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SUMMARY

Experimental determinations of heat-transfer coefficients, burnout
heat fluxes, and 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.

Swirl-flow heat-transfer coefficients for nonboiling conditions were
successfully correlated with both Froude number and the modulus group
[Grashof No./(Reynolds No.)aj]j vhich is a measure of the ratio of buoyant
to inertial forces in the presence of a temperature gradient. Swirl-flow
heat-transfer coefficients are larger than eqguivalent straight-flow co-
efficients on the basis of equal coolant velocity, of equal frictional
pressure drop, or of equal frictional pumping power. The advantage ex-
hibited by swirl flow appears to be significantly dependent on surface
roughness.

Swirl-flow burnout heat fluxes are shown to be independent of both
degree of subcooling and of pressure, and to be as much as five-fold
larger than straight-flow burnout fluxes when coolant temperature, pres-
sure, and velocity are held comstant. At low pressure, swirl-flow burn-
out heat fluxes are approximately two-fold larger than for straight flow
through the same tube at equal pumping power.

Friction factors for swirl flow are larger than for axial flow; and
for the tubes used in this investigation, are dependent on tube diameter
and tape twist ratio, but independent of Reynolds number.

Six other recent studies of swirl-flow heat transfer are reviewed
and the results outlined. Equations for various swirl-flow parameters

are derived for a rotating slug-flow model. Earlier burnout heat flux
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data for tubes with inlet swirl generators are reassessed from a new view-
point, and recommendations are made for further studies.

The applicability of vortex-tube fuel elements to nuclear reactor cores
is discussed. Relative to practical plate-element matrices, vortex-tube
elements have several advantages — lérge heat-transfer area per unit volume
(if both surfaces are cooled), increased fuel element rigidity, larger heat-
transfer rates at and below burnout, and the possibility of lower operating
pressure levels; these combine to indicate a promising potential for vortex-

tube fuel elements.
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HEAT TRANSFER, BURNOUT, AND PRESSURE DROP FOR WATER IN
SWIRL FLOW THROUGH TUBES WITH INTERNAL TWISTED TAPES

*
W. R. Gambill, R. D. Bundy, and R. W. Wansbrough

An earlier studyl of boiling burnout with water in vortex flow through
test sections with inlet swirl generators gave promising results which
prompted an extended investigation of full-length twisted-tape swirl gener-
ators. The results of the extended program, which was completed in mid-
August, 1959, are given in this report, and include informstion on nonboil-
ing and boiling heat-transfer coefficients and friction factors as well as

burnout heat fluxes.

I. General Description of Experimental System and Test Sections

The experimental system is shown schematically in Fig. 1; only minor
changes were made to the apparatus originally used. Heat fluxes were cal-
culated from water flow rate, tempe}ature rise, and internal test-section
surface area. Thirty-gage Chromel-Alumel thermocouples were brazed or dis=-
charge welded onto the outside tube surface at nominal 2-in. intervals and
externally insulated with asbestos tape secured by woven-glass ribbon. All
instrumentation — rotameters, pressure gages, and recording instruments —
were calibrated prior to use, Heise pressure gages which had been checked
on a dead-weight tester and which were electrically isolated with Nylon
Swagelok fittings were used for measurement of inlet and exit pressure lev-
els in vortex tests 19 to 40.** Calibrated pressure gages of somewhat lower

precision were used in all earlier tests. The pressure gage installation

*
Summer employee.

*¥
Test numbers in the text refer to the numbers in Tables 1 and 2.
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denoted by solid lines in Fig. 1 was made by drilling L/32-in. holes through
the electrodes and the tube wall; the inner wall surface was then deburred and
the pressure gage attached to a fitting on the outer surface of the electrode.

For most of the tests, the copper tubes were brazed into the electrodes
with high~temperature silver solder; the aluminum tubes were joined with a
relatively low-melting eutectic compound. For vortex tests 36 — 40O, the ends
of the tubes were clamped into split electrodes; this method was particularly
convenient for the aluminum tubes since there was then no danger of melting
the tube wall auring a Jjoining operation.

For the straight-flow tests, water flow was developed and stabilized
before heating began with elither a smooth convergent cone upstream of the in-
let electrode or an unheated length about 40 tube diameters long. Burnout
never occurred at the tube inlet, and the entry regions described were con-
sidered adequate for flow development. For the twisted-tape tests, the water
flowed directly from a 1-in.-dia stainless steel pipe into the test section,
and no special entry region was used.

Several difficulties were encountered in early efforts to fit twisted
tapes into the tubes. If the twisted tape was slightly too large in diam-
eter, it would tend to stretch and straighten out; if too loose, it would

have to be tack-welded or otherwise secured at the tube ends to prevent its

rotation. Another problem encountered with insufficiently tightly twisted:tapes

was lateral vibration accompanied by an apperent arc erosion phenomenon, where-
by the tape would emerge from the tube after a test with a tapered diameter
which decreased toward the exit. A better fit was obtained in some tests by
screwing the tape into double grooves which had been cut into the inner tube

wall. This procedure was fairly satisfactory, but X rays revealed a mismatch
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of tape edges and grooves in some of the test sections, and this technique
in general gave excessive trouble.

The most satisfactory method of fitting the twisted tapes to the copper
tubes involved first drawing the original tubing on a mandrel to an ID slight-
ly larger than the tape diameter, followed by insertion of the tape and draw-
ing of the tube on the tape until the tube ID was 0.002 in. to 0.003 in. less
than the tape OD. The same procedure was followed with the aluminum tubes,
but three draws were made, with a 550°C anneal between the second and third
draws. This procedure caused the tape to penetrate the tube wall about a mil;
subsequent X rays showed that the spiral pattern was quite uniform and undis-
torted.

The tapes were made of 0,015-in.-thick Inconel for all the tests. It
was found that no heat treatment was required for twisting down to a twist
ratio y of about 2.0 diameters/lSO—deg twist, The first tapes were twisted
on a bench rig consisting of a vise and fixed C-clamp. Later tapes were made
by the more satisfactory method of suspending the sheared strip vertically
with a dead weight of 40 — 80 1b attached to the bottom; the welght was then
twisted and the tape yielded uniformly in torsion to produce the desired twist
ratio. It was necessary to adjust the sheared width of the original strip in
order to compensate for the reduction experienced during the spiralling opera-

tion.

II. Heat-Transfer Coefficients

A. Measurements and Calculation Procedure
Data suitable for calculation of heat-transfer coefficients were

gathered during a series of equilibrations preceding most of the test-section




burnouts. Copper tubes of 0.136-in.; 0.189-in., and 0.249-in. ID, as well
as 0,249-in.-ID aluminum tubes, were fitted with twisted tapes for which

2.3 < y<12.0. The Lh/bi range was 45 to 70; ¢ was varied from 0.8 x 10°
to 8.0 x 10° Btu/hr-£t® in the nonboiling runs and from 2.3 x 10% Btu/hr-ft2
to 9.3 x 10% Btu/hrnft2 in the local boiling tests., Test-section pressure
during the local boiling runs varied from 30 to 220 psia. (Re)a was varied
from 5,000 to 427,000,

Heat flux was hased on coolant heat absorption rate and total internal
surface area, uncorrected for the small area covered by the edges of the
twisted tapes. Neglecting the tape-covered area gives h values ~ 5%
smaller than would result from use of the net surface area., Calculated heat
generation in the tapes never exceeded C.3% of the total heat generation,
assuming perfect tape-wall contact; this correction was therefore not in-
cluded. The axial voltage gradiemt along the test section was measured and
used to obtain the wall temperature drop from & plct based on the complete
Kreith-Summerfield series solution® for the case of internal heat generation

in & tube wall with variable thermal and elecitrical properties:

Xé . ‘)‘2 m i = K g
. m{R_ - R, ) w(R_ - R, ) )
‘i ‘o 0 p ; 0o a2 ,
(1+8 to)&l +Q to) 3 R@(l + B to)(l +Q to) (
1)
7 2
[ n2 (Ba+bap’t +8) m } (R - R s
6 Q+at)®(@+e t)® bRZ(2+p t)1+as)d ° 7
2
where m = 3°glg (EE/EX) <QE/ft2)9 (1-b)
0O O

and where «a and B" are defined by:

k

k 1+at) , (1-c)

D
|

=p, (1+B"t) . (1-d)
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Electrical resistivity data from ref 3 were used, and thermal conductivity
data for copper* and aluminum were taken from Eckert and Drake.?*

Exit bulk water temperatures were measured with a recording potentiom-
eter and a thermocouple located immediately downstream of the outlet disk-
and-doughnut mixing chamber. The inlet bulk water temperature for a test
with heating was taken as the exit water temperature of the preceding iso-
thermal equilibration. The small temperature rise of the coolant due to
frictional heating in high-velocity tests did not have to be subtracted
from the total temperature rise in a heating test when this procedure was
followed. Local film temperature drop was computed as the difference be-
tween the calculated inside wall temperature and the local bulk water tem-
perature (tb was assumed to vary linearly with heated length). Wall satur-
ation temperatures were taken from steam tables to correspond to the meas-
ured terminal wall pressures., At each thermocouple location, heat-transfer
coefficients based on Aty (nonboiling tests) or on AT (voiling runs) were
calculated. The resulting curve was graphically integrated by planimetry to
obtain an average h for the test section. A typical plot of pertinent tem-
peratures and the derived heat-transfer coefficient is shown as Fig. 2 for a
nonboiling test. A graph of this type was prepared for each of the 60 heat-
transfer coefficient determinations,

Some difficulties were encountered with the middle three thermocouples,
which tended to separate from the tube surface after several cycles of switch-
ing power off and on for transformer tap adjustment. In some of the earlier

tests, the same thermotouples gave readings that varied peculiarly in level

¥*
Values of k for pure copper were reduced by 11% to account for average
impurities in the grade of copper used.
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from test to test. This problem was largely solved by positioning the thermo-
couple beads, with the aid of X rays, so that none was directly over a tape
edge; the measured temperature distributions were considerably more consistent
and uniform after this procedure was adopted. Because of the quite large ra-
dial and axial variations of tb, no attempt was made to correlate local h,
which generally increased slightly with length, probably because of the favor-
able physical property variation. All values of calculated average h have
been included in the correlations discussed below. Since the coolant was un-
treated tap water, the heat-transfer coefficients determined may be somewhat
smaller than they would be had high-purity water been used, because of scale
formation. If scale did form, it apparently did so in a uniform fashion,
since the data do not show an extreme scatter in the correlations discussed

below.

B. Nonhoiling Forced-Convection Heat-Transfer Coefficients
Several correlations of the nonboiling date weére made which were
based on the intuitive concept that vortex heat-transfer coefficients could
be characterized by the product of the axial-flow h from the Colburn equa-

tion:
0.023 [1 + (Di/Ih)0°7]
St = -
Pre/3 Re®"2

(2)

and an additional group representing the effect of radial acceleration and
ephanced buoyancy force on heat-transfer rate.
For axial forced convection, the Froude number:
v 2
a

Fr = g D

(3)

i

represents the ratio of inertial forces to gravity forces:



F
Fr = 2= ()

&
and is therefore of potential inteﬁst.

In free-convection flow, the Grashof number:

D% 0% g B.(at)
Gr = 1 £ £ (5)

u2

possesses a similar importance., Where neither forced- nor free-convection
can be neglected, as in the present instance, the ratio Gr/.Re2 is particularly

suitable, since it may be regarded as the ratio of buoyancy forces to inertial

forces:
FB
GI‘/(Re)a2 =F (6)
I
where
D, p.V
i
(Re), = —22 . (7)
Ky

Combination of Eqs. 5 and 7 reduces Eq. 6 to:

g B(at), D,

cr/ (Re): = (8)

VZ
a

¥ Lif
Furthermore, gﬂ?at the wall) for twisted-tape swirl flow can be related to

Di’ Va’ and y as follows (see Appendix 1 for derivations of swirl-flow

equations):
V 2
>y b a
w2 (#) (9)
where b 1is a numerical ¢onstant. | . Rﬂ&£&<ﬂy jz?“clﬁt,.
Combination of Eqs. 8 and 9 gives; &MYV S 4

Bo(at),

y2

Gr/(Re)aa @ (10)

§ Syl
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Eq. 3 may similarly be reduced to its simplest form for twisted-tape

vortex flow by combining it with Eq. 9, which gives:
Fr ¢ y° . (11)

Theoretical bases for the use of the modulus ratio Gr/(Re)2 may be
found in the texts of Eckert and Drake® and of Bird et al.,,6 as well as in
recent papers by Acrivos” and Ostrach and Braun.®

The ratios of the experimental mean vortex heat-transfer coefficients
<hvm) to the equivalent mean axial-flow coefficients (ham), evaluated at
equal bulk coolant temperature and weight flow rate with Eq. 2, were accord-
ingly plotted versus the groups of Egs. 10 and 11. This is equivalent to
plotting the Nusselt number ratio (Nu)vm/(Nu)am versus the indicated groups,
since Di was used in calculating ham from Eq. 2. The plots are shown as

Figs. 3 aud 4. The best correlation equations are:

h

= - 2,18 y 000 (12)
am
and
n_ 102 Bf’1/23 Atfl/e 0,084
= 1..65< - (13)

Each correlation exhibits an average deviation of 10.1% with respect to the
47 data points. Though Egq. 13 probably better accounts for the effect of
heat flux variation, Eg. 12 correlates the data as well and is considerably
simpler. Since Atf appears in Eq. 13, numerical solution for hvm must be
made by iteration; and if calculations are made with Eq. 13, it is suggested
that Eq. 12 be used to obtain a first approximation to Amfo Eqs. 12 and 13

may be combined with Eq. 2 to give the following generalized correlations.
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for average twisted-tape vortex-flow heat-transfer coefficients:

( h_ ) ( ,0-09 \  0.023 [1 + (Di/Lh)O'7] ()

pp, G 21877 (er)2/3 (re)0-2 ’ -

oty | GRSV Vi R
v - 1
% % / L 2.3 (5, at,)0 0 ()77 (re)0-2 5

In each equation, Re is calculated with Di and Va (or Di and Ga). In re-
ducing the data, values of B which had been calculated from the accurate
density data for water given by Dorsey9 were used; this B,t relation is
given as Fig. 5.

Two additional correlations of hvm were made, identical to those de-
scribed above except that the mean film coolant temperatures of the vortex
tests were used in calculating the equivalent values of ham' Since the
deviations (~ 12—1/2 %) of these correlations based on film temperature
were greater than those of Eqs. 12 and 13, they offer no advantage and are
not given here.

A check to see whether the Re dependency of hVm is the same as for axial
flow was made by plotting the ratio of hvm/ham to the correlation of Eq. 12
versus axial Reynolds number. As shown by Fig. 6, no significant drift of
the ordinate group with (Re)a is evident. We may therefore conclude that,

as in axial flow,

o« (Re)o" . (16)

*
Equation numbers of recommended correlations are doubly underlined
throughout the text.
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C. Local-Boiling Heat-Transfer Coefficlents
In Fig. 7, the few local-boiling data (below burnout) have been
plotted as ¢ versus At and y. The curves which separate reasonably clearly
according to tape twist ratic, were empirically superposed, with the excep-
tion of one point, by introducing yo'6 in the ordinate, as shown in Fig. 8.

Within an average deviation of 14.8%, the liquid-film superheat, At i is

correlated by:

0.81 1.35
A .
A:tsart - GT%E—~_ (17)

Slightly better correlation was obtained when a pressure correction
factor of the Jens and Lottes typelo was included. Since only 13 data
points were aveilable, however, the validity of the pressure correction

could not be verified and wzs not pursued further.

ITI. Burnout Data and Correlations

A. Data Tabulation and General Comments
Burnout heat flux deta for the *twisted-tape vortex-flow tests are
tabulated in Table 1; comparative strasight-flow burnout data are summarized
in Table 2. Ranges of test conditcions for all the burnout data are given in
Table 3.
The heat flux at buruncut was calculated from the water heat absorption

rate and the total internal swurfece area of the tube:

— + -
Qo = W Cp (5, = Ty g (18)

>
li

h L Di Ih s (19)

Proo = %o/Pn (20)

A schematic of the equipment arrangement is given in Fig. 1. The tests were
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Table 1. Twisted-Tape Vortex-Flow Burnout Data

Test Tube gharacteristicsa Pressure d e
No. i’ o’ Ln’ Ln/Dl y Material Vaz’ (Vri)z’ Pz’ Tap AP, tbl’ tbz’ (Atsub)z’ ¢bo’
in. in. in. fps fps psia Location® psi °F °F °F Btu/hr: ££2

1 0.402 0.500 10.48 26.0 2.99 Al 1h.7 16.6 19.1 External 4.8  61.9  185.0 ke 3.62 x 10°
2  0.402 0.500 8.05 20.0 2.99 Al 16.0 18.1 19.7 6.0 64,0 177.9 52 b.75 x 108
3 0.305 0.376 16.20 53.0 2.k2  "A" nickel 24.2 28.9 19.5 20.5 L7.8 201.2 29 3.56 x 10°
L 0.305 0.376 8.15 26.7 2.k2 38.4 46.0 29.9 30.1 50.0  1k1.9 110 6.85 x 10°
5 0.305 0.376 4,00 13.1 2.4k 60.7 72.5 55.0 54,2 51.8  121.1 169 16.72 x 10°
6  0.305 0.376 2.02 6.6 2.hk2 60.7 72.5 55.0 56.2 51.4 9.7 199 18.80 x 10°
7 0.181 0.250 3.80 21.0 2.08° 107.8  135.0 20.2 24k2.0  70.2  150.2 72 20.40 x 10°
8 0.181 0.250 2.48 13.7 2.08 110.0  137.8 23.0 235.0  65.8 128.7 99 24.95 x 10°
9 0.181 0.250 1.49 8.23 2.08 110.0 137.8 21.6 228.0 64.0 105.6 118 28.00 x 10°
10 0.181 0.250 3.80 21.0 2.08 81.0 101.6 17.2 175.0  70.3 159.2 57 16.92 x 10°® $
11 0.181 0.250 2.50 13.8 2.08 8.6 106.0 17.7 166.0 69.1 137.0 8o 20.75 x 108 '
12 0.181 0.250 1.50 8.28 2.08 80.3 100.6 17.5 175.0  68.9  120.2 97 24,77 x 10°
13 0.181 0.250 3.80 21.0 2.08 52.8 66.1 15.0 58.7 65.6 147.2 64 10.12 x 108
1+ 0.181 0.250 2.47 13.66 2.08 55.2 69.2 15.1 55.6  66.2 123.2 88 11.48 x 108
15 0.181 0.250 1.50 8.29 2.08 55.0 68.9 15.0 55.0 66.4 110. 4 100 14.57 x 108
16 0.181 0.250 1.45 8.0 2.08 148.0 185.2 29.7 423.0 T72.5 111.1 130 37.35 x 108
17  0.181 0.250 3.75 20.7 2.08 149.1 187.0 27.9 432.0  63.2 151.0 85 31.22 x 10°
18 0.181 0.250 2.50 13.8 2.08 Y 156.0 195.3 29.7 400.0 62.6 120.7 119 32.75 x 108
19  0.249 0.355 12.03 UuB.3 2.30 Cu 35.4 k2.9 15.7 bh,0  6h.4 210.8 " 3.35 x 10°
20 0.249 0.355 12.00 48.2 2.30 34.0 41.1 545.0 L0.0  75.1  221.0 255 5.14 x 10°
21 0.189 0.269 12.00 63.5 7.70 67.4 68.9 34.9 108.0  76.6  210.9 48 6.90 x 10°
22 0.189 0.269 12.00 63.5 7.70 67.4 58.9  470.0 115.0  80.3  213.1 248 6.82 x 10°
23 0.136 0.206 11.97 88.0 2.46 Y Thob 88.1 495,0 Y 235.0 924 350.0 116 9.41 x 108




Table 1. Twisted-Tape Vortex-Flow Burnout Data (Continued)
Test - Tube Characteristics Pressure d e

No. i’ o W WPy Material  'az’  (rids Por Tap w2, by By O Fy

in. in, in. fps fps psia Location® psi °F °F °F Btu/hr- rt?
2k 0.136 0.206 12.00 88.2 2.4 Cu 69.4% 8. 14,7 External  292.0 75.2  212.0 ;Zaiftﬁ 10.82 x 10°
25  0.249 0.355 1l.4k L46.0 2.30 31.1 37. 46.7 inﬁZttzbeit 20.0 66.0  247.0 30 5.99 x 10°
26 0.249 0.355 11.31 45.5 4.9 29.3 30. 33.7 13.0  67.6  218.9 38 4.83 x 10°
27  0.249 0.355 1l.44 L6.0 8.03 32.8 33. 36.3 10.9 746 201.2 60 k.51 x 10°®
28 0.189 0.269 11.kk 60.55 2.49 75.1 88. 123.0 8k.0 68.2 310.0 33 13.80 x 10°
29  0.189 0.269 11.kk 60.55 4.98 73.9 7. 30.3 91.7 71.8  228.2 23 9.15 x 10°
30 0.249 0.355 11.38 45.6 2.30 27.6 33. 95.0 13.0 138.1  318.0 6 5.11 x 10°
31 0.189 0.269 11.36 60.0 2.49 73.6 87. Lk5.0 90.0 69.8  259.7 195 10.92 x 10°
32 0.189 0.269 11.k2 £0.5 2.49 .2 . 28.7 130.3  64.8  240.0 éﬁZlZEy% 11.00 x 10°
33 0.136 0.206 10.98 80.7 7.8 Y 135.4 138. 29.0 36.0  76.6  248.0 0.4 13.11 x 10°
34 0.249 0.354 11.00 k4.1  4.95 AL 53.3 56. 8h.7 30.3  68.9  194.9 121 7.61 x 10°
35 0.249 0.355 17.34 69.7 12.03 Cu 27.8 28. 46.7 ----  B2.2 270.2 6.7 3.64 x 10°
36 0.249 0.354 17.37 69.7 12.03 Cu 25.8 26. 245.0 10.0 78.5 324.0 75 L.26 x 10°
37 0.249 0.353 11.52 6.4 8.03 Il 25.8 26. L, 7 8.0 66.6 228.0 46 b.bs x 108
38 0.249 0.353 5.85 23.5 4.95 AL 89.7 9k, 225.0 ~ 50.0 70.3 132.0 260 12.03 x 10°
39  0.249 0.353 11.52 46.L  2.47 AL .77 17. 2k.1 ~ 3.0 68.6 2u6.0 Z;Siizi % 2.77 x 10®
40 0.249 0.353 11.40 45.8 8.03 Cu L6.45 AT, 56.7 ¥ ~27.3 64.8 198.2 91 6.79 x 10°®

Twisted tapes were all 0.015~in.~thick Inconel.
For tests 7 to 18, the tape fitted into double internal grooves each 0.008 in. deep and 0.020 in. wide.

"External" refers to tap-location indicated by dotted lines in Fig. 1; for tests 25 to 40, the taps entered the test-section wall
radially through the electrodes.

Values for the inner exit wall location; where pressure taps were externally located, the subcooling at the exit wall was based on a
calculated correction of measured exit pressure back to the tube exit.

Total water heat-absorption rate divided by internal test-section area, not excluding that covered by the tape edges.

-Oa—



Table 2. Comparative Straight-Flow Burnout Data
Test Tube Characteristics® Pressure
No. D;» D, Ly, L/Ty Vas Fa» Tap AP, Cpy Yoo (Btow)y By
in. in. in. fps psia Location psi °F °F °F Btu/hr. ££2
1 0.180 0.250 3.60 21.12 k4.7 2.7 External 176.3 75.0 110.8 109 12.33 x 10°
2 2.50 13.89 148.0 17.6 176.4 70.2 92.1 115 11.65 x 10°
3 1.47 8.17 148.0 19.7 170.3 70.0 85.2 130 13.76 x 108
4 3.75 20.61 113.9 18.2 116.8 ,6810 106.0 111 10.39 x 10°
5 2.48 13.78 120.0 18.9 114.1 67.2 91.0 126 10.40 x 10°
6 1.50 §.33 115.0 19.2 114.8 67.3 8u.6 134 12.30 x 10°
7 3.78 21.00 70.5 15.2 41.8 59.0 0.0 120 5.27 x 108
8 2.50 13.89 75.1 6.3 40.5 5¢.0 84.9 129 7.08 x 10°
9 1.5C 6.33 79.4 15.8 38.1 61.7 774 138 7.55 x 10%
10 3.80 21.12 171.6 26.2 313.8 61.2 99. 4 130 17.25 x 10°
11 2.46 13.78 174.0 29.2 305.8 60.8 8o.2 156 13.65 x 10®
12 1.47 8.00 171.0 28.2 311.8 60.6 - 4.0 160 15.29 x 10°
13 3.78 26.80 162.7 29.7 322.0 60.8 97.0 142 15.47 x 10°
1L ‘ Y 3.76 20.80 123.0 2.7 181.0 60.8 99.9 128 12.61 x 108
15 0.305 0.375 16.38 53.60 33.4 25.2 13.5 kg, 1 2.7 99 3.22 x 10°
16 8.10 26.55 52.0 Lo, 7 23.0 47.8 119.4 151 7.85 x 10°
17 4.0k 13.21 73.9 73.7 39.0 52.6 91.0 219 11.99 x 10°
18 2.0z 6.62 67.7 62.2 37.5 53.2 76.4 222 13.20 x 10°
19 16.20 53.10 23.6 18.1 8.6 56.1 7.1 78 2.23 x 10°
20 7.94 26.00 384 26.0 16.7 55.1 133.0 111 6.35 x 108
21 4.06 13.33 56.6 L. 0 25.2 5.2 9.9 183 9.17 x 10°®
op | Y 2.00 6.55 60.0 48.1 27.0 52.°7 76.6 205 12.29 x 10%
23 0.125 0.250 11.0% 88.40 169.9 9.7 545.0 55.0 174, 2 é&ilzty% 12.52 x 10°
24 0.125 0.250 4.00 32.00 93.00 13.3 132.0 52.5 143.6 58 14.59 x 108
a. Test-section material was '"A" nickel for tests 1 to 22, and Al for tests 23 and 24,

b. See footnote d ¢f Table 1.
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Table 3. Ranges of Test Conditions at Burnout

Variable

Swirl Flow (40 tests)

Straight Flow (24 tests)

Di’ in,
¥, diameters/180-deg twist

1y/0
Tube material

Vﬁz’ fps

t °F

by’
to? F

AP (over-all), psi

(at )2, at wall

sub

#.o» Btu/hreft®

0.136 — 0.402

2.08 — 12.03

6.6 — 8.2

Al, Cu, "A"-nickel
4.7 - 156.0"

48 - 138

91 — 350

3.0 — 432

17 wt % quality — 260°F subcooling

2.77 x 10® - 37.35 x 10°

0.125 - 0.305

6.55 — 88.4

Al, "A"-nickel

23.6 = 174.0
48 — 75

T — 174
8.6 — 545

1.1 wt % quality — 222°F
subcooling

2.23 x 10® — 17.25 x 10®

*
Which corresponds to a range of exit resultant velocity of 16.6 — 195.3 fps.

_aa'_
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terminated by physical burnout of the test sections, which always occurred
in the vortex tests at the downstream end quite near the exit electrode.

In most cases, burnout of the tube wall did not destroy the twisted tape.
Burnout was usually attained by slowly increasing the voltage drop across
the test section at essentially constant coolant flow rate. In a few of

the tests, however, the available voltage was not sufficient to cause burn-
out at high coolant velocity, in which case the flow rate was slowly reduced
at constant (maximum) voltage.

Appreciable bowing of some of the tubes of vortex tests 19 to 40 was
caused by thermal expansion at the higher temperature levels; the axial
curvature thus introduced did not appear, however, to affect the values of
¢£o'* Figure 9-a is an X ray of the aluminum tube used in vortex test 1
before heating. Figure 9-b is an X ray of a similar aluminum tube after
burnout in vortex test 34; the curvature shown was the largest encountered
in any of the tests. The irregularly shaped spots on the tube wall were
the thermocouple attachment locations and are caused by the presence of
brazing compound residue.

Alternating current (60 cps) was used for energy generation in all
tests; as discussed in ref 1, a-c heating gives smaller measured values of
¢bo than d-c (or nuclear) heating because of the ripple of tube metal tem-
persture and heat flux. Italian workers! also indicate that the scatter
of ¢£o values is greater when a-c heating is used. An approximate analysisla
which gives the effect of a~c heating on burnout heat flux may be expressed

in the following form:

*
This is reasonable because’ of the rotational flow, which keeps the
wall wetted so long as any liquid is present.







42553 .

<¢b0)a-c [1 + (2 M)z]l/e

<¢bo)h-c ) 1+ [l + (2 w¢)2]l/2 o
where
w=27T¢f (22)
and
7=.§.;£ 3 (23)

Estimates of the reduction of ¢bo due to a-c heating were made f%f a ;é
270
numbe%)of the burnouts of this study; the reduction ranged from ~ 16% minimum
6%
tOra%% maximum. One might therefore increase the correlated ¢bo values by
6%t

~ 354 for applications in which the heat input does not vary with time.

B. Straight-Flow Burnout Tests
The 24 high velocity, low pressure burnout tests of Table 2 were made
for purposes of comparison with the vortex data. Flow development at test-
section entry was accomplished with either an upstfeam cone or an unheated tube
~ 4O diameters long. For all tests where the test-section pressure drop was
less than 40 psi, the flow was restricted with a needle valve located upstream

of the test section in order to reduce fluctuations of flow rate as burnout

13,14 15

was approached. As demonstrated by Lowdermilk and co-workers and others;
the stability of coolant flow during boiling is influenced by the pump and sys-
tem flow characteristics. Stability is improved as the test-section pressure
drop becomes a smaller part of the total system pressure drop. Under these con-
ditions, the change in pressure drop caused by a phase change of the coolant

has less influence on the flow rate since this pressure drop is a smaller part

of the total pump head. The test-section pressure drop ranged from 4.5 to

40.0% of the system AP for the tests of Table 2 in which the flow was restricted.

q&,igi VLAddkt:/
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The burnout location became indeterminate at extreme Yelocities (Va
greater than ~ 150 fps), generally moving upstream with velocity and in-
creasing in axial extent. In the worst cases, the entire downstream half
of the tube was destroyed. The small change with length of degree of sub-
cooling might have been responsible for this effect — i.e., the tube surface
might have been covered by vapor to very nearly the same extent over a con-
siderable area just before burnout.

The straight-flow burnout data have been compared with the Gunther

equationlez
1/2
¢£O = 7,000 v, (Amsub)a (24)
in Fig. 10, and with the extended Bernath correlation®?:
P = 1.8 B (b5 = Tp)pe (25)
De
h,, = 10,890 ( ﬁ-—:—ﬁ-‘> + mV (26)
e h
P \'
where D, = (heated perimeter)/m, ft (28)
= n8/b2'6 for D_ < 0.1 ft, (29)
10
and m=90+ 5= for D >0.1 ft, (30)
e

in Fig. 11. 1In Egs. 25 to 30, temperatures are in °C, diameters in feet,
velocity in fps, and pressure in psia; the units of h are Pcu/hr-ft2~°0, and
2
of ¢£O, Btu/hr.frt2,
The more specialized, simpler Gunther expression, which is applicable

to low-pressure water, fits the present data somewhat better than the
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generalized Bernath correletion, which is based on almost all the existing
burnout data for water. The data generally fall within the *40% maximum
deviation limits which seem to apply to most existing burnout correlations,
and the agreement is considered fairly good, especially since the coolant
velocities were considerably higher than in the tests on which the corre-
lations were based. There is no distinct trend of ¢£o with I/b, which tends
to confirm Bernath's contention® that I/b does not effect ¢bo directly in

straight-flow local boiling burmout.

C. Swirl-Flow Burnout Tests

Pumping Power Dependence., Theymost important preliminary conclu-

sion of the earlier vortex burnout study conducted at ORNL! was that the ratio
of vortex-flow to axial-flow burnout heat fluxes is ~ 2 for water flow in iden-
tical tubes at equal pumping powers. This conclusion has been confirmed during
the present study for twisted-tape vortex flow as shown in Fig. 12. Twelve
pairs of tests were conducted, burnout heat fluxes being determined for four
pumping powers at each of three I/b ratios for both vortex and axial flow.

For the three upper curves of Fig. 12, the test sections were A-nickel tubes,
0.18-in. ID, fitted with twisted tapes for which y was 2.08; the plotted
points correspond to tests 7 — 18 of Table 1. The straight-flow tests of

Fig. 12, which correspond to tests 2 — 9 and 11 — 14 of Table 2, were made with
identical tubes without tapes. Thg pressure level at tube exit varied from 15
to 30 psia for the 24 tests. For the second test of a given pair, the flow
rate was adjusted so that the product of pressure drop and volumetric flow

rate — i.e., the test-section pumping power - remsined constent. The values

of the ratio (¢£o)v/(¢£o)a obtained from the curves of Fig. 12 at a constant

value of pumping power range from 1.6 to 2.4, 2.0 being a good average.
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Subcooling Dependence. One of the more interesting aspects of

swirl-flow burnout is its insensitivity to the degree of subcooling and pres-
sure level at the burnout site. Such a phenomenon was indicated in our earlier
work but is demonstrated more explicity by the twisted-tape data tabulated in
Table 4. For these comparative tests, all variables except exit pressure level
were held constent. In the first test of a given pair, the exit pressure was
minimized; and in the second test, maximized for the given velocity. It is ap-
parent that for pressures up to at least 545 psia, the influence of P and A¢sub
on (¢£o)v is negligible. For tests 35 and 36, where a very loosely twisted

tape was used, the subcooling effect begins to appear, as it should since the
flow was largely axial.

A possible reason for such behavior (which is contrary to that of straight-
flow burnout) is that simultaneous alteration of P and of Axsub causes a cancel-
lation of effects; i.e., increased pressure reduces the bubble diameters and
buoyant force (by increasing pv) so that centrifugal removal of bubbles from
the surface is reduced; while at the same time, the increased subcooling tends
to increase ¢£o in the ususl straight-flow fashion — by causing bubble collapse
on or very near the surface. Tt is highly unlikely that this description is
adequate, however, since its validity would require almost exact compensation
of two independent mechanisms.

Another explanation,19 which at first seems more plausible, is depicted
schematically in Fig., 13. Assuming a McAdams-type variation of axial ¢£0 with
Amsub* in order to obtain a finite value of ¢£o at Amsub = 0, a line has been
drawvn on the graph (Fig. 13) which corresponds to the predicted equivalent

axial ¢£o for a given vector velocity. The relative position of the vortex

%
¢£o = (a+bat ) v?, where a, b, and n are constants.



Table 4. Effect of Exit Subcooling and Pressure Level on Swirl-Flow Burnout Heat Flux

P
p———

Test

No. Di ? Lh/Di y Va.a’ Pzi ? (Atsub) 21’ ¢b0’ b
in. fps psia °p Btu/hr-£t2
19 0.249 48.4 2.30 35.4 16 4 5.35 x 10°
20 0.249 48,2 2.30 34,0 545 255 5.14 x 10°%
21 0.189 63.5 7.70 67.4 35 48 6.90 x 10°
22 0.189 63.5 7.70 67.4 470 248 6.82 x 108
24 0.136 88.2 2.46 69.4° 15 17 wt % qual. 10.82 x 10°8
23 0.136 88.0 2.46 h, 4 495 116 9.41 x 10°®
32 0.189 60.5 2.49 71.2% 29 . 1.9 wt %vqual. 11.00 x 10°®
31 0.189 60.1 2.49 73.6 hy5 195 10.92 x 10°®
35 0.249 69.7 12.03 27.8 47 7 3.64 x 10°®
36 0.249 69.7 12.03 25.8 245 75 4,26 x 10®

~gg-

®Based on exit flow of liquid only.

bAverage difference for the five pairs of tests is 7.6%.
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curve can then be based on considerations of bubble size variation with
Amsub; i.e., at large Atsu , bubbles are probably so minute that even a
large centrifugal acceleration will not cause a significant bubble dis-
placement rate from the heated surface, whereas at lower subcoolings, the

gee effect could become appreciable, with the Kutateladze-Zuber equationzoz

¢bo - gl/ll- sz_/g_ ‘//_'L (31)

b =0 (i.e., bulk boiling with net steam gener-

ation). We would thus draw the vortex curve of Fig. 13 as asymptotically

applying in the limit of Ats

approaching the axial-flow curve at large Atsub’ and satisfying the relation:

_ m o
oy = 87" o)y YOy (3% (32)
at Amsub = 0. The effect of gee is thus to modify ¢bo dependence on Ams

in such a way as to greatly reduce the dependence.

ub

Comparison with Calculated Straight-Flow Burnout Values, Some

investigators have apparently felt that ORNL swirl-flow burnout heat fluxes
could be correlated by available straight-flow burnout equations if the re-
sultant coolant velocity and actual wall pressure were used. This viewpoint
is based on the assumption that centrifugal acceleration plays no important
role in reducing the vapor coverage of the heated surface. That the viewpoint
is erroneous is clearly shown by Figs. 14 and 15, on which are plotted compari-
sons of experimental Oébo)v with values of Qﬂbo)a calculated by the extended
Bernath method*? (see Egs. 25 to 30).

In Fig. 14, the comparison is made on a local basis — i.e., with local
exit vortex values of wall pressure, resultant wall velocity, and bulk water

temperature substituted into the Bermath relation to obtain the equivalent
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axial-flow burnout heat flux. In Fig. 15, the comparison is made on an
over-all test-section basis, in which the vortex values of inlet bulk water
temperature, exit axial velocity, and exit wall pressure were combined with
the Bernath relation and iteratively solved to obtain (¢£O)a. An iterative
calculation is required since (tb)bo in Eq. 25, on which odbo)a depends, is
in turn dependent on the heat flux existing upstream of the exit burnout
location. The authors feel that this distinction is an important one, and
that whenever ¢£o data for new configurations (rough surfaces, twisted tapes,
etc.) are to be compared with calculated axial-flow values, the iterative pro-
cedure gives a more signifi@ant result, since only in this way can the test-
section heat balance be satisfied.

Figures 14 and 15 show clearly the consequences of the P-Ams independ-

ub

ence of Odbo)v as discussed in the previous subsection. At greater pressures,

and therefore greater Axs for essentially constant tb, the equivalent axial-

ub
flow burnout velues can exceed the vortex values, since Oﬁbo)a is strongly

dependent on Ams and P in the present pressure range. At low P or Atsub’

ub
the axial-flow burnout valués are, conversely, penalized relative to the
vortex values, and the ratio deo)v/gdbo)a becomes as large as 3 — 10, depend-
ing on the basis of comparison. It may be concluded that vortex flow is most
beneficial from a burnout standpoint with either (a) bulk boiling and net

steam generation Cﬂts = 0), or (b) local boiling under conditions of small

ub
or moderate subcooling.

The calculated comparisons of Figs. 14 and 15, which indicate that the
ratio Oﬁbo)d/gﬁbo)v can exceed unity, are not compatible with the mechanism

postulated for subcooling dependence, and illustrated in Fig. 13. The postu-

lated mechanism requires that the vortex-flow ¢bo curve merge into the



-38-

axial-flow curve at large Amsub, and it is difficult to so interpret the
mechanism as to justify a crossover of the two curves. At present, it may
only be concluded that either the proposed mechanism is invalid or that it

becomes so when the subcooling is large.

Correlation of Vortex-Flow Burnout Heat Fluxes. Elimination of

coolant pressure and subcooling as significant variables considerably simpli-
fied the task of correlating the experimental values of (¢£o)v. The first
such attempt was made when only the data of tests 7 — 18 of Table 1 were avail-
able; for these tests, y was constant and equal to 2.08. A plot of (¢£o)v Vs
Ih/bi with Va as a parameter for these data showed that, on the average,

. 0.3 : .
(¢£o)v varied inversely with (Lh/bi) . Another plot of (¢£o)v vs V_ with
Lh/Di as a parameter showed that szo)v varied directly with V_. The best
values for these exponents were 0.29 and 0.95, but they were subsequently
rounded to 0.3 and 1.0, respectively, and the initial data were well corre-
lated by a plot, on rectangular co-ordinates, of (¢, ) vs vV /(L /D )O'3

’ ’ bo’v a Ih i ‘
This procedure did not hold up well, however, for later data where y was
significantly different from 2.08. For all the vortex burnout data (40
points), the correlating group was changed to Vri/(lh/bi)l/é, with the re-
sults shown in Fig. 16. The resultant wall velocity was calculated from

the relation (see Appendix 1 for derivation):

V=V [1 + ( % >2 }1/2 (33)

In Fig. 16, both mean and minimum (design) curves are shown; the insert is
an expansion of the larger plot for the region (¢£o)v < 10 x 10® Btu/hr-ft2,
Arithmetic average deviations of the data points from the minimum (design)

curves are noted on Fig. 16; the average error of the mean curve through
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all the data is ~ #12%. It appears that use of the resultant wall coolant
velocity gives fair representation of the data for various tape twist ratios.

It is interesting to note that the variation

Fro)y = Vi (34)

predicts a constant exit bulk water temperature at burnout for all coolant
velocities with a fixed geometry and inlet water temperature; this is true
since the coolant temperature rise is inversely proportional to V (with ¢
fixed).

A second burnout correlation was based on the premise that the circum-

ferential motion alone would affect burnout according to Zuber's equationao:

e © Y
@), e (35)

and since
}k Vt2 Vt2
7 a)’tk::igRi cc -T): (36)
one obtains,
th/e
Py = v (37)
i

The assumption was then made that the purely axial motion would affect ¢£0

according to:

@), « V.72 @m™ (38)

which is valid for most straight-flow data. It was further assumed that a

product-type solution:

(¢bo)v = f(¢b0)t . g(¢b0)& ) (39)
where f and g denote functions, would represent the simultaneous effect

of the tangential and axial motions on (¢bo)v' Combination of Egs. 37 to 39
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with the equations connecting velocity with tape twist ratio (see Appendix 1

for derivations):

Ve, = %, A (40)
2 q1/2
v, = va[1+<-21y> j} (33)
results in:
v
(¢bo)v « (hl)

a
yL/E Dil7h (Lh/Di)n
When n in Eq. 41 was taken as 1/3, as in the previous correlation method,
and the vortex data were plotted according to Eq. 41, the correlation was
inferior to that of Fig. 16 (date deviation 14 — 5i% greater).

A refinement to the above scheme was made after an apparent interaction
of Lh/bi and V was noted. The slopes of lines of (¢£o)v vs Lh/Di with V_ as
a8 parameter are inversely proportional to Va, and approximately satisfy the

relation: .
@), © (x,/0)73 (12)

where the swirl-flow length at the wall is given by (see Appendix 1 for

derivation):

L
Ly = 5% (by® + w2)1/2 . (43)

The L/D function of Eq. 42 was used in Eq. 41 to give:

) -
bo’v & /2 Dil/h ., /Di)32/va

(4k)

The vortex data have been plotted according to Eq. 44 in Fig. 17. The non-
linear minimum (design) curve deviates from the data to a somewhat smaller
extent than does the corresponding curve of Fig. 16.

A third vortex-burnouticorrelation was made by plotting the data accord-

ing to an NACA form,14 which was developed for bulk boiling of water in axial



UNCLASSIFIED

ORNL-LR-DWG 44840

102 \
|
5 |
\
& %‘?
; 2
3 (gbbo)N”N
D10 DEV.= — 0%, + 22.4% AVG., + 69.0% MAX
{ \\ (FOR 37 OF THE 40 pts)
O
= 5 \x ® L ° 09 B
o Al e
< .
2 t
|
1 |
1073 1072 107" 1 10

[

1 1 32/V
0 /v"2 0, (L, /0" |

Fig.17. Twisted-Tape Vortex-Burnout Correlation II.



-43-

flow. Figure 18 shows the results when axial mass velocity is used. Use

of resultent mass velocity, defimed as:

G. = 3600 p, V_ (45)

gives somewhat better correlation, as shown in Fig. 19.

Thjgégié dissimilar burnout heat flux correlations of Figs. 16 — 19
give similar over-all deviations with respect to the experimental vortex data.
The recommended burnout design equation is that of the cufve of Fig. 19:

0.645
Gdbo)v = 0 2?8 Gr 0.4% (46)
min Di . . - —

(L,/D;)

where Di is in ft, which may be transformed to:

‘ 0
130,000 (pb Va)o'6h‘5 (Di)O.Qh (l N -1-*1:—2->
)0 (4)

.323

@) =
bo Voin (Lh

where tube ID (Di) and heated length (Lh) are in inches.

The appearance of the I/b ratio as a significant variable in each of
the vortex burnout correlations may be felt disturbing, since no mechsnism
has been envisaged which clearly explains such a dependence. In axial-flow
bulk boiling burnout, both U.S. and Soviet data show a definite I/b depend -
ence, which is reasonable since the two-phase flow regime, in the presence
of net vaporization, can change drastically with heated length. In axial-
flow subcooled boiling burnout, the situation is less clear; and two camps
exist, one of which supports a fairly strong L/D dependence, the other dis-
claiming it completely. The recent measurements by Costello®! of bubble-
layer thickness in local boiling of distilled water show that the thickness
increases with heated length, and at high heat fluxes and low velocities,

the layer can attain a considerable thickness (e.g., 12.2 mils for ﬁ =

SYENTTS gl



-44 -

UNCLASSIFIED

- ORNL-LR-DWG 44841
10
5
| _ A
2
N
2 -+ -
‘ °
0 106 . , I o] /./!
Q - N P
S e
s - * e
n P
= [ 78
& } //
(@] °
SR J //
(@) 4
L0 Y P //
© 5P
10° . * 0.68
Ll . _320(6,)
'/// ( bO)M|N (0/‘)0.20 (Lﬁ/D/)O.51
5 1% DEV.=—0%, +24.8% AVG., + 93.6% MAX.
d ~ (FOR 37 OF THE 40 pts)
2 -
10%
103 10% 10° 10°

2
6o /\Ln/0))
Fig.18. Twisted—Tape Vortex-Burnout Correlation llla.




—-45-

UNCLASSIFIED

6 ORNL-LR-DWG 44842
5x10
] o
»
2 y/
[ ]
6 o ° /
10 v ]
LD
g 5 LY >
o Pz
S -
\Q o//
i 2 L P
S - 398 (G, |0-645
Q- 102 . 3'.// h ~(Ppo) . = () |
é :' _..j,/ bo/min (0/.)0.20 (L,,/O/)O'M
. Ly DEV.=—0%, + 20.2 % AVG., + 90.7% MAX. ‘
5e (FOR 38 OF THE 40 pts) | ‘
L~ :
2
4
10
10° 10% 10° 108

Gr/(Lh/D/')Z

Fig.19. Twisted ~Tape Vortex-Burnout Correlation Illb.




46

0.40 x 10° Btu/hr-fte, V=1.5fps, and P = 17 psia). These data indicate

a type of "sliding build-up" of vapor bubbles with length, and may help to
explain the ¢£0 dependence on L/D for both axial flow and vortex flow. In
any case, the ¢bo data of the present study definitely vary with I/D at con-
stant V, and the variation is reasonably well characterized by the burnout
correlations presented above.

Burnout Test of Oval Twisted Tube. A "slotless, tapeless" vortex

tube was produced by flattening & copper tube to an oval cross section,
packing its interior with sand, and then twisting the entire tube about its
axis. Such an oval twisted tube was mentioned as a possible swirl inducer
by Kreith and Margolis;22 and, appareatly, friction factor and pressure dis-
tribution tests for such & configuration have been made at KAPL.2® The final
dimensions of the oval tube tested were as follows: flow area = 0.0617 in.z,
wetted perimeter = 0.938 in., d, = 0.264 in., Lh = 11.77 in., and y = 4.03

equivalent diameters/lBO—deg twist. With exit conditions of Pwa 1= 19.8

1

psia, v, = 8.4 fps, and AT 12°F, burnout occurred at 1.52 x 102 Bt/

0
hreft®, For identical local exit values of P, V, and tb in an equivalent
cylindrical tube, Bernath's extended methodl” predicts an axial-flow burnout

of 0.58 x 10° Btu/ur-rt? (2.6-fold smaller).

IV. PFriction Factors

*

A total of 149 pressure-drop determinations were made for the twisted-
tape vortex tubes. Data were taken during 88 isothermal, 47 heated nonboiling,
and 14 heated local-boiling tests. Both Al tubes (Di = 0.249 in.) and Cu tubes

(Di = 0.136 in., 0.188 in., and C.249 in.) were used; tape twist ratio y

*
End-loss corrections for all AP date discussed here were eliminated by
using terminal pressure taps drilled through both electrode and tube wall.
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varied from 2.30 to 8.03. Friction factors for the Al tubes seemed to

scatter somewhat more than those for the Cu tubes.

A. Isothermal and Nonboiling Data
Friction factors were initially derived from the measured pressure

drops by use of the standard axial-flow friction-factor definition:

D, 2g

i c 14k
£ 5 w— ——— = AP . ()4,8)
& Ly A Py

Friction factors for heated rums were corrected to isothermal conditions by

multiplying the right side of Eq. 48 by the turbulent-flow factor 1.02 (pb/
)O.lh

i . The results of such calculations are shown as £, Vs (Re)a in Fig. 20.

The vortex friction factors based on La, Va’ and Di are larger than straight-
flow friction factors and vary widely with both y and Di‘ The vortex values
of fa do not decrease with Reynolds number as do smooth~tube axial-flow friction
factors in the same Re rangé. The flatness of the curves in Fig. 20 is charac-
teristic of a relative roughness (in axial flow) one hundred times that measured
for some of the vortex tubes (él puin, rms for the tubes and 6 pin. rms for the
tapes). Since relative roughness was not determined for all of the vortex tubes,
finai conclusions concerning its effect cannot be drawn from the present data.
Though Di was used above, it is obvious that it is not the true character-
istic dimension for flow through a tube with an internal twisted tape. A close
approximation to the true edﬁivalent diemeter (for turbulent flow) may be ob-
tained by dividing four times the frée flow area by the wetted perimeter for

the case of a similar, but untwisted, tape in a cylindrical tube:
2 -
).(y/u) D,° - D; t, } n

D, = . (49)
o D, - 2t  + 2Di
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The true value of De seen by a swirl flow bounded by a tube and internal
twisted tape is given by a more complicated function (see Appendix 1 for
derivation and discussion), but the true D, varies from the D_ of Eq. 49
by <1% for 1.25 <y <= , Eq; 49 was accordingly used for all calcula-
tions of De in this report.

The second type of friction factor which was calculated is based on

D,V .,and L

e? Vpi »y the velocity and length being given by (see Appendix 1

for derivations):

<3
]

W ufe (2T 5

L
=yt L RY2 (43)
Y

Lsi

]

This basis of calculation was motivated by the concept that the values of
V and L characterizing the frictional pressure loss are those occurring at
the flow-inner tube surface interface. The new "rotationsl" friction factor

fr is thus defined as:

£ = L Ja\ (50)

Figure 21 is a plot of f_ vs (Re)r for the data of the present study.

(Re)r is defined by:

De pb Vri

My,

The friction factors fr follow approximately the axiasl-flow smooth-tube

(Re) . = (51)

curve. The average deviation of experimental fr values from the curve is

$+20.1%. However, at any Re, fr still varies significantly with both Di and

y.




De \ /144
2 <Lsf><’°b >AP

ch

@

UNCLASSIFIED

ORNL-LR-DWG 44844

0.0 _ A
| - l | l’ O; i)y — b
T ,0.14 a 0.249 2.30 ——
eating = f1so (171020 wi/me) 1 L [ 5lgg 2.49, 2.54 L—Jﬁ
o 0.249 4.94 E !L
e (0.188 4.98 | | |
0.05 4 s 0.136 7.84
AXIAL FLOW IN | 0D 0.249 8.03
SMOOTH TUBES 1 i T ‘
|
— . ° AVG. DEVIATION =+ 204 %
~ . 5
. .oho-oi\. b °
LY \‘ e ° [ ] A .A @ A
° — A A A do A ﬁ/\ AQAAMS
0.02 A ° A ﬁ*@k%woo (A L\AALF
o % o 0 jD 0 >
a o ao
of 8] ODOUO O o DDD \\\\
A A W] O o [—
A o \\‘\
0.01 o
7x10° 104 p) 5 10° p) 5 108
De pp Vyy
(/?e)r: HEp

Fig. 21. Vortex— Flow Friction Factors Based on Lg,,V;;,and Dp.

-0G-



-51-

Correction for the "excess variation" with D, and y was made empiri-
cally, and the best over-all correlation of the twisted-tape vortex dats
was made in terms of the friction factor fe, defined as:

D, 28, 1 1.2 0.6 (M 018
Tt T2 o, 0 YT \F (52)
a b My
a

for both isothermsl and heated nonboiling conditions. This friction factor
is plotted in Fig. 22 vs the axial Reynolds number (Re)a, with which it does
not vary. The average variation of experimental fe values from the best mean

value of 0.00089 is %12.3%. The axial friction factor f,, defined by Eq. 48,

may then be expressed by:

0.18
-0.6 =1.2 /¥ :
£, = 0.00089 y 6 D, <“_113> (53)

and the pressure drop across a twisted-tape vortex tube is given by:

2
AP = 0,00089 Z—Z— ;‘-‘- ;EE vn;l'a y -6 <-:-i->o'18 : (54)
c 1 b
Equations 53 and 54, the recommended relations, should not be used for
extrapolation to diameters and tape twist ratios beyond those of the present
tests. Caution should also be exercised if the surface roughness is much
different from that given in the text, since there are indications that swirl-
flow f 1is quite sensitive to roughness. If an extrapolation must be made,

it is probably best to make it according to Fig. 21, which should possess the

greatest generality over very broad variable ranges.

B. Iocal Boiling Data
In Fig. 23, the ratio of local-boiling to isothermal friction

factors is plotted against the dimensional group Amsat /(Amsub P). This
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group is a measure of the ratio of bubble-formation potential to bubble-
collapse potential (both thermal and mechanical). The f ratio decreases
initially, probably because of a decrease of wall viscosity at greater values
of liquid~film superheat (Amsat), but finally increases when the bubble-~
formation rate is large enough to introduce a significant vapor volume into

the coolant stream.

C. Inlet Pressure loss
Establishment of a tangential flow component, as at the beginning
of a tube containing a twisted tape, is accompanied by a decrease of pressure
head. If the axial velocity is constant with radius and the twisted tepe is
very thin, the average pressure drop between planes a and b of Fig. 24-a

*
is given (neglecting friction losses) by:

2 2
_ i ™ p Va

If the tangqntial flow component is allowed to degenerate by kinetic loss

(55)

mechanisms beyond the exit of the tube, the pressure drop Zf; represents

- b
a permanent loss.
The swirl flow pattern gives rise to a radial pressure gradient, which

*
may be expressed by the equation :

™oV 2
a2 B (56)

&-R " 2
8 gc y2 Ri

AP

if axial velocity does not vary with radius. The pressure at the tube wall
is thus given by:
™ P Vaz’
P, =P_ +

—_—, (57)
e g g, ¥

*
See Appendix 1 for derivation.
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In Fig. 24-b, Egs. 55 and 57 have been combined graphically. The curve

Pk - Pb - P3, representing the radial pressure profile at station b, has been

rotated 90 deg with respect to the vortex tube's cross section. As indicated

by Fig. 24-b:
P3=Pl (58)
and
ﬂz o] Va2 ( )
P =P, - ———— 59
oo 8 g, v°

if frictional losses in the entrance are neglected. An independent derive-
tion based on the Navier-Stokes equations gave identical results. The pres-

sures P5 and P6 differ from P3

tional pressure loss along the tube. P, and P8 are considered to be far

7

enough removed from the tube exit that the flow is purely axial. P7 equals

and Pk’ respectively, by the asmount of fric-

P8 and both differ from Pl and P2 by the sum of the pressure permanently lost
in establishing the tangentlal velocity and the frictional losses between
plane b and station P7 - P8.

The simplifying assumption that Vﬁ is invariant with radius permitted
ready solution of the hydrodynamic equations, but its validity is uncertain.
For the case of compressed air entering an empty tube through tangential in-
let nozzles, both Hartnett and Eckert®* and Lay25 found extremely nonuniform
radial profiles of axial velocity, with sharp peaking near the tube wall.
However, the conditions of these investigations were not very similar to those
of the present study.

Some experiments have been conducted to check the prediction of Eq. 58.
In these experiments, additional pressure taps enabled measurements to be

taken of the frictional pressure loss gradients (at the wall) for both the

axial flow and swirl-flow portions of the test section. These gradients were
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used to correct the total measured difference (Pl - P3) to a pressure dif-

ference exclusive of frictional losses, as follows:

(P, - P3)nonfriction = (P - P3)mea.sured B <%—E >a € - <% )s a (60)
where ¢ and d are the axial lengths designated in Fig. 24-a. The results
of this study are presented in Fig. 25, where the entrance loss is plotted vs
axial velocity for 1.8 < y < » . The data show that, actually, P3 £ P, and
that Pé < Pl' The pressure drop APe is nearly as large for straight (un-
twisted) tapes as for the most tightly twisted tapes, which would seem to
point to eddy losses associated with the flgid striking the leading edge of
the tape as the mechanism. Though the entrance AP is slightly greater for
twisted tapes than for straight tapes, it does not appear to vary with 7.
The small amount by which APe for twisted taﬁes exceeds that for straight
tapes is still a significant part of the predicted centerline-to-wall pres-
sure rise for the more loosely twistea tapés.

Further experiments have been initiated with a view to obtaining more
information regarding the radial and axial variations of pressure in a vortex
tube. A composite Lucite twisted tape with internal static pressure channels

has been fabricated.

V. Other Recent Swirl-Flow Heat-Transfer Studies

A. Boiling Water
The Reactor Engineering Division of Argonne Nationsl Labdratory

conducted26

some 52 burnout tests with water at 2000 psia flowing through a
vertical 5/16-in. ID, 21 in. long 304 stainless steel tube. The electrically
heated length was 18 in. (Lh/Di = 57.5). The tubes were fitted with 0.005-in.-

thick 304 stainless steel twisted tapes which fit the inner tube wall snugly
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and were welded at the ends. The degree of tape twist corresponded to y = 2.5
and 5.0. An electronic burnout detector was used for test termination. Cool-
ant flow rates were moderate (0.5 x lde < Ga < 2.0 x 10%), and net steam was
generated in 44 of the tests.

Results of the ANL isothermal friction factor tests are shown in Fig. 26.
The initial increase in f 1is considerably larger than is the incremental in-
crease when y 1is changed from 5.0 to 2.5. Figure 26 is based on equivalent
diemeter, axial coolant velocity, and axial tube length for the twisted tape
data.

Burnout data for Ga'¢3105 lb/hr'ftz are plotted in Fig. 27 vs over-all
pumping power, calculated from the sum of frictional, momentum, and hydro-
static head losses. The points shown cover the entire experimental range of
burnout data with net steam generation. The negative slopes of the curves
may be explained as follows: since tube geometry and mass velocity are fixed,
the pumping power cen increase significantly only through an increase of steam
quelity, which decreases the mean coolant density. An increase of steam
quaelity can also decrease ¢£o because of the greater probability of some of
the vapor content of the coolant stream being locally smeared over the heated
surface. In subcooled boiling burnout, of course, greater Pf is associated
with higher velocities, and burnout heat flux increases with Pf.

Figure 27 indicates a maximum 2-;/é—fold improvement in burnout heat
flux at constant pumping power. The ANL investigators concluded®® that cen-
trifugal forces are indeed effective in breaking up vapor films on heated
surfaces and that such an action is thé mechanism primarily responsible for
the observed improvement.

N, %Al J./\Ml‘g;

A
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B. Poiling Freon
At the Oak Ridge Gaseous Diffusicn Plant, some tests have been
recently conducted®? with Freon-114 in natural circulation through vertical,
straight 3/h-in.-ID uripolished copper tubes 3 ft long. Liquid entered the
base of the steam-heated tube close to the saturation temperature, and the
cold-leg liquid level was maintained 5 ft above the bottom of the test sec-
tion. Operating pressure was approximately 110 psia.

For straight flow through an empty tube, the maximum values of heat flux
and heat-transfer coefficient were approximately 41,000 Btu/hr-fta and 2300 Btu/
hr'ft2-°F, respectively. These values were obtained at the peak of the ¢ (or h)
vs Atf curve,

Insertion of twisted 23 or 3S aluminum tapes (C.OLO-in. thick, y = 2.35
and 4.00) caused ¢max to incresse to 67,000 Btu/hr.ft® (63% increase), and
h . to become 3500 Btu/hr-£t2.°F (52% increase). Almost identical results
were obtained with coiled circular aluminum wires, 1/8-in. and 3/16-in. diam-
eter, hugging the inner tube wall. The wire-coil pitch was 1.9 in. or 2.0 in,,
corresponding to a y range of 1.27 to 1.33 diameters/iSO-deg rotation. All
inserts were friction fitted.

At At = 20°F, the ratio (by weight) of liquid to vapor at the tube exit,
L/V, decreased from ~ 2.5 %o ~ 0.25, illustrating the greatly increased frac-
tional vaporization per pass in thz swirl-flow cese.

Swirl-flow h began diverging upward from the straight-flow line of
h vs At at ~ 80% of (Amf)crit,; similarly, f# divergence began at ~ 50% of
(@te) opit, -

It is the writers' opinion that the coiled wires would be less advanta-

geous than the twisted tapes if: (1) the wires were of smaller diameter,
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(2) they were spaced on a very small pitch, or (3), if the heat transfer

were in the nonboiling regime.

C. Heating Air

An extensive investigation of pressure drop and heat transfer for
air flowing in baffled and packed tubes was carried out by R. Kfoch,28 who
used disks, rings, baffle plates, propellers, and ball and Raschig ring
packings as well as twisted tapes. Koch's apparatus consisted of a 1.97-in. -
ID straight intake section 98.4 in. long, followed by a 38.6 in. long brass
test section of the same ID (Ih/Di = 19,6). Clean, undehumidified air was
blown through the fest section, which was externally heated by atmospheric-
pressure steam. The inner surface of the test section was "very smooth" and
was the heat-transfer plane on which all heat-transfer coefficients were
based. The twisted tapes were of soft aluminum, 0.039-in. thick, and fitted
the inner tube wall tightly. The tape twist ratios used were 2.5, 4.25, and
11.0 diameters/180-deg twist.

Figure 28 shows smoothed curves representing the Reynolds number varia-
tion of Koch's isothermal friction factors. The original data points deviated
negligibly from the curves. The quantities f and Re in Fig. 28 are based
on internal tube diameter, axial velocity, and axial tube length. The line
for the empty tube corresponds to Blasius' equation for fully developed tur-
bulent flow in a smooth tube:

£, = (100 Re)-l/)'l' (61)

with which Koch's straight-flow data agree very closely for 3500 < Rea < 80,000.
For y = 11.0, the friction factors are considerably greater than for the empty
tube; but for more tightly twisted tapes, further increases in f are rela-

tively small. The same behavior was noted in the ANL f,Re data (Fig. 26).
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Koch reasonably interpreted such a variation to mean that a large part
of the observed pressure loss with twisted tapes is caused by friction on
the tape surfaces. For the case of an untwisted strip (y = ) centrally
located in & tube, pressure-loss data will closely agree with the empty-tube
curve if De is used in f and Re. This agreement has been substantiated by
measurements made during the present study. For Koch's loosely twisted tape
for which y = 11.0, the f,Re curve based on De lies only ~ 15% above the
empty-tube curve, which shows that use of De’ which characterizes changes
in geometry and surface drag for turbulent flow, accounts for nearly all the
difference in the bottom two curves of Fig. 28. Since Fig. 28 is based on
Di’ however, the separation between the two lower curves is large.

In Fig. 29, Koch's heat-transfer data are represented as mean Nusselt
number (average for the tube, and including the thermal entrance effect) vs
Reynolds number. As before, the smoothed curves are based on axial velocity
and tube ID. The empty-tube line corresponds to Nusselt's equation for tur-

bulent gas flow:

(Nu)f = 0,0326 (Re)?.'786 (1r’r)(f).,'1+5 (Di/Iz)O'OSL‘ | (62)
with which Koch's straight-flow data agree very well for 4000 < Re_ < 68,000,
The data of Fig. 29 are replotted in Fig. 30 as a referred Nusselt number;
i.e., the ratio of the mean vortex-flow to axial-flow Nusselt number vs twist
ratio with Reynolds number as a parameter., The influence of the thermal en-
trance effect has been eliminated from the Nusselt numbers in Fig. 30 by re-
calculation to values for fully developed flow with Eq. 25 of the original

28

reference. It is apparent that Nu enhancement increases with decreasing Re.

It may also be inferred that for y > 20, almost no heat-transfer improvement can

be expected; and that at y ® 2, little is to be gained from further (numerical)

Ve
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decreases in Y.

The agreement of Koch's data for air as shown in Fig. 30 with the data
of the present study for water (Fig. 3) is reasonably good. The chief diver-
gence between the sets of data is that Koch's Nu ratio curves vary signifi-
cantly with Re, whereas ours do not. In water, thermally caused radial density
differences are not counteracted by opposing density differences arising from
the radial pressure gradient. In air, however, as pointed out by Kreith and
Margolis,22 the fluid density at larger radial distances is increased by the
radial pressure gradient, which reduces the free-convection driving force.

When Fig. 30 is considered along these lines, the separation of curves accord-
ing to Re becomes clear, since at higher axial Re, the gas compaction at the
wall is increased because of the greater centrifugal forces generated. Accord-
ingly, the Nu ratio decreases with increasing Re.

Koch further plotted (Nu)m vs f/fo for an empty tube and for a tube with
twisted tape inserts, where f and fo are the friction factors with and with-
out imserts, respectively, at equal Reynclds numbers. He was thus able to
show that at a given pumping power, the turbulated tube gives Nu numbers up
to l—l/é-fold larger than an empty tube in which the velocity has been in-

creased to give the same pumping power.

D. Heating Santowax Liquid
A series of 18 tests was conducted by R. L. Judd®® with isopropylated
Santowax* liquid in swirl flow through an electrically heated 0,48-in.-ID stain-
less steel tube 21.6 in. long (Lh/bi = 45.0). Ensmeled twisted tapes for which
y was 2.6, 5.0, and 7.3 were used as swirl generators; the tapes were slightly

undersized, and a gap of 0.002 in. to 0.015 in. existed between tape edges and

*
A product of the Monsanto Chemical Company.
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the immer wall surface. The velocity range was 10 to 30 fps; and bulk cool-
ant temperature was varied from 300 to 500°F.

The swirl-flow data were compared at constant Re and Pr with a correla-
tion equaticn for straight-flow data taken with the same equipment; the Nu
and Re were based on De° The comparison failed to show an improvement in Nu
greater than ~ 25%.

That Judd's data showed less improvement than those of Kreith and Margolis,aa
of Koahxz3 and of the present study may be traced in part to his use of under-
sized tapes. Similarly underdimensiomed tapes were used by Evans and Sarjant;30
and Koch, in comparing their data with his own, showsd that the improvement
in their Nusselt numbers was considerably smaller than that shown by his data.
The ratio of wall gap to tube ID was ~ 0.08 for the test sections of Evans and

Sarjant, and for those of Judd, ~ 0.03;, or of the same magnitude.

E. Boiling Mercury

Soviet workers have heated mercury contairning no wetting additives
in an empty vertical carbon-steel tube and in the same tube after insertion
of a "flat irom helix".®** No details coucerning the twisted strip are given.
At @ = 9,240 Btu/hr-ftz, it was estimated that helix imsertion increased the
fractional contact of the heating surface by the mercury from 12 — 20% to ~ T70%
because of the increased contact rate, or turbulenmce level. These Russian
data are presented in Fig. 31 as h vs ¢ for the top of the tube, where boil-
ing was fully developed; and for the bottom of the tube, where no boiling took
place. In the boiling regime, h was increased ~ 15-fold at a given heat flux,
which indicates that swirl flow of nonwetting liquids may be particulerly bene-

ficial.
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F. Heating Air and Water

Kreith and Margolis22 heated air and nonboiling water in & 0.53-in.-
ID tube (very smooth) fitted with 0.032-in.-thick twisted tapes for which y
was 2.58, 5.0, and 7.3 diameters/180-deg twist. The range of Reynolds number,
based on De and Va’ was 10,000 to 100,000. The resulting ratios of vortex-flow
to straight-flow Nusselt numbers at a given Reynolds number, each based on De

and Va’ are summarized in Table 5.

Table 5. Twisted-Tape Heat-Transfer Data of Kreith and Margolis22

y Fluid (Nu) m/ (Nu)_

2.58 Water 3.05 — 3.75%
. 5.0, 7.3 " 1.77 - 2.35
. 2.58 Air 1.30 - 1.35
5.0, 7.3 " 1.15 — 1.20

aWhen the water was cooled rather than heated the Nu ratio’ de-
creased by ~ 40% to the range 1.82 — 2.15,

The Nusselt number ratios of Table 5 would be ~ lO% larger if the Re

and Nu were based on Di rather than De.

VI. General Discussion

A. Relation of Heat Transfer to Priction in Swirl Flow
Many analogies between turbulent momentum and heat transfer have
been proposed, and from most of those commonly used, the factor j/f may be

extracted, where j 1is defined as:

- (st) (r)¥/3 <5§h'5) <EP§>2/3 | (63)
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The empirical Colburn modification of the original Prandtl-Taylor analogy
for nonboiling heat transfer with axial flow states that j/f = 1/2, when f

is defined by:
2
- e V= (L),
AP-ll-fegc (n) (64)

Two of the final swirl-flow correlations — Eq. 14 for heat-transfer co-
efficient and Eq. 53 for friction factor — have been used to calculate swirl-
flow nonboiling j/f ratios for l/h—in.—ID tubes; the results are shown in
Fig. 32 for 2 x 10% < (Re)a <3 x 105. Physical properties were evaluated
at tb’ and since the friction factors used in this report are four-fold larger
than those calculated from Eq. 64, the j/f factors for both axial and swirl
flow have been multiplied by four in order to place the straight-flow line
at its usual level of 1/2. For y = 5 or 8, the vortex tube is clearly supe-
rior, on a j/f basis, to axial flow in the empty tube.

The j/f variation of Fig. 32 differs in two essential respects from the
corresponding j/f plot of Kreith and Margolis22 for fluid flow through a
0.53-in.-ID twisted-tape vortex tube. Their plot shows lines of positive
slope, j/f increasing with both Reynolds number and with increased tightness
of tape twist.

The difference in slope between the lines of our Fig. 32 and those of
Kreith and Margolis' j/f plot can be explained on the basis of surface rough-
ness, as depicted schematically in Fig. 33. The tubes used by Kreith and
Margolis were described as "polished and very smooth", whereas those of the
present study were not. As shown by curves 1 and 3 of Fig. 33, f decreases
at a greater rate than jJ when Re increases for swirl flow through a smooth
tube; the j/f ratio consequently increases. The inverse is true for the

rougher surface case (curves 1 and 4), for which f remains essentially
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constant while j still decreases with Re; 3/f thus decreases with Re, as
observed in Fig. 32.

The difference in the dependence of J/f on y (in our Fig. 32 as com-
pared with the similar plot of Kreith and Margolis) may be explained in the
same fashion: with a fixed flow rate, the "local wall Re", based on the re-
sultant coolant velocity near the tube wall, increases with an increase in
tape twist tightness. The j/f ratios for the rougher surfaces of the present
study consequently decrease because of the relative variation of curves 1 and
L of Fig. 33, as discussed above.

It thus appears that the dependence of j/f on other variables is sensi-
tive to surface roughness; and that while j/f can be greater than the straight-
flow value of 1/2 for either very smooth or relatively rough surfaces, its
variation with Reynolds number and tape twist ratio can be changed by an alter-
ation of the surface microstructure.

In Figs. 34 and 35, the J/f ratios corresponding to individual nonboiling
tests have been ploted vs axial Reynolds number and heat flux, respectively.
The trend of the points in Fig. 35 indicates a slight increase of J/f when
heat flux is increased. This is not unexpected, since the equation used to
calculate h (Eg. 14) does not explicitly include the effect of boundery-
layer expansion, as Eq. 15 does in the term ﬂatf.

The relation between h and energy expenditure may be seen more clearly,

perhaps, if comparisons are made of the dimensionless group (J/fa)/(Re)a:

. 2
i/t _ n ><2Laoz/£><__&_> (65)
(Re)_ C oV, g, D, &P D, oV

which reduces to:

J/fa h 2 La

. ¢ 2
iResa T AP g. D;2 » CP (66)
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and gives the relative heat-transfer coefficient per unit frictional pressure
drop for the same fluid flowing at the same bulk temperature through tubes of
equal dimensions.

The group (j/'fa)/(Re)a2 similarly represents the relative heat-transfer
coefficient per unit frictional pumping power, as may be seen when the group

is arranged as follows:

J/fa i h w La u2 ‘ ")
2 2 2
(Re)_ AP V_ (m D /4) 2 g D; C o

Figure 36 shows a replot of Fig. 32 both as (j/fa)/(Re)a Vs (Re)a and
as (j/fa)/(Re)a2 vs (Re)a. On either a unit pressure drop or a unit pumping
povwer basis, the nonboiling convective heat-transfer coefficient for the vor-
tex tubes is as much as two-fold larger than for axial flow.

The criteria defined by Eqs. 66 and 67 were also used by Smith and
Epsteinaa for comparing the relative heat-transfer efficiencies of pipes of
different surface roughness. Their study substantiated the prior belief that

the smoothest surface is the most efficient (as defined by Egs. 66 and 67).

B. Swirl-Flow Advantages and Potential Applications
Since swirl flow is inherently associated with a concave cylindrical
coolant boundary, it may be well to first consider the general advantages of
tubular nuclear fuel elements relative to flat, or slightly curved, plate ele-
ments; these have been discussed in part by Cushman & Cunninghamss and Maxwell3%
and may be stated as follows:
(a) Tubes give greater structural strength and rigidity, especially
when they are fabricated into bundles. Conversely, for a given

rigidity thinner gage material can be used.
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(b) Tubes cooled externally as well as internally cen give a greater
heat-transfer surface area per unit volume than all but the
tightest plate matrices. 1In addition, all of the fuel element
surface in the active region which is exposed to coolant flow
is heat-transfer surface, since the side plates commonly used
with plate fuel elements are not needed.

(c) Pressure differentials between the coolant streams inside two
adjacent tubes cannot cause the tubes to touch since any in-
ternal force tending to cause displacement of a tube acts
radially in all directions. Differential pressure between adja-
cent external flow regions is equalized by transverse coolant
flow between the tubes. These considerations point to the fur-
ther advantage of smaller engineering hot channel factors, since

the nominal design geometry can be better assured.

A comparisonss between existing MTR curved-plate fuel elements and a
*
tubular element design showed that, on a basis of constant coolant mass

flow rate,

(q/hmf)tubes

(Q/Atf)plates

1.4k

i.e., the tubular elements would allow a 44% increase in power level for a
constant film temperature difference.

Several methods of fabricating tubular elements into core bundles cooled
both internally and externally have been investigated.33 These include tubes
with spot-welded flared and fluted ends, terminal element spacing by means of

smaller diameter tubing, and wire-mounted tubes (cross wires or bands passing

. ‘
Tubes of l/h—in. OD with 0.030-in. walls on 0.290-in. pitch, cooled on
both sides by axial water flow.
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laterally through slots cut in the ends of each tube).

Additional specific advantages accruing from inclusion of a twisted-tape

swirl generator in a tubular fuel element for a water-cooled reactor include

the following:

(a)

(e)

(f)

(g)

(n)

()

Still greater structural rigidity.

Significantly enhenced heat-transfer rates at constant pressure
drop or pumping power — both below and at burnout.

No large decrease in ¢£o experienced because of net steam genera-~
tion. Burnout due to a local liquid deficiency is not possible
short of total evaporation.

A smaller incremental pressure drop when net steam ié generated
because of the existence of a favorable annular two-phase flow
regime.

Flow separation from the surface of an axially warped fuel element
suppressed by the radial coolant forces.

Operation at a lower pressure level allowdble because of the lack
of dependence of swirl-flow burnout on pressure and degree of sub-
cooling. For the same reason, a loss of coolant pressure would be
less serious.

The I/b ratio required for establishment of a fully developed swirl-
flow boundary layer is much smaller than with axial flow; Fraser's

2

visual observations of flow behavior®> support this contention.

All reactors would not benefit equally from the advantages listed, since

some of the heat-transfer aspects would be more important in a specific design

than others.
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Tube dimensions the same as those used in the MIR comparison (footnote,
p 80) correspond to a specific surface area (if both sides are cooled) of
216 fte/fts. A moderate operating heat flux of 5 x 108 th/hr'fta for each
surface would yield a power densit& of 3J6 Mw/ft3. The performance of twisted-
tape vortex-tube fuel elements might be incfeased still more, on a burnout
basis, by roughening (e.g., threading) the exterior surfaces, as indicated by
recent studies of the influence of surface macro-roughness on burnout heat
flux by Durant and Mirshak, 3®

Promising potential applications of swirl-flow heat transfer other than
for heat removal in nuclear reactors include the cooling of particle accel-
erator targets, high-performance electromagnets, and rocket nozzle throats.
Swirl-flow of coolant gas through the steam generator of a gas-cooled reactor -
might also be beneficial, since the size of the steam generator is highly
dependent on the magnitude of the relatively small gas-film heat-transfer

coefficient.

C. Recommendations for Further Investigation
Since swirl-flow friction factors appear to be strongly dependent

on many variables, it would be desirable to have more pressure-drop data,
preferably from tests for which surface roughness is either controlled or
accurately known.

A Dbetter delineation of the burnout subcooling-independence mechanism,
and more data on burnout with net steam generation and with inlet-generator
vortex tubes of large I/b ratio would be most helpful in filling out the

areas for which little information presently exists.

e
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APPENDIX 1

Derivation of Twisted-Tape Vortex-Flow Equations

A. Equivalent Diameter

By definition, the "nominal" equivalent diameter (taken in a plane nor-
mal to the tube axis) is four times the free flow area divided by the wetted
perimeter: T D12

4 ( e ttDi> m D2 - kD
() = =
e’nom. TD -2%t+2D mD; +2 (D; - t)

(68)

where t, is the thickness of the tape. Derivation of the "true" equivalent
diemeter (taken in a plane normal to the flow streamlines) is given in a later

section of this appendix.

B. Swirl-Flow Path Length at Inner Tube Wall

This quantity is identical to the spiral length of an edge of the twisted
tape. Since y 1s defined as the tape twist ratio in internal diameters per

180-deg rotation, the axial tube length required for 360-deg rotation is given

by:

L =2yD, (69)
and:

Ly;" = (@ y D)% + (rDy)® (70)
or:

L, =D, (y2+m)Y2 (72)

si
Combination of Eqs. 69 and 71 yields the final relation:

L
L - pts (b e )Y (z2)
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C. Resultant Fluid Velocity at Inner Tube Wall

As mentioned in the text, a rotating (forced vortex) slug flow model
has been used for evaluation of several quantities appearing in the friction
factor, heat-transfer coefficient, and burnout heat flux correlations. On

this basis, since Va does not vary with radius, we may write:

T R
Vt = Va 2y R (73)
which, at the wall, reduces to:
L
Vg = 7y v, . (74)

The tape must therefore be twisted quite tightly (y = /2 = 1.571) for the
tangential velocity at the wall to equal the (constant) axial velocity. The

resultant wall velocity is consequently given by:

2 2 s 2
Vri =Va. + (-2-—-}'; Va.) (75)
which reduces to:
r B l/é
Ve =V [1 + ( 5—5‘) J (76)
or:
V. s (b y? a2 (76-D)
2y

D. Rotation Rate of Fluid

rpm =V, ft/sec x 1/(y diemeters/twist) x (lE/bi)diameters/ft

(77)
x 1 revol./2 twists x 60 sec/min

Soormm = 360 va/y D, (78)
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E. Centrifugal Intensity (gees) at Inner Tube Wall

The number of gees corresponding to a given tangential velocity is, by

definition and in consistent units:

8 v, 2
: t t
gees = E— = E—ﬁ (79)
or, at the tube wall:
v .2
ti
(gees); = - - (80)

The tangential velocity may be defined as path length per revolution

times rpm, as follows:
T D, (rpm)

Vo1 = T(12)180) (81)

where the units are fps and in. Combination of Egs. 78, 80, and 81 ylelds:

. v 2
_ L8 __9_) .
(gees), = D, Y (82)
If D, = 1/4 in., y = 2, and V, = 60 fps, then (gees)i = 6640,

F. Radial Pressure Gradient

Assuming Va independent of R, and in consistent units:

v 2
8, = -§~ ’ (83)
dF = dm —— » (8%)
&e
dm = P dv . (85)
Combining Egs. 83 to 85:
p Vta‘
4aF = dv (86)




Combining Eqs. 73 and 86:

L
R 2 R
AP - (, -PB,) = u/‘ aF/A = ” la 2 d/‘ RAR
&4-R -~ VYR T¥ ° =P L2 & g2
0 J i 0
2 2 2
AP - 0 = Va RZ _ = PV (B_)
¢-R 4 y2 €. 2 Rlz 8 &, Nai R,
and, 2
= °V

%

"

o
o

In units of psi, pcf, and fps,

R

i - R (o/3745) (V_/¥)®

i

G. Inlet Pressure lLoss due to Swirl Formetion

(73)

(87)

(88)

(89)

(90)

(91)

Assume that Vé is invariant with R and that the tape volume is negli-

gible. In the absence of_friction and along a constant diameter tube, a

mechanical energy balance with respect to the cross-sectional planes a and

b of Fig. 24-a gives (in consistent units):

5; a — a + m tb

2 g 2 g 2 g

(%)

(93)
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and,
= 5 = t
AP _p = \Fy - Pb‘) = P (94)
. 2g
c
R
2
- 2”fo V¢b R4R
v = . (95)
b TR
Squaring Eq. T3:
a2 _ 12,2 (RY
Vip T z 'a (R) ) (96)
y y i

Combining Egs. 95 and 96:

2 v 2. R
) : 2T < ; y24) < ;2‘> y/; R® dr ] 2y 2
7R?

Vo ® . . (97)

8 ¥*

Combining Eqs. 9% and 97:

— T 8 -
APy i p = l6_gc ) (98)

In units of psi, pef, and fps:
< ,V .2
e d _ —E .
¥ APa-b‘<7u90)<y) 2

H. "True" Equivalent Diameter

An equivalent diameter calculated from the integrated mean flow area
. normael to the streamlines and from the corresponding mean perimeter would
more nearly satisfy the definition of D_ than does the "nominal" equivalent
diameter of Eq. 68. 1If the length required for one complete (360 deg) fluid

rotation is L radii, then:

%Z §§&é /6b\éjc}./)




True” Flow Area = Path Tength (100)
and R
. i 2r R Ri L dr
N f (101)
t U wrmerE
2 .2 1/2
' Ry” L 4 7®
A, = —— (14 -1 (102)
e 12
Since L = 4 y, Eq. 102 may be rewritten as:
' 8 R,® y* T )2 1/2 -
Af - 1+ -2-—y- - l) . (103)
Eq. 102 meets limit requirements, since Af' -+ 0as L -0, and Af' -7 R12
as L = o,
The corresponding wetted perimeter, defined as:
_ Area exposed
Perimeter = E: Path length along area (104)
is given by:
T Ri RiL
Perimeter = + 2 (2R 10
R, (4 7% + 13)Y/2 (@ ") (10%)
i
or
T L
Perimeter = 2 R [2 + } (106)
G
L= b4y (107)
‘. Perimeter = 4 R, [l + Ty } . (108)
The equivalent diameter, now defined as:
ba,
(De)true = Perimeter (109)

becomes, after simplification:
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8 R ¥ve X-2y x1/'2

(De)true = T 2y (my + Xl/2) Qﬁg;)
where
X = 72+ 4y . (111)

A comparison of (D)

and (D) is shown in Table 6 for
e‘nom. e’true

t (tape thickness) = 0. For the practical range of 1.25 < y < ®» , the
difference is negligible.

Table 6. Comparison of "Nominal" and "True" Equivalent
Diameters for Zero Tape Thickness

J (e pom, /D () 4rye/Ps
0.25 0.611 0.343
0.50 0.495
1.25 0.610
2.00 0.619
2.50 0.618
3.75 0.616
5.00 0.61k

® 0.611

The integrated mean swirl-flow path length may similarly be obtained

from:

™ L 1
(L ) _ Volume - a

s’mean Af' : 8 y2 [ <i . 2 :ﬁ/é ) }

i y2

(u2)

The integrated mean resultant fluid velocity may be obtained from:



-k~

giv (v )
ingz r mean = (LS)rIn:ean va
a
(v.)
| ) (113)
a
* (ﬁ)
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APPENDIX 2

Further Evaluation of Inlet-Swirl-Generator Burnout Data

The burnout data of reference 1, obtained with test sections fitted
with inlet spiral-ramp or tangential-slot vortex generators, have béen re-
correlated as shown in Fig. 37, which follows the form developed by Lowder-
milk et al.,14 for burnout with bulk boiling of water in straight flow. The
term Ga is the axial mass velocity — i.e., G evaluated from the flow rate
and tube cross-sectional flow area. The average and maximum deviations from

the 23 data points of curves 3 and 4 taken together are 8.0% and 18.9%, re-

spectively. Two of the 23 points were obtained after publication of refer-

ence 1. The data representation is significantly better than in the original
correlations.?t

Six additional tests were made with stainless steel tubes tangentially
slotted at the inlet; for four of these runs ¢£o was greater than 30 x 108
Btu/hr-£t%, but all six have been designated "melters" and none have been
plotted on Fig, 37.* Outside wall temperstures in these tests, as determined
by optical pyrometer measurements, reached the 2500 to 2600°F range. Tube
failure ﬁas initiated by gross external metal fusion rather than thermal
burnout arising from bubble coverage of the inner wall. A photograph of the
outside of such a tube after test is shown in Fig. 38-a; where B denotes the
final burnout location. Axial velocity through the tube (304 stainless steel,
0.240-1in. ID, 0.310~in. OD) was 91 fps. Estimasted maximum inside and outside

wall temperatures were 500°F and 2520°F, respectively. Fig. 38-b is a photo-

micrograph which shows the five distinct zones produced by a temperature

*The average curve for these 6 points is parallel to curve 3 of Fig. 37
and 62% as high.
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difference of ~ 2000°F across only 0.035 in. of metal. High flux vortex
cooling of such tubes might be helﬁful in studies of very large thermal
stresses and of plastic yielding of metals.

In order to obtain some degree of comparison between the inlet-
generator vortex data and the newer twisted-tape data, the effective twist
ratios for the older data were calculated from:

2
403,000 V_ [1 + (/2 y)? :Il/

oo - (1,/0)7> 2

which was solved for y to yield:

(6.322 x 10°) v,

y = 775 - (116)

[¢£02 (Lb/Di)2/3 - (16.22 x 1010) Véz}:

"
/6
Eq. 134, taken from Fig. 16, is one of the better representations of minimum

burnout heat flux for the twisted-tape data and was chosen for its relative
simplicity for purposes of the present calculation. The results are given
in Fig. 39 as effective y vs Lb/Di'

The effective y values obtained in this fashion are evidently consider-
ably smaller than those of the tightest twisted tapes used in the more recent
studies (2.1 minimum). The fact that the curves are flat, or nearly so, in-
dicates that burnout heat flux varies with L/D in the same fashion with inlet
swirl generators as with twisted tapes. Inlet generator data over a larger
range of L/D would be necessary to confirm this tentative indication; it is
probable that at greater values of L/b the curves of Fig. 39 would assume a

Positive slope.
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NOTATION

(Listed units are used except where otherwise noted)

acceleration, ft/sec2

true cross-sectional flow area for swirl flow, rt2

internal surface area for heat transfer, rt2

volumetric heat capacity of tube wall, Btu/ft>.°F

coolant constant-pressure specific heat, th/lb-°F

equivalent diasmeter, 4 times flow area divided by wetted perimeter, ft
test section inside diameter, ft

test section outside diameter, ft

potential gradient along test section, volts/ft

friction factor, dimensionless; also a-c current frequency, cps

axial friction factor (see Eq. 48), dimensionless

empirical friction factor (see Eq. 52), pl-@
rotational friction factor (see Eq. 50), dimensionless
force, lbf

Froude number, VZ/g D,, dimensionless
gravitational accaleration, ft/se02
conversion constant, 32.17 lbm'ft/lbf-se02
coolant mass velocity, lb/hr"ft2 of flow area

G based on V_, 1b/hr.ft®

Grashof number, p°® 02 g B CAt) /ﬁ , dimensionless; also resultant cool-
ant mass velocity, lb/hr £t2

surface heat-transfer coefficient, th/hr-ft2-°F (per sec in Eq. 23)

mean axial-flow heat-transfer coefficient based on tom’ th/hr-ft2-°F
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NOTATION (continued)

mean vortex-flow heat-transfer coefficient based on tbm’ Btu/hr.ft2. °F
Colburn heat-transfer factor, St (Pr)z/3

thermal conductivity, Btu/hr-ftZ.°F/ft

tape twist ratio, internal radii/360-deg twist

axial tube length, ft

test section heated length, ft

swirl-flow path length at inner tube wall, ft

mass, lbm

Nusselt number, hD/k, dimensionless

absolute static pressure, psia

total pumping power across test section, fluid hp

pressure drop, psi (psf in Egs. 55 — 59 and Eq. 64, and in Appendix 1)
pressure drop caused by swirl formation at tube entrance, psf
Prandtl number, Cpu/k, dimensionless

rate of heat transfer, Btu/hr

radius, ft

Reynolds number, DpV/ﬁ, dimensionless

axial Reynolds number, Di Py Va/ﬁb, dimensionless

rotational Reynolds number, De prri/ﬁb, dimensionless

test section inside radius, ft

test section outside radius, ft

cooled surface area per unit length, ftg/ft

Stanton number, h/CPG, dimensionless

temperature, °F

bulk coolant temperature, °F




A‘tsat

A‘tsub
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NOTATION (continued)

film temperature, (ti + tb)/2, °F

inside tube temperature, °F

outside tube temperature, °F

thickness of twisted tape, ft

over-all film temperature drop, (ti - tb), °F
liquid-film superheat, (ti - tsat)’ °F
degree of subcooling, (tsat - tb), °F

volume of tube wall per unit length, ft?/ft; also volume, £t3
superficial axial coolant velocity, ft/sec

resultant coolant velocity at inner tube wall,ft/sec
tangential coolant velocity, ft/sec

coolant weight flow rate, lb/hr

tape twist ratio, internal diameters/180-deg twist

effective twist ratio for flow through vortex tubes with inlet
swirl generators, internal diameters/180-deg flow rotation

temperature coefficient of thermal conductivity

volumetric coefficient of thermal expansion, (°F)-l
temperature coefficient of electrical resistivity

electrical resistivity, ohm-ft; also coolant density, lb/ft3
heat flux based on internal surface area, Btu/hr-ft2

a-c current frequency, radians/sec

thermal time constant of test section, sec

dynamic viscosity of coolant, lbm/ft-sec
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NOTATION (continued)

Subscrigts

min

nom.

for axial flow

with alternating-current heating
bulk (coolant mixed mean) value
at burnout

at tube centerline

critical

with direct-current heating
equivalent; at entrance; empirical
film value (evaluated at tf)
heated

at inside tube surface
isothermal

with local boiling

mean

maximum

minimum

nominal

at outside tube surface; reference temperature in Egs. 1-b to 1l-4
resultant

swirl

saturation

tangential

for vortex flow

at test-section inlet

at test-section exit
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