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SUMMARY 

Experimental determinations of heat-transfer coefficients, burnout 

heat fluxes, a%d friction factors have been made for swirl flow of low- and 

moderate-pressure water through electrically heated aluminum, nickel, and 

copper tubes containing full-length Inconel twisted tapes. For nonboiling 

Conditions, swirl-flow heat-transfer coefficients were successfully corre- 

lated with both the Froude modulus (the ratio of inertial to centrifugal 

forces) and a grouping of the Grashof and R&nolds moduli (ratio of buoyant 

to inertial forces). Under local-boiling, conditions the effect of tape- 

twist ratio was clearly noted with the tighter tapes supporting a higher 

surface heat flux for a given superheat. At low pressures, swirl-flow burn- 

out heat fluxes were about twofold larger than for straight flow through 

the same tube at equal pumping power. 

for the separate flow regimes and for burnout. 

flow were observed to be as much as threefold larger than those found for 

Recommended correlations are given 
- 

Friction factors for swirl 

axial flow in smooth pipes. 
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A systematic study has been undertaken of the effects of injection 

velocity, mass flow rate, pressure, and tiibe geometry on the vortex strength 

and the velocity profile in a gaseous jet-driven vortex tube under conditions 

approximating a two-dimensional flow field. It was found for the same jet 

input power and pressure that subsonic injection was more effective than 

supersonic injection in generating vorticity and that. reducing the tube diam- 

eter resulted in a pronounced increase in the peripheral Mach number. 

effect of L/d was observed. The degree of approach to potential vortex flow 

appears to be influenced primarily by the ratio of the radial to tangential- 

Reynolds modulus (the higher the ratio, the closer to potential vortex flow). 

An estimate of the degree of turbulence at the tube wall was obtained by 

using the velocity-profile data to estimate a virtual viscosity (p*/p) for 

No 

? the fluid. 

of 2.5 psia; it is concluded that flow near the wall in jet-driven vortex 

tubes will in all probability be turbulent for pressures in excess of a few 

tenths psia. 

The lowest value determined for p*/p was 30 for a wall pressure * 

. 

The need for quantitative information on the nature of turbulent in- 

stabilities near a wall and their relationship to thermal transients at the 

wall is discussed. A projected program is described. 

C 
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INTRODUCTION 
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Many problems exist with respect to the flow of fluids and of heat 

within both the core and the external components of a reactor system which 

are of so general a nature as to be outside the scope of research and devel- 

opment programs oriented toward specific reactors. On the other hand, the 

gains in reactor technology accruing from the solution of such problems is 

sufficiently great to warrant extended support of these studies on a funda- 

mental basis. 

egory of basic investigations. 

The researches described in this report fall into this cat- 

In each case the studies derive from exper- 

iments originally designed either to establish the thermal characteristics 

of reactors under development at the Oak Ridge National Laboratory or to 

provide solutions to limitations on the performance of these reactors. As 

will be noted, the ramifications of these problems extend beyond the needs 

of the specific fluid-fuel or gas-cooled reactors which occasioned the 

initial investigations. 

This program has been carried out within the Research Department of 

the Reactor Division (formerly Engineering Research Section of the Reactor 

Experimental Engineering Division) of the Oak Ridge National Laboratory. 

The succeeding sections of this report are concerned with (1) the delinea- 

tion of the characteristics of two-phase heat transfer with vortex flow, 

(2) the determination of the fluid mechanics of gaseous vortex flows with 

i 

the aim of maximizing the vortex strengths, and (3) the study of turbulent 

instabilities near a solid-fluid boundary in relation to them1 transients 

at the surface. 



Vortex Heat Transfer and Fluid Dynamics 
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For many reactor applications, whether the goal is generation of high 

neutron fluxes or economic power or compactness, high specific powers are 

not only desirable but often a necessary requirement. In achieving this 

goal, the interrelated problems of heat removal and fuel containment im- 

pose serious limitations on the design. 

had very high melting temperatures and satisfactory thermal, corrosion, and 

mechanical properties at elevated temperatures, the heat removal aspects of 

these reactor designs would become less critical. Unfortunately such metal 

or ceramic materials are not now available, though work in this direction 

is being actively pursued. 

quantities of heat to a coolant fluid while maintaining clad or containing- 

vessel surface temperature at acceptable levels. 

If materials were available that 

Thus the task remains of transferring large 

Two possible solutions of the heat removal problem are available: 

1. 

i 

The fuel may be subdivided sufficiently to yield high surface- 

to-volume ratios. This effectively "dilutes" the thermal heat 

flux to a level at which standard heat removal processes are 

adequate. 

The heat-transfer performance itself may be improved by such 

techniques as boundary-layer interrupters or rotating flow 

within tubes. 

This program has been directed toward the latter of these approaches; i.e., 

the study of the heat transfer and fluid dynamics associated with a liquid 

or gas in swirl flow in a tube. 
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Heat Transfer. Studies on heat transfer to air'," and nonboiling water2 

in vortex flow prior-to the inception of this program showed that substantial 

improvements in heat-transfer performance were possible when the fluid was 

in swirl motion in tubes. 

should cause a significant increase in the "burnout" heat flux associated with 

This early work also suggested that vortex flow 

boiling-water heat transfer in tubes through the action of the flow-induced 

centrifugal field to remove vapor bubbles from the heating surface. Spiral- 

ramp and tangential-slot entrances were used to generate the vortex flows. 

For tubes of a length sufficient for practical reactor use, regeneration of 

the vortex at several axial positions by generators located within the tube 

may be necessary. Alternatively, continuous strengthening of the vortex can 
' be accomplished by causing the fluid to enter through a slit (or a sequence 

of discrete orifices) extending the full length of the tube. A more feasible 

technique involves the insertion of a helically twisted ribbon into the tube 

so as to form two separate spiral paths. Work during this period has been 

directed towardiestablishing the characteristics of such twisted-tape helical- 

flow systems. 

While the prime goal of this study was the determination of bolling- 

burnout fluxes (ld,,), a great deal of data was obtained on heat transfer and 

friction losses under nonboiling and local boiling conditions. Copper tubes 

of 0.136-, 0.189-, and 0.249-in. inside diameter and aluminum tubes of 0.249- 

in. inside diameter were used in conjunction with tape-twist ratios ranging 

from 2.3 to 12.0.b The tapes were formed from 0,015-in.-thick Inconel ribbons; 

aSuperscript numbers refer to references listed at the end of this document. 

bl$e tape-twist ratio, y, is defined as the distance (expressed in tube 
diameters) per 180-deg rotation of the tape. 



tube lengths varied from 45 to 70 tube diameters (heated length/inside diam- 

eter, $/Di). 

low-voltage alternating electric current through the tube w a l l ;  little heat 

was generated in the Inconel tape because of the high electrical resistance 

of this path. 

a-c heating appeared minimal. 

wall at 2-in. nominal intervals provided a measure of the tube surface tem- 

Tube-wall. heating was effected by passing a high-amperage, 
r 

\i 

The effect of the ripple in the wall temperature due to the 

Thermocouples attached to the outside tube 

perature; static-pressure taps were located in the inlet and exit electrodes. 

A general schematic diagram of the experimental system is given in Fig. 1, 

For the nonboiling studies, the heat flux, 8, was varied over a tenfold 
range from 0.8 x lo6 to 8.0 x lo6 Btu/hr.ft2; while the Reynolds modulus (cal- 

culated as if for axial flow) covered a hundredfold range from 5 x lo3 to 

4 . 3  x lo5. 

fer probably involves the interaction of a gravitational force (centrifugally 

induced) and a buoyant force (acting on liquid density differences or the 

vapor-liquid density difference). This suggests the Froude modulus (the 

ratio of inertial to centrifugal forces) and a grouping of the Grashof' and 

Reynolds moduli, NG,(NRe,,)' (the ratio of buoyant to inertial forces) as 
significant correlating variables. In Figs. 2 and 3 the data, as the ratio, 

As notedpreviously, the gross mechanism for vortex heat trans- 

w 

C 

d 

D3 p2 g B At . V 2  a - -  ; Grashof modulus = MGr = Froude modulus = NFr - C 

Q Di P2 

Reynolds modulus = NRe,a - - Di 
sistent units. 

; all in standard nomenclature and con- CL 

d"he ratio of the mean heat-transfer coefficient for vortex flow to the 
mean coefficient for axial flow at the same flow and heat flux as calculated 
for the Colburn equation, 

j, = 0.023 N -0.2 [1 + ($ >"" ] 
Re 
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hdham, are compared independently with these two moduli ; both correlations 

appear successful in explaining the data. The abscissas in these figures 

result from combining the specific modulus (e. g., N 

gravitational force at the wall. 

) with the equivalent Fr 
e The correlating equations for the 47 data 

points are: 
1/2 0.084 lo2 P;I2 Atf 

2.18 y-Oeo9 = 1.65 ( hvm 
ham Y 
- =  

where f3 is the volumetric coefficient of thermal expansion of the water at f 
the film temperature and At = ti - tb, the over-all film-temperature dif- f 
ference. 

The results of 13 experiments under local-boiling conditions are shown 

in Fig. 4. 

exit pressure levels of 30 to 220 psia (corresponding to superheats, Atsat, 

of 45 to 200'F). 

Heat fluxes ranged from 2.3 x 10' to 9 .3  x 10' Btu/hr.ft2 with 

The effect of tape-twist ratio was clearly noted, the 

tighter tapes supporting a higher surface flux for a given superheat. The 

data were satisfactorily correlated by the equation, 

- 2.94 yo*81 ( L , Atsat 

to within +15$. 

Straight-flow and swirl-flow burnout data are compared in Fig. 5 at 

A-nickel four pumping-power values for three length-to-diameter ratios. 

tubes of 0.181-in. inside diameter were used for all tests; the tape-twist 

ratio for the swirl-flow tubes was constant at 2.08. Exit pressure levels 

were maintained in the narrow range of 15,to 30 psia. 

burnout heat fluxes with Vortex flow were found to be about twice those 

For these.conditions, 

e Using a slug-flow model, g cx: 
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attainable with straight flow (jd 

heat flues as high as 37 x 10' Btu/hr*ft2 were measured for the twisted-tape 

v/8bo,a varied from 1.6 to 2.4). Maximum 
bo, 

tubes. 

Analysis of the total set of vortex burnout data (40 points obtained 

with aluminum and copper tubes as well as with the A-nickel tubes) yielded 

the correlation: 

- - 4 ,  Idbo,v,min 0.2 
Di 

where G 

tions were considered (all representing the data to about fU$), this 

equation is recommended as a conservative-design equation. 

Fig. 6, over 90% of the experimental points lie above the line. 

ence of vortex burnout on L/D ratio (appearing in all correlations attempted) 

seems somewhat unusual in view of the lack of a good mechanistic explanation. 

A similar effect has been observed with axial bulk boiling, where the nature 

of the two-phase flow region in the presence of net vapor generation can vary 

markedly with heated length, and with axial subcooled boiling; for the latter 

condition, the L/D issue is still somewhat controversial. 

is the resultant mass velocity. While a number of other correla- r 

As noted in 

The depend- 

Pressure drops in vortex flow were determined in a series of tests using 

both aluminum and copper tubes of dimensions identical to those for the heat- 

'I 

transfer studies; ribbon-twist ratios varied from 2.3 to 8.0. Static-pressure 

taps were formed by drilling small holes through the electrodes and into the 

tubes so as to eliminate end losses from the measurements. 

experimental runs were made, of which 88 were for isothermal conditions, 47 

A total of 149 

for  heated nonboiling, and 14 f o r  heated local boiling. The resulting fric- 

tion factors, evaluated from the standard equation for turbulent flow in ducts, 
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are considerably,higher (by as much as a factor of 3)  than those found for 
t 

and Va by the equivalent La , axial flow in smooth pipes. 

diameter (De), the actual helical flow-path length (L 

inside wall, and the resultant fluid velocity at the w a l l  (V 

the correlation to the extent that the axial-flow smooth-tube friction- 

Replacing Di, 

) measured at the 

) improves 
p9i 

r9 i 

factor curves represent the vortex-flow data to within *20$. 

tape-twist ratio has been incorporated along with a nonisothermal correc- 

In Fig. 7 the 

tion and an empirical dependency on D 

factor for vortex flow under both isothermal and heated nonboiling condi- 

tions. It is found that 

to define an equivalent friction i 

, 

. 
= 0.00089 f 12$ fe 

over the full experimental range of the Reynolds modulus. Thus the equation, 

v," La 'b ( ap = 0.00089 - - 'c D i (Di 2 y) 006 

is suggested for design purposes. Since the pressure loss with swirl flow 

appears sensitive to surface roughness, this equation should not be used for 

extrapolations beyond the physical conditions employed in this investigation. 

The average surface roughness for these tests was of the order of 21 pin. 

The work described above w i l l  appear in greater detail in an ORNL . 
c 

topical report" 

"5' fiscal year. A 

scheduled for publication during the last quarter of this 

condensed version of this report has been submitted for pres- 

entation at the Fourth National Heat Transfer Conference. 
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Fluid Dynamics. In considering the use of a vortex flow for heat trans- 

?, 

_I . 

I .. 

fer or for gas separation, a knowledge of the interrelationship of the vortex 

strength and the turbulent energy dissipation is of fundamental importance. 

For example, while turbulence in the flow field is helpful in promoting heat 

transfer, it m y  at the same time lead to prohibitive pumping-energy require- 

ments. Therefore this study is aimed at determining systematically the effects 

of certain key variables (such as injection velocity, mass flow rate, pressure, 

and tube geometry) on the vortex strength and the velocity profile in a jet- 

driven vortex tube under conditions approximating a two-dimensional flow field. 

The vortex strength is defined as the tangential peripheral velocity. 

The experimental apparatus involved is typified by that shown in Figs. 8 

Twelve feed nozzles were located in an interrupted spiral along the and 9. 

tube with a 1-in. axial spacing and 90-deg rotation between adjacent nozzles. 

In this modification, the tube was formed by drilling a 2-in.-dia hole of 

12-in. length into a bin. square Plexiglas block. 

nitrogen) entered at a radius of 0.92 in. ; the inside surface of the tube 

was polished after the nozzles were honed to the tube contour. The exhaust 

port, containing an adjustable annular nozzle, was located at the center of 

The gas jets (helium or 

one end of the tube; the opposite end was closed and was provided with a 

spiral arrangement of pressure taps for establishing the radial static-pressure 

distribution. 

pressure distribution. 

of 150 psig. 

The tangential velocity variation was then calculated from the 

Gas pressures at the inside tube wall were of the order 

Table 1 describes the experimental tubes studied. 

The pertinent variables can be combined to give a set of dimensionless 

groups which are significant in correlating the tangential velocity data. 

These are: (1) the jet Mach number, M (2) the radial Reynolds modulus, ElRejr, 
j’ 
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Table 1. D,escription of Experimental Vortex Tubes 

Injection Geometry 
Tube Tube Tube Dia or Radial Exit Radius 
No. ID, 2 r Length Description Width Position Tube Radius 

r '  e r '  a (in.) P (in.) (in. ) 

1 2.00 12.0 12 Nozzles 0.0135 0.92 0.140 

2 2.00 12.0 12 Nozzles 0.0100 0.84 0.140 

0.0135, 0 . 9  0.0625 - 0.250 
0.0330 3 2.00 12'.0 12 Nozzles 

3A 1.00 12 - 164 
12*0 Nozzles 0.020 0.90 0.280 - 0.500 

3B 0.63 0*90, 0.380 - 0.525 0.020 0.95 
3.25, 6.0, 11 - 54 i 

12.0 Nozzles 

1.00 12-in.-long o.oo2 
Slit 4A 2.00 12.0 0.140 

tI 4B 2.00 12.0 0.002 0.92 0.140 

5 0.64 3 . 5  12 Nozzles 0.028 0.88 0.308 - 0.362 
6 0.315 1.75 60 Nozzles 0.0135 0.90 0.3 - 0.5 

. 
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which is based on the radial 

inlet and exit geometry is a 

mass flow at any radius and by virtue of the 

constant for a specific test; (3) the tangen- 

which is based on the tangential velocity at tial Reynolds modulus, 

the wall and the tube diameter; (4) a corresponding tangential Mach number 

at the wall, M and (5) the tube length-to-diameter ratio, L/D. 

NRe,tJ 

P’ 
Presentation of the data (see Fig. 10) as a jet effectiveness ratio, 

MdMj, shows subsonic injection to be more effective in generating vorticity 

than is supersonic injection at the same jet input power and tube wall pres- 

sure. More recent data with a 0.315-in.-ID tube indicate a value of 0.65 for 

M M. at M = 0.52. Further, for the same conditions of constant jet input 

power and pressure, the effect of tube diameter is found to be quite pronounced. 

Thus, as seen from Fig. 11, decreasing the tube diameter from 2.0 in. to 0.315 

in. results in an increase in M The degree of approach to 

potential vortex flow (Vt - l/r) appears to be influenced primarily by the 

ratio of the radial to tangential Reynolds modulus; the higher the ratio 

dJ j 

h 

from 0.20 to 0.45. 7 

P 
.. 

. 
e. 

the more closely the flow field approached that of a potential 

Variation in L/D produced negligible change in the vortex strength 

At lower values of L/D, however, both the vortex strength and 

NRe , dNRe , t’ 
vortex. 

for L/D > 3. 

the slope of the velocity profile were observed to decrease. 

to the increased role of end effects at the small length-to-diameter ratios. 

A measure of the degree of turbulence at the tube wall can be obtained 

by using the velocity-profile data to‘ estimate a virtualf viscosity for the 

fluid. The data of 68 runs were analyzed; results are presented in Fig. 12 

This may be due 

for the ratio of the virtual 

fThe virtual viscosity, 
ular and eddy contributions. 

to molecular viscosity as a function of the 

* p , is the total viscosity combining both molec- 
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peripheral tangential Reynolds modulus. 

perimental variables,@; the data are well correlated by the equation, 

Despite the wide range of the ex- 

)O.86 
p*/p = 2.03 x lo-= (N~,,~ , 

for the Reynolds modulus range of 4 x lo4 to 1.6 x lose 

p*/p observed was 30 at a tangential Reynolds modulus of 4.0 x lo4 for a wall 

pressure of 2.5 psia. 

The lowest value of 

It is concluded that flow near the wall in jet-driven 

vortex tubes w i l l  in all probability be turbulent for pressures in excess of 

a few tenths psia. On this basis, it seems that high-pressure operation is 

desirable for heat transfer, whereas for processes such as gas separation 

where turbulent mixing strongly affects the separation very low pressures 

are to be preferred. 

The work described above partially summarizes a paper to be given at 

the 1960 Fluid Mechanics and Heat Transfer Institute and to be published in 

the official journal of that organization. An ORNL topical report'' cover- 

ing this program, and associated aspects, is in preparation. 

Transient Heat Transfer 

It has been demonstrated through studies4j5 made during the past few 

years at ORNL that transient stresses induced in a solid by thermal fluctu- 

ations in a fluid flowing along the solid surface can cause a fatigue-type 

failure and/or accelerated corrosion in the solid. 

ure was found to depend on such factors as the amplitude of the temperature 

The extent of such fail- 

.I %be diameters of 0.315, 0.640, 1.00, and 2.00 in. ; helium and nitrogen 
gas; mass flow rates from 0.012 to 0.13 lb/sec-(ft of tube length); M. from 
0.2 to 1.0; tube wall pressures from 2.5 to 120 psia; and effective jet input 
powers of 0.2 x to 5.0 x lb/sec.ft. 

J 
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oscillation, the frequency spectrum, the length of exposure, and the relative ' 

. 
'*I 

r' 
i 

3 

properties of the fluid and solid. 

to 10 cycles/sec) are inherent in most reactors; and since they are generated 

essentially continuously during the reactor operating lifetime, a sufficient 

Moderately high-frequency transients (1 

number of cycles can be accumulated to produce surface cracking even at low 

amplitudes. 

The origin of these thermal transients is in the coolant flow itself. 

Thus, even in as good a geometry as a tubular fuel element internally cooled, 

turbulent eddies penetrate6 the laminar sublayer adjacent to the bounding 

surface and cause rapid fluctuations in the local rate of heat removal. 

entrance regions, diverging channels, or downstream of obstructions, tran- 

sients of large amplitude can be expected. For circulating-fuel reactors, 

the situation is further intensified by the possibility of adverse tempera- 

ture profiles in the flowing fuel coolant. The relative thermal properties 

of the coolant and wall appears to be a significant factor; the combination 

In 

of a good thermally conducting fluid in contact with a low-conductivity wall 

is especially likely to result in large surface-temperature oscillations. 

many instances these thermal oscillations persist beyond the confines of the 

core and can cause d&ge in connecting lines and external heat exchangers. 

In 

In that the mechanism of thermal-transient generation arises from the 

effects of turbulence near a wall, an understanding of the nature of turbu- 

lent instabilities in boundary layers is needed. 

titatively, for example, about the behavior of the laminar sublayer very close 

to the wall of a channel. It is suspected, with some experimental justifica- 

tion, that the sublayer is itself intermittent, breaking up periodically into 

Very little is known quan- 

turbulent eddies or being at least thinned for a sufficient length of time to 
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permit eddies from the buffer zone or the mainstream to penetrate nearly to 

the wall. This investigation will attempt to answer, through the quantita- 

tive study of turbulent velocity and temperature profiles at a solid boundary, 

some of the questions concerning thermal instabilities as they relate to con- 

ditions and geometries of interest in reactor design. 

A steam-heated test section7? will be used to study wall-temperature 

transients, and corresponding fluctuations in local heat-transfer rates, for 

both laminar and turbulent flow of water through straight tubes of varying 

length-to-diameter ratios. 

tions will also be determined. 

instantaneous surface and fluid temperatures' have been developed at ORNL and 

will be utilized in these measurements. Previous experiments, 7, however, 

indicate that additional work is needed.in achieving a stable gross flow. 

Improved instrumentation for analyzing the complex electrical signals gen- 

erated by the thermocouples so as to increase the precision of the data is 

also required. 

The effects of upstream bends and flow restric- 

The experimental techniques for obtaining 

Concurrently, the mechanism of turbulent eddy penetration of the laminar 

sublayer will be investigated in simple geometries with fully developed flow 

patterns. 

such as hot-film anemometers, magneto-hydrodynamic probes, and ceramic pres- 

sure crystals. 

Extensive use will be made of advanced experimental techniques 
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