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HYDRAULIC DRAG DUE TO DIVISION OF A STREAM OF
FLUID INTO TWO PARALLEL CHANNELS WITH AN
ARBITRARY RATIO OF FLOW RATES

A, D. Rekin UDC. 532,542

An expression is derived for the hydraulic drag and results of calculations are compared with
experimental data,

The magnitude of the hydraulic drag at the inlet due to local separations of the stream during transfer of
a liquid (or gas) from one channel to another can in many cases be found in [1], As a rule, formulas recom-
mended on the basis of experimental data are valid when the total flow rate remains constant during transfer
from one channel to another, The theoretical solution obtained for straight channels of uniform cross-sectional
area [2] and confirmed by results of experiments is valid only under that condition. There are semiempirical
approximate relations available for determining the hydraulic losses which occur when a separate jet of fluid
flows out of a stream (or into a stream) through a lateral channel at a given rate, at a given angle, and across
a given area [1], These formulas are, however, not sufficiently accurate for the simpler limiting cases such as,
e.g2., 2 zero exit angle or a zero flow rate through the lateral channel,

Here will be presented a theoretical solution to the problem, in the one~dimensional formulation, for
determining the loss of total pressure due to entrance of a gtream into a straight channel of uniform cross
section from another one with a larger cross section, The smaller channel is completely inside the larger one
and it takes up some arbitrary fraction of the total fluid flowing through the larger one (Fig. 1). A fluid here
will include gases as well, but the effects of compressibility will be disregarded (Mach number Nyjg <« 1), The
hypothetical streamline along which the stream divides is indicated by dashes. The cross-sectional area of the
stream, the pressure, the velocity, and the density of the fluid in channel 1 under steady state conditions (sec-
tion 1-2) will be denoted as ¥y, py, uy, and p;, respectively, and the corresponding parameters in channel 2 as
Fy, Py, Uy, pg, respectively. In the segment of the initial stream in section 0—0 which subsequently enters
channel 1 we denote the corresponding parameters as Fy;, Py, Uy, Po1;inthe segment of the initial stream in this
same section 0 —0 which subsequently enters channel 2 we denote the corresponding parameters as Fyy, Pys Wye»
pgae The pressure, the velocity, and the density are assumed to be uniform within each thus defined segment of
the stream cross section, The thickness of the layer between dividing stream segments is assumed to be zero,

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol, 41, No, 5, pp. 842-847, November, 1981, Original
article submitted September 30, 1980,
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Fig. 1., Schematic diagram of the flow pattern: 0—0
and 1-2) reference sections; 3) wall of outer channel;
4) dividing wall; 5) dividing streamline; 6) zone of
stream separation from the wall,
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Fig. 2, Experimental model: 1) outer tube; 2) inner
tube; 3) static-pressure gauges; 4) initial velocity
profiles (a) and (b).

i.e., F1 + FZ = Fm + F02 = Fo.

The equations describing the conservation of flow rate and momentum in a straight channel of uniform
cross section will be written as [3]

PottosF oy = pitsFy, PosttoaFoa = Patials, 1)

Fo1 (o1 + Postt3,) + Foa (Poa + poattl,) = Fi (py -+ p?) + Fy(ps -+ pa1i2). (2)

Friction at the walls has been disregarded here. We furthermore let py; = pyg, 92 = Pot> and py = py, (heat transfer

and mixing of streams will be disregarded), The loss of total pressure at the entrance to channels 1 and 2 will
be sought in the form

- Postt? pqit?

Apl = po+ —2‘L“Pi——12‘l—“, {3)
Poats? [

Apf = P+ Py — 5 (4)

From expressions (1)-{4) one can find the loss of total pressure in one channel, if the loss of total pres-
sure in the other channel has already been determined on the basis of some particular considerations, When
the dividing streamline is deflected toward channel 1 (as shown in Fig. 1), then one can assume that approxi-
mately Ap,* = 0 and thus simulate the flow in channel 2 without separation from the wall, After a few algebraic
transformations, expressions (1)-(4) will then yield
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! H . ' Puti3;, 1 —F, ’ (5)

where F, = F,/F,, Foi = FyylF, « For Foy<F, this equation is ineffective.

When the dividing streamline is deflected in the direction opposite to that shown in Fig, 1, then expres-
sion (5) can be used for calculating Ap,* (on the assumption that Ap* = 0) with subscripts 1 and 2 interchanged,

In order to calculate Ap;* according to expression (5) in the case of uniformly distributed parameters
in the oncoming stream (py = pyy and uy = uoz), it is necessary to stipulate the relative area and gas flow rates
in the channel under consideration: F; and G; = Fy, (G, = 1 — Gy = Fy). When G, = 1, then expression (5) yields
the well-known theoretical solution [2]

1=1—F, (6)

The derivation of expression (5) has been based on a uniform distribution of gas velocity and density
within each of the separating streams, This condition does not, as a rule, prevail in practice, Usually some
sort of discontinuous change in these parameters occurs over the entire cross section of the not yet divided
stream, In order to make expressions useful for calculating the hydraulic drag which occurs due to division
of a stream with a beforehand known distribution of parameters over its cross section, it is necessary not only
to stipulate F1 and Gy but also to calculate the mean-over-the-area velocity heads in zones 01 and 02, The
magnitude of Fy; needed for this can, moreover, be found from the solution to the equation

pugFo = Gy, ‘ M

where pUy is the mean-over-the-area mass rate of gas flow in zone 01, referred to its mean over the entire
cross section of the injtial stream,

Experiments were performed for the purpose of verifyingrelation (5), primarily in application to streams
with a nonuniform velocity, The model in which the loss of pressure in an air stream was measured had been
constructed in the form of a tube with an inside diameter of 34 mm around a coaxial with its other tube with
an outside diameter of 28.2 mm and a wall thickness of 1.1 mm (Fig, 2). The spout of the inner tube was
mounted as shown on the diagram (a 4-mm-deep chamfer roundedatthetip). The distribution of static pres-
sure was measured along the outer wall of this annular channel formed by those two tubes with a sharp edge at
the entrance, The location of static-pressure gauges connected to a V-tube differential water manometer is
shown in Fig, 2. In the course of the experiment the rate of air flow Gy and the air flow rate G; through the
annular channel were also measured. Air was injected into this model at an ambient temperature of 290-295°K,

Three types of velocity profiles were set up in the initial stream (before division): one profile with the
maximum velocity at the channel axis (profile a in Fig,. 2), one profile with the maximum velocity near the
wall (profile b in Fig, 2), and one profile with an almost uniform velocity (and a thin boundary layer at the wall),
The first profile was produced by making the outer tube very long (1 m) beyond the inner tube, the other two
profiles were produced by placing a bundle of meshes inside the outer tube at a distance of 100 mm before the
inner tube, The velocity profiles were measured at a distance of 19 mm before the chamfer of the inner tube,
where they already did not significantly depend on the varying ratio of flow rates in the separate streams,

The results of static-pressure measurements along the channel with velocity profiles ¢ and b are shown
in Fig, 3a, b, respectively, with the change in pressure from that in the section of velocity profile measurement
plotted along the axis of ordinates, referred to the mean velocity head ¢; = G42/(2p,F,? in the steady stream in-
channel 1 (the results of experiments with a uniform velocity profile at the entrance, obtained on the basis of
results with profiles intermediate between profiles a4 and b, are not shown here). The relative air flow rate Gl
in the annular channel served as the parameter for the pressure distributions, The point x = 0 corresponds to
the beginning of the inner tube. Here the Reynolds number referred to the parameters of the initial stream in
the outer tube was constant for each Gy = 1 and equal to 8.8+ 104 and for Gy = 1 was equal to 4,2 -10% The ab-
solute error of Ap/q, determinations did not exceed the 0,03 limit,

For a better presentation of the experimental data, the static pressure in-the annular channel was cal-
culated on the basis of the one-dimensional formulation of the problem (dash lines in Fig. 3), The magnitude
of Fm needed for calculations according to expression (5) was found from the solution to Eq. (7) for the given
velocity profiles (¢ and b) and the known magnitude of Gi. The theoretical change in the static pressure due
to contraction (or expansion) of jet tubes from F to F; before their entrance to the annular channel is depicted
in Fig. 3 by a jump at x = 0, The hydraulic loss at the entrance calculated according to expression (5) (for the
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Fig. 3. Distribution of static pressure along the
wall of the outer tube, x (mm) (@ and b correspond-
ing to velocity profiles @ and b in Fig, 2, respec-
tively): 1) G;= 1.00; 2) 0,49; 3) 0,39; 4) 0,32; 5)
0.27; 6) 0.22; 7) approximation of experimental
data; 8) calculation,

cases where Fy; > F,) is also depicted in Fig, 3, by a jump at x = 10 mm, A continuous variation of static
pressure in this formulation of the problem can be determined only when the location of the dividing streamline
and the shape of the separation zone at the channel entrance are given,

The coefficient of friction between the air stream and the wall of the annular channel, corresponding to the
slope of the straight dash lines at x = 10 mm in Fig, 3, was experimentally determined from the drop of static
pressure between x = 20 mm and x = 100 mm in the same annular channel, The static pressure was found to
vary linearly over this distance, The friction coefficient was found to be ~0,03 and, interestingly, almost in-
dependent of the Reynolds number referred to the stream parameters in the annular channel,

The data in Fig, 3 indicate an agreement between the results of calculations and measurement on the basis
of the total change in static pressure in the stream upon entrance into the annular channel. A distinguishing
feature of the experimental data (in contrast with the theoretical data presented here) is the appearance of an
appreciable rarefaction along the x = 0-10-mm segment at high values of —G1. It is caused by a contraction of the
stream at the entrance to the annular channel due to its separation from the inner channel wall, Upon compar-
ing the hydraulic entrance loss in the channel with the loss on shock behind the stream separation zone, one can
estimate the maximum rarefaction on the basis of the Borda equation of a uniform stream,

Inthe case of isokinetic stream entrance to the annular channel, when the dividing streamline is a straight
one parallel to the wall, there should be no hydraulic entrance loss, The straight dash line approximating the
experimental data in the x = 10-40~-mm segment should then almost pass through the origin of coordinates (its
actual deviation from the origin of coordinates is due to an increase of friction at the chamfer of the inner tube),
in the case of isokinetic stream entrance, moreover, calculations yield an f‘m equal to 0,26 and 0,37 for velocity
profiles g and b, respectively, We will note that fl = 0,31 here, According to the experimental data, a2 perfect-
ly isokinetic entrance of air to the annular channel was not realized in these tests. However, through the inter-
polation of the experimental data obtained at other values of 51 close to isokinetic ones, one can find the values
of Gy for isokinetic entrance. These values of Gy were found to be close to the theoretical values 0,26 and 0.37,
respectively,

It has been assumed in the calculations, just as in the derivation of expression (5), that there is no hydraul-
ic loss at the channel entrance when Fy; < F;, It appears that when Fy differs appreciably from F; (Fy < Fy),
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the stream should separate from the wall of the outer tube opposite the chamfer of the inner tube and a hydraul-
ic loss should occur as a consequence, Experiments with Fy; up to 0.17 (G; = 0,13 and 0,19 for velocity
profiles ¢ and b, respectively) were performed for the purpose of detecting such a loss. However, no signif-
icant difference in pressure was found between measurements and calculations based on the assumption of zero
hydraulic entrance loss, This indicate that the loss of total pressure will be small when Fy; = 0,17 and F, =
0.31, even with separation of the stream occurring,

The experimental data pertaining to small values of (31 did not yield an adequate basis for pinpointing the
hydraulic loss (the measurements were very inaccurate), The measured increase of pressure in the annular
channel at G; = 0 was equal to 0.46 and 1.22 times the mean velocity head in the oncoming stream with profile
a and with profile b, respectively. No conclusions regarding separation of the stream can be drawn from these
figures, Only the existence of some relation can be deduced from the fact that these figures correspond ap-
proximately to the ratio of the mean velocity head in a boundary layer of thickness equal to the height of
the annular channel to the mean velocity head in the entire stream at section 0—0,

The measured pressure recovery in the inner tube at ét =1 was equal to the mean velocity head in the
oncoming stream, a further confirmation of a small loss of total pressure in the inner tube with Fyy < Ty,
This reading in the inner tube and the agreement between theoretical and experimental data pertaining to the
annular channel (Fig, 3) validate, to some extent, the earlier assumption that Ap,* = 0 in the derivation of the
engineering formula (5),

NOTATION

p, density; u, velocity; p, static pressure; F, area; x, distance from the chamfer of the inner tube in the
downstream direction; Ap, change of pressure along the channel from the pressure at the entrance section; q,
velocity head; ¢, drag coefficient; subscripts; 1, outer channel; 2, inner channel; and 0, entrance section,
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