the mean values of the coefficient
would attain the limit at perhaps twice this distance from
the entrance,

The variation in coefficient of friction with L/D for
supersonic flow is similar to that observed in the flow of
incompressible fluids. An adequate comparison cannot be
made, however, until more extensive information is available
as to the effect of L/D in the flow of incompressibdle
finddss

The minimum observed pressure in subsonic pipe flow and
the maximum observed pressure in supersonic pipe flow are
each slightly less than the value calculated on the basis of
the assumption that the velocity is uniform across any sec-
tdons.

The apparent coefficient of friction is strongly influ-~
enced by the presence of oblique shock waves in the tube,
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The junction of the tube with an ordinary conical noz-
zle causes obligue shock waves, the amplitude of which in-
creases with increasing angle of the cone. The apparent co-
efficient of friction also increases with increasing angle
of the nozzle cone, and appears to attain approximately the
Von Kdrmin-Nikuradse value when the angle of the cone is 15°
Or more,

Department of Mechanical Engineering,
Massachusetts Institute of Technology,
Cambridge, Mass., April 1944,

APPENDIX A
METHOD OF ANALYSIS

The analysis that follows, except for certain minor
changes t0 follow the notation of this paper, has been taken
verbatim from the appendix of reference 5,

Dynamic Equation for Flow in Pipe of
Constant Cross-Sectional Area
Consider an element of fluid which is bounded by two

parallel planes transverse to the direction of flow and a
distance dx apart., The forces acting on this element may

2. A3t =

dF

j<— O —=

be classified as normal forces corresponding to hydrostatic
pressures and shearing forces corresponding to wall friction.
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It can be shown that Newton's Second Law becomes for steady
flow

~adp - 4F = (w/g) DV (1)

where a denotes the cross-sectional area of the passage,
d@p the increase in hydrostatic pressure of the fluid across
distance dx, d4F the wall-friction force applied to the
stream between the two planes, w the mass rate of flow, g
the acceleration given %o unit mass by unit force, and 4V
the increase in the mean velocity of the stream across dx,

The wall-friction force dF may be expressed in terms
of a friction coefficient which is commonly defined by the
relation

T

s A ®
2P

where A denotes the friction coefficient, T the friction
force per unit of wall surface, and p a mass density of
the fluid which is otherwise 1/vg. Then we may write

4F = Tnddx = KVEnDdx/2vg

where D is the pipe diameter and dx is an element of
length along the pipe. Substituting this expression for 4F
in equation (1) dividing through by av and rearranging,

we get

2
d G v mD
-£+—-<1v+5<—> = dx = O
v gv 2 \v ag

where G is w/a. Since G for steady flow is constant
along the length of the pipe and equal to V/v, the last
equation may be written in the form

fie . G® dv , 2AG?

dx = 0 (2)
v oy Dg

This is the dynamic equation of flow through a pipe. It may
be used to determine the mean friction coefficient between
two cross sections as follows?
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Assume A to be constant between sections 1 and 2.
Then equation (2) integrates to the expression

2
2 2
AG
s wle e - alal (3)
’1 g g Vg

which may be solved for A, In an actual case A may be
interpreted as the mean coefficient of friction, F¥or a nu-
merical solution it is necessary to know not only the di-
mensions of the pipe and the rate of fluid flow, but also the
relationship between pressure and specific volume along the
path of f£low,

The Pressure-~Volume Relationship

Let us consider the adiabatic case, that is, the case in
which heat flow to or from the fluid stream is negligible,
Then from the first law of thermodynamics we know that for
any section a along the pipe length the sum of the enthalpy
and kinetic energy per unit mass of fluid crossing that sec-
tion is constant and is equal to the enthalpy at a preceding
section 1, where the cross~sectional area is very large
and the kinetic encrgy is negligiblo: Thus

2
h + V /2g = hy (4)

where hj denotes the enthalpy at section i and the sym-
bols without subscript denote quantities corresponding to
section a., Substituting Gv for V in equation (4) we
get

h + = hj (5)

g

Equation (5) yields a series of relationships between h
and Vs

Having determined by measurements the initial state i
and the mass rate of flow per unit area G of a stream flow-
ing through the pipe, we may determine by equation (5) the
h-v relationship.

For a perfect gas
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h = E—%—I pv = Bpv (8)

where k is the ratio of the specific heats and B 1is a
constant defined by equation (6).

Substituting equation (6) into the Fanno-line equation
(5) we get

Gave
i = + Bypv (7)
2z
which, for given values of hjy and G, is a pure pressures

volume relation, Solving equation (7) for p, differentiat-
ing, and dividing through by v we get for the first term
of equation (2)

Friction Coefficient

Substituting the last expression into equation (3) and
integrating between sections 1 and 2, we get

2 v h, 262N (x5, - x,)
" - j;> 1n be S _i.< by, o 12> i . - A

g 2B Vi 2B Vzg Vg, gD
or
g 4 [cpTiA(k-l) < Vi ) 3 gi Cetld 5 13} i)
FC= 2wz, ) 2k - g Bk v,

If measurements are made of the initial state, the rate of
flow, and the pressures at 1 and 2, the values of v; and
v, can be found by solving the quadratic equation (7). The
friction coefficient may then be computed from equation (B).

This analysis is oversimplified in that a single veloc-
ity V is associated with a given cross section of the
stream and this velocity is assumed to be identical with the
mean velocity of flow Gv, where v denotes the mean spe-
cific volume., It is probable that the friction coefficient
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so derived may be used to calculate wall friction whenever
the section is sufficiently far from the entrance to the tube
that variation in that distance will not appreciably alter
the pattern of flow if velocity, pressure, and other factors
remain unchanged., In subsonic flow such conditions are
doubtless attained except in very short tubes; however, in
supersonic flow these conditions may not be attained at all
because of the rapid change in pressure and velocity along
the tubes of even the greatest possible lengths. The fric=
tion coefficient so calculated may bé called the apparent
friction coefficient,

Ir the present state of knowledge of supersonic flow
it is uncertain how closely the product of A and %pv2

approximates the shear stress T at the wall of the pipe.
It appears probable, however, that, with some exceptions,
the apparent friction coefficient will prove adegquate for
design of passages in supersonic flow., The apparent fric-
tion coefficient is at least the analogue of the friction
coefficient for incompressible flow and as such its varia-
tion with the usual parameters is of interest. The apparent
friction coefficient also permits a direct comparison of the
variation of static pressure along the path of flow for var-
ious tests, Fr8ssel's tests were reported in terms of this
apparent friction coefficient,

The value of the viscosity employed in calculating the
Reynolds number Re and that of the velocity of sound in
the Mach number M correspond to the mean state of the
fluid a2t any cross section. This mean state is determined
from the measured pressure and the specific volume as found
by solving equation (7)., The viscosity was in turn found
from Sutherland's formula - namely, viscosity (in centipoises)

; ¥,
= b £00a8 & 205.2< T ) g
T+ 205,2 \491.6

APPENDIX B

ANALYTICAL RELATIONS

Possible Ranges of Subsonic and Supersonic Flow

The relation between length of flow, pressure change,
and mean friction coefficient for a stable velocity
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distribution is shown in figure 16. .The curves shown were
computced from the relations derived in appendix A. ‘

The region in figure 16 lying below curve C represents
conditions of subsonic flow throughout the tube. The region
lying above curve A represents conditions of supersonic flow
throughout the tube.

Within each of these regions are shown lines of constant
ratio of the pressure at the exit of an interval of tube
length to the pressure at the entrance. If the Mach number
at entrance, the tube diameter, and the tube length between
two measured pressures are known, the friction coefficient
A may be found from figure 16, OConversely, for a given val-
ue of A the pressure distribution along the length of a
tube may be found for any value of the Mach number at the
entrance. The curves of constant pressure ratio in the super-
sonic region are valid only if no shock occurs in the length
of tube to which they are applied.

Curve A shows the maximum value of A% for supersonic

flow for each value of the Mach number at the entrance, and

curve C shows the corresponding value of 7\% for subsonic

flow, Along each of these curves the Mach number at the
tube exit is 1, In the tube corresponding to curve A the
Mach number decreases in the direction of flow; whereas in
the tube corresponding to curve C the Mach number increases.

Curve A indicates that the value of A%- for supersonic

flow in a tube may be increased by increasing the Mach num=-
ber at entrance, which is accomplished by increasing the di-
vergence ratio of the nozzle that feeds the tube. The steep-
ness of the curve at higher Mach numbers shows, however,

that in this region large increases in Mach number result in

L
D o
the entrance, which requires an infinite divergence ratio,

only small increases in A A Mach number of infinity at

gives a finite value of )\%; nameély, 0,206, 1If it is as~

sumed from inspection of figure 15 that the mean value of
A is of the order of 0,0025, then the maximum possidble val-

ue of % is 82,2, Only if A approaches zero as the Mach
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number approaches infinity, will it be possible to obtain in-
finite or even very large lengths in supersonic flow,

Flow with Shock

The region t0 the left of curve A may include a shock
in the course of flow, provided the pressure in the exhaust
space is great enough; on the other hand, the region between
curves A and B must include a shock. Along curve B the Mach
number, which is less than 1 following the shock, has at-
tained 1 at the exit. Between curves A and B the Mach num-
ber is less than 1 at the exit and greater than 1 at the
entrance, An interval of length corresponding to this inter-
val may be subdivided into a supersonic interval correspond-
ing to the region above curve A, a subsonic interval corre-
sponding to the region below curve C, and an interval with-
in which the shock occurs. The velocity distribution will
not always be stable enough to make the curves of constant
pressure ratio applicabdble,

The region between curves B and C is an imaginary region
in which flow with a stable velocity distribution with or
without a shock cannot exist.
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TABLE I
TEST 1

Nozzle A; nozzle throat diam., 0.375 in.; tube diam., 0.375 in.;
inlet temperature, 126° F; inlet pressure, 16,179 1b/sq ft abs.;
tube length, 10 ft; flow per unit area, 188.2 1b/sec sq It

TABLE II
TEST 2

Nozzle A; nozzle throat diam., 0.375 in.; tube diam., 0.375 in.;
inlet temperature, 125° F; inlet pressure, 17,607 1b/sq ft abs.;
tube length, 10 ft; flow per unit area, 188.0 1lb/sec sq ft

. D N M Re T v x D x M Re T v
(£t) |(1b/sq ft abs.) (°F abs.) | (fps) (ft) | (1v/sq ft abs.) (°F abs.) | (fps)
(a) (b) (a) (b)
mmeem | C4,527.3 | m=--—- -] ———- 10 | memeem | eeeeeee mmeme | mmm———— ——— —————
10 4,288 | =mm-ee- °1.00 (®5.24x10° | ®488.3 |°1085.4 9.76 20,3565 0.00318 | 0.466 | 4.61x10° 560 543.1
9.75 5,652 0.00313 | .824| 4.91 516 917.0 9 10,998 00326 | .440 | 4.61 562 513.6
9 7,448 .00326 .640| 4.74 541 730.4 8 11,789 .00314 | .414 | 4.61 564 481.8
8 8,879 .00322 | .543| 4.75 553 625.9 7 12,491 .00316 | .390 | 4.56 566 455.8
7 9,956 .00323 ,485) 4.62 560 564.4 6 13,143 .00322 | .370 | 4.56 567 433.8
6 10,866 .00327 .447| 4,58 563 520.8 5 13,764 .00326 | .354 | 4.56 568 414.9
5 11,682 .00327 .417| 4.57 565 486.9 4 14,362 .00328 | .341 | 4.54 571 399.0
4 12,420 .00328 .392| 4.55 569 459.7 3 14,917 .00326 | .328 | 4,54 572 384.6
3 13,102 .00333 .372| 4.54 570 437.2 2 15,452 .00326 | .317 | 4.54 572+ 371.7
2 13,761 .00321 .356| 4.54 571 417.4 1 15,964 .00386 | .307 | 4.52 573 360.3
1 14,336 .00386 .342| 4.53 572 401.2 0 16,546 m————ee | ,206 | 4,52 574 348.1
o 15,004 ———— .326| 4.52 574 384.1
2pverage M, trom x =1 ft to x =

8pverage A, from x =1 ft to x = 9.75 ft = 0.003224.

Diverage Re from x =1 ft to x = 9.75 ft = 4.63 x 10°,

CFrom calculated pressure at state of maximum entropy.

9.75 £t = 0.00322,

b

Average Re from x=1ft to x = 9.75 ft = 4.556 x 105.

€96 °"ON NI VOVN

92



TABLE III

TEST 3

Nozzle A; nozzle throat diam., 0.375 in.; tube dlam., 0.3756 in.;

TABLE IV
TEST 4

Nozzle A; nozzle throat diam., 0.375 in.; tube diam., 0.375 in.;

inlet temperature, 126° F; inlet pressure, 7,422.1 1b/sq ft abs.; inlet temperature, 126° F; inlet pressure, 4,146.5 1b/sq ft abs.;

tube length, 10 ft; flow per unit area, 82.77 1b/sec sq Tt tube length, 10 ft; flow per unit area, 42.01 1b/sec sq ft

x p EY M Re T v x p x M Re T v

(ft) (1b/sq £t abs.) (°F abs.) | (fps) (£t) (1b/sq £t abs.) (°F abs.) | (fps)
(a) (b) (a) (v)

10 2008.1 | ===—— | e | e 431 1057.1 10 | mmee—- -— ————
9.75 2561.3 0.00386 | 0,790 2.19x105 506 873.5 9,75 2150.3 | =-====- 0.485 1.082x105 523 545.4
9 3391.1 .00386 «790 | 2.11 530 690.6 9 2357.3 0.00456 .485 | 1.082 523 501.2
8 4052.2 .00384 .780 | 2.11 542 589.8 8 2696.5 .00455 .485 | 1.082 523 468.2
7 4558.4 .00380 «790 | 2.11 547 529.7 i/ 2807.4 .00459 .485 | 1.082 523 425,4
6 4987.1 .00385 «790 | 2.11 550 487.4 6 2999.3 .00459 .485 | 1.082 523 399.7
5 5368.4 +00387 393 | 2.05 552 454.8 5 3176.3 . 00459 .333 | 1.067 536 378.2
4 5717.3 .00389 .393 | 2.05 554 428.5 4 3341.2 .00459 «333 | 1.067 536 360.6
3 6040.9 .00392 393 | 2.05 555 406.8 3 3493.7 .00449 .333 | 1.067 536 345.3
2 6342.4 .00385 .393 | 2.05 557 388.3 2 3640.0 .004869 .333 | 1.067 536 331.9
1 6624.6 .00448 .393 | 2.03 5569 372.4 i 3778.2 .004561 .333 | 1.067 536 320.2
0 6934.3 | mmmm——— .307 | 2.03 559.4 356.4 (o] 3930.1 .00:15 .269 | 1,061 540 308.0

aAverage A, from x =1 ft to x= 9,76 £t = 0.00386. aAverage A, from x 1:ft to x= 9,76 £t = 0.00456.

bAverage Re from x =1 ft to x= 9.7 ft = 2.069 x 105. bAverage Re from x IETY to x=9.75 £t = 1.075 x 10°.

*ON NI VOVN
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TABLE V
TEST 10

Nozzle threcat dlam., 0.562 in.; tube dlam., 0.946 in.
Date: 4-23

Inlet temperature 143 F; inlet pressure 85.5 1lb/sq in abs.;
flow per unit area in tube, 93.46 1lb/sec sq ft.

P ~ -5
15 5 A Re x 10 X
0- 0.0747
o+ .0721 2.06
1.59 0777 0.00482 8.74 1.96
3.18 0800 .00189 8.58 1.92
4.76 .0806 .00053 8.51 1.91
7.94 .0843 .00150 8.41 1.85
9,52 .0877 .00265 8.24 1.80
12.69 .0971 .00342 7.98 1.67
15,87 .1044 ,00250 .66 1.68
17.56 1071 .00161 7.50 1.55
19.04 1112 00264 7.39 1.51
20.69 1151 .00257 7.29 1.47
22.21 .1203 .00293 .18 1.42
25.38 .1293 .00222 7.10 1.34

Date: 4-28

Inlet temperature 147 F; inlet pressure 84.7 1b/sq in abs.;
flow per unit area in tube 92.24 1b/sec sq ft.

[ o- 0.0744

o+ .0730 2.06
1.59 .0780 0.00426 8.61 1.96
3.18 .0801 .00174 8.40 1.93
4.76 .0817 .00130 8.30 1.90
6.35 .0842 .00206 8.22 1.86
7.94 .0849 ,0005%7 8.11 1.84
9.52 .0882 .00256 8.02 1.82
12.69 .0986 .00378 7.79 1.66
15.87 .1055 .00229 .47 1.57
17.55 .1088 .00195 7.30 1.54
19.04 21116 .00181 7.22 1.52
20,69 ‘1164 -00261 7.13 1.46
22.21 .1206 .00235 ?.02 1.42
23.89 .1259 .00250 6.90 1.37
25.38 21209 -00204 8.81 1.34

TABLE VI
TEST 11

Nozzle throat diam., 0.186 im.; tube diam., 0.498 in.
Date: 12-8

Inlet temperature, 88 F; inlet pressure, 189.0 1b/sq in abs.;
flow per unit area in tube, 85.47 1b/sec sq ft.

L 2 7 ~b
) % A Re x 10 S
1.39 0.0161 6.96 2,98
3.77 .0178 0.00307 6.46 2,80
5.77 .0179 .00024 6.40 2.79
7.78 .0187 .00151 6.10 2.72
9.79 .0197 .00212 5.92 2.63
11.80 .0217 .00397 5.63 2.48
15.81 »0241 .00231 5,22 2.31
19.83 .0262 .00194 4.98 2.19
23.85 .0301 .00347 4.61 1,99
27.86 .0314 .00111 4.48 1.93
31.88 .0356 .00340 4,27 1.76
35.89 » 0404 .00343 3.97 1.61
37.90 .0420 .00199 3.92 1.56

Date: 12-15

Inlet temperature, 97 F; inlet pressure 190.2 1b/sq in abs.;
flow per unit area in tube, 85.33 1lb/sec sq ft.

.13 0.0148 7.34 3.14
1.39 .0160 0.00440 6.86 3.00
3.77 .0179 .00343 6.14 2.78
5,77 .0181 .00033 6.13 2.77
9.79 .0199 .00174 5.88 2.62

11.80 .0219 .00416 5.45 2.46
15.81 .0241 .00214 5.16 2.31
19.83 .02568 .00159 4,94 2.21
23.85 .0304 .00417 4.47 1.97
27.86 .0332 .00226 4.28 1.85
31.88 .0347 00117 4.08 1.80
35.89 .0391 .00328 3.96 1.65
37.90 .0411 .00265 3.88 1.59

*ON NI VOVN :
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TABLE VII TABLE VIII

TEST 13

|

TEST 12

Nozzle throat diam., 0,175 in.; tube dlam., 0.4375 in.;
inlet temperature, 87 F; inlet pressure 194.3 1b/sq in abs.}
flow per unit area in tube, 100.9 1b/sec sq ft.

k & ) Re x 1070 ¥
1

57 0.0191 7.03 2,91
4.05 .0239 0.00391 5.94 2.54
6.07 .0250 .00171 5.81 2.45
8.10 .0268 .00266 5.74 2.36
10.12 .0275 .00103 5.46 2.32
12.14 .0278 .00046 5.40 2.29
14.17 .0296 .00267 5.17 2.20
20.43 .0358 .00275 4.66 1.96
24.29 .0401 .00265 4.52 1.78
28.34 .0449 .00268 4.16 1.65
32.39 .0498 .002456 4.00 1.53
36. 44 .0571 .00288 3.80 1.38

TABLE IX

TEST 14

Nozzle throat diam., 0.186 in.; tube diam., 0.498 in.;
inlet temperature, 76.5 F; inlet pressure, 2108.0 1b/sq ft abs.;
flow per unit area in tube, 6.64 1lb/sec sq ft.

% %; A Re x 1070 M
13 0.0174 0.519 2.84
1.39 .0189 0.00510 .484 2.69
377 .0208 00340 442 2.52
570 <0211 .00043 441 2.51
7.78 .0226 .00313 .430 2.40
9.79 .0229 .00047 . 427 2.38
11.8 .0235 .00121 .419 2.34
15.8 .0245 .00098 . 406 2.28
19.8 .0259 .00129 . 394 2.19
23.9 .0293 . 00307 . 367 2:01
27.9 .0343 .00416 . 336 1.80
31.9 .0414 .00506 .309 1.57
35.9 .0508 .00516 . 286 1.34
37.9 .0582 .00555 «273 1.20

Nozzle throat diam., 0.107 in.; tube diam., 0.498 in.

Inlet temperature, 88.5 F; inlet pressure, 201.2 1b/sq in abs.;

Date:

8=-7

flow per unit area in tube, 30.1 1lb/sec sq ft.

L B= & »5
i i) A Re x 10 M
1.39 0.00378 3.64
3.7 .00421 0.00244 3.12 3.42
5.77 .00458 . 00264 2.84 3.29
7.78 .00490 .00209 2.70 318
9.79 .00499 .00063 2.69 3.10
11.8 .00548 .00315 2.47 2.94
15.8 .00638 .00289 2.26 2.66
19.8 .00728 .00274 2.02 2.44
23.9 .00815 . 00256 1.87 2.26
27.9 .00914 .00274 1.76 2.10
31,9 .01013 .00265 1.64 1.96
35.9 .01135 .00298 1.60 1.81
39.9 ,01307 .00378 1.47 1.63
43.9 .01495 .00387 1.37 1.46
47.9 .01745 .00342 1.30 1.51
50.0 .01939 .00419 1,24 1.20
Date: 9-2

Inlet temperature, 86 F; inlet pressure, 200.7 1b/sq in
flow per unit area in tube, 30.1 1b/sec¢ sq ft.

abs.
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NAOA TN No. 963 Fig. 1
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Figure 1.- Schematic diagram of test apparatus.
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Figure 2.- Entrance nozzle A
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Figure 3.- Entrance nozzle B




NACA TN No. 963 Fig. 4
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Dimensions for nozzle contour
d = 0.107-in.-diam. D = 0.495-in.-diam.

X ¥
inches inches

0 0.107
1831 0.427
1.855 0.431
1.887 0.436
1.914 0.440
1.943 0.444
1.977 0.448
2.033 0.453
2.062 0.457
2.107 0.461
2+158 0.465
Azl 0.470
Sle SO 0.474
Peol g 0.478
Aok 0.483
2.661 0.487
22878 0.491
3.036 0.493
33143 0.494
3.346 0.485

Entrance nozzle D is entrance nozzle C with the throat
bored out to a diameter of 0.186 inch.

Figure 4.~ Entrance nozzle C.
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Figure 5.- Entrance nozzle E.
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Figure 6.- Pressure distribution along the test
pipe for subsonic flow.
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Figure 7.- Friction coefficients for subsonic flow
compared with those for incompressible flow.
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NACA TN No. 963 Figs. 8,9
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Figure 8.- Friction coefficient against distancé along pipe
for subsonic flow.
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Figure 9.- Temperature and Mach number against distance along
pipe for subsonic flow.




NACA TN No. 963 Figs. 10,11

Figure 10.- Schlieren photograph of oblique shock fronts
formed at the entrance to a tube of rectangular
cross—section. Divergence ratio = 3.50, 6 = 30°, depth of
passage perpendicular to the plane of photograph = 0.400",
cross-sectional area of parallel passage = 0.280 square in.
Exposure time 1/10 second (photograph from reference 8).

TUBE' ENTRANCE

Figure 1ll.- Schlieren photograph of nozzle with the transition

length from the diverging passage to the parallel
passgage designed to avoid oblique shock fronts. Divergence
ratio = 3.50, depth of passage perpendicular to the plane of
photograph = 0.400", cross-sectional area of parallel passage
= 0.280 square in. Exposure time 1/10 second (photograph from
reference 8).
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NACA TN No. 963 Fig. 18
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Pressure ratio against distance along pipe using entrance
nozzles with different angles of divergence (6).
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NACA TN No. 963 Fig. 13
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Figure 13.- Ratio of the measured apparent friction coefficient
(A) to the friction coefficient for incompressible
flow (Ac) against angle of divergence (6). The friction coef-
ficient is the mean value of the apparent friction coefficient
for the interval of test section from L/D = 1.5¢ to L/D = 26.98.
The value of A, was computed from the von Karman-Nikuradse
relation between Reynolds number and friction coefficient.
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Figure 14.- Apparent friction coefficient
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the friction coefficient calculated from the
von Karman-Nikuradse relation between friction
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Figure 15.- Mean apparent friction coefficient against L/D.
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Figure 16. - Entrance Mach number against A%. P1 and P represent the pressure at the entrance

and exit, respectively, of the constant area section.
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