Results of Laminar Flow Analysis and Turbulent Flow Experiments

for Eccentric Annular Ducts

In a paper that recently appeared
in the Journal (1), an analysis of fully
developed laminar flow in eccentric
annuli was reported.* This same prob-
lem was independently and contem-
poraneously studied by the present au-
thors (5), and numerical results were
evaluated for a wider range of the gov-
erning parameters than in the afore-
mentioned paper. The purpose of this
note is to present an expanded set of
results for the laminar case and, in addi-
tion, to make comparisons with experi-
mental measurements for turbulent flow

in eccentric annular ducts (5).

The present analysis for laminar flow
in eccentric annuli is suﬁiciently similar

# Other analytical contributions are cited in

references 2, 3, and 4.
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to that of reference 1, so that the details
may be omitted here. Attention is im-
mediately directed to the results.

The circumferential distribution of
the local wall shear stress = is shown
in Figure 1. The figure consists of four
graphs corresponding, respectively, to
radius ratios r,/r. = 0.9, 0.75, 0.5, and
0.25. In turn, each graph has two parts.
The upper part gives shear results for
the inner bounding wall (subscript 1)
and the lower part gives corresponding
results for the outer bounding wall
(subscript 2).

The circumferential distributions of
7. and 7, are plotted as functions of
the angles 8; and 8. that are defined in
the inset of the graph. The quantity r is
the overall average wall shear stress,

the numerical values of which are
found from the friction factors that are
presented subsequently. The radius
parameters appearing on the ordinates
are suggested by the overall force bal-
ance

71 T Ty 1 (1
i+ 7. T ( )

1T

in which =, and 7, are the respective
averages of r:(6;) and 7.(6;). The data
points are for turbulent flow and will be
discussed later. The eccentricity ¢ is
e/(r-—r). Among the eccentricities
investigated, 0.01L and 0.99 were em-
ployed in lieu of 0 and 1.0 because the
transformation from cartesian to bipolar
coordinates is singular at the latter
points.
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Fig. 1. Circumferential distribution of the local wall shear stress.
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Abstract: The nonlinear aspects of the hydrodynamic stability of a horizontal
fluid layer subjected to heat and mass transfer are investigated theoretically.
Consideration is restricted to finite amplitude roll cell disturbances. A per-
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Abstract: A superposition technique is employed to obtain a first-order correction
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Abstract: The behavior of viscoelastic fluids in the inlet region of a channel
formed by two parallel flat plates has been analyzed with a Rivlin-Ericksen
approximation to describe the fluid properties. It is found that viscoelasticity
changes the entry length; both the magnitude and direction of this change are
predicted to depend upon the detailed fluid properties. These predictions of the
change in the entry length are qualitatively supported by available experimental
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Fig. 2. Friction factor results.

Inspection of the figure reveals that
on both walls the largest shear is at the
largest gap (=0 deg.) and the
smallest shear is at the smallest gap
(8 = 180 deg.). For the fully eccen-
tric annulus (¢ = 1), the shear is zero
at the point of contact of the walls, At
the smallest radius ratio, there is a con-
siderable segment of the outer wall on
which the shear is uniform.

Results for the overall friction factor
f are presented in Figure 2 as the prod-
uct f-Nx., wherein

(= % B (—dp/dz) (1:— 1)
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The lower part of the figure shows the
friction factor normalized by the corre-
sponding value for the concentric an-
nulus. When plotted in this way, the
effects of radius ratio are, in essence,
suppressed for 0.5 = n./r, = 1.0. The
effect of eccentricity is to decrease the
friction factor.

The upper part of the figure shows
un-normalized friction factors. It is ob-
served that at small eccentricities f- Nz,
increases with increasing r./r.. An op-
posite trend exists at large eccentri-
cities.

It is believed that the values of f-Nx.
computed in reference 1 (r/r.=5/6
and 1/2) are slightly in error at the
higher eccentricities. It is found that
slow series convergence and small in-
tegration step-size are characteristic at
large eccentricities. The present results
are believed acccurate to 0.1 %. For
r/r.==5/6 and ¢ = 0.8, the f N,
value from reference 1 exceeds that
computed here by 4%.

The experiments that provided the
data points of Figure 1 will now be
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briefly described (details are available
in reference 5). Air was the working
fluid. The test section consisted of a
4-in. diameter outer tube and a series
of three interchangeable inner tubes.
The resulting duct radius ratios were
r/r, = 0.28, 0.56, and 0.75. Any valne
of the eccentricity ¢ could be attained
by adjusting the position of the inner
tube. The test section was oriented
vertically to eliminate the possibility of
sag.

The velocity profiles were sensed by
a total pressure probe mounted on a
traversing mechanism which permitted
carefully controlled travel normal to
either tube at various angular positions.
After the velocity distribution had been
measured, constant velocity lines were
drawn on a layout of the duct cross
section. Then, zero shear lines (that is,
gradient lines) were constructed per-
pendicular to the constant velocity
lines. Once such a contour diagram had
been completed, the local wall shear
stress was found by making a force
balance on a control surface composed
of gradient lines and the wall. By this
technique, the wall shear stress distri-

bution was obtained for the aforemen-
tioned radius ratios and for several ec-
centricities. It was found that the nor-
malized wall shear stress distribution
was essentially independent of Reyn-
olds number in the range from 30,000
to 180,000.

The experimental data just de-
scribed are plotted in Figure 1. At the
higher radius ratios, the agreement be-
tween the laminar theory and the tur-
bulent data is remarkably gocd, for the
lowest radius ratio, r/r. = 0.25, the
agreement is not quite as good. How-
ever, the data themselves may contain
uncertainties owing to the possible
existence of a secondary flow in the
cross section. The departure between
the laminar and turbulent results at
smaller values of r./7. is consistent with
the findings of Brighton and Jones (6)
for the concentric annulus.

NOTATION
e¢ == distance between centers
f = f{riction factor

NRe =
p‘ =

Reynolds number
static pressure

—‘LL ==
z

average velocity
axial coordinate

f

Greek Letters

¢ = angular coordinate
g = dynamic viscosity
p = density

T = local wall shear

7 = average wall shear
¢ = eccentricity
Subscripts

1 = inner wall

2 = outer wall
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Nonequilibrium, Inverse Temperature Profile in Boiling
Liquid-Metal Two-Phase Flow

The results of recent experiments
with boiling two-phase flow of potas-
sium indicate the existence of an in-
verse temperature profile in the two-
phase fluid. This note presents some
of the results and a theoretical ex-
planation for this phenomenon.

EXPERIMENT

"Wall and fluid temperatures were
measured for vertical axial flow of potas-
sium vapor and liquid through a boiling
section. As shown in Figure 1, twelve
thermocouples were used to measure tem-
peratures at various radial positions in the
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boiler wall, and three immersion thermo-
couples located at the axis of the pipe
were used to measure the fluid tempera-
ture. The test section was installed in a
pumped loop which supplied potassium
vapor-liquid mixtures at controlled tem-
peratures, pressure, flow rates, and qual-
ities.

Figure 2 shows temperature data col-
lected for three sample boiling runs. Tem-
peratures measured in the wall and in the
fluid are plotted against the log of the
radial position. Runs B-12b and B-9b
represent the “normal” situation where
the I.D. wall temperature is higher than
the fluid temperature. Run B-11b repre-
sents the unexpected situation where the
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wall temperature is lower than the fluid
center line temperature. This inverse tem-
perature profile actually was found for a
majority of the runs in this particular
series of tests. The range of variables
covered in the test were: flow rate—0.9 to
4.9 gpm, potassium temperature—1,510°
to 1,650°F., boiling pressure—28 to 42
Ib./sq. in. abs., vapor quality—0.7 to
17.0%, and boiling heat flux~—10,200 to
81,700 B.tu./(hr) (sq. ft.) The meas-
ured difference between LD. wall tem-
perature and fluid core temperature (T
— T,) ranged from +4.2° to —9°F.
The runs with negative temperature
differences were first thought to be in
error, but repeated checks of the experi-
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