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SUMMARY

Boiling Heat Transfer and Two-Phase Flow

Boiling Potassium Heat Transfer. The study of boiling with potassium

in forced flow upward through a circular channel was continued following
installation of a new boiler. This new section has six heated regions

(~1 ft long each with 0.839-in. outside diameter and 0.270-in. inside diam-
eter) separated by adiabatic zones 1.5 in. long in which the wall thickness
was reduced to 0.075 in.; the flux capability of this unit was of the order
of 100,000 Btu/hr-ft2. Attempts at fabricating a second high flux unit
(~500,000 Btu/hr°ft®) were unsuccessful, and this effort has been temporar-

ily discontinued.

Additional data were obtained for the critical flux and for two-phase
pressure drop with boiling. Two sets of runs terminated with "burnout” and
gave values for the critical flux of ~56,000 Btu/hr.ft® at a mass flow of
0.7 X 10° 1b/hr-ft? and ~82,000 Btu/hr-ft% at G = 1.0 X 10° 1lb/hr-ft?; the
exit qualiﬁies were 100% and 98%, respectively. These results continue to
agree well with predictions based on the Lowdermilk, ILanzo, and Siegel

water data.

The axial fluid temperature profile (based on pressure measurements
made at five stations along the tube assuming liquid-vapor thermal equili-
brium) showed a curvature consistent with the wall-temperature profile but
fell significantly above thé wall temperature values. While this discrep-
ancy may reflect a real phenomenon, it is possible that the source may, in
part, derive from a systemic error in pressure measurement or from an un-

certainty in the knowledge of vapor pressure for potassium.

Results for fluxes below the critical continue to suggest a lesser de-
pendence on AT than observed with water or with the earlier potassium data.
However, since these values are associlated with small temperature differ-
ences (3 to 10°F) and some uncertainty exists in the procedure whereby

these differences were obtained, this conclusion remains somewhat doubtful.

Pressure-drop data for two-phase flow of potassium with boiling were

observed to correlate well with the specific data of Shrock and Grossman
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for water using the Lockhart-Martinelli method of presentation. The simpler
- homogeneous model was found to predict pressure losses which were only one-

third of those measured.

A small natural-circulation loop was constructed to provide a facility
for quantitative measurement of the superheat required for bubble nucleation
with the alkali liquid metals. Three different surfaces (smooth as-received,
porous coating, and discrete holes) were included in the apparatus to pro-
vide for testing the influence of surface condition on the superheat. Data
on the magnitude of the surface-temperature oscillations were obtained at

heat fluxes between 16,000 and 37,000 Btu/hr-ft2 with the following results:

1. Smooth Surface — Typical wall-temperature oscillations with an

average amplitude of 140°F at a frequency of 0.25 cps were recorded at sat-
uration temperatures between 1450 and 1470°F; the corresponding superheats

were of the order of 210 to 240°F.

2. Porous Surface — Wall-temperature fluctuations were erratic dis-

playing occasional large temperature spikes (95 to 125°F) randomly dispersed
between periods of "quiet" operation with thermal oscillations of low mag-
nitude (2 to 3°F) and high frequency (~1.3 cps) and other periods with fluc-
tuations of intermediate magnitude (~20°F) and frequency (0.13 cps) for
saturation temperatures between 1420 and 1450°F. Superheats varied from
values of 140 to 180°F associated with the thermal spikes down to 60°F with
the intermediate fluctuations and 24 to 30°F with the low magnitude oscilla-

tions.

3. Discrete Holes — At a saturation temperature of 820°F, wall-

temperature oscillations of ~65°F total amplitude - (superheats of 140°F)

and a primary frequency of 0.02 cps were observed; superimposed on the
fundamental mode was a higher frequency fluctuation of 0.60 to 0.75 cps.

As the saturation temperature was increased, the fundamental oscillation
decreased in amplitude and increased in frequency, while the secondary
fluctuation remained essentially unchanged in both frequency and amplitude.
At temperatures above 1200 to 1250°F, only the high-frequency oscillation
was detected. Above 1350°F, these oscillations also disappeared; and
straight-line traces in both boiler and condenser were recorded. The super-

heats for the latter situation were of the order of 7 to 12°F.
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Measured superheats for the smooth surface ranged from ~7OO°F at
Tsat = 950°F to a low of ~270°F at 1480°F. Corresponding results with the
porous surface were more complex. For the bulk of the data over the same
temperature span as for the smooth surface, the superheat decreased from
somewhat more than 100°F to about4l2°F.' In the limited temperature span
between 1300 and 1L450°F, the superheat showed significant "scatter" which
could be related to the various fluctuation modes described above. Very
low superheats (from 80°F at 930°F to 9°F at 1540°F) were observed during
periods in which the wall temperature did not oscillate; it was speculated
that this condition corresponded to an annular flow with vaporization

rather than boiling. For the surface with discrete holes, the superheats

ranged from 83°F at 900°F to a low of 7 to 12°F at 1350°F.

Boiling in Multirod Geometries. Preliminary data have been obtained

on the critical flux as a function of fhe exit quality for boiling water
in parallel flow through a seven-rod cluster in which the rods were at a
1/16-in. separation. For a saturated inlet condition and mass flows of
2.7 to 3.2 x 10% lb/hr-ftz, the critical flux varied from ~1.28 x 10° Btu/
hr-£t? at an exit quality of 35.5% to about 1.13 x 10° Btu/hr-ftZ at

Xe = 41.0%. With all of the rods at the same heat flux, the critical flux

was achieved first on the central rod.

General Boiling Studies. The magnitude of the critical heat flux has

been analytically estimated and experimentally measured for the condition
of flow blockage at the inlet of a natural-circulation cooled channel
immersed in a liquid pool. Two correlations of the minimum critical flux
were developed. The first was based on an empirical fit of limited avail-
able data; and the second, on an adaptation to include the effect of heat
addition of Wallis' correlation for adiabatic flooding rates in unheated
vertical tubes. Experimental data obtained with tubes of ~0.10-to 0.25-in.
inside diameter and 6- to 48-in. heated length fell a factor 2.2 above the
minimum flux predicted by the latter correlation. For tubes of less than
0.10-in. inside diameter, the critical flux was below this correlation

apparently due to the influence of surface tension.
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Swirl-Flow Heat Transfer. An apparatus has been constructed for the .

study of boiling with net vapor generation within a tube containing a full-

length twisted tape. The test channel will be mounted vertically; and data -
will be obtained over a range of inlet flow rates, inlet subcoolings, and

tape-twist ratios. Axial-flow data will be obtained in the same apparatus

for comparison with the swirl-flow results. Burnout protection will be

provided by a set of subminiature solid-state light-sensitive switches

which become conducting when the effective local irradiance becomes suffi-

ciently high and activate a relay and circuit breaker. Preliminary tests

with these switches indicated a sharp increase in sensitivity at source

temperature of 1100 to 1200°F and no measurable effect of ambient temper-

ature over the range of anticipated operating conditions.

Subcooled swirl-flow bolling was studied for the situation of heat
generation within the tape and an adiabatic tube wall over a range of tape- -
twist ratios, inlet water temperatures, and heat fluxes. It was observed
that the critical heat flux for a twisted tape was not markedly greater ‘
than for a stfaight tape; a maximum enhancement of ~20% at a tape-twist

ratio of 7 to 10 was noted at the lowest inlet temperature.

Analysis of Flow Through Rod Clusters. The genefal problem of describ- -

ing the velocity distribution and the pressure-drop two-phase annular flow

in the complex rod-cluster geometry has been considered. As a preliminary,

the "simpler" case of single-phase annular flow was developed using separa-

tion of variables to reduce the original partial differential equation to

a pair of ordinary differential equations. An extended point-match tech- -
nique was thenemployedAﬁo meet the boundary conditions along the surface

of the peripheral rod in the unit flow channel. Other possible mathematical
techniques were also evaluated; the difficulties associated with these

alternate methods are discussed.

Flow Dynamics and Turbulence

Vortex Fluid Mechanics. The analysis of the effect of a uniform axial

maghetic field on stability of vortex motion was continued. An exact -
criterion, valid for magnetic stabilization both of nondissipative pure

vortex flow and of inviscid pure vortex flow with finite conductivity, was .
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derived. For these cases, it was found that the magnetic field for mar-
ginal stabilization increases linearly with the outer peripheral velocity
of the vortex and parabolically with the density of the fluid but decreases
with an increase in radius ratio (inner/outer) of the two concentric cylin-
ders confining the flow. Equations have also been formulated which, to-
gether with the associated boundary conditions, have enabled examination of
the more general case of hydromagnetic stability of vortex-like flow (in-
cluding‘pure vortex flow) with or without radial flow. The following

special cases have been considered in detail.

1. DNondissipative Vortex-Like Flow — The exact criterion for hydro-

magnetic stabilization is found to depend on the shape of the velocity
profile and results are presented in terms of the Alfvén modulus, the

radius ratio, and a shape factor for the profile.

2. Dissipative Pure-Vortex Flow — The critical Reynolds modulus has

been determined as a function of Hartmann modulus (the dimensionless mag-
netic field strength) and radius ratio. Small values of magnetic field are

found to result in destabilization, whereas large values are stabilizing.

3. Dissipative Vortex-Like Flow — Results are presented for the case

of zero radial flow as graphs of the critical Taylor modulus versus the
square of the Hartmann modulus for several values of the radius ratioc and
for the special case in which only the inner cylinder rotates. For this
case, the magnetic field is always stabilizing and the critical Taylor
modulus becomes proportional to the square of the Hartmann modulus at large
values of the latter. In addition, results are presented for the case .of
outward radial flow as graphs of the critical tangential Reynolds modulus
versus radial Reynolds modulus for several values of Hartmann modulus. It
is concluded that the effect of increasing radial flow is usually stabiliz-
ing and that, while both radial flow and magnetic field are stabilizing,
large values of radial flow decrease the effect of the field and vice versa.
Furthermore, at large values of radial Reynolds médulus, the critical tan-
gential Reynolds modulus becomes asymptotically proportional to radial

Reynolds modulus to the three-halves power, independent of the radius ratio.

The experimental investigation was extended to include a study of the

effect of injection geometry (slits versus round nozzles) on stability of



jet-driven vortex-like flow of an aqueous electrolytic conductor under the
influence of a uniform axial magnetic field. Two l.l-in.-diam by 6'1/2-in.
long vortex tubes were employed for these studies, and observation of dye
filaments injected into the boundary layer along the cylindrical wall was
the technique employed for determining effects of the magnetic field on
flow stability. It was observed that, for all geometries, the effect of
the field is the suppression of flow instabilities of an apparent oscilla-
tory nature which originate along the concave wall at low values of tan-
gential Reynolds modulus when there is no field. Results of flow visual-

ization studies based on analysis of still and motion pictures are described.

Quantitatively, the critical (or transition) value of tangential
Reynolds modulus was found to increase approximately linearly with the
square of the Hartmann modulus (for sufficiently large values of the
latter) in the case of flows generated by two or four slits and also in -
the case of round nozzles. The data for eight slits suggest a more rapid
increase in Reynolds modulus at high values of the Hartmann modulus. The
effect of injection geometry is further evidenced by the observation that
the critical Reynolds modulus increases with increasing numbers of injec-
tion slits, suggesting the effect of growth of the boundary layer between
slits. It was also observed that the influence of the field on the re-
covery of jet velocity as tangential velocity near the periphery is depen-
dent on the ratio of tangential to radial velocity, high values of the
latter resulting in relatively large increases in recovery when the flow

is magnetically stabilized.

The experimental results are discussed from the point of view of the
theory for dissipative, vortex-like flow, with and without radial flow,

and some preliminary comparisons are made.

Potential Vortex Flow Near a Stationary Disk. An analytical and ex-

perimental investigation has been initiated into the interaction of a
vortex flow and a stationary disk, as related to the end-wall by-pass flow
problem in vortex tubes. A two-dimensional, free-stream flow closely
approximating a pure vortex will be generated experimentally by passing
water radially inward through a rotating porous outer drum, with exhaust

through a much smaller porous inner tube concentric with the drum. The
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boundary layer on a stationary end wall confining the flow will be studied
over a wide range of free-stream tangential Reynolds modulus by means of a
number of flow visualization techniques presently being developed. A theo-
retical study of the boundary-layer flow is being made in which the usual
boundary-layer simplifications to the momentum equations will not be made,
and an analog computer may be used to obtain the tangential and radial

velocities simultaneously.

Boundary-Layer Transient Phenomena. Fabrication of the heated, stain-

less steel test section incorporating gunbarrel-type thermocouples for in-
stantaneous surface temperature measurement was completed to the point of
vacuum deposition of the thin film to form the hot junction. Difficulties
in the latter operation have been experienced, however. Techniques for
fabrication of reliable, long-lived hot-film surface probes are also under
investigation. One such probe was employed to measure the instantaneous
local heat-transfer coefficient inside a 2-in.-diam pipe in the range of
Reynolds modulus from 2500 to 157,000. The data show a definite laminar
behavior for Reynolds moduli below 2600, and a change to turbulent flow
for Reynolds moduli greater than ~15,000, with a transition region char-
acterized by intermittency of turbulence in between. Percentage fluctua-
tions in local heat-transfer coefficient (averaged over a small freguency
range) were correlated with frequency; and it was found that the largest
fluctuations (~8% of the mean coefficient when averaged) occur at the low
end of the frequency specturm (~2 cps). Analysis of the data was also
made in terms of the power spectral density using an analog computer, from
which it was observed that only at high values of the Reynolds modulus is
there a significant contribution to the turbulent thermal energy by high-
frequency fluctuations. Data have been recorded from which, it is hoped,
an analysis can be made of the degree of correlation between the fluctua-
tions in axial velocity near the wall and the fluctuations in the heat-

transfer coefficient.

Turbulent Transport Studies. An air flow facility was constructed

and operated to investigate the previously observed discrepancy between
literature values and the results of this study on the turbulence level

in water flows within a circular channel. New hot-wire probes with thinner
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and longer supports and very fine tungsten wires (1.2 to 1.6 x 10* in.
diameter) were developed for these air studies. Analysis of the data has

not yet been completed.

Thermophysical Properties

Alkali Ligquid Metals. Results on the surface tension of poctassium
agaihst helium obtained by the maximum bubble-pressure techniqﬁe have been
extended to temperatures near the boiling point. In the temperature span
between 70 and 710°C, the surface tension (in dynes/cm) can be represented
by the least-squares derived equation, o = 115.36 — 0.0646 t, with a mean-
square deviation of +0.72 dynes/cm. The data fall significantly higher
(about 20% on the average) than values found in earlier studies as reported
in the literature. Similar data obtained with lithium, o = 437.80 — 0.14k t
+ 2.4 in the temperature range 200 to 1000°C, agree more closely with lit-
erature values (~5%).

Data obtained on the density of potassium by varying the depth of
capillary immersion in the surface tension measurements were found to be
only 0.4% above published values. For lithium, the agreement was also

quite good showing a maximum deviation of 2%.

Experiments to measure the contact angle for potassium droplets
against various metals were continued. A condensed-vapor cloud in the
vicinity of the droplet has made clear photography difficult for temper-
atures above 400°C; however, some tentative results have been obtained
for an untreated, 32 prms finish, type 304 stainless steel surface.
Immediate spreading was observed when the droplet was placed on a surface
ﬁreheated,to 600°C. A second droplet contacting this same surface ~3 hr
later after the temperature had been reduced to 300°C showed a contact
angle of 10 deg. After cleaning the surface, a third droplet gave a con-
tact angle of 130 deg at 100°C. With increasing temparature, the angle
was reduced to 90 deg for a surfacs temperature of 150°C after 35 min

and to 15 deg at 250°C after 60 min.




STUDIES IN HEAT TRANSFER AND FLUID MECHANICS
PROGRESS REPORT FOR PERIOD OCT. 1, 1963 — JUNE 30, 1964

H. W. Hoffman J. J. Keyes, dJr.

I. INTRODUCTION

The studies described in the sections following reflect the progress
- made during this reporting period in the specific program on heat transfer
' and fluid mechanics supported at the Oak Ridge National Laboratory by the
Engineering Development Branch of the U. S. Atomic Energy Commission. It
is the purpose of these investigations to genérate some of the fundamental
data on heat transport and fluid flow needed in advancing both new and
existing reactor concepts. The primary emphasis continues to be on cer-
tain aspects of turbulence in both linear and vortexing flows and on two-

phase flow and boiling heat transfer with water and potassium.

This report is the second in the current series (see Bibliography);
the next report will cover the period through June 30, 1965, and, hope-
fully, will be available by September, 1965.



2. BOILING HEAT TRANSFER AND TWO-PHASE FLOW

2.1. Boiling-Potassium Heat Transfer

2.1.1. Forced-Convection System

A. I. Krakoviak H. W. Hoffmsn

Introduction

The study of boiling with potassium in forced flow upward through a
circular tube was resumed following installation of a medium-flux boiler
(100,000 Btu/hr-ft® maximum capability); additional critical heet flux
and two-phase pressure-drop data have been obtained. Fabrication of a
new high-flux boiler (gq/A ~ 500,000 Btu/hr.ftZ) continues to be beset by
difficulties. The design of this new test unit differed from the previous
boiler! in three aspects: (l) provision was made for the direct measure-
ment of the tube-wall temperature at three equally spaced, short, adia-
batic regions along the tube wall, (2) a pressure tap was added at the
midpoint of the boiler, and (3) Pt-Pt- 10% Rh thermocouples were substi-
tuted for the original Chromel-Alumel couples. The first such boiler
constructed was extensively demaged prior to installation; the unit was
dropped in shipping causing the mashing of several thermoéouples and the
tearing off of the central pressure tap leaving a hole in the tube wall.
Only the copper blocks were salvaged. Boroscopic examination of the
second boiler following the brazing operation revealed significant quan-
tities of braze alloy on the inner tube surface. Although the tube is
leak tight and the braze alloy is compatible with potassium, there re-
mains serious doubt as to whether the inside surface can be smoothed suf-
ficiently by mechanicel means to effect a usable heat-transfer surface.

Efforts to correct this situation will be continued.

1A. I. Krakoviak and H. W. Hoffman, Boiling-Potassium Heat Transfer:
Forced-Convection System, pp. 521, "Studies in Heat Transfer and Fluid
Mechanics, Progress Report for Period Jan. 1 - Sept. 30, 1963," USAEC
Report ORNL-TM-915, Oak Ridge National Iaboratory, October 1964.



Apparatus Modifications

In view of the above described difficulties in constructing a new
high-flux boiler, a test unit of lower flux capability has been installed
for interim operaticn. This boiler (termed medium fiux) was machined from
a T-ft length of l/2—in. double extra heavy IPS type 347 stainless steel
pipe (0.270 in. ID, 0.839 in. OD). As shown schematically in Fig. 2.1,
the beoller was divided into six 12-in.-long sections which were heated
radiantly by individual clamshell heaters of 1 1/4-in. inside diemeter.
These heated portions were separated by l.5-in. gaps in which the wall
was thinned from the criginal 0.285 in. tc.0.075 in. Pressure taps, lo-
cated in the final four gaprs and at the boiler exit, were provided with
cooling Jjackets; the pressures were measured with four Tayior devices and
with a 6-in. bronze Bourdon-tube gage (maintained at the calibration tem-
perature of 160°F). A pair of 0.008-in.-diam Pt-Pt 10% Rh thermocouples
were also welded to the tube wall in each of the interheater gaps; the
leads of these thermocouples were brought out along the pressure-
transmitting lines. Fiberfrax insulation in these regions created an

essentially adiabatic zone.

Tube-wall temperatures at the midpoint of each heated section were
obtained with Pt-Pt 10% Rh thermocouples placed in 0.035-in.-diam holes
drilled radially into the tube wall; the location of the bottoms of these
wells with respect to the inside tube surface are indicated in Fig. 2.2.
The 8-mil thermocouple wires were threaded through two-hole ceramic in-
sulators (0.031 in. OD) and individually resistance welded to the stain-
less steel at the bottom of the well. The leads were insulated with
quartz~cloth sleeving and brought out radially through the clamshell
heater halves. The inside surface. temperature was obtained by extrapo-
lation from the temperatures measured at the bottom of the thermocouple

wells.

Some error in the temperature measurement results from heat flow
along the thermocouple leads to the junction and from distortion of the
heat flow pattern in the tube wall by the drilled thermowells. If by
proper insulation the thermocouple leads at the radius of the outside

surface are maintained at the temperature of the outside stainless steel
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surface, these errors can be kept to less than 5% of the total tempera-
ture drop through the tube wall. (For a maximum heat flux of 100,000
Btu/hr-ft2 at the inside tube surface, the\total temperature drop through
the tube wall is about 100°F.) Care must be taken, however, to insure
that good welds exist between the thermocouple wires and the stainless
steel at the bottom of the thermowell and that the thermocouple leads

are not directly exposed to the heater. A slight eccentricity in the
boiler (inside diameter with respect to outside diameter) introduces an

additional error of about 3°F at the maximum heat flux.

Heat-Transfer Results

The data obtained thus far with the medium-flux boiler (designated
Series C) are given in Table 2.1. Typical axial temperature profiles
are shown in Figs. 2.3 (run C-7 at g/A = 56,600 Btu/hr-ft%) and 2.4 (run
C-12 at g/A = 80,600 Btu/hr-ft2). Wall temperatures measured in the
adiabatic interheater gaps are indicated by the solid circles; these tem-
peratures should correspond to the inside wall temperaturesAat these lo-
cations. Inside wall temperatures obtained by extrapolation from the
measurements in thermowells at the midpoint of each heated section (in-
dicated by crosses) are in reasonable agreement with the interheater-zone

values.

Provision was made in the medium-flux boiler for pressure measure-
ments at a number of positions along the boiler (see Fig. 2.1) for the
twofold purpose of obtaining better data on the two-phase pressure loss
and of establishing more clearly the fluid temperature profile in the
boiler. The absolute pressures measured at the five locations are given
in Table 2.1. The temperatures corresponding to these pressure values,
assuming liquid-vapor equilibrium, are also shown in Figs. 2.3 and 2.l
(open circles); the simplified equation of Lemmon et al.,Z

4332

log P = 4.185 = —— | (2.1)
T

®A. W. Lemmon, Jr., H. W. Deem, E. H. Hall, and J. F. Walling, The
Thermodynamic and Transport Properties of Potassium, "Proceedings of 1963
High-Temperature Liquid-Metal Heat Transfer Technology Conference," USAEC
Report ORNL-3605, Oak Ridge National Laboratory (in publication).

5



Table 2.1. Operating Variables and Results of Two-Phase Potassium Flow Studies

Heat
1075 x Heat Flux Balance,
Run No. Inlet Inlet Fluid Exit Fluid Exit Q/A Qerectri Boiler Pressure, psia
—_— Mass Flow, Temperature, Temperature, Quality, (aH Fluid;, _Qe gctrlc
Series C 1b/nr . £t2 °F °F Wt % Vapor Btu/hr-ft fluid PE-6  PE-5 PE-4  PE-3
: 2.236 1428.7 1358.3 11.50 17,235 0.8Y4 17.02  16.25 15.38 1k.l1
2 1.886 1492.9 1417.3 23.ho 32,828 0.97 23.20 22.45 21.15 19.k2
3 1.583 1465.8 1398.2 25.52 30,h27 1.0k 20.72 19.95 18.83 17.58
L 1.13% 1441.1 1382.4 34.82 30,559 1.03 18.%0 17.93 16.80 15.85
> 1-957 1559-6 1471.6 38.62 57,993 1.03 31.55 30.30 28.03 25.50
6 1.609 1543.0 1460.8 45.80 57,252 1.05 29.55 28.15 26.20 24.05
7 1.150 1514.6 1442.4 62.24 56,555 1.07 25.70 2495 23.15 21.49
8 0.9157 1k91.7 1424 .7 77.20 56,395 1.06 23.05 22.25 20.90 19.55
9 0.7688 - - 91.03 - * 22.35 21.k5 20.15 18.95
10% 0.6967 - - 100.00 - e - - - -
11 1.89% 1617.1 1529.7 55.34 81, Lk 1.06 ko.51 38.24 35.31  32.11
12 1.640 1596.7 1515.2 62.80 80,568 1.05 37-41  35.56 32.68 29.91
13 1.178 1573.4 1501.65 87.50 81,688 1.08 33.81  32.16 30.11 27.56
14 1.056 1563.6 1529.4 9.80 80,223 1.09 32.86 31.26 29.16 27.21
15+ 0.9918 = - 98.00 - P
* 2
Qiectric = 59,667 Btu/hr-£t2.
hadef 2
Qjectric = 59,632 Btu/hr -££2.
Ex o] 2
Q’electric = 87,990 Btu/hr-ft °

1;Burnout .
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was used in this calculation. In Eq. (2.1), P is given in atmospheres

for T in °K. In the temperature range 900 to 1100°K, this equation yields
pressures which are about 0.5% low in respect to the more complete equation
developed by Lemmon and his co—workers;2 the data plotted in Figs. 2.3 and
2.4 include this correction. The most obvious characteristic of these data
is that they fall significantly above the inside~tube-wall temperature
values though supposedly measuring the fluid saturation temperature. The
source of this discrepancy has not yet been clarified; it may reflect a
systematic error in the measurement of the absolute pressure. Note,
however, that the results clearly show curvature in the axial fluid tem-

perature profile,

Thermocouples in the thinned-wall section immediately preceding the
first heated zone lie at the end of an ~l-ft-long essentially adiabatic
region and, thus, probably provide a good measure of the inlet fluid tem-
perature. The inlet fluid temperatures indicated at the zero axial posi=-
tion also fall within this adiabatic zone. Shown in both Fig. 2.3 and
Fig. 2.4 is a linear interpolation of the fluid temperature as drawn pre-
viously with respect to the data obtained in the high- and low-flux

1 A more reasonable estimate is indicated by the curved lines

boilers.
(long dashes) passing through the initial wall-temperature value; these
curves have been drawn parallel to the fluid-temperature curves calculated
from the pressure data. The fluid temperatures deduced from the pressure
measurements would correspond to the upper estimated fluid-temperature
curve for run C-T7, if the pressures recorded were consistently high by
about 2 psi; similarly, for run C-12, an error of ~+3.5 psi is sufficient
to account for the discrepancy. In contrast, an error of 25 to 35°F in
the measurements with the Pt-Pt 10% Rh thermocouples does not seem 1likely,
even though an absolute calibration was not made; the thermocouples were

calibrated only with respect to each other.

The results for heat fluxes below the critical are given in Fig. 2.5;
ATsat is the mean-temperature difference between the wall-temperature
curve and the upper estimated fluid-temperature curve. The range of the
data obtained with the high-flux boiler is slso indicated in this figure,

and it is noted that the current results suggest a lesser dependence on
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AT than was observed with the earlier data. However, since many of the
values are associated with very small temperature differences (3 to 10°F)
and since an uncertainty exists in the procedure for obtaining these dif-
ferences, this conclusion may well be premature. Again, though there are
some anomolous values, decreasing AT at any given flux level seems to cor-

respond to increasing exit quality.

Two sets of runs terminated with "burnout”: C-5 through C-10 and C-11
through C-15; the critical values are given in Fig. 2.6 in comparison with
the results obtained with the previous boilers. Note that the agreement
with the Lowdermilk, Lanzo, and Siegel correlation® for water remains good.
For run C-10, the critical flux was ~56,250 Btu/hr-ft® (calculated from
Q jeotric USing the heat balance ratio) at 'a mass flow of ~0.7 x 10° 1b/
hr.ft2 with an exit quality of essentially 100%; for run C-15, ¢crit =
82,230 Btu/hr-ft2 at G ¥ 1.0 x 10° 1b/hr-ft® and X = 98%. During run C-15
(quality ~96%), temperature oscillations of 30°F total amplitude were
detected at the boiler exit.

Pressure-Drop Data

As discussed above, the axial pressure distribution was measured over
the downstream twd-thirds of the boiier. While there appears to be an ‘
error in the absolute values of the pressure, the differences recorded be-
tween pressure-tap locatidns should be valid. The results are pfesented
in Fig. 2.7 following the method of Lockhart and.Mar‘t'inelli4 which defines

a friction multiplier as the ratio of the total two-phase pressure drop,

(dP/dz)TPT, to the pressure.drop for the liquid phase only, (dP/qz)z, at
the same inlet liquid mass flow. This friction multiplier can be corre-
lated with the dimensionless parameter,4’5 Xtt’ where

3W. H. Lowdermilk, D. D. Lanzo, and B." L. Siegel, "Investigation of
Boiling Burnout and Flow Stability for Water Flowing in Tubes," Report
NACA-TN-4382, National Advisory Committee for Aeronautics, September 1958.

*R. W. Lockhart and R. C. Martinelli, "Prediction of Pressure Drop for
Isothermal Two-Phase, Two-Component Flow in Pipes,” Chem. Eng. Progr., 45:
39 (1949). '

SR. C. Martinelli and D. B. Nelson, "Prediction of Pressure Drop

During Forced-Circulation Boiling of Water,'" Trans. ASME, 70: 695—T702
(1948).
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1 0.9 Lo \0°1 o \0'5
X, = (—-1) (—E> (—V> . (2.2)
\X \“v ‘pz

In Eq. (2.2), x is the exit quality; p, the viscosity; p, the density, and
the subscripts, v and £, refer to vapor and liquid, respectively. The
fluid properties were evaluated at the fluid bulk (saturation) temperature.
The qualities at the exit of each l-ft—long section between pressure taps
ranged between 12% and 96% and were obtained by linear interpolation along
the test section between the inlet (zero) quality and the measured exit
quality. Over the pressure range of the current data (12.8 and 40.5 psia),
the density ratio in Eq. (2.2) varied nearly threefold.

The data are compared in Fig. 2.7 with the results of Schrock and
Grossman® for the boiling of water in upward flow through a small diameter
(0.125-in.) tube and with the earlier potassium datal in a 0.325-in. tube
in which end effects were included. It is noted that the present results
fall 10 to 20% below the mean for the Schrock and Grossman deta though

generally within their indicated scatter band.

As a matter of interest, the pressure-drop data of Table 2.1 have
been evaluated in terms of the simpler homogeneous model. Preliminary
results for the pressure drop across sectlons 6-5 and 3-2 for run C-12

are shown in Fig. 2.8.

2.1.2 Superheat Phenomena

A. I. Krakoviak

Data obtaired previously in a number of boiling potassium forced-
convection and natural-convection systems at ORNL have suggested the
existence of abnormally high superheats. A simple analysis for pre-
dicting the magnitude of the superheat required to initiate boiling with

the alkali'liquid metals’ verified the above conclusion and indicated the

®y. E. Schrock and L. M. Grossman, "Forced-Convection Boiling in
‘Tubes," Nucl. Sci. Eng., 12: L7481 (1962).

A, T, Krakoviak, Bolling-Potassium Heat Transfer: Superheat
Phenomena, pp. 21—26, "Studies in Heat Transfer and Fluid Mechanics,
Progress Report for Period Jan. 1 — Sept. 30, 1963," USAEC Report ORNL-
TM-915, Oak Ridge National Zabcratory, October 1964.
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need for further quantitative measurements. Accordingly, an experimental
program was undertaken to determine the liquid superheat with potassium
and to establish the effect of surface condition on the magnitude of the

superhegt.

Apparatus

A small (20-in. X 20-in.) natural-circulation loop was designed for
the purposes of this study. The system (shown schematically in Fig. 2.9)
was constructed of 1/2-in. sched-40, type 347 stainless steel pipe arranged
80 as to accommodate the three test regions A, B, and C in Fig. 2.9. The

structure of these test sections is given in Table 2.2. In operation, the

Table 2.2. Boiling Surface Characteristics

Region | Surface Treatment
A Porous surface coating
B Two opposed rows of four small diameter

holes spaced at 2-in. separation

C As received

fluid was boiled in section A, while region B remained unheated; the vapor
generated was condensed by cooling the tube wall at the top of leg B.
Alternately, surface B was examined by heating this region, while section A
remained unheated. Finally, by rotating the loop clockwise by 90 deg,

region C could be studied.

The surface B was formed by drilling holes through the pipe wall
which were then closed on the outside with weld metgl to form cavities of
the desired depth. X-ray examination of the completed section showed one
hole to be as in Fig. 2.10-b, three as in Fig. 2.10-c, and the remaining
four as in Fig. 2.10-d. These holes were arranged in two diametrically
opposed rows of four holes extending axially along the tube with the holes
in each roﬁ at 2~in. separation and with one row displaced in the axial

direction by 1 in. with respect to the other.

Tube wall temperatures were obtained with Chromel-Alumel thermocouples

(0.010-in. wire) resistance welded to the ocutside tube wall at the positions
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indicated in Fig. 2.9. The loop pressure was measured with a calibrated
bronze Bourdon tube gage (O to 30 psia range) which was maintained at the
calibration temperature of 160°F. 1In general, the saturation temperature,
as determined from the loop pressure, averaged 3°F above the value in-
dicated by the condenser thermocouples; the maximum deviation observed
was 10°F. Each test region was heated by a pair of electric resistance
(clamshell) heaters. The power input to the heaters, after correction
for external heat loss, was used to establish the heat flux and the tem-
perature drop through the boiler wall. The saturation temperature level

was controlled by adjusting the loop pressure.

Temperature Patterns

Initial data were obtained with a loop containing only an as-received
and a porous surface; the test region containing.discrete holes was in-
operative in that the holes were completely refilled with weld metal during
the back-welding operation so as to return it to an essentially as-received

condition.

Typical of the temperature oscillations recorded in the boiler and
condenser regions are those given for the surfaces C (labeled smooth) and
A (labeled treated) in Figs. 2.11 and 2.12, respectively. The heat flux
in these experiments ranged from 16,000 to 37,000 Btu/hr-fte.‘ The temper-
atures shown are the recorded outside tube wall temperatures; the calcu-

lated temperature drop through the wall was generally less than 13°F.

Figure 2.11 displays the temperature pattern observed with the smooth
surface. The superheat at nucleation was obtained as the temperature dif-
ference between the maxima in the boiler (heater) curve and the minima in
the condenser curve. (The saturation temperature was taken to be the value
indicated by the condenser curve.) Uncorrected superheats of 210 to 240°F
were determined for the specific data pictured. The tube wall temperature
fluctuated with an average amplitude of ~1L0°F at a frequency of 0.25 cps.
This pattern of wall temperature oscillations is very similar to that
which had been previously found during some periods of operation with the

low-flux boiler.?
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Contrasting with this behavior was the temperature pattern observed
with the treated surface; a continuous four-minute portion (not a composite)
of a temperature trace is given in Fig. 2.12. Three distinct conditions

were noted:

1. Temperature spikes of large magnitude (95 to 125°F) and irregular
cccurrence having a pattern and associated sound similar to those observed

with the smooth surface and a superheat level between 140 and 180°F.

2. Periods of "quiet" operation of various duration separating these
peaks for which the thermal cscillations were of low magnitude (2 to 3°F)
and relative high frequency (~1.3 cps) and the superheat was of the order
of 25 to 30°F.

3.  Some fluctuations of intermediate magnitude (~20°F) and frequency
(0.13 cps) with a superheat of 60°F.

A fourth mode, not shown in Fig. 2.12, was also seen in which the
tube wall temperature remained constant without fluctuations for times as
long as one minute. The saturation temperature associated with the data
of Fig. 2.12 was 1420 to 1U450°F.

Following accumulation of the above data, the faulty drilled surface
was removed from the loop and replaced by a section having the character-
istics described for surface B in Table 2.2 and Fig. 2.10. The original
smooth and treated surfaces were retained. The temperature patterns ob-

served with this surface are shown in Figs. 2.13 and 2.1k.

The first of these (Fig. 2.13) was obtained at a saturation pressure
of 0.18 psia corresponding to a saturation temperature of 820°F; the minima
in the condenser temperature curve (uncorrected for wall temperature drop)
indicate a saturation temperature of ~805°F. The total amplitude of the
wall temperature osciilation was of the order of 65°F with a primary fre-
quency of about 0.02 cps. éuperimposed on the fundamental mode was a
high-frequency fluctuation of 0.60 to 0.75 cps. The superheat associated
with these data was 1LO°F.

As the saturation pressure was increased, the fundamental oscillation
decreased in amplitude and increased in frequency, while the secondary

fluctuation remained essentially unchanged in both frequency and amplitude.
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At still higher temperatures (1200 to 1250°F), only the high-frequency
oscillation was detectable. Finally, at saturation temperatures in excess
of 1350°F, the high-frequency oscillationé also disappeared; and straight-
line traces in both boiler and condenser were recorded. Typical tempera-
ture profiles illustrating this are shown in Fig. 2.lh. In the upper
portion (Fig. 2.14-a), the saturation temperature was ~10T70°F with an
oscillation amplitude of ~12°F at a frequency of 0.12 cps; in the lower
portion (Fig. 2.1L4-b), the saturation temperature was ~1260°F, the oscil-
lation amplitude ~1°F, and the oscillation fréquency ~0.8 cps. It has
been estimated that the amplitude of the higthrequency temperature fluc-
tuation is reduced by a factor of three between the inside and outside
surfaces, whereas the low-frequency fluctuation is transmitted essentially

without attenuation.

Superheat Correlation

The results obtained with all three surfaces are summarized and com-
pared in Fig. 2.15; the liquid superheat (corrected to account for the
temperature drop through the tube wall) is plotted against the saturation
temperature at each operating condition. Comparison is also made with the

superheat calculated’ according to the equation,

2RT. 0
TW,i " Teat T y P r (2.3)
fg "2
where Tw 5 is the absolute surface temperature; Tsat’ the absolute tem-
2

perature of the fluid at the pressure, PE; o, the surface tension of the

liquid at the vapor-liquid interface; h the latent heat of vaporization

fg’
of the liquid; r, the bubble radius; and R, the gas constant. The cavity
(bubble) radius was introduced as an independent parameter to generate the

multiple curves shown.

The uppermost set of data in Fig. 2.15 (normal triangles) were ob-
tained with the smooth surface and show remarkably little scatter along
with good reproducibility. The measured superheat ranged from ~700°F at

Tsat = 950°F to a low of ~270°F at. 1480°F.

Corresponding results with the porous surface are more complex, while

showing a significant decrease in the superheat required for bubble
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initiation. Two sets of data were obtained with this surface: (1) in-
dicated by the squares, during the period of initial operation of the loop,
and (2) represented by the filled circles, at a time subsequent to the
opening of the loop and the installation of the new section with discrete,
drilled holes. The superheat for the bulk of the data, over essentially
the same temperature span as with the smooth surface, varied from somewhat
more than 100°F to about 12°F. Over most of the temperature range examined,
the data scatter, while greater than observed with the smooth surface, was
still not unreasonable. Most variation occurred in the limited region be-
tween 1300 and lh50°F;>and, while it is possible to relate these deviations
to the boiling modes discussed above in reference to the temperature trace
of Fig. 2.12, no consistent explanation for this anomalous behavior near
the atmospheric boiling point is immediately available. Thus, the upper-
most values in this band derive from the thermal spikes, the intermediate
data points correspond to the lower amplitude peaks, and the main body of
data, to the periods of low-amplitude fluctuation. The lowest superheat
levels relate to those times during which the wall temperature remained
constant. It is speculated that during these periods an annular flow, with
vaporization rather than boiling, existed. This condition was observed
over the full range of saturation temperatures and yielded "superheats"
from 80°F at 930°F to 9°F at 1540°F. At the highest flux levels (above
33,700 Btu/hr.ft ), the large amplitude thermal spikes were not present,
suggesting that the porous surface may become increasingly effective with

increasing heat flux:

The results for the test section having eight drilled holes are in-
dicated by the inverted triangles in Fig. 2.15. The measured superheats
fall consistently below those obtained with the porous surface, ranging
from 83°F at a saturation temperature of 900°F to as low as T°F at 1350°F.
Two features may be distinguished in these data: (1) an apparent separa-
tion into two sets with the lower values again possibly relating to an
annuler flow, and (2) a leveling-off in the superheat at saturation témper-
‘atures above 1250°F. This latter characteristic is unanticipated; and,
while this may merely indicate some limit in the sensitivity of the detec-
tion instrumentation, the fact that the two sets of data asymptote at dif-
ferent superheat values suggests that a more fundamental factor may be in-

volved.
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2.2. Boiling in Multirod Geometries

L. G. Alexander

Preliminary experiments with the previously described® seven-rod
water boller were completed; typical data for the critical heat flux as
a. function of the exit quality at a l/l6-in. rod separation are shown in
Tig. 2.16. With all of the rods at the same heat flux, "burnout" occurred
first on the central rod except possibly in the chug-flow regime. This
result is contrary to expectations based on experiments at high pressure.
However, many of the high-pressure experiments were conducted in test
channels having spacers in or near the heated elements; in the present

apparatus there are no spacers in the flow region.

The data appear to be reproducible during any one day of operation,
but there was a gradual shift of the critical heat flux to higher values
over a period of several days; this waé attributed to the presence of a
scale of unestablished origin which deposited on the heating surfaces.
Demineralized water was used in these experiments; and the circulating
stream was in contact only with the materials of construction of the
apparatus — glass, stainless steel, Teflon, Inconel, and brass plus small
amounts of silver and soft soiders. The heated bundles consisted of
Firerods sheathed in Inconel for the test cluster and of stainless steel
clad Calrods for the preheater. In the course of these experiments, one
of the preheater rods ruptured discharging magnesium oxide into the system;

the surface contamination on the test rods may derive from this source.

The preheater 1s being rebuilt using Firerods both to increase the re-
liability of the apparatus and to extend the range of the variables being
studied. At present, an exit quality of 50% is possible only at mass flows
less tkan 20,000 lb/hr-ftzg while at G = 50,000 lb/hr-ftz, the exit quality
is limited to about 30%, barely in the burnout range. Increasing the pre-
heater capacity to 30 kw will enable mass flows to range up to 100,000 lb/
hr.ft? at 30% quality. It will also be possible to examine the effect of

inlet quality on the critical flux.

8J. L. Wantland, Water Boiling in a Multirod Geometry, pp. 27-30,
"Studies in Heat Transfer and Fluid Mechanics, Progress Report for Period
Jan. 1 — Sept. 30, 1963," USAEC Report ORNL~TM-915, Oak Ridge National
ILaboratory, October 1964,
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The design of a thin-walled tube to replace the central Firerod is
in progress. This tube will be heated by passing a low-voltage, high-
amperage current through the wall of the tube (6 to 10 mils thick). The
temperature distribution over the entire inside surface of the tube will
be mapped. The frequency and magnitude of the temperature fluctuations
will be determined as the heat flux is brought up to the critical level.
These experiments will show where burnout is initiated ia such clusters
(i.e., facing an adjacent tube, or facing the gap between two adjacent
tubes) and perhaps also shed some light on the nature of the instabilities
that lead to burnout.

2.3. General Boiling Studies

W. R. Gambill

2.3.1. Critical Heat Flux for Natural Convection
of Water in Blocked Vertical Channels

The problem of estimating the maximum allowable heat-generation rate
in a vertically oriented, natural-circulation cooled reactor core with one
of more flow channels inadvertently blocked at the base has sometimes
arisen during hazards analyses. Very few experimental data pertinent to
this poor heat-transfer situation are available, and no predictive tech-

niques have been proposed.

To remedy this situation, two correlations of the minimum critical
heat flux have been developed utilizing information available in the 1lit-
erature. The first is an empirical fit of the available data (nine tests
conducted by WAPD® and MIT'°), according to which the critical flux (Btu/
hr-ft2) is given as:

D2 P1/6
(¢ ) = 2.00 x 108 —— | (2.4)

¢’/min. 0.8

Ly

®M. Troy, "Zero Net Flow Burnout Tests at 2000 Psia," USAEC Report
WAPD-TH-251, Westinghouse Electric Corp., Atomic Power Division, Pittsburgh,
Penna., 1596; also USAEC Report WAPD-TH-304, 1957.

1%p. Griffith, W. A. Schumann, and A. D. Neustal, "Flooding and Burn-
Out in Closed-End Vertical Tubes,” Paper No. 5, Symposium on Two-Phase Fluid
Flow, Institution of Mechanical Engineers, London, Feb. 7, 1962.
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where D_ is the equivalent diameter of the channel (in.);,Lh, the heated
length of the channel (in.); and P, the pressure level (psia). The second
correlation is an adaptation of Wallis! correlation!! of adiabatic flooding
rates for unheated vertical tubes to include heat addition; this results in
the dimensionless expréSsidn:

) |
% = (2.5)

- 2

3/2 1/2 N
A D" (o, & o) 8

where A is the latent heat of vaporization; P, s the vapor density; Ap, the
liquid-vapor density difference; and g, the local acceleration of gravity.
Because of its greater generality, Eq. (2.5) was tentatively recommended

for the prediction of critical heat fluxes for this case.

Subsequent to the statement of Egs. (2.4) and (2.5), an experimental
program of limited exﬁent was initiated as a check on the validity of these
predictions. Data were obtained with tubes of 0.087- to 0.246-in. inside
diameter and 6 to 48 in. heated length operated in a liquid pool at atmo-
spheric pressure. The new data, for tubes with an inside diameter greater
than 0.1 in., and the older WAPD and MIT data are plotted in accord with
Eq. (2.5) in Fig. 2.17. The minimum line above which the new tests fall
yields values of ¢c larger by a factor of 2.2 than does Eq. (2.5). The
critical fluxes for tubes with an inside diameter less than 0.1 in. fall
“below Eq. (2.5), apparently because of the influence of surface tension;

further tests are being conducted with the smallest test sections.

" The subcooling of the ligquid pool above the heated channels was also
varied in these tests, and the vertical dispersion of points at a given
value of the abscissa in Fig. 2.17 reflects the influence of the subcooling

on the critical flux.

11G, B. Wallis, "The Transition from Flooding to Cocurrent Annular
Flow in a Vertical Pipe," British Atomic Energy Authority Report AEEW- R
1h2, 1962.
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2.4. Swirl-Flow Heat Transfer

W. R. Gambill

2.4.1. swirl-Flow Forced-Convection Bulk-Boiling Burnout

12

The heat-transfer and pressure-drop characteristics of water and

ethylene giycoll® in subcooled boiling within a circular tube containing a
full-length twisted tape to generate a swirl motion have been intensively
studied over the past few years. This current study is intended to extend
these investigations to the region of net boiling; initial emphasis is on

the definition of burnout limits.

The experimental system, shown schematically in Fig. 2.18, is of

open-circuit design in the sense that the test fluid (demineralized water)

is pumped from a large storage vessel and, after passing through the boiler
section, the separated liquid and condensed vapor streams are returned to
this same vessel at a point above the free liguid surface. The liquid
leaving the pump passes through a preheater into the test section; a large
pressure drop, taken across a valve immediately upstream of the test
boiler, serves to stabilize the flow. The water-steam mixture leaving

the test section is separated in a steam separator; and the individual
streams, the vapor after condensation, are returned by gravity feed through
a cooler to the storage tank. The flow in all fluid streams is monitored
by turbine-type meters and/or rotameters. A photograph of a front view of

the system is shown as Fig. 2.19.

It is currently planned to investigate vertical upflow for exit pres-
sures to 45 psia with inlet liquid velocities ranging from 1 to 6 ft/sec,
inlet subcoolings from O to 30°F, and tape twist ratios from 2.5 to 8 in-
side diameters per 180-deg twist. Axial-flow critical-flux data will also

be obtained using tubes without inserts so as to provide comparison with

12y. R. Gambill, R. D. Bundy, and R. W. Wansbrough, "Heat Transfer,
Burnout and Pressure Drop for Water in Swirl Flow Thrdugh Tubes with In-
ternal Tw1sted Tapes," Chemical Engineering Progress Symposium Series,
57(32): 127-137 (1961); see also USAEC Report ORNL-2911, Oak Ridge National
Laboratory, 1960.

%Y. R. Gambill and R. D. Bundy, "High-Flux Heat-Transfer Character-
istics of Pure Ethylene Glycol in Axial and Swirl Flow," A.I.Ch.E. Journal,
9(1): 5559 (1963); see also USAEC Report ORNL-TM-915, pp. 35—%40, Oak Ridge
National Laboratory, October 1964.
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the swirl flow data.

The heat-flux capability of the system with 18-in.-long A-nickel
tubular test sections is ~2.5 x 108 Btu/hr.ft2. In the tubes fitted with
twisted tapes, 98.8% of the total heat generation will take place in the
tube wall. At ¢ = 10° Btu/hr-ft2, the temperature difference across the
tube wall is ~85°F; and the adiabatic rise rate of the tube-wall tempera-
ture, ~8hO°F/éec. The turbine-type flowmeters have a calibrated reproduc-
ibility of il/?% meximum deviation. A complete series of energy balances
converged within 5.6%. At pressures of 30 to 50 psia and qualities of
50 to 90 wt %, the critical flow limit is estimated to correspond to a
mass velocity of ~200 lb/éec-ft2 (inlet liquid velocity of 3.3 fps).
Dry-tube, zero-flow heat-loss tests gave a maximum heat loss, at a mean

external wall temperature of 300°C, of 93 watts.

An external view of the first test section during an early stage of
assembly is shown in Fig. 2.20; pressure taps may be seen at the entrance,
at 3/% the heated length, and at the exit. Fig. 2.21 shows the same test
section after the installation of thermocouples, a current transformer,
thermal insulation, and a shroud tube concentric with the test section.

On the interior surface of the nonconducting Iavite shroud tube are mounted
32 subminiature solid-state light-activated switches which will act as the
sensing elements of the burnout protection system. These switches, which
are of the silicon PNPN type, are normally open, but switch into conduction
in ~2-psec when the effective local irradiance rises to ~3 mw/bm2. The
switches are wired in parallel, and the closing of any one activates a
relay and circuit breaker to interrupt the test-section heating current.

At the same time, an external light indicates which of the swiﬁches has

been activated. The total response time for the entire circuit is ~80 msec.

Two variations of the light-activated switch are pictured in Fig. 2.22;
at the top is the new GE L9 unit and below is the GE subminiature LT type
(now superseded by the L9 but being used in the subject system). A brief
study was made of the sensitivity of each type of switch by experimentally
determining the variation of cut-on distance (xc) with source temperature
(ts). The tests were conducted by traversing a switch mounted on a rack-

and-pinion train which was free to move normal to an electrically heated
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Nichrome strip mounted at the base of a Mycalex (synthetic mica) chimney.
The results shown in Fig. 2.23 are typical of those obtained. The sensi-
tivity sharply increases when source temperatures of 1100 to 1200°F are
reached. Further tests were made to determine the influence of ambient
temperature on switch performance; and it was found that under the antic-

ipated operating conditions, no effect was measurable.

2.4.2. Subcooled Swirl-Flow Boiling and Burnout with Heated
Twisted Tapes and Zero Wall Flux

Twenty-one series of swirl-flow tests were conducted in which all of
the heat was generated in twisted-tape swirl generators. This is in con-

12,13 4p which

trast toc past ORNL swirl-flow tests with twisted tapes,
~9% of the heat was generated in the metallic tube wall. 1In the current
study,l4 water from a constant-head tank flowed by gravity at 5 to 8 fps
through a vertical 0.27-in.-ID glass tube'~l3 in. long in which was lo-
cated a resistance-heated, 16-mil-thick A-nickel tape. A schematic of
the experimental system is shown in Fig. 2.24; and a view of a typical

test section (unheated, water flowing) is shown as Fig. 2.25.

Tape twist ratios were varied from 2.7 to « inside tube diameters per
180-deg twist, inlet water temperatures from 63 to 173°F, and heat fluxes
from 0.21 X 10% to 1.20 x 10°® Btu/hr-ft2. The water head above the top of
the tube was held at 30.7 in. | |

In Fig._2.26, “he mean tape-surface temperature is plotted versus the
impressed heat flux with tape-twist ratio, y, as.a parameter for an inlet
water teﬁperature of 6L°F. EBach boiling curve shown terminateslat the
burnout point. Similar results were obtained for the other inlet water

temperatures. The burnout data alone are summarized in Table 2,3.

In Fig. 2.27, the ratio of the twisted-tape wall superheat at burnout
to the average straight-tape critical wall superheat is plotted versus the

tape-~twist ratic for each inlet water temperature. The critical superheat

1%/, R. Gembill, "Subcooled Swirl-Flow Beciling and Burnout with Elec-
trically Heated Twisted Tapes and Zero Wall Flux," USAEC Repcrt ORNL-TM-89%4,
Oak Ridge National Laboratory, June 11, 196%k.
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Table 2.3. Heated-Tape Critical-Flux Data

b e

Al

° c
a tbl’ Altsu.b’ F (Va)bo’ (Amsat)bo,mn’ ¢bo’ )
Test No. y °F exit bo site fps °F 10% Btu/hr.f£t?
1-12 o 6h.h £ 1.4 L41.0 47.0 6.4 61.6 0.942
5 ) Ly4.3 4y.3 6.8 63.6 1.041
2-9 21.4 25.1 44.0 5.7 50.9 0.967
412 12.0 60.9 63.0 6.7 51.8 1.20k
3-11 7.2 67.4 67.4 6.7 73.9 1.200
6~10 4.9 39.1 39.1 5.6 69.8 1.028
5~10 3.0 46.8 48.3 5.6 82.6 1.058
86 ) 121.0 + 3.6 51.3 51.3 7.8 63.0 0.661
19-7 o 17.0 17.0 7.5 35.6 0.708
11-5 11.2 4L6.5 50.2 7.1 50.0 0.700
12-6 7.0 ho.1 4L6.6 7.4 51.1 0.730
13-4 L.7 39.5 39.5 7.2 59.6 . 0.735
14—3 2.7 v 31.0 31.0 6.2 76.2 0.677
15-9 S 170.4 + 1.0 17.1 28.9 7.5 53.h4 0.352
204 o ' 18.8 29.4 7.7 32.0 0.328
17-5 9.7 16.0 24.3 7.6 40.7 0.347
21-5 6.3 13.3 13.3 7.3 35.5 0.35k4
18-4 2.9 , 6.3 23.0 b7 62.1 0.315
16-2 2.7 v 0.91 Wt % Quality 3 3d 72.2 0.320

a'Ta.pe twist ratio, units of inside tube diameters per 180-deg twist.

Mean t_ . at exit = 210.8°F (+0.35°F).

at
cThree auxiliary adiabatic tests gave a flow rate through the empty tube 1.30 times that through the
tube with a flat tape (y = =).

dLowest velocity measured in. any test; flow rate decreased significantly just before burnout.

®The heat-balance convergence was usually within 124 (164 maximum).
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increases continuously with decrease of the numerical tape-twist ratio,

and the increment is smallest at the lowest inlet temperature. Similarly,
in Fig. 2.28, the ratio of the twisted-tape burnout heat flux to the
average straight-tape burnout flux is shown as a function of the tape-twist
ratio for each inlet water temperature. With the subject geometry, the
swirl does not appear to have a marked influence on the burnout flux. The
maximum enhancement of the ¢b (~20%), which occurs at y = 7 to 10, is
largest at the lowest inlet temperature. Comparisons were made between
the experimental burnout data and the representative burnout correlations
of Gunther® and of Ivashkevich,'® which gave average deviations of 31.3%

and 28.0%, respectively.

t was originally felt that a considerable decrease in the critical
heat flux might result from heating the surface toward which vapor bubbles
are transported by the acceleration field produced by the curvilinear flow
pattern, and it is postulated that such decrements were not observed with
swirl flow because of the secondary circulation of the main flow itself
in the plane normal to the tube wall (as measured for single-phase water
flow by Smithberg and Landis'”). 1In the entrance region where swirl flow
is established, a probable further factor in vapor removal is inertial
impingement of the liquid onto the tape surface, which is inclined to the

axial flow direction when the tape is twisted.

On a basis of constant heat loss, it is concluded that with the
heated-tape configuration little orAno burnout penalty is associated with
sw1rl flow for y =3 and that the burnout heat flux for heated twisted
tapes can be approximated by flat- surface predictions. The results also
indicate that a considerable increase in the burnout power density of

tubular-core reactors can be realized by the use of internal swirl flow

15F. ¢c. Gunther, "Photographic. Study of Surface-Boiling Heat Transfer
to Water with Forced Convection," Trans. Am. Soc. Mech. Engrs., 73: 115-123
(February 1951). .

185, A. Ivashkevich, "Critical Heat Flows in the Forced Flow of Liquids
in Channels," Soviet J. of Atomic Energy, 8(1): Li-u47 (1961).

17E. Smithberg and F. Landis, "Friction and Forced Convection Heat-
Transfer Characteristics in Tubes with Twisted Tape Swirl Generators,”
ASME J. Heat Transfer, 39-49 (February 1964). =
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with heat generation in the twisted tape (combined, perhaps, with external

axial-flow wall cooling).

2.5. Analysis of Parallel Flow in Rod Clusters

T. C. Min

As an aspect of the study into the heat-transfer and fluid-dynamic
characteristics of a rod cluster of limited extent contained within a cir-
cular channel and cooled by a boiling ligquid in longitudinal flow exterior
to the rod.surfaces,18 an analytic description of the velocity distribution
and pressure drop with annular flow in such a geometry is being attempted.
The annular flow regime was chosen not only for simplicity in mathematical
treatment, but also because there are strong indications that this flow
pattern occurs most frequently (particularly with the alkali liquid metals)
in the flow range of interest. Because of the difficulties involved in
such an analysis, a number of separate problems of increasing complexity
will be consecutively considered: (1) laminar, single-phase flow,

(2) annular flow with a laminar liquid film, (3) annular flow with a lam-
inar liquid film and heat transfer, (4) annular flow with a turbulent
liquid film, and finally (5) annular flow with a turbulent liquid film

and heat transfer. It is planned, in a later phase of this program, to
assess the validity of these predictioné by experimental studies which will
include the measurement of the pressure drop and the film thickness in an
isothermal system. The effects of heat addition will be considered in a

subsequent experiment.

The geometry to be considred reduces by reason of symmetry to the
cross-hatched segment shown in Fig. 2.29 for a cluster of seven rods con-
tained within a circular shroud or in Fig. 2.30 for nineteen rods in delta:
array in a circular channel (one of two common arrangements). The most
obvious feature in both of these figures is the complex shape of the flow

channel.

18H. D. Conway, "The Bending, Buckling, and Flexural Vibration of
Simply Supported Polygonal Plates by Point-Matching," J. Appl. Mech.,
288291 (June 1961).
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. The Navier-Stokes equations for an incompressible flow with constant

viscosity reduce to Poisson's equation for steady, laminar flow in a duct

. of constant cross section; thus,
du 1 du 1 d%u . Py =P =06,
_ + = — 4+ = — = c. =0 for{j 5 (2.6)
1 -
dp= p dp p° 2 sy b
2 2

where ¢c/2 is the angle subtended by a typical flow element; Ps5 the radius
of the central rod; and.po, the radius of the outer shell. The counstant,

c is given by

1?2

¢, = — — + — , (2.7)
dz 1

gt

in which dP/dz is the pressure gradient in the direction of flow; 7, the
density; u, the viscosity; g, the local acceleration due to gravity; and

8os. 8 conversion factor.

- The accompanying boundary conditions are:

-6 ¢
. u(pi, ¢) = 0 for — < <—=
2 2
-¢ ¢
u(po, ¢) = 0 for —£ < ¢ < =< 5
: 2 2

-¢
c
u <§i, —;— for p; <P <P, >

G2
N uip, —
X 2

u(ps: )

0<¢ < ¢t
0 for-{ s

?i < Ps < P

)

S

where

e
It

radial distance to the peripheral rod from the origin at the
center of the central rod,

angle between a tangent to the peripheral rod and ¢ = O.

L]
-
ct
I
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The geometric quantities involved in this analysis are indicated for the

seven-rod geometry in Fig. 2.29.
By means of the transformation,

" u(p, ¢)
u(p, d)) = - = W(p) ¢)‘C2 )

Eq. (2.6) can be simplified to the Laplace equation; thus,
1 0 , W 1 3w
R <; 3o > e 0
p % > Jp o®  %?

The boundary conditions in turn become,

- )
W(Oi; $) = 1 for — < ¢ < = ,
2 >
Wo, d) = t2ror 2 <y’
) = or —_— — R
o 2 - -

-¢c .
Wip, — for pi <p < po 5
: 2

=

,n<§‘\

o | e

N
n

-9, < <
Wog, ¢) = ¢ for{ d”"‘f <¢’° ,
Py Ps Po
P P
= 2 = =
where §O = and §s = .
Ol Oi

Fourier Method

(2.8)

(2.9)

(2.10)

(2711)

(2.12)

To solve Egs. (2.8) through (2.12), the technique of separation of

variables (Fourier's method) is applied to Eq. (2.8). Thus, it is assumed

that the dependent variable, W, can be expressed in the form:

W(p, ¢) = R(p) o(¢)

(2.13)
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Substituting Eq. (2.13) into Eq. (2.8), the partial differential equation

reduces to two ordinary differential equations:

2 . (2.1k)

]
I+
jaj

EREE

1 4% 1 . %R dR
(# —=

dp dp

*
In employing the Fourier method c¢f solving the Poisson equaticn with

a novel boundary such as for flow in a rod-cluster geometry, one is faced
with two judgments. The first is the choice of the eigenvalue +n® or -n2;
this requires anticipation of some of the properties of the final solution.
The other is the division of the flow field into regions and the selection
of boundary conditions in these regions in addition to the no-slip condition
on the solid surfaces; again, this requires defining the proper boundary
conditions and an anticipation of the properties of the final solution.

Inexperience in these choices can — and did — lead to catastrophes when

computer techniques are applied to the solution of Eq. (2.8) for flow in

complex channels.

It is recognized qualitatively that the velocity at a fixed angle ¢
will first increase when departing along an outward normal from the sur-
face of the central rod and then decrease as the outer shell is approached.
This behavior suggests that R(p) should be in the periodic form of sine
and cosine functions. The fact that the velocity at a fixed radial dis-
tance increases with angle ¢ as ¢ increases from zero implies that ®(¢) is
in the nonperiodic form of hyperbolic sine and cosine functions. This
also is in accord with the known property of two-dimensional Poisson or
Laplace equations that if R(p) is a trigonometric function then ¢(¢) is a
hyperbolic function, and vice versa. The above line of reasoning dictates

2

*¥%
the choice of -n® as the proper eigenvalue. From this, there results:

o(¢) = f(sinh n¢, cosh ng) and R(p) = g [sin(n frnp), cos (nénp)] .

¥ ,
Other possible methods which have been explored are discussed later
in this secticn.

*%

The choice of +n® should lead to the same solution, if properly ob-
tained, as that found with -n®; this aspect is discussed later in this
section. :
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An early choice of the boundary condition,

qu |

% 1o - g /2

was found to be incorrect in that symmetry in velocity with respect to the
radial plane, ¢ = ¢c/2, does not necessarily mean that the derivative is
zero in this plane. Symmetry in ®(¢) with respect to the radial plane

¢ = O remains; however, while u or ¢ are continuous at ¢ = ¢c/2, 3% /3¢ or
du/d exhibit a discontinuity. Further, investigation showed u(p, ¢c/2) =
u(p, -¢C/2) to be the appropriate boundary condition for symmetry at

¢ = ¢c/2. As a resulf, the problem to be solved is not as simple as that
originally formulated; in contrast, the solution is not as complicated as
that found earlier.

Having chosen the eigenvalue, -n2, the functions ® and R take the

following form:

® =A cosh ng + B sinh n¢d
n n n

}for n#o0 (2.15)

R =C_cosh (nép) + D, sin (n 2n p)

n n
and.
o, = A_ + By ¢
}for n=0 . _ (2.16)
R =C_+D énp
o o )

Applying the first two boundary conditions [Egs. (2.9) and (2.10)], there

results
C, cos (n&npi) + D, sin (n&npi) =0
» }for n#o (2.17)
C, cos (n&npo) + D, sin (n&npo) =0
and
1=C +0D tnop,
o o i
t2-c’ + 0 for n = 0 (2.18)
o o o 7 Po N ) )
B =0
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For a nontrivial solution, it is necessary that
cos(n tn pi) sin(n o po) — sin(n o pi) cos(n o po) =0 - (2.19)
or

sin(n o ;o) =0 ; (2.20)

i.e., that the eigenvalue be n = mk for m = 1, 2, 3 ...

where T
k =
n ;O
and.
6 -1
D = (2.21)
o on CO
(2 -1) tno
cé = 2 . (2.22)
on ¢
Thus,
C, = -D, tan (mk én pi) : (2.23)
and.
W(t, ¢) =1+ (;("; -1) + Z F cosh mk ¢ sin(mk 2 £); (2.24)
o go m=1

and the solution is obtained in dimensionless form as:

% u(C: d)) 2 @IZC 2
(6 0) - e {02 - ) (-0
( 1 i> on b
. 4 o0
+ Z F  cosh mk ¢ sin (mk&/zg)} (2.25)
m=1 |
-6, ¢
1<§<§0,——<¢<— m=1, 2, 3 ...
2 2
and ™ P p
k= —, Coz - ;: n = mk
%Co pl Py
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The coefficients, Fm’ can be determined by the extended point-match
method'®,1° applied to the last boundary condition [Eq. (2.12)). Thus,

. ot
ZF cosh mk ¢ sin(mkon € ) = (2 = 1) — (¢ - 1) for 0<¢_ <o, ,
m s s o) on s <
m=1 o}
(2.26)
where
I ps
k_:'——, CS::— m=l,2,3-o-
on §0 Py
tC-1= & +2acos 6,
d d
a=¢ (¢t —1) =—, € =—— = eccentricity ,
° P p_—p
i o) i
QS,= ,//o? +2Qcos 6 +1 ,
. sin 6
¢S =arc tan ——— for 0<6<T ,
a + cos 6

and .

d = distance between the centers of the central and

peripheral rods.

A crude estimate of Fm for a seven-rod cluster with §o = 5 and

e = 0.8 gives the result:

F. = -6.30558

1
F2 = -1.55819
F, = -0.13553
F, = -1.28565

F_ = -0.58302

Hence, the dimensionless velocity distribution for this arrangement is

approximated by the expression:

19H. D. Conway, "Triangular Plates Analyzed by Point-Matching,"
J. Appl. Mech., 755—756 (December 1962).
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on &
uw (¢, ¢) = (Ci -1) —— - (¢ -=1) —6.30558 cosh k ¢ sin(k rn §) +
on &

o

+

1.55819 cosh 2k ¢ sin(2k ¢n ) — 0.13553 cosh 3k ¢ sin(3k &n §) —
— 1.28565 cosh 4k ¢ sin(Lk ¢n ) — 0.54302 cosh S5k ¢ sin(Skon &) .

(2.27)

A computer program will be written to determine more precisely the

values of F,, F2, Fa’ ceey Fio Y point-match in the least-squares sense
at 37 points (every 5 deg) along the boundary of the peripheral rod for

the following configurations:

¢, € €
5 rod /2 - 4, 5 0.8, 0.9
7 rod m/3 §, 5 0.8, 0.9
9 rod /b 5 0.8, 0.9
13 rod T/2 7 0.9
19 rod m/3 7 0.9
25 rod /b 7 0.9

The velocity distribution will be calculated for these several configura-
tions to allow for later comparisons as to flow rates and pressure drops,"
friction factors, local and average shear stresses, and heat transfer in a
study of geometry optimization. The problem of forced-convection heat

transfer will be tackled.before.turning to the more difficult two-phase

annular flow problem.

Complex-Conjugate Method

The possibility of employing the complex-conjugate technique has been

exlored,=°

since it is known that this method renders a solution in a very
simple and elegant manner. Equation (2.6) [Poisson's equation] may be

neatly expressed in the complex-conjugate coordinate system as,

d%u Cl :
— = — atR (region) (2.28)
dz =z i -

201, V. Ahlfors, Complex Analysis, Chap. 5, pp. 175-208, McGraw-Hill
Book Company, New York, 1953.
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and
u=0 atC (boundary) . (2.29)

The solution of this Dirichlet problem is simply:

Q

u=— - [z2z-%() -g@] . (2.30)
L
The proof is-relatively simple but is omitted here, since the solution
satisfies the differential equation and hence is obviously correct. The
problem then becomes one of finding f(z) and g(z); this depends entirely
on whether the equation of the boundaries can be separated and expressed

in the form:

2z —f(z) —g(z) =0 . (2.31)

A Dirichlet problem with boundary geometries (channel configurations)
such as a triangle, half-moon, ellipse, or even a cardioid which is very

difficult to solve in a Cartesian coordinate formulation becomes strikingly
simple when the equation of the boundaries is written out. The equation

of the boundaries of a simply connected domain would be the product of the
boundaries. However, this does not apply for multiply connected domains.
Even in a simply connected region, if the boundaries involve two or more
segments of circular arc, this method fails due to the fact that the
equation of boundaries would be f(z z) instead of the more desirable form
of Eq. (2.31). Since the boundaries in our problem of a rod cluster within
a circular shell involve both the multiply connected domain and circular
arcs, the possibility of using the complex-conjugate approach does not
appear promising. However, this inquiry has helped greatly in understand-

ing the close comnection between the boundary and the solution.

Conformal-Mapping Method

Exploration of the method of conformal mapping indicated that only

simply connected domains can be mapped conformally on a circle in a one-

21

to-one manner. This method depends vitally on the knowledge of the

2lL. N. Tao, "Method of Conformal Mapping in Forced Convection Problems,"
Proceedings of the 1961-62 International. Heat Transfer Conference, pp. 598—
606, The American Society of Mechanical Engineers, New York, 1963.
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mapping function. Again, this approach is ruled out by the multiply con-

nected domain of this problem.

Green's-Function Method

It was found that the determination of the Green's function for a
particular system as complicated as the one being considered here poses a

more difficult problem than the original boundary-value problem.22

Alternate Eigenvalue Selection

If +n® is chosen as the eigenvalue in Eq. (2.14%) instead of -nZ, the

functions ¢ and R would be in the form:

@n(¢) = Aﬁ cos n ¢ + B, sin n )
for n # O (2.32)
R(p) =C_ p" +D_ p " : '
n n n
and
o =A +B o}
}for n=0 , (2.33)
R =C +D no
o o o

since on the boundary of the central rod and the outer shell the function

W requires:

1 (2.34)
¢2 (2.35)

o}

W (pi’ d’)
w](po) d’)

W is seen to be independent of ¢ on these surfaces. Hence,

C moy D e 0
o p. =
norooord }forn,l-o (2.36)
C pn + D p-n =0 -
n o n "o
and
1=C +D omop.
o) o] i
2 _ = . 2.
CO_CO+DO&ZDO for n 0 ( 37)
B =0
o

223. H. Crandall, Engineering Analysis, McGraw-Hill Book Co., New
York, p. 214, 1956.
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If n is an integer, then the nontrivial solution wn (for n-% 0) is

impossible.

On the other hand, there is a nontrivial solution of wn if we do not

impose the restriction that n be integral; i.e.,

2n
-n n _ n -n or ( ?2 _ 1
Po Py = Py Py =
Py
or
imm "~
n = 5 m=1, 2, 3 ...
on =2
Py

The negative values of m are omitted because they yield essentially the

same characteristic functions as the positive ones.
E. <p_>n_<p_i>n]
n a Py P/

= En[exp nent) —exp (\ntn )] ,

=3}
—
°
~

I

or

=}
[a]
—
(Ve 3}
pa—
|

where

C:

P
Py
When the value of n is replaced by m, there obtains:

Rm(g) = F_ sin mkent)

and
! .
®m(¢) = A cosh mk¢ + B sinh mk¢
where
™
k =
n Co

Thus, the solution is in the same form as that derived from the one in

2

which -n“ is chosen. The only difference is that by selecting the alter-

nate eigenvalue +nZ®, the solution first appears in terms of cos n$, sin n¢,
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pn, and p_n and must be converted to the form cosh mk¢, sinh mké,

sin (mk ¢n p), and cos (mk én p) through the definition of n = imm/tn Co.

In contrast, when -n® is selected, the solution in the form of cosh mk¢

and sin (mk &2 p) is more apparent.
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3. FLOW DYNAMICS AND TURBULENCE

3.1. Vortex Fluid Mechanics — Hydromagnetic Stabilization

T. S. Chang J. J. Keyes, Jr. W. K. Sartory

The analytical and experimental investigation into the dynamics of
vortex-like flows was continued,®3,?% with emphasis on the effect of a
uniform axial magnetic field on the stability of vortex motion of an

electrically conducting fluid.

3.1.1. Theoretical Studies

With regard to the analytical program, more general characteristic
solutions for hydromagnetic stabilization have been considered. For
example, equations for vortex-like flow with or without radial flow have
been derived and the asspciated boundary conditions established. Recent
analysesgs’g6 have shown that for an incompressible, conducting, inviscid
pure-vortex flow,* or nondissipative vortex-like flow,** exact criteria

for hydromagnetic stabilization may be deduced. Additional analyses27’28

2%H. W. Hoffman et al., "Fundamental Studies in Heat Transfer and
Fluid Mechanies, Status Report July 1, 1959 — February 29, 1960," USAEC
Report ORNL CF-60-10-6, Oak Ridge National Laboratory, October 1960

244, W. Hoffman and J. J. Keyes, Jr., "Studies in Heat Transfer and
Fluid Mechanics Progress Report for Period Jan. 1 — Sept. 30, 1963," USAEC
Report ORNL-TM-915, pp. 41~78, Oak Ridge National ILaboratory, October 196k.

257, s. Chang, "Hydromagnetic Stabilization of Nondissipative Vortex
Flow," Proceedings of the Second Southeastern Conference on Theoretical
and Applied Mechanics, Pergamon Press, New York (to be published in 1964).

26T, S. Chang, "Exact Criterion of Hydromagnetic Stability of Inviscid
Vortex Flow with Finite Conductivity," presented at the First Annual Meeting
and Technical Display of the American Institute of Aeronautics and Astro-
nautics, Washington, D. C., June 28 — July 2, 196k4.

277, S. Chang and W. K. Sartory, "Hydromagnetic Stability of Dissipative
Vortex Flow," submitted for publication in the Physics of Fluids (196k4).

28p, g. Chang and W. K. Sartory, "Hydromagnetic Stability of Vortex-Like
Flow," USAEC Report ORNL-3707, Oak Ridge National Laboratory (in preparatlon)

A two-dimensional, axisymmetric flow whose tangential velocity varies

as (radius)~t.
*%
Any axisymmetric flow satlsfylng the basic steady-state equations

[see Egs. (3.1) through (3.4)].
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pertaining to the stability of dissipative, pure-vortex flow, and vortex-

like flow have also been completed.
The following is a detailed description of the recent analytical work:

I. A Class of Statiomary Vortex-Like Solutions with Axial Symmetry

It was found that the basic equations of magnetohydrodynamics con-
tain a class of exact stationary solutions with axial symmetry. They are

listed as follows:

K,
QI‘ = T (31)
T
K, K, Ko/v + 1
Qe = — + r ’ (3 2)
T K /v +2
2
QZ = 0 ) (3°3)
Ko o+ K 2K, K K_/V
P = »p [Ks - = 24 + S r 2/ +
N 2r

K,/v (K,/v + 2)

+ 2 rE(KZ/V * l)] ’ (3.4)
2 (K2/v + 1) (K, /v + 2)2 / .

where Qr’ Qe, and QZ are the cylindrical components of the flow velocity,
P is the fluid pressure, K's are constants, v is the kinematic viscosity,
r is the radial coordinate, and z is the axial coordinate. This class of
two-dimensional solutions is independent of the finite conductivity of the

fluid medium and the externally applied uniform axial magnetic field.

IT. Perturbation Equations for the Study of the Stabilization

of Vortex-Like Flow

Neglecting the effect of axial flow, the perturbation equations
for the stability of vortex-like flow are found to reduce to a set of

coupled equations given in Eq. (3.5):
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F L 2 M N
(ia— +G>Fyl+2r32[-—+ xRer:Tl}y_
, N x2 N + 2 2
Ree,n Re_,1
g 4
- F = 0
T]2 2 Vs ’
Ag,n
N F p
2 Mx Rep,m y. + (; a - + G+’> Y, ~ y, = 0,
Ree,n AZ,m
. (3.5)
By, + (1 -'N. + G+> Yo = o,
Rem:T]
L M NRer,n NRe F
By +2 (f—— - X r:ﬂ) y. + (ga - + G > y, =0,
2 2 3 - 4
b4 N + 2 N
Re 2T ReeJT]
where
a2 1 4a 1
F = — + - — - — — p%
ax® X dx x?
k d 1
G+ = - (—— + —> 3
X dx X
where NRee n is the characteristic transverse (tangential) Reynolds
J

Rep,n is the characteristic radial Reynolds modulus, NRem;ﬂ

is the characteristic magnetic Reynolds modulus, NAﬂ N is the character-
2

modulus, N

istic Alfvén modulus, k is the ratio of the characteristic radial velocity
to the transverse velocity, & is the dimensionless frequency parameter,

p is the dimensionless wave number, y, y Yor Ygo and y, are the dimension-
less perturbation functions, x is the dimensionless radial coordinate,

I, and M are constants, n = ro/r2, r2 is the outer cylinder radius, and

T, is an arbitrary radius used in defining the dimensionless parameters.
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ITTI. Stabilization of Nondissipative Pure-Vortex Flow

It was found®>,2® that pure vortex flow of a perfectly conducting,
nondissipative medium enclosed within two concentric cylindrical walls
can be stabilized against the breakdown of laminar motion by means of an
axially applied magnetic field. The following conclusions were reached

during this phase of the analysis:

1. An exact criterion for magnetic stabilization may be obtained
for an inviscid, perfectly conducting, pure-vortex flow contained within
two nonpermeable walls. The criterion expressed in algebraic form is as

follows:
g, (e NAﬂ) Y, (2 NAﬂ/k) -J, (2 NM/K)_Yl (2 NAﬂ) =0 , (3.6)

where J1 and.Yl are Bessel functions of the first and second kind or order

of one, respectively; and,NA is the peripheral Alfvén modulus. Numerical

Y/
results are presented graphically in Figs. 3.1 through 3.3.

2. There exists a close agreement among the approximate results of

29-31

the earlier analyses and the exact criterion.

3. Such a pure vortex flow is intrinsically unstable without an
axially applied magnetic field. The paradox between this conclusion and
Rayleigh's criterion®? lies in the assumption of the nondissipative nature
of the fluid medium.

4. The magnetic field for marginal stabilization decreases with the

increase of the radius ratio (Fig. 3.1).

29T, S. Chang, "Magnetohydrodynamic Stability of Vortex Flow — a Non-
dissipative, Incompressible Analysis,'" USAEC Report ORNL-TM-402, Oak Ridge
National Iaboratory, October 23, 1962.

80E. P. Velikhov, "Stability of an Ideally Conducting Liquid Flowing
Between Cylinders Rotating in a Magnetic Field," J. Exptl. Theoret. Phys.

(USSR), 36: 1398-140k (1959).

813, Chandrasekhar, "The Stability of Nondissipative Couette Flow in
Hydromagnetics," Proc. Natl. Acad. Sci., L46: 253257 (1960).

321ord Rayliegh, "On the Dynamics of Revolving Fluids," Scientific
Papers, Cambridge, England, 6: 447-L463 (1920).
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5. The magnetic field for marginal stabilization increases linearly

with the outer peripheral velocity of the vortex (Fig. 3.2). -

6. The magnetic field for marginal stabilization increases parabol-

ically with the density of the fluid (Fig. 3.3).

IV. Exact Criterion of Hydromagnetic Stability of Tnviscid Vortex

Flow with Finite Conductivity

The purpose of this portion of the investigation was to consider the
possible effects of the finite conductivity of the working medium on the
criterion of magnetic stabilization. The following conclusions were reached

during this phase of the analysis:Z®®

1. It is possible to stabilize the motion of an inviscid pure vortex
motion with finite conductivity by means of an axially applied uniform

magnetic field.

2. The criterion for magnetic stabilization may be expressed in terms

of a simple algebraic expression identical to that for nondissipative flow

[Eq. (3.6)].

3. The éxact criterion for magnetic stabilization is determined by

the marginal value of the reciprocal of the peripheral Alfvén modulus.

4. The marginal magnitude of the applied magnetic field is related
to the radius ratio, the density of the fluid, and the peripheral speed of

the vortex. .

5. The criterion for magnetic stabilization is related indirectly to
the finite conductivity of the fluid medium. It is derived by assuming
that the marginal state of stability is due to a secondary fiow and that

the finite conductivity of the medium is not negligibly small.

V. Exact Criterion of Hydromagnetic Stabilization of Nondissipative

Vortex-Like Flow

\

An exact solution®® considering the stabilization of nondissipative,
perfectly conducting, vortex-like flow by means of an axially applied mag-
netic field was obtained; and it was shown that algebraic expressions may

be deduced for the determinaticn of the criterion if the critical
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perturbations are assumed to be due to the axisymmetrical normal modes.

The parameters which determine the stability criterion are a new character-
istic Alfvén modulus and a dimensionless number characterizing the shape of
the velocity profile. The criterion includes the result for pure-fortex
flow as a special case. For small radius ratios and velocity profiles
approaching that of a pure vortex, the criterion converges toward the

pure-vortex result.
The deduced results are summarized as follows:

1. An exact criterion for hydromagnetic stabilization of nondissipa-

tive, vortex-like flow must be stated separately for the following cases:

a. "a=0"

The dimensionless parameter A\ characterizes the shape of the
transverse velocity profile. For A = O, we have a pure vortex and
the result is given in Eq. (3.6).

b. "0 > A > - 2"
The criterion for this case is:
I, (2 NM) Y, (2 NM/K) -, (2 NM/K) Y, (2 NM) =0 , (3.7)
B 1/2
where Jp and Yp are Bessel functions of the first and second kind

of order p, respectively, and_NAz is the new characteristic Alfvén

modulus .

Some typical graphs of the above expressions are shown in
Fig. 3.4.

c. ", < 'K.2"
The velocity profile in this case is always stable.
" < "

d. "\ >0and i N, r=1

In this case, the criterion is the same as case b. Typical

curves are shown in Fig. 3.4.

2
n = "
e. "W >0 and 4 NAz A=1

The criterion in this case becomes:
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K (2 NAz) 5,

o,m m(2 NAz/k) - Ko,m(2 NAz/k) So,m(2 NAz) =0 (3'8)

2

B 2 _y\1/2
m= (4N, r-1) ’

where X and. So m are the Boole functions®3 of the first and second

2 2
kind of order (o,m), respectively.

The calculations for the above expressions are being considered

and should be available in the near future.

2. The criterion is applicable to any vortex-like profile with the

exception of rigid body rotation which yields a trivial result.

3. For small values of the radius ratio, it is expected that the con-
2
dition for larger values of Y NAz A is only of formal interest. In fact,
for very small values of the radius ratio and relatively small values of A,

the criterion converges toward the pure-vortex result.

VI. Dissipative Pure-Vortex Flow

This case is obtained from Eq. (3.5) by putting Npe, = k = M = 0.
It is convenient to choose n = 1.0 and to drop the subscript n from the
dimensionless parameters. The stability can be characterized by the
. . - 2 -2
radius ratio, k, the parameter Q = (1 — k) Npeg YRey Ny, » @nd NRey =
(1 - n)2 NRee NRem f~2 where f is a function of k only, defined as the

smallest solution of the equation:
Jl(2 £) Y, (2 £/k) —J (2 £/k) Y, (2£) =0 . (3.9)

Comparing Egs. (3.9) and (3.6), we see that if the flow were nondissipative

f would be equal to the critical Alfvén modulus.
The results were obtained by numerical solution of the stability

equations and are graphed in Fig. 3.5.

It was found that:

1. In the limit as both the viscosity and electrical resistivity

approach zero, agreement is obtained with the nondissipative results of

33G. Boole, Phil. Trans. Roy. Soc. (London), 239 (18LL).
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Section IIT; and as the viscosity approaches zero with finite conductivity,
the results are in agreement with Section IV.

2. As the magnetic field approaches zero, the results are consistent

with the nonmagnetic stability criterion of Rayleigh3% and Taylor.3%

3. When Q is large, an increase in the magnetic field strength tends
to stabilize the flow; but when @ is small, an increase in the field can

make the flow less stable.

k. An increase in the electrical conductivity never stabilizes the

flow but, particularly with a weak magnetic field, can cause instability.

VII. Dissipative Vortex-Like Flow

When the effects of finite viscosity and electrical conductivity are
included in the analysis of vortex-like flow, the following parameters are

useful in characterizing the stability:

(1 -x)* (1 -3

2
Nfg = =2 > ML NRe n’ the Taylor number,

. K 9)

N. N
- > Ree;ﬂ Rem,n
Q = (l - K') P)

n® N2
Al,m

k = radius ratio,
i = the ratio of angular velocity of the <dnner cylinder to that
of the outer cylinder,

N =N N
PI‘m Rem,T]/ Ree,T]

The definitions are given in terms of quantities appearing in Eq. (3.5).

For this case, there is no radial flow, NRe = 0.
r

NPrm is a fluid property which, for most fluids, is less than about
1078 so the approximation Np,, = O has been made. Thus far only the case
m

of a stationary outer wall, yu = 0, has been completed.

3%Lord (J. W. S.) Rayleigh, Scientific Papers, Cambridge, England,
6: 447 (1920).

35G. I. Taylor, Phil. Trans. Roy. Soc. (London), A223: 289 (1923).
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The results were obtained by numerical solution of the stability

equations and are graphed in Fig. 3.6.
It was found that:

1. Unlike the case of pure-vortex flow, an increase in magnetic

field strength is always stabilizing.

2. When Q is small, approximate agreement is obtained with the

narrow-gap results of Chandrasekhar.3®

3. As 5 becomes very large, NTE becomes proportional to aé, in-
dicating that the stability becomes independent of viscosity. Chandrasek-
har's narrow-gap results, on the other hand, indicate that NTE becomes
proportional to Q itself.

4. When Q is very large, the disturbance which produces instability
becomes smaller and is confined to a narrow region near the inner cylinder.
The stability is then determined by the shape of the velocity profile in

some small neighborhood of the inner wall.

VIII. The Effect of Superimposed Radial Flow

The calculations of Section VII have been extended to include the
effect of outward radial flow superimposed on the primary rotating flow.
Numerical solution of the stability equations was used; and the results
are reported in Figs. 3.7 through 3.10 in terms of the tangential Reynolds
modulus defined by

Q r
N _ 8,0.8 2
Re,,0.8 ?
6 %
where Qe 0.8 is the tangential velocity at 0.8 of the outer radius, r2.
,0.

The radial Reynolds modulus, NRe , is also important in the correlation of
r
the results.

The following conclusion can be drawn:

1. The effect of increasing the outward radial flow is usually sta-

bilizing, although there are some regions in which a slight decrease in

863. Chandrasekhar, Hydrodynamic and Hydromagnetic Stability, Oxford
University Press, New York, 1961.
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stability occurs.

2. As NRer is increased, the disturbance becomes confined to a region
near the outer wall. When this occurs, the location of the inner wall be-
comes unimportant and the curves for various values of the radius ratio

comrerge .

3. Although both radial flow and an axial magnetic field tend to
stabilize the flow, a large value of Q tends to decrease the effectiveness
of radial flow as a means of stabilization. Similarly, a large value of

NRer decreases the effectiveness of a magnetic field.

L. When NRer is very large, the critical value of NRee,O.8 becomes

2
asymptotically proportional to Ns/

Re and all of the curves approach the

r
same asymptote.

Future analyticai work will extend the numerical results to include
inward radial flow, as well as rotation of the outer wall, for comparison
with published wide-gap, Couette flow, hydromagnhetic stability theory. A
one-term nonlinear perturbation effect will also be considered in conjunc-
tion with the hydromagnetic stability of dissipative Couette flow for the
special case of the outer wall stationary. It is further proposed to
initiate an investigation of the stability of a single, two-dimensional,
Jet impinging tangentially on a concave boundary layer in order to include

a case more directly related to the physical problem.

3.1.2. Experimental Studies

The exploratory experimental investigation was extended to include a
study of the effect of injection geometry on hydromagnetic stability of
confined, jet-driven vortex flow. Recall that the working fluid employed
in this investigation is a concentrated agueous solution of ammonium
chloride (NHécl) whose electrical conductivity at 200°F, the temperature
of the experiments, is 0.84 mho/cm or about that of a low-temperature,
alkali-metal seeded plasma. A uniform axial magnetic field of up to
74,000 gauss was provided by the double coil, 6.5-in. diameter, Large
Volume Test Magnet (LVIM) located in the ORNL Magnet Laboratory. Fig-

ure 3.11 depicts the flow diagram for the experiment. Photographs were
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obtained by viewing in the axial direction (from above) through transparent

plastic end walls.

Two vortex tubes employed in the recent studies are illustrated in
cross section in Fig. 3.12. The tubes are each 1l.1-in. ID by 6 1/2 in.
long, fabricated of brass, and differ only in the geometry of the fluid
injection system. The tube depicted at the left has eight 0.007-in. wide
by 5 3/4-in. long slits (wall jets) for vortex generation, while the tube
at the right has 880 round nozzles of 0.020-in. diameter arranged in eight
rows and uniformly spaced along the length of the tube; the total area of
these eight slits is about the same as that of the 880 round nozzles. The
axes of both the slits and the nozzles intersect a radial position of 9/10
of the tube radius. The theoretical average ratio of tangential-to-radial
velocity near the periphery with this geometry is about L4LO. The jets are
fed from an annulus as indicated, and the fluid is withdrawn at the center
of one end. The flow pattern is thus an inward spiral with increasing
axial velocity corresponding to decreasing radius. There is no evidence

of a recirculation pattern at the conditions of this study.

Observation of dye filaments injected into the boundary layer on the
concave wall at the three circumferential positions indicated is the
primary technique employed for determining effects of the magnetic field
on flow stability. These dye injection positions are located approximately

midaxially with respect to tube length. ‘

/

\
The principle similarity parameters employed in correlating the exper-
imental results include the tangential Reynolds modulus based on a radius

ratio of 0.8,
NRee,O.S = 1,9 0.8 P/ >

the peripheral radial Reynolds modulus,

NRer ) r2 Q'r D/u ?

the peripheral magnetic interaction parameter,

_ 2
Ng =071, By/pQ 0.8 >
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and the square of the Hartmann modulus,

o}
2 _2
N2=—I‘B.
Ha no2 0
In these expressions, T, is the tube radius, QG 0.8 is the tangential
,0.

velocity at a radius ratio of 0.8, Qr is the peripheral radial velocity,

*
BO is the magnetic induction, p is the density, p is the absolute viscosity,

and o is the electrical conductivity.

The most striking observation of the effect of the axial magnhetic
field is the suppression of what might generally be described as "flow
instabilities of an apparent oscillatory nature," which seem to originate
in the boundary layer along the concave wall at low values of the peripheral
tangential Reynolds modulus and to initiate instability, characterized by
gross radial convection, in the interior of the flow field. The influence
of the magnetic field for the case of the vortex flow generated by 8 by

0.007-in. plane slits is shown in Fig. 3.13, in which dye is injected

il
O

downstream from one of the slits. With no applied magnetic field, Nﬁa

(upper half of the figure), instability is already evident at Npeg,0.8 = T00

by the apprearance of significant radial mixing and absence of any well
defined spiral flow pattern. Note also the large-scale vortex shedding
from the 1ip of an injection slit. When the Th-kilogauss axial field is
applied to give NHa z 47, strong stabilization is evidenced by the formation
of a well-defined spiral dye trace with suppression of the radial velocity
perturbations. The magnetic field also effects reduction in scale of the

lip-shed eddies.

Further evidence of the hydromagnetic stabilization effect is seen in
Fig. 3.14, in which time-sequence exposures for NRee,O-8 = 1400 are depicted
(NHa = 0, upper; N = 47, lower). As a matter of fact, the field is
effective in completely stabilizing the wall layer for Reynolds modulus up
to ~4000 for this case. Figure 3.15 indicates that the stabilization effect

is still significant in the interior at I = 4500.
Ree,0.8

The effect of the magnetic field for the case of the vortex generated

by injection through eight rows of 20-mil-diam round nozzles was studied

¥
Note that y is also used (page T6) for the ratio of angular velocities
of the outer and inner cylinders.
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by means of motion picture photography. For this case, the value of
peripheral tangential Reynolds modulus observed at transition to insta-
bility in the boundary layer along the concave wall is ~500 with no applied
magnetic field and ~1500 with the full magnetic field. The following ob-

servations are based on a detailed analysis of this film:

1. NRee,O-B = 400: With no magnetic field.(NHa = 0), evidence of a
stable layer near the wall is observed with a definite instability detect-
able in the interior which may arise from nonaxisymmetric fluid inJjection.

When a magnetic field of T4 kilogauss is applied (N 0 = 47), the insta-

Sl
bility is eliminated completely with formation of a well-defined laminar
spiral dye trace. Spreading of the dye trace in the jet-mixing zone near

the wall is evident.

2. NRee:O-8 = 860, N, = 0: Dye entering just downstream from a row
of nozzles reveals the instability along the concave wall and the disorder-
ing of flow in the interior. Separation of the dye filament from the wall
~at the downstream row of jets leaves a residual trace which diffuses out of
what is probably a recirculation region downstream from a nozzle. Distur-
bances which originate in the boundary layer-jet interaction zone seem to
amplify in the interior into irregular vortex loops. It is also noted that
the instability is a more or less periodic wave-like phenomenon, not typical

random turbulence.

3. NRee,O.8 = 1200: With no applied magnetic field, oscillation of
the dye trace near the wall is noted, inducing large-scale radial mixing in
the interior. Both the amplitude and frequency of the disturbance are ob-
served to increase with increasing Nﬁee,0-8 above the critical point. With
the magnetic field applied, stable laminar ring structure with suppression
of the local radially directed velocity perturbations is noted. There is
no question as to the complete stabilization except in the core of the vor-

tex where axial flow predominates.

b, NRee,O.8 = 1950: Without the field, there is evidence of a three
dimensionality in the fully developed perturbations as indicated by the
twisting motion of the dye which suggests that the origin of the instability

may indeed be similar to that of the Taylor-Gdertler instability.Z3%237

S7H. Goertler, "Uber eine Dreidimensional Instabilgtat Laminaer
Grenzchichten an Konkaven Wanden," Nachr. Wiss. Ges., Gottingen, Math.
Phys. Klasse (New Series), 2, No. 1 (1940).
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However, because of the strong radial and axial convection and the in-
fluence of the nonaxisymmetric jet driving sources, the steady secondary
pattern of vortex cells does not appear, at least when viewed in two
dimensions from a fixed frame of reference. The instability-also appears
to have certain characteristics of a jet influence separation phenomenon.
Because of the complication in interpretation, a satisfactory explanation
of the transition phenomenon has not been elucidated (see page 94). Since
the Reynolds modulus is above the critical value (1500) with full magnetic
field, the flow is no longer completely stabilized at Nﬁa = 47, Partial
stabilization is, however, evident by reduction in the scale cf the in-
ternal eddy structure and hence reduction in the radial dispersion. A
dampening effect of the field on small perturbations which originate near

the wall is also evident; the field acts to prevent growth of these per-

fturbations into full-scale disturbances.

5. NReQ,O.8 = 3100: Here the primary influence of the field is a
strong reduction in the frequency of the observed flow oscillations near
the concave wall and a moderate reduction in the amplitude of the distur-

bances in the interior of the flow field.

The effect of slowly decreasing Hartmann modulus (by decreasing BO)
from 47 to 0, at constant Reynolds modulus of 860, was investigated; and
it was ohserved that the instability appears first in the interior, spread-

ing outward as the magnetic field is further decreased to zero.

When the Hartmann modulus is slole increased from O to h?, at con-
stant Reynolds modulus of 86C, the interior of the flow field stabilizes
first. Migration of the dye trace toward the wall as the field is raised
suggests a change in velocity profile in the wall layer which appears to

be correlated with the stsabilization effect.

Figure 3.16 compares the effect of the magnetic field on the jet
velocity recovery ratio (a0.8) for four configurations of driving Jjets:
2-, 4-, and 8-plane slits, 8 rows of round nozzles. %, g 18 defined as
the ratio cf the tangential velocity at a radius of 0.8 Tos to the injection
velocity. The significant increase in ao.8'for 2- and 4-slit configurations
is evident. No significant increase was observed for 8 slits or 8 rows of

nozzles. This observation correlates with the fact that Qr /QQ 0.8 is about
2 07




a.g (STABILIZED)

JET VELOCITY RECOVERY RATIO - UNSTABILIZED a_s(UNST:ABILIZED)

JET VELOCITY RECOVERY RATIO- STABILIZED

93

ORNL DWG. 64-5261R

-
w

-
n

-
-

el 2ty j@r =09
i o =4
(a8 (& 93 | (a8,/q fo 70)

2-0.012-i / 4-0.007-in SLITS

{.1-in DIAMETER JET-DRIVEN
VORTEX TUBES

o

880-0.020-in NOZZLES

8-0.007-in SLITS

IN 8 ROWS, @ r{ = 0.9

o
©0
o

Fig. 3.16.

10 20 30 40
RADIAL REYNOLDS NUMBER, |Ngg |

Summary of the Effect of Hydromagnetic Stabilization.



ok

twice as high for the latter cases where there appears to'be no effect,
suggesting that at leést part of the effect of the field on & may be due
to increase in radial flow in the interior due to suppression of the
"short-circuit"” flow on the end walls. The lower the Qrg/QG,O.8 ratio,

the more significant this effect becomes.

Figure 3.17 summarizes quantitatively the experimental hydrodynamic
stabilization results for vortex flows generated by 2-, 4-, and 8-slit in-
jection, and by injection through 8 rows of round nozzles. In this corre-
lation, the peripheral tangential Reynolds modulus at transition to insta-
bility along the concave wall, N§e9,0.8’ is plotted as a function of the

square of the Hartmann modulus, N2 , obtained by variation in the magnetic

field strength. For all but the g?slit tube results, N§e9,0.8 is seen to
increase approximately linearly with Nﬁa for Nﬁa > 600. The results for
8 slits are anomalous in this respect. Note also that, with no magnetic
field, Nﬁé ,0.8 is in the range from ~400 to ~950, while for the maximum
magnetic field, N§e9,0.8 varies from ~1600 to ~4000 depending on injection
geometry. The graph thus suggests the influence of injection geometry,
since the transition Reynolds modulus is observed to increase with in-
creasing numbers of injection slits, at least at the higher values of Nﬁa'
This observation correlates with the growth of the wall boundary layer be-
tween slits. The round jet data, however, fall more nearly in line with

the data for two tangential feed slits.

A comparison of the experimental hydromagnetic stabilization results
with the numerical results for dissipative vortex-like flow (Cases VII and
VIII, page 76 and 77) may be of some interest. It is important to bear in
mind, however, that significant diésimilarities exist between the actual
Jjet-driven vortex flow system and the idealized mathematical model. For
example, the azimuthal variation in tangential velocity induced by the jets
has not been considered, nor has the interaction of the jets with the con-
cave boundary layer. The unperturbed flow has been assumed two dimensional,
and furthermore the instability treated in the analysis is the transition
to a stationary three-dimensional motion. In the experiment we see an
"apparent" oscillatory, time dependent, perturbed state. Based on binocular
microscopic observation (40X) through plastic end walls of a dye trace in-

Jjected Jjust downstream from one of the slits, it appears as though the
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initial phase of transition may be an oscillatory two-dimensional expan-
sion and contraction of the wall layer which may be associated with in-
cipient separation of the decelerated jet flow. The fully developed
instability, however, appears to be three dimensional in which the dye
trace rotates in an irregular manner about a circumferential streamline.
The oscillatory behavior of this phenomenon may be the result of convection
of é stationary perturbed state with reference to the fixed point o% ob-
servation, rather than a truly time-dependent fluctuation. If such is the
case, the instability is probably of the stationary Taylor-Gdertler type

as assumed in the analysis. A transparent plastic model is in fabrication
which will enable observation in both radial and axial directions to estab-

lish more conclusively the nature of the observed instability.

With these limitations in mind, consider the following comparison.
Let the tangential flow in the vicinity of the stationary concave wall be
generated by rotation of a hypothetical cylinder of radius, r = & r,, with
respect to a fixed outer cylinder, so that yu = 0. Three special cases have

been considered analytically:

1. NN

e O (no radial flow — Case VII)
r

0.8 (corresponding to what may be a typical boundary-
layer thickness)

&
1

2. N > 0 (outward radial flow — Case VIII)

0.25 (corresponding nearly to the actual outlet radius)

&
It

3. N, >0, RRC =0

&
|

= 0.25, but the convective terms involving Nﬁe directly are
r

eliminated in the equationé of motion (RRC = 0)

There is a certain artificiality in each of these cases:

1. The velocity profile for this case does not look much like a

boundary-layer profile.

2. The actual radial flow is inward on the average. Use of outward
radial flow in the calculations gives a more nearly correct velocity profile,

however.
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3. Here we have removed the convective contribution of radial flow
but retained the desired velocity profile — hence, in this case, Ng, can
T

be considered -as a shape factor governing the velocity profile only.

These three cases are plotted in Fig. 3.18 and compared with the ex-
perimental results for two slits (tangential entry). NRer has been ad-
Justed in the upper two curves to give an intersection with the experimental
results at low Nﬁa' The curve for g = 0.8, NRer = O exhibits approximately
the same linear slope as the data, the k¥ = 0.25, NRer = 17.8 curve is
slightly steeper than the data, and the ¢ = 0.25, NRer = 31.6 (RRC = 0)
curve exhibits appreciably more curvature than the experimental results.
Keeping in mind the possible dissimilarities between the experimental Jjet-
driven vortex flow situation and the analysis plus the fact that two ad-
Jjustable parameters are employed, any apparent agreement over such a limited

range could be fortuitious.

A h-in.-diam stainless steel vortex tube model is in fabrication which
will employ four tangential slits for vortex generation and which will en-
able operation at values of Nﬁa of up to about 32 X 104, or a factor of 13
higher than possible using the present 1.1-in.-diam tubes. The new model
will be used to study the hydromagnetic stabilization effect in the boundary
layers in the flat end walls as well as on the concave cylindrical wall.

It is intended to investigate in particular the effect of the field on the
undesirable short-circuiting end-wall flow discussed in ref. 38 and in the

following Section 3.2.

38y, S. Iewellen and W. S. King, "Boundary-Layer Similarity Solutions
for Rotating Flows with and Without Magnetic Interaction," Report No.
ATN-63(9227)-6, Aerospace Corporation, July 1963.
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3.2. Potential Vortex Flow Near a Stationary Disk

G. J. Kidd, Jr.

In the design and operation of confined vortex systems, the flow in
the boundary layers on the stationary surfaces is not satisfactorily under-
stood at present. In jet-driven vortexes of the type proposed for certain
advanced energy-conversion applications, this flow amounts to a significant
fraction of the total for the system. To aid in understanding this phenom-
enon, a study is being initiated in which the interaction between a vortical
flow and a stationary disk, perpendicular to the axis of the vortex, will
be examined. A two-dimensional swirling flow closely approximating a pbteﬁ—
tial vortex® can be generated experimentally by passing water radially in-
ward through a rotating drum made of expanded aluminum honeycomb and ex-
hausting it through a small porous tube at the axis (FPig. 3.19). Several
previous analyticél and experimental studies®®~ %! have shown that for cases
where the inward flow per unit length is small compared to the circulation,
i.e.,

1

27 K2 E q, K27TK ,

the tangential velocity in the free stream is given by:

-

*The free stream in a jet-driven vortex chamber is essentially a poten-
tial vortex; the potential vortex is one in which angular momentum per unit
mass is conserved so that the tangential velocity varies inversely with the
radius; l.e., qg = K r, where dg is the tangential velocity, 2 m K is the
circulation, and r is the radius.

3®H. A. Einstein and H. Li, "Steady Vortex Flow in a Real Fluid,"
Proceedings of the 1951 Heat Transfer and Fluid Mechanics Institute, p. 33,
Stanford University Press, Stanford, California, 1951.

“Oy. 5. Lewellen, "A Solution for Three-Dimensional Vortex Flows with
Strong Circulation," J. Fluid Mech., 14(3): 420 (1962).

*1C. quP. Donaldson and R. D. Sullivan, "Behavior of Solutions of the
Navier-Stokes Equations for a Complete Class of Three-Dimensional Viscous
Vortices," Proceedings of the 1960 Heat Transfer and Fluid Mechanics Insti-
tute, p. 16, Stanford University Press, Stanford, California, 1960.
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in which c, and ¢, depend on boundary conditions and n depends on the mag-
nitude of the radial flow and is negative for inward flow. Since large
values of n occur at very small radial flows, the potential vortex is
easily approximated experimentally. By establishing the free stream flow
in this way, it will be possible to study the boundary layer over a wide

range of tangential Reynolds moduli:

since K can be varied by simply changing the angular speed of the revolving
drum.

The actual flow in the boundary layer will be studied using a number

44

of dye tracer techniques,42)43 the tellerium tracer technique, and an

electrochemiluminescent boundary-layer visualization technique.45

A theoretical study of the boundary-layer flow is being made by at-
tempting to integrate the axisymmetric boundary-layer equations for the
tangential and radial velocities simultaneously on an analog computer. An
approach similar to that of Schwiderski and.Lugt46 will be used in which
the usual boundary-layer simplification of dropping terms involving d%/dz%

is not made, but rather all terms are included.

423ymposium on Flow Visualization, ASME Annual Meeting, Nov. 30, 1960.

43y. J. Rainbird, R. S. Crabbe, and L. S. Jurewicz, "A Water Tunnel
Investigation of the Flow Separation about Circular Cones at Incidence,”
Aeronautical Report LR-385, National Research Council of Canada, Septenmber
1963.

44F. X. Wortman, "A Method for the Observation and Measurement of

Water Flow with Tellerium," Zeitschrift fiir angewandte Physik, 5(6): 201
(June 1953).

453, Howland, W. K. Pitts, and R. C. Gesteland, "Use of Electrochemi-
luninescense for Visualizing Fields of Flow," MIT Tech. Report Lok,
Massachusetts Institute of Technology, September 21, 1962.

46R, W. Schwiderski and H. Iugt, "Boundary Iayer Along a Flat Surface
Normal to a Vortex Flow," NWL-1835, Naval Weapons Laboratory, Dahlgren,
Virginia, December 20, 1962.
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3.3. Boundary-Layer Transient Phenomena

G. J. Kidd, Jr.

Fabrication of the new solid stainless steel test section incorpora-
ting brazed-in heaters, described.previously,47 has proceeded to the final
stage: the formation of the junctions on the 16 gunbarrel thermocouples.
During this reporting period, the gunbarrel thermocouples, along with other
special wall surface temperature probes and heat flux meters, have been in-
stalled in the stainless steel body of the test section. 1In order to
achieve good thermal contact between the probes and the body of the heater,
it was necessary tc hand fit each one into a taper-reamed hole. Once the
probes were all fitted they were driven home and the portions extending
into the flow channel were ground-off flush with the wall. The entire test

section was then honed to a Y-pin. rms finish

The next and final step is the plating of a thin-nickel film over the
inside ends of the gunbarrel thermocouples to form the hot junctions. It
is desired that this be accomplished by a standard vacuum deposition tech-
nigque. However, despite the fact that the same technique was used as on

48,49 it has not been possible thus

the previous two similar test sections,
far to effect a satisfactory junction. The problem appears to be an accumu-
lation of honing oil in the ceramic insulator of the thermocouples which
boils out and contaminates the section when the plating electrcdes are
heated under vacuum. Attempts are being made to remcve this oil and/or

to find an alternative means of plating the interior of the test section.

Figure 3.20 is a photograph of the new test section préparatory to the

*TH. W. Hoffman and J. J. Keyes, Jr., "Studies in Heat Transfer and
Fluid Mechanics Progress Report for Period Jan. 1 — Sept. 30, 1963," USAEC
Report ORNL-TM-915, pp. 86—96, Oak Ridge National Laboratory, October 196k.

*8A. E. Higinbotham, T. J. Delaney, J. E. Danakue, and M. J. Friedman,
"Study of Unsteady Heat Transfer Between a Surface and a Flowing Fluid,"
USAEC Report KT-397, MIT Practice School, Oak Ridge Gaseous Diffusion Plant,
May 11, 1959.

497. E. O'Connel, S. M. Fleming, and R. M. Rotr, "Study of Unsteady
Heat Transfer Between a Surface and a Liquid in Turbulent Flow," USAEC
Report KT-566, MIT Practice School, Oak Ridge Gaseous Diffusion Plant,
March 4, 1961. '
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vacuunm plating step.

Techniques for fabricating reliable, long-lived hot-film surface
probes for the measurement of local, instantaneous heat-transfer rate and
coefficient of heat transfer have been perfected. A number of probes have
been made and are being evaluated for ease of forming the thin film, en-
durance, dimensional stability, etc. A new test section containing four
of these probes and a hot-film anemometer in a chrome-plated brass tube

is in fabrication.

Recent measurements have been made of the instantaneous local water
film heat-transfer coefficient inside a 2-in.-diam pipe containing one
hot-film probe. The results are shown in Fig. 3.21. The probe formed one
leg of a constant temperature hot-film anemometer bridge. The mean volt-
age across that leg of the bridge is shown in the left-hand column of the
figure and averaged about 3.3 volts; the maximum fluctuations were of the
order of 200 mv (0.2 volts) peak to peak. Since the heat-transfer co-
efficient is directly proportional to the voltage in this circuit, the
percentage fluctuation in heat-transfer coefficient about the mean was:
0.2

h
- = x 100 = *6%.
h 3.3

The data show a definite laminar behavior for Reynolds moduli below 2600

and a change to turbulent flow with a characteristic period of intermit-
tency flow in between. Data for a Reynolds modulus of 17,000 was then
analyzed manually to find the distribution in amplitude of the fluctua-
tions as a function of the frequency, and the results are presented in

Fig. 3.22. Some of the scatter is due to the technique used in evaluating
the data; however, the curves do indicate a trend in the amplitude-frequency
spectrum. These data, which represent the average values of the amplitudes,
show that the largest amplitudes occur at the low end of the frequency
spectrum. There were, of course, occasional fluctuations much greater than

the average, in some cases as much as three times the average value.

*

For small fluctuations in heat-transfer coefficient about the mean
value, the conversion from voltage to power introduces a factor of 2 in
in this relationship.
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Fig. 3.21. Time-Dependent Fluctuations of Local Water Film Heat-
Transfer Coefficient Inside a 2-in.-ID Pipe.
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A Panoramic Subsonic Spectrum Analyzer is available to reduce the
data automatically and methods for calibrating this instrument so it can

produce quantitative results are now being devised.

A further analysis of the data was made in terms of the power spectral
density (PSD), which relates the energy-per-unit frequency to the frequency
of the fluctuations. This analysis was performed on a PACE TR 10 Analog
Computer. Figure 3.23 presents the results of this analysis. At low
Reynolds modulus, most of the energy is contained in the low-frequency
fluctuations while at higher Reynclds medulus there can be a significant
contribution to the energy at the very high frequencies. This energy-
frequency relationship is important in the analysis of the thermal-cycling

fatigue problem in reactor systems.

The latest series of runs have been designed to measure the correla-
tion coefficient between the fluctuation, q', in the axial velocity near
the wall and the fluctuation, h', in the heat-transfer coefficient as a
function of Reynolds modulus. The correlation coefficient is defined by
the equation:

’

g n

SE S

The experiments were carried out in the same test section used previously

R

with the addition of a hot-wire anemometer to measure the velocity near
the wall. This data is being analyzed on the TR 10; however, the analysis

has not reached the point where it can be interpreted quantitativley.



ORNL DWG_64-7499

Relative Unita

Fower Spectral Density

k

200 koo 00 600 800 1000 1100 1200
0 ’ hvgmy , radians feec 900

Fig. 3.23. DPower Spectral Density of Fluctuations in Local Heat-
Transfer Coefficient Inside a 2-in.-ID Pipe.

80T



109

3.4. Turbulent Transport Studies

R. P. Wichner

It was reportedpreviously50 that preliminary data on the turbulence
level in water at a Reynolds modulus of 158,000 as obtained in this study

51 7o resolve

fell below published values which exist for air flows only.
this discrepancy, an air flow facility was assembled; a photograph of the
apparatus is shown in Fig. 3.24. The test section, composed of two 21-ft
lengths of 8-in. pipe, formed the suction line of the blower. Air was
admitted through the filter box made up of fourteen 20-in. X 25-in. X 2-in.-
wide Fiberglas air filter elements (shown at the extreme left of Fig. 3.24)
into an inlet diffuser (to conserve pressure drop) containing straightening
vanes and a wire screen. The wire screen flattened the inlet flow profile
to conform more nearly with the fully developed profile, thereby reducing
the required,Z/d's to achieve fully developed pipe flow. The flow rate was
varied by changing the diameter of the orifice on the blower outlet. Pres-
sure measurements, from which wall shear stress and velocity profile values

are derived, were made by means of an RGI Model G-1500 micromanometer capable

of resolving a pressure difference of 0.001 in. of water.

In order to take advantage of the lower form drag in air flows (com-
pared with water), new hot-wire probes were fabricated with thinner and
longer wire supports. These supports should interfere less with the flow
and, hence, have less influence on the measured turbulence properties. 1In
addition, methods were developed for handling and mounting the very fine
tungsten wires (0.00012-in. to 0.00016-in. diameter) required for air hot-
wire anemometry. These wires are barely visible against the light back-
ground in the photograph of these probes shown in Figs. 3.25 and 3.26. The
probes in Fig. 3.25 are designed to enter the flow stream in an approxi-
mately radial direction, while the one in Fig. 3.26 is designed to face

directly into the flow.

5OH. W. Hoffman and J. J. Keyes, Jr., "Studies in Heat Transfer and
Fluid Mechanics Progress Report for Period Jan. 1 — Sept. 30, 1963," USAEC
Report ORNL-TM-915, Oak Ridge National Laboratory, October 196k.

517, Laufer, "The Structure of Turbulence in Fully Developed Pipe Flow,"
Nat. Adv. Com. on Aero. Report -1174, 195k,
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The air Reynolds stress data taken to date has not yet been fully

analyzed. These results, along with the eariler data with water, will.

be discussed in detail in a subsequent report.
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4y, THERMOPHYSICAL PROPERTIES

h.1. Alkali Liquid Metals

J. W. Cooke

4.1.1. Surface Tension of Pctassium

The preliminary results reported,previously52 for the surface tension
(relative to helium) of 99.96 wt % potassium have been extended to temper-
atures near the boiling point. A total of 202 separate detsrmirations
were made in the temperature range 70 to 713°C using a maximum-bubble pres-
sure apparatus. All measurements were carried out at atmcspheric pressure;
data were obtained under both increasing and decreasing temperature condi-
tions. Inconel capillary tubes of four different sizes (inside diameter
between 1.54 and 1.66 mm) were used with two potassium samples. The con-
taminant concentration in these samples (before and after use) is given in

Table L.1.

The surface tension was calculated using the Rayleigh-Schroedinger
equation;53,5% the final results are plotted in Fig. 4.1 and compared with
data reported by other investigators. The surface tension (in dynes/cm)
may be described, in the temperature span between 70 and T10°C, by the

least-squares derived equation,
o = 115.36 — 0.0646 t (4.1)

with a mean-square deviation of #0.72 dynes/cm. Several surface tension
values around 200°C were as much as 5% below the average data and were not
included in the least-squares analysis. All of these lower values were
recorded within 10 to 20 minutes after a new capillary tube has been in-
stalled. Thus, 1t 1s possible that these lower values resulted from poor

wetting of the capillary tube by the potassium.

527. W. Cocke, Thermophysical Properties of Liquid Metals, pp. 116—121,
"Space Power Program Seniann. Prog. Rep. June 30, 1963," USAEC Report ORNL-
3489.

>°Lord Rayleigh, "On the Theory of the Capillary Tube," Proc. Royal
Soc., Sec A, 92: 184-195 (1915).

S*E. Schroedinger, "Note on the Capillary Presure in Gas Bubbles,"

Ann. Physik, L6: 413 (1915).
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Table 4,1, Spectrochemical Analysis of Potassium
Sample Nos. 1 and 2 Before and After
Surface Tension Determinations

Sample Nos. 1 & 2 Sample No. 1 Sample No. 2

Element Before, After, After,
ppm ppm Ppm

Oxygen 26; 35 - 27; 117
Iron <5 3.3 133; 210
Chromium <1 < 58; 80
Nickel | 6.7 2.2 5
Lithium <1 <1 -
Sodium 60% 110° —~
Rubidium 132 L7 -
Cesium 20 22 -
Aluminum <10 <10 -
Magnesium <2 <2 | -
Copper <1 - -
Cobalt <5 <5 -
Calc‘iu.m 11 3 . -
Molybdenum <3 - -
Boron 10 - -
Tead <5 - -
Titanium <5 - -
Silver <l - -
Zirconium <10 - -
Potassium (by difference) 99.97 wt % 99.93%

8‘Sample taken in polyethylene bottle.
bSa.mple taken in glass bottle.
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Figure 4.1 also shows earlier data on potassium obtained by Quarter-
man and PrimakSS (1949) and by Taylor°® (1955); both sets of results fall
significantly below the values found in the current investigation. Quafter-
man and Primak used a capillary rise technique to obtain the surface ten-
sion over the narrow temperature range between the melting point and 150°C;
their results were ~20% below the values reported here. These investiga-
tors indicate that their data may be low by as much as 15% due to a possible
contact angle between the potassium and their glass capillary tube and to
difficulties 1in measuring the capillary height between the two concave

menisci.

Taylor also used a maximum bubble-pressure technique but noted diffi-
culties in establishing the peak pressure due to fluctuating manometer
readings; these results lie between 9% (at 75°C) and 35% (at 500°C) below
the present data. The extent of cesium and rubidium impurities in the
potassium (contaminants most likely to affect the surface tension) were not

reported by Taylor.

4.1.2. Density of Potassium

Data on the maximum bubble pressure at various depths of capillary
immersion have been used to calculate the density of liquid potassium.
The results are shown in Fig. 4.2; comparison is made with a composite of
data from three investigations as reported by Lyon.>7 The agreement is

quite good, with the present values averaging about 0.4% higher.

4.1.3. Contact-Angle Determinations

Determination of the contact angle between a potassium droplet and

various horizontal supporting surfaces have been continued using the

551,. A. Quarterman and W. L. Primak, "The Capillary Rise, Contact
Angle, and Surface Tension of Potassium," J. Am. Chem. Soc., 72: 3035 (1950).

58J. W. Taylor, "The Surface Energies of the Alkali Metals," British
Atomic Energy Authority Report AERE M/R 1620, Feb. 22, 1955.

S7R. N. Lyon, ed., Liquid Metals Handbook, 2nd ed., p. 42, U. S.
Government Printing Office, Washington, D. C., 1952.
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previously described technique.52 At temperatures above 400°C, condensa-
tion of potassium vapor in the region of the droplet has made clear, sharp
photography difficult to impossible. However, some tentative results have
been obtained for an untreated, 32 prms finish, type 304 stainless steel

surface.

Immediate spreading (zero contact angle) occurred when a potassium
droplet was placed on the surface preheated to 600°C in a purified helium
atmosphere. A second droplet, placed on this same surface 160 min later
after the surface temperature had been reduced to 300°C, showed a contact
angle of 10 deg. The stainless specimen was then removed from the apparatus
and cleaned so that only a thin coating of potassium remained on the surface.
A third liquid potassium droplet placed on this surface (now considered as
pretreated) gave an initial contact angle of 130 deg at 100°C. With in-
creasing temperature, the angle was reduced to 90 deg for a specimen tem-
perature at 150°C some 35 min later and finally to 15 deg at 250°C, 60 min
later. These results are consistent with the earlier data with a type 316

stainless steel surface.

Further modification of the apparatus to maintain equilibrium vapor
pressure near the droplet is in progress; this should afford a clean un-

distorted view of the droplet.

4.1.4. Surface Tension of Lithium

The surface tension (relative to helium) of 99.90 wt % lithium has
been determined from 198 to 1005°C using the maximum bubble-pressure appara-
tus described,previously.s2 The investigation was carried out at atmospheric
pressure with both increasing and decreasing temperature steps. Four dif-
ferent size Inconel capillary tubes were used with three samples of lithium
whose spectrochemical analyses before and after the experiment are given in

Table 4.2.

The surface tension was calculated using the Rayleigh-Schroedinger

53,54 The results are plotted in Fig. 4.3 and compared with pub-

equation.
lished results. The surface tension (dynes/cm) may be expressed in the

temperature range from 200 to 1000°C by the least-squares equation,

o = 437.80 — 0.144 t (4.2)
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Table 4.2. Spectrochemical Analyses of Lithium
Samples Nos. 1, 2, and 3 Before and After
Surface Tension Determinations

Samples Nos. 1, 2, & 3 Sample No. 1 Sample No. 2

Element Before, After, After,

bpm ppm bpm
Oxygen b b b
Nitrogen 11 <50 <50
Potassium 9 <15 - <15
Sodium 51 65 110
Cesium <100 <15 21
Rubidium <8 <15 <5
Iron <20 137 6
Chromium <10 <5 9
Nickel <50 62 23
Cobalt <6 - —
Titanium <8 - -
Zirconium <20 - -
Aluminum <10 - -
Magnesium <3 - -
Copper <10 - -
Silver <l - -
Boron < - —
ILead <hO - —_
Calcium <100 - -
Molybdenum <10 - -
Columbium <20 <20 <20
Beryllium <1 - -
Bismuth <3 - -
Silicon <10 - -
Tin <0 - -
Platinum <10 - -
Vandaium <10 - -

aSa.mple No. 3 was accidently contaminated after the experiment but
before an analysis could be made.

bAnalyses not completed.
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with a mean-square deviation of #2.4 dynes/cm.

The experimental results of Taylor,56 who also used the maximum bubble-
pressure technique, average 5% below the present results (see Fig. 4.h).
However, Taylor noted difficulties in estéablishing the maximum pressures
due to fluctuating manometer readings and did not report the extent of potas-
sium and rubidium impurities in the lithium (contaminants most likely to

affect the surface tension).

Determinations of the surface tensions of cesium and rubidium are being
planned. However, due to the highly reactive nature and low surface energy
of these two alkali metals, extensive modification of the present experi-

mental apparatus will be required.

4.1.5. Density of Lithium

The density of lithium was also calculated using the data obtained
from the maximum bubble pressure at various depths of capillary immersion.
The data of Been et al.5® are compared with the present results in Fig. 4.k.
Considering the very low density and high surface tension of the lithium,

the agreement is quite good, with a maximum deviation of 2%.

583. A. Been et al., "The Densities of Liquids at Elevated Temperatures:
Part I. The Densities of Lead, Bismuth, Lead-Bismuth Eutectic, and Lithium
in the Range Melting Point to 1000°C (1832°F)," NEPA-1585, Fairchild Engine
Airplane Corp., NEPA Division, Oak Ridge, Tennessee, September 7, 1950.
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