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AN EXPERIMENTAL INVESTIGATION OF
FORCED-CONVECTION VAPORIZATION OF POTASSIUM "

by

P. J. Berenson
J. J. Killackey

INTRODUCTION

The test program described here is being conducted by the AiResearch
Manufacturing Company in support of the SNAP-50/SPUR boiler design, which is .
now under development at AiResearch. The boiler is a shell-and-tube design
with lithium flowing outside the tubes and potassium vaporizing inside the
tubes. System design requirements call for a boiler that will produce dry -
vapor at the outlet and be of a reasonable weight and size. Boiling potassium
test results obtained thus far show that, at up to approximately 50 percent
vapor quality, the boiling heat-transfer coefficient is extremely high
(20,000 to 30,000 Btu per hr ft? %F) and that the lithium side controls the
boiler heat-transfer rate, and hence the size. The present experimental pro-
gram is therefore directed towards obtaining data in the high-vapor-quality
region, where a substantial drop in the boiling heat-transfer coefficient is
normal ly observed and the magnitude of the potassium coefficient becomes
significant. Additional test objectives include determining two-phase pres-
sure drop in swirl flow and investigations of boiling flow stability.

The first test series described here was conducted using a "whirler" or
twisted ribbon as the tube insert. No tests have been made with a plain tube
because the available data for plain tubes indicated very low coefficients
and a severe penalty in boiler size and weight. It was considered essential
at high vapor qualities to exert a positive means to drive the remaining
liquid droplets in the high-velocity vapor core to the tube wall, where
vaporization would occur.

TEST EQUIPMENT

Details of the test rig are shown schematically in Figure I. A motorized
throttle valve located upstream of the boiler is used to promote stable flow
during boiling operation. The condenser is a single-tube, air-cooled unit;
no attempt has been made to measure condensing heat-transfer coefficients.

A metal bellows assemhly is used to absorb the potassium displaced when boil-
ing is initiated. By regulating the accumulator head pressure, it is possible
to control the potassium saturation temperature.

The preheater and boiler can be considered as one long tube, with the
instrumentation concentrated in the boiler section. The test units are located
inside a vacuum chamber to reduce heat losses and minimize surface oxidation.
The preheater is fabricated from a stainless-steel billet 3 inches in diameter
and 12 inches long. Five 0.250-inch-diameter holes drilled through the
billet and interconnected with crossover tubes serve as five potassium tube
passes. 'Thermocoax" sheath-type resistance-heating wire is placed in a



spiral groove cut on the outside diameter of the unit and brazed in place. A
single electrical power input control is used on the preheater.

Basic construction of the boiler test section is shown in Figure 2. The
unit is fabricated from nicke! and is designed for a maximum heat flux at the
inner wall of 600,000 Btu per hr ft? at a potassium saturation temperature
of 1600%F. Criteria for selection of nickel were as follows:

I. Compatability with potassium at temperatures up to 1600°F

2. High thermal conductivity, which tends to minimize the heater
surface temperature

3. Effectiveness of stainless-steel-to-nickel welded or brazed joints
4.  Machinability
5. Availability

A 0.180-inch-diameter hole drilled through the boiler serves as the flow
passage. A twisted ribbon (whirler) with a twist ratio, y, of 3.0 internal
diameters per 180 degrees of twist is inserted in the drilled hole over the
full length of the boiler. The test boiler is slotted to divide the unit
into six thermally isolated 2-inch-long sections. "Thermocoax” heating wire
is brazed in a spiral groove cut on the outer diameter of each element, and
the electrical power input to each section is independently controlled. Thus,
it is possible to determine a series of heat-transfer coefficients down the
boiler length. The test section is mounted horizontally and is surrounded by
3 inches of Microquartz insulation.

INSTRUMENTATION

Sheath-type Geminol N and P thermocouples, /16 inches 0D, are used to
measure all temperatures. As shown in Figure 2, a series of thermocouples
is used to measure the radial temperature gradient through each of the boiler
elements. Temperature-measuring sections with three thermocouples per section
are located at the preheater inlet and the boiler inlet and outlet. Mixing
sections are located immediately upstream of the temperature-measuring sections,
at the preheater and boiler inlets. There is no mixing section at the boiler
out let because the fluid would be at saturation conditions and the pressure
loss due to mixing would be excessive.

Pressure measurements are made with Wiancko pressure transducers. Each
transducer is located in an oven maintained at 195% to prevent freezing the
potassium and to temperature-stabilize the transducer elements. Pressure
transducers were determined to be accurate within *0.1 psi, which is the level
of sensitivity required to obtain an accurate value of saturation temperature
based on the measured saturation pressure and a vapor pressure curve.

Heat input to each boiler element and the preheater is determined by use
of a precision wattmeter, accurate to one percent of full-scale. Before the
loop is filled with potassium, the test units are calibrated for heat loss



by measuring the power input necessary to maintain a given temperature level

without any dellberate removal of heat.- The EM flowmeter was checked by use -
of a heat balance across the test elements and was found to be accurate to

within 5 percent.

All data are recorded using a digital voltmeter equipped with a tape
printout unit. A complete set of data consisting of about 130 temperature,
pressure, and flow points can be recorded in approximately one minute, which
is of great value since it eliminates the need to maintain steady-state con~
ditions over an extended period of time. Conventional strip-chart recorders
are employed, however, to examine various points in the loop to ensure that a
reasonably steady boiling condition has been achieved before data are taken.

TEST OPERATION

Stable flow during two-phase boiling operation is achieved by control- -
ling the degree of throttling across the flow control valve; however, no
detailed studies were made during this series of runs to determine the degree
of orificing required to promote stability. The valve located downstream of
the condenser was full-open during testing and was used only to facilitate
draining of the loop. Control of the potassium saturation temperature was
achieved by regulating the condenser air flow and adjusting the accumulator
head pressure.

Large amounts of liquid superheating, in the range of 200°% to 500°F,
have been observed in the operation of forced-convection boiling potassium
loops. The resulting instabilities have produced audible noise, which has
been termed "explosive boiling." Test data obtained from the heat-transfer
loop described here were carefully reviewed, but no evidence of explosive
boiling could be detected; measured saturation temperatures and pressures
were in close agreement.

DATA PROCESSING

A computer program has been developed to process the more than 100
measurements obtained in each run. The measured temperatures at the four
radial locations in each boiler section are extrapolated to the inner and
outer wall of the boiler using a least~squares~fit straight line on semilog
graph paper. The net heat input is determined from the electrical power input
and the calibrated heat loss. Based on the measured flow and the net heat
input to each section, the potassium quality at the boundaries of each boiler
section is calculated from s heat balance. The potassium physical properties
u-ed in the analysis are those given by Weatherford, et al.*

* Weatherford, W. D., Tyler, John ., and Ku, P. M., "Properties of
Inorganic Energy-Conversion and Heat Transfer Fluids for Space
Applications," WADD Technical Report 61-96, November 1961.



The saturation temperature distribution of the potassium is determined
by using the Martinelli two-phase pressure drop correlation.™ This is done
as follows. The pressure drop for each section is calculated based upon the
appropriate average quality of the section. The two-phase pressure drop is
based upon the largest of either the superficial liquid pressure drop or the
superficial gas pressure drop. As a result, the Martinelli multiplying
parameter is always less than 4.2. Each of the predicted pressure drops is
normalized by multiplying it by the ratio of the total measured pressure drop
to the total predicted pressure drop. Finally, the potassium saturation
temperature at the boundary of each section is determined from the calculated
saturation pressure.

The friction factor used to predict the pressure drop is based upon test
data obtained at isothermal liquid conditions and at temperatures less than
1000°F. Basing the friction factor on the resultant velocity, total path
length, and equivalent diameter gives the following correlation:

0.72
) Re 0.25

It is postulated that the measured friction factor is more than double the
standard correlation as a result of wall roughness. The passage is a drilled
hole and thus is considerably rougher than drawn tubing. The ratio of the
roughness height to the diameter will be measured to verify this possibility.

The heat-transfer coefficient for each boiler section is calculated from
the heat flux and the difference between the extrapolated inside wall tempera-
ture and the arithmetic average potassium saturation temperature. It was not
clear how to choose the potassium saturation temperature for each section;
the use of the arithmetic average was the simplest choice that seemed
reasonable.

A typical computer printout for one run is presented in Figure 3. In
addition to the numerica! printout, the measured radial wall temperatures,
extrapolated inner wall temperature, and calculated potassium saturation
temperature for each section are automatically plotted on semilog graph
paper as shown in Figure 4.

DISCUSSION OF RESULTS

The results of the first test series are presented as a series of tables
in the appendix. With the exception of run B-3-7, the potassium entered the
boiler partially vaporized. All the data reported are for vaporization of
two-phase potassium.

Lockhart, R. W., and Martinelli, R. C., "Proposed Correlation of Data for
Isothermal Two-Phase, Two-Component Flow in Pipes,” Chemical Engineering
Progress, Vol 45, No. !, pp. 39-48, January 1949.




Test results were deleted if the measured temperature at the boiler
boundaries differed by more than 20°F from the saturation temperature (as
defined by the measured saturation pressure). The largest difference
generally occurred at the boiler exit in runs with high pressure drop; the
measured temperature was the larger. The maximum deviation observed was 45°F.
Several plausible explanations for the temperature discrepancies exist. The
measured temperature is close to a stagnation value, whereas the saturation
temperature is based on static conditions. Velocity effects could account
for a difference of about 10%°F. There is a gradual expansion between the
outletl pressure tap and the temperature measurement section necessary to
accommodate the three thermocouples, and a recovery of static pressure could
occur. Complete pressure recovery could account for about 10°F, although it
is difficult to state the exact amount because of the presence of two-phase
flow.

Another possibility is that thermodynamic equilibrium did not exist.
That is, if large pressure drops occur in a forced-convection vaporizer, the
residence time of the fluid in the passage may not be great enough to allow
the expanding fluid to reach thermodynamic equilibrium. As a result, the
actual fluid temperature is greater than the saturation temperature corres-
ponding to the fluid pressure. The heat-transfer coefficients reported are
based upon the equilibrium saturation temperature, because heat exchangers are
designed assuming thermodynamic equilibrium properties. Until the descrepancy
can be fully explained, however, the data points will not be considered.

The computer results are reported without modification for all boiler
sections in which the maximum deviation of any of the four radial thermo-
couples from the least-squares-fit straight line was less than 2.5°.
Sections with a maximum deviation of greater than 10%F are not reported.

All sections with maximum deviations between 2.5 and 10% were critically
examined to deduce which thermocouple was inaccurate and the best straight
line was drawn through the remaining three points. In runs B-2-0 to B-3-5,
it was concluded that the inner thermocouple in section 2 was consistently
inaccurate. A straight line was drawn through the remaining three points as
shown by the dashed line in Figure 4. This changed the inside wall tempera-
ture from a value less than the average saturation temperature to a value
that gave a heat-transfer coefficient consistent with the other measurements.

The outer thermocouple in section 4 was eliminated in runs B-1-5 to
B-1-15. The deviation of the thermocouple eliminated in the two sets of runs
was approximately the same in each run. The reprocessed data are denoted
with an asterisk after the value of the heat-transfer coefficient. Since the
uncertainty in the extrapolated inner wall temperature is probably +5% to
IO°F, the value of the heat-transfer coefficient for low values of TW - TSat
can be very uncertain.

The ratio between the measured pressure drop and the predicted pressure
drop using the Martinelli correlation and Equation {!) was always within 30
percent of 0.56. One possible reason for this discrepancy may be the use of
the measured rough-tube friction factor, which is more than double the smooth-
tube value. One of the factors that the Martinelli multiplication factor



accounts for is the increased pressure drop produced in going from a smooth
tube to a wall that is roughened because of either waves on the liquid film
or drops adhering to the wall. Therefore, if the surface is initially
mechanically roughened, the Martinelli multiplier should be less in going
from single-phase to two-phase flow. An alternative and simpler approach is
to use the Martinelli method as proposed, but always use a friction factor
correlation for smooth tubes.

The data from five runs of approximately equal flow rate are plotted in
Figure 5. Here, it is assumed that the heat-transfer coefficient is a
function of total flow rate and quality. The fact that the heat-transfer
coefficient decreases as the quality increases indicates that a larger
fraction of the wall is becoming dry as the quality increases; the flow
pattern is changing from annular to mist flow. The relatively gradual
decrease in heat~transfer coefficient is due to the twisted tape centrifuging
the liquid droplets to the wall. It appears that all the data were in this
transition flow regime. Consistent with other investigations, the heat-
transfer coefficient tends to decrease with increased flow at constant
quality in this flow regime. No attempt was made to correlate the data.

Testing has been Interrupted because of accumulated failures of the
resistance-heating-wire-to~conductor joint in the individual boiler heater
elements. Inactive sections are indicated in the tabulated data by a small,
negative net heat input. The reason for the negative heat input is that the
section is hot, and therefore is still subject to a heat loss, even though
there is no electrical power input. The boiler test section is now being
modified to provide more reliable heating elements, and a new test series
will be run to more completely define boiling heat-transfer performance in
swirl flow.
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TEST RESULTS



. ' ' [} ¢
Run Ko.: B-1-5 Date: 4/8/63 Flow Rate: 0,370 |b/min Run Mo.: B8-l-7 Date: 4/8/63 Flow Rate: 0,233 {db/min
Preheater In'et Temperature: 793 of Pressure Orop Ratio: g 422 Preheater Iniet Temperature: 798°F Pressure Jrop Ratio: 0.455
! T ! :
i Section 4 1 2 3 4 5 & ; Section ? ' 2 3 4 H 5 6
i i ; ;
H !
Net Heat Input, watis 1779 -43.9 -44.8 606 607 -44.5 -43.3 - Net teat Input, watts 1750 -43.8 -b4,6 607 597 bbb -43.2
deat Flux, Bru/hr fi? 263,500 {263,820 i “ Heat Flux, Btu/hr ft? 263,660 {259,620 :
! i H
1oExit Guality. percent 14.41 13.85 i2.88 1 24.22 35.57 34.79 24,04 i ? Exit Quatity, percent 33.48 32.23 30.96 48.99 73 65,45 64.21
i Average Juality, percent 18.55 29.89 i Average Quallty, percent 39.97 57.86
exic Sat. Temp. °F 1635.6 | 1632.3 | 1631.1 | 1628.9 | te25.i | 1621.3 | IsI7.5 | ; Exit Sat. Temp. OF D 631.9 | 1630.3 | l623.7 | 16261 | t622.2 | 1618.6 | 1815 ;
P i '
Aver - ° 5 I av To-7 o 7. ior
Average T Tsa:, 8.1 7 i ! J Average T Tsat, 3 | ,
: H ; H .
h, Btu/hr ft? OF i Ls.z,ﬂa i37,700" | ton, sru/he fr? oF 35,990 {37,000" | ;
Aun No.: B=l-b Date: 4/8/63 Flow Rate: 0.262 ib/min Aun No.: Bel-3 Date: 4/8/63 Fiow Rate; 0.207 lb/min
Preheater Intet Temperature: 804 °F Pressurs Drop Ratio: 0,434 Preheater inler Temperature: 7820 Pressure Drop Ratio: 0.536
Section 4 ; 2 3 4 5 s i Section \ P ! H 3 i H 6 !
i
! H T .
H
Net Heat Irput, watts 1758 ~bdh.2 =45 606 597 44,7 -43.6 & Net Heat Input, watts 1759 -43.9 44,7 597 592 i, 5 -43.3 i
i
! Heat Flux, Btufhr ft? 263,500 | 259,460 i Heat Flux, Btu/hr ft? 259,250 | 257,340 |
| Exit quaiity. percent 27.61 | 26.50 | 25.36 | 4i.38 | 57.i4 | 56.0 54,9 | Exit Quality, percent 39,49 | 38.09 | 36,65 | 56.55 | 76.29 | 74.80 | 73.46
Averags Guality, percent 33.37 49.26 ! Average Quatity, percent 6.6 86,42 .
Exit Sat. Temp., °F 1637.1 1635.7 | 1034.3 | 1631.9 | 1628.2 | t626.7 | 162! 1 Exit Sat. Temp., °F 1633, 1 1631.2 | 1629.4 | 1626.8 | 1622.1 | §1618.3 | 1alu.a
| : H !
i - o H s ‘ :
‘ Average Tw Tsat, 7.4 7 i Averaye Tw - Tsat, 7.8 X |
; : -
| stw/hr Fe? °F | 33,705 37,000" [ m e £ 0 33,308 {23,400 :
L

*Basec on revised fit of wall-temperature gradient obtalned by elimination
af errcneous therwocouple reading

P a Prenheater



Run No.: 8-1-9 Date: 4/8/63 Flow Rate: 0,165 Ib/min Run No.: 8-f-t4 Date: 4/9/63 Flow Rate: 32,3305 jp/m.-

Ot

Freheater Inlet Temperature: 787°F Pressure Drop Ratic: 0.gl4 Preheater Inlet Temperature: 773%F Pressure Drop Ratio: 9.545
| T
Section P : i 2 3 4 5 i L] i Section P i : 2 3 4 5 : A
1 : !
: !
Net Heat Input. watts 1730 | -43.9 -44.7 597 597 ~44.5 ~43.4 © Net Heat Inout. watts 1656 43,7 -ik.6 572 578 ! -44.5 | -43.2
| : ! : | |
Heat Flux, Btu/hr ft? i 259,260 | 259,400 : | Heat Flux, Bru/hr ft? ; 248,570 |251,030 | '
\ : ! ; i
Exit Quality. percent 53.25 ‘5|.45 i 49.63 76.58 | 99.53 : 97.70 | 95.92 | | Exit Quality. percent 15.25 16,40 | 13.54 25.50 | 37.55 ; 36.69 “ 35.85
' Average Quality. percent “ 62. 11 87.06 i Average Quality, percent i 19.52 ' 31,52 | ;
i : | i i |
| Exit Sat. Temp. °F i 1633.6 \lc:m 1629.8 | 1626.6 | 1622.3 | 1619.7 | l6l6.9 | | Exit Sat. Temp. °F 1628.9 i 1627.4 ‘ 1626 1623.4 | 1619.0 | 1sl4.5 P oieia
; : i : | B ; i
; i i i ‘ i
A To-T oF 8.1 15| ! - 0 !
verage T cat. i ; ‘ 1 Average T - T . °F e Lo i :
. 70 ! * : i ; . ; :
h. Biu/hr f7 OF } L 32,111 117,300 L b Buuhe PO :‘ ‘ 20,842 22, 300° j g
Ayun No.: B=-i-13 Date: 4/9/63 Flow Rate: 0,335 ib/min un No.: B8-1-1% Date: 4/9/63 Flow Rate: 2,204 ib/min
Preheater Inlet Temperature: 782°F Pressure Drop Ratio: 0.413 Preneater Inlet Temperature: 747°F Pressure Drop Rario: 0.584
- i ‘ : . 1
Seciion - 1 2 3 4 5 6 Section P - 2 3 4 I 5 s
: : : } -
Net Heat Input. watts ¢ 1751 -43.8 } -44.7 607 607 | -44.5 -43.3 Net Heat Input. watts 1164l -44.2 -45 577 572 -44.8 ¢ <437
: H H
Weat Flux, 8tu/hr ft? i 263,620 (263,960 Heat Flux, Btu/hr fi? 250,590 1248,660 r H
Exit Quality. percent 17.01 16,16 15.29 © 27,83 { 40.38 | 39.s1 | 38.47 Exit Quality, percent 35.7 34.26 | 32.79 52.38 7185 | 70.33 | 68.89
i i : |
Average Quality, percent ; | i21.56 34,10 Average Quality, percent ! i 42.58 62.09 |
: : : : ; | {
Exit Sat. Temp.. °F 1631.9 1630.6 1 1629.4 | 1627.2 | 1623.5 | 1619.9 | i616.3 Exit Sat. Temp.. °F 1637.1 | 1635.4 | 1633.8 | 1631.0 ! 1626.8 | 1523.1 1 1819.3
R ° ! _ ° I HE I |
Average T - T °F ' 8.7 7 : Average T - T °F i 0.3 1| |
z 0 i * 0 ! 20 1 H .| !
h. 8tu/hr ft? °F | 30,447 [37,700 ! i h, 8tu/hr ft? °F f 24,263 122,600 | i
! : : : ] !

*Based on revised fit of wall-temperature gradient obtained by el imination
of erroneous thermacouple reading.

P = Preheater



N :
Run No.: B-2-0 Date: 4/6/63 Fiow Rate: 0.808 1b/min Aun No.: B8-2-2 Date: 4/6/63 Flow Rate: 0.563 In/min
Preheater Inlet Temperature: B894%F Pressure Orop Ratlo: 0.585 Preheater Iniet Temperature: B889°F Pressure Drop Ratio: 0.590

Section P ! 2 3 4 5 6 Section 4 f 2 3 4 5 &
Not Heat Input, watts 2785 -44.8 937 907 923 526 -39.5 Net Heat Input, watts 2812 -43.9 933 962 963 957 -38.7
Heat Fiux, Btu/hr ft? 407,170 394,070 {400,980 |402,500 Heat Flux, Btu/hr ft? 414,010 1418,190 1418,670 (415,810
Exit Quality, percent 7.38 7.47 15.92 24,10 1 32.40 | 40,72 40.95 Exit Quality, percent 18, 44 8.4t 30.21 42.39 54.53 66. 54 60. 64
Average Quaifty, percent 11,70 | 20.0t 28.25 36.56 Average Quallty, percent 2. te 36.3 48.48 60,58
Exit Sat. Temp., °F 623 1619 1610.4 § 1594.2 | 1566.9 | i521.3 | 1463.3 Exit Sat. Temp., °F to13.8 1607.9 | 1596.9 | 1577.3 | 1545.3 | 1493.0 | ls26.8 !
- o - ° ot 19, te ]
Average T o= T, I 17 16.6 3.6 Average T =T . °F 0 t5 9.8 4.3
»*
n, Brushr ft? °F 40,720" 23,200" | 24,193 12,740 h, Btu/he £t °OF = 27,8'4 | 21,114 | 10,080
! ! | ;
*_..I
—
fun No.: B-2-! Date: 4/6/63 Fiow Rate: 0,584 lb/min Run No.: 8-2-3 Date: 4/6/63 Flow Rate: 0.527 ib/min
Preheater Inlet Temperature: 8359 Pressure Drop Ratio: ¢,592 Preheater Iniet Temperature: 893°%F Pressure Orop Ratio: 0.5%6

[

| Section 4 1 2 3 4 5 6 ‘ Section 4 i 2 3 4 5 6

B | !
Net ieat Input, watts 7182 ~44.0 943 952 Q44 947 -38.1 } det Hear Input, watts 2773 -43.6 943 948 Fiia 967 -37.6 {

: l
i
Heat Flux, 8tu/hr ft? 409,650 113,810 410,010 (411,480 | Heat Flux, Btu/hr ft? 409,820 {411,820 410,050 {411,450 3
{
£xit Quality, percent 16,44 l6.42  127.98 | 39.82 ! si i 62.60 | 62.72 i Exiz Quality. percent 20.16 ) 20.09 | 32.85 | 45.63 | 58.30 7.95 .02
Average Quality, percent 22.2 23.890 45.37 56,83 i i Average Quality, percent 26.47 39.24 51,96 O B2 !
Exit Sat. Temp. OF t613.8 1608. 4 | (597.5 | 1578.6 | 1S47.1 | 1495.5 | 1430.3 | 1 Exit Sat. Temp. °f 1608, 8 1602.7 | 1591.3 | 157,46 | 1533.6 | 1485.4 | 1417.3
: 1
Average T - T . o 10 15.6 19.4 38.4 ' Average T - T oF 3 té.e 23.7 | 48.1
h, gcu/hr fe? OF bo,965" | 26,506 {21,091 {10,716 h, Btu/hr ft2 OF 136,500" | 28,141 | 17,286 | 2,553

*Based on revised it of wall-temperature gracient obtained by ellmination
of erronecus thermocouple reading.

P = Preheater



Run No.: B-2-4 Date: &/7/63 Fiow Rate: 0.605 Ib/min 2un No.: B-3-2 Date: 4/7/63 Flow Rate: 0.483 1b/min

Preheater Inlet Temperature: 890°F Pressure Drop Ratio: 0.667 Preheater Inlet Temperature: 896°F Pressure Jrop Ratio: 0.537
T T | T |
Section 4 | 2 3 4 5 6 ‘ Section P | 2 3 A s | e
! ;
Net Heat Input., watts 2826 -45.2 | 956 ! 97} 962 995 -40.4 | Met Heat input, watts 2828 -43.5 963 963 963 1 966 ! -37.5
| i
Heat Flux, Btu/hr ft? 415,430 1421,770 417,890 |432,180 | heat Flux, Btu/hr ft? k18,550 18,310 418,650 419,980 !
Exit Quality. percent 15.49 15.51 26.91 38.43 | 49.81 61.52 | 61.69 ¢\ Exit Quality. percent 24.29 {2417 | 38.31 52.3% 1 66.¢1 80.39 | 80.39
b i : . i
Average Quality, percent i 2:.20 32.67 46,12 55.67 ! . Average Juality, percent 31,24 45.35 | 59.40 73.40 |
: ! |
£xit Sat. Temp.. °F L 1633.6 1628 ‘ 1617.1 | 1597.3 | I564.6 | 1508.9 : 1437.2 ! Exit Sat. Temp.. °F 1607.5 1601.1 | 1589.1 | 1568.2 | 1534.4 | 1430 | 1409.6
° & | . o 8 6.7 27.9 | stz |
Average T - T . °F poe 6.6 23,5 49.3 ! Average T - T . °F ’
"
h. Btu/hr ft? OF : ‘5|,9oo“ 25,440 | 17,760 | 8,763 | he Bru/hr fr? °F ! 52,300 28,476 | 15,032 7344 ‘\
Run No.: B8-2-5 Date: 4/7/63 Flow Rate: 0.874 lb/min Run No.: 8-3-3 Date: 4/7/63 Flow Rate: 0.488 Ib/min
Preheater Inlet Temperature: 8779 Pressure Drop Ratio: 0.65 Preheater Inlet Temperature: 882°F Pressure Drop Ratio: 0.584
Section P ! [ 2 3 4 5 6 . : Section 4 1 2 L 5 6 i
e — |
' . i |
Net Heat Input. watts 2813 -45.2 842 960 951 955 -40.8 ‘ | Net Meat Input. watts 2844 -43.3 963 973 963 ! %66 =363
Heat Flux, Btu/hr ft’ i 366,050 {417,370 |413,470 414,830 ! | Heat Flux, Btu/hr ft’ Li8,640 422,710 [1B,640 [419,390 ‘
; |
Exit Quality. percent 5.20 5.36 12.50 20.57 28.55 36.55 | 36.86 | Exit Quality. percent 23.85 23.73 37.74 51.81 65.68 79.53 79.56
Average Quality. percent 8.93 16.53 24,56 32.55 | Average Quality, percent ; 30.74 4.7 58.74 72.60
Exit Sat. Temp. °F 1632.5 1628.9 | 1621.1 | 1604.9 ! 1576.8 is28 1463.3 |  Exit sat. Temp. °F 1605 1598.6 | 1586.7 | 1565.8 | i531.9 | 1477.2 | 1405.8
~ o i H | : a
Average T - T .. °F ) 8 5.6 1 18.7 34.3 ; | Average T - T OF 3 3.2 29.3 54,6
i i ;
h, Btu/hr ft? OF | 45,750° | 26,765 | 22,115 1 12,09 . 'k Brushr fr? °F 52,300" | 32,143 | te,281 | 699 |
R : B 1 L

*3ased on revised fit of wall-temperature gradient obtained by el imination
of erraonecus thermocouple reading.

P = Preheater

(4



e 1 .
Aun No.: B-3-7 Date: 4/7/63 Flow Rate:r .13 'p/min
Preheater Inlet Temperature: 26408 Pressure Drop Ratio: (,725
Section ? ! 2 3 i l s 46
§ !
Net Heat Input, watts 2830 42,1 842 960 95t ! 949 i -41.8
; |
Heat Flux, Btu/hr ft? 417,100 [4135,160 {4i2,420 l
i
Exit Quality, percent ] 2 9 10,38 16.92 22.96 23.33
Average Quality, percent 7.34 13.90 19.94 i
£xit Sat. Temp.., °F 637,14 1636.8 1631.9 1618.8 i593.0 . 1547.3 I 14385, 1
- L3 o= :
Average [ 'Tsat, 16.4 i7.9 ! 34.9 E
. Btu/hr ft? °F 25,504 | 25,090 { 11,501 i

Run Ho.: B-3-4 Date: 4/7/43 Fiow Rate: 0.434 (b/min
Preheater Inlet Temperature: £84°% Pressure Drop Ratio: 0.4il
Section P | 2 3 “ | s 6
Net Hear lnput, watts 2842 -43.8 963 972 963 967 -38.7
peat Flux, Btu/nr ft? 418,340 1422,480 [418,620 1420,040
Exit Quaiity, percent 24.06 23.93 | 33.04 |52.23 !66.22 | 80.:8 : 8013
Average Quality, percent 30.98 £5.13 59.22 73.20
Exit Sat. Temp.. °F 81,9 1605.5 | 1593.5 | 1573.0 | 1539.8 | 1486.8 | 1419.6
PR o 1500 2 3
Average T = T N 5.0 23.1 46.0
h, 8tu/he ft? °F 58,100" | 28,006 | 18,101 9138
Run No.: B-3-5 date: 4/7/63 flow Rate: ©.550 1b/min
Preheater Iniet Temperature: B885°%F Pressure Drop Ratio: C.5%6
] Secrion 4 i g 3 4 5 <]
‘ det Heat Input, watts 2827 -43.9 962 967 963 906 -38.2
|
! Heat Fiux, Bru/hr fi? 616,240 420,230 218,570 420,000
i Exit Quaiity. perceat 19,01 18,96 131,46 | 43.90 |56.57 | 68.77 | 68.86
Average Quality, percent 25.27 37.7¢ 5017 52.57
|
| exit sat. Temp. °F 16144 1606.4 1 1597.2 1877.5 | i544.B | t491.9 | 1424.4
H 1 - o h
‘ Average T - T . 19 1.4 1 226 43.2
! n, Btusne fi? O | wh,e2s" 131,406 18,522 | 9714
i |

*¥8ased on revised Fit of wail-temperature gracieat obtained by =eiiminacion

Sf erroneous thermocouple reading.

2 = Preheater
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POTASSIUY SIMGLE-TURE

TEST

RUN NO. = B-2-1, DATE = 4/6/€3, BAROMETER = 28,65, FLOWMETER,TEMP, DEG.F, = 802.00
FLCWMETER (REC.) MV =  0.4C10, FLOW,LB/MIN, = (.5842, FLOW,CALC. = 1.1761, PERC. = =-1.010
BOILING STARTED IN PREHEATER
PREWEATER, BOILER- SECT.1  SECYION 2 SECTION 3 SECTION 4 SECTION S SECTION 6
INPUT =
BCILER W TEMPSCEG F,PCS.1 161G.9 1665.3 16681.9 1661.4 1632.8 1513.0
EOILER W TEMP4CEG F,PDS.2 1614.2 1725, ¢ 1726.4 1711.8 1670.9 1515.0
SOILER W TEMP,CEG FyPOS.3 1614.7 175C.5 1758.6 1741.4 1697.3 1516.4
BOILER W TEMP,DEG F,P0S.4 1613.3 177C.0 1781.4 176045 171842 1517.8
X_PREHTR INLEY TEMP-1, DEG F =  §85.6
-2, CEC F B 8B6.7
-3, £8G F = 884.4
K _BOiifR INLET TEMP~1, £C F = 16i7.7
-2, DEC F = 1616.2
-3, CEC F = 1617.2
K _BOILER EXIT TEMP-1, DEG F = 1443,.8
-7, CEG F = '1445.2
-3, DEC F = 1444.3
PREHEATER TEMP,T/C 95,0EGF. 16719
POTASS UM PRESSURE, PSI1A 316,60 17.40
ELEC. INPUT, WATTS,1 990.0 0.5 1006.0 1016.0° 1600.9 1660.0 0.0
2 1005.0
3 1020.C
ANSHERS =
WALL TEMP INSIDE,DEG F 1609.3 1537.5 1603.6 1582.3 1559.7 1508.9
WALL TEMP GUTSIDE,DEG F 1615.7 1814.7 1820.6 1802.7 1753.7 1519.6
TEMP PCS 1, DEG F, CALC. 1611.7 1668, 1682.7 1662,5 163229 1512.9
AV.DEV, 4 THERM,CEG F ¢.001 ) 5.000 9.000 0.001 0.600
MAX. DEV (DEG F) AT THERM. 1.173 2 5.202 2 0.352 2 2.026 3 0.798 4 0.191 4
O-NEY, WATTS 2781.91 -44,04 942,57 952.26 943,52 946,90 -38.12
HEAT FLUX, BTU/HR FT2 -19137. 409645, 41381, 4106012, 411480, ~16565,
G PERC. 229.7 -118.9 -167.5 ~¥11.7 ~83.9 362.5
QUALITY AT CUTLET,PERC, 16044 16,42 21,98 39,62 £1a11 52250 62272
AV. QUALITY, PERC. 16,43 22.20 33.80 45.37 56.85 52.66
CHANGE IN CUALITY, PERC. -0.02 11.56 1164 11.49 11.48 0.13
SUM PRESS,. DROPS, MARTINELL{s PSI = 37,58
RATIO T PRESS DROP YO MART. SUM = 0,592
PRESS. DROP, MARY, NORM,PSI 9.9017 1.6588 2.8440 4.3134 6.1493 6.3327
S5 L PSI -~ 5.0005 04955 Q,8354 122645 1.78%% 0.0254
X EXIT SAY YEMP, DEG F 1613.8 1608.1 1597.5 1578.6 1547.1 1495.5 1430.3
INPUT K EXIT TEMP AV, CEG F 1617.0 14444
TEMP PERCa -C.2 -1.0
AV. K SAT TEMP, OFG F 1611.90 1602.8 1588.0 1562.9 1571.3 1482.9
CHANGE IN K SAT TEMP, DEG F -5.64 -10.6% ~18.91 ~31.48 ~51.60 65,21
TwALL-TSAT{AYls DEG F ~1.7 ~15.4 1526 194 384 45.0
MT COEF, BTU/HR FY2 DEG F 11319.¢ -26681.8 26545.9 21090.8 10715.9 -359,9

F

igure 3. Computer Printout of Reduced Data
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DISCUSSION

MR. YAROSH: I am curious whether or not there could have been a
cavity formed by the approach of the twisted tape to the inside tube sur-
face; and whether or not this may not have accounted for the absence of
instabilities.

MR. BERENSON: We have fairly good evidence that there were cavities.
The tape was pressed in, but apparently it wasn't a tight fit. We have
indication of some cracks between the tape and the tube wall. 8o this is
ancther source of nucleation gites, in addition to the scratches produced
by the drill. By the way, we have cut the boiler open and the inside of
the tube is rougher than 1t was initially.

-

We are plamming on taking roughness measurements, to get the ratio
of the roughness helght to the tube diameter, so that we can compare this
with the single-phase pressure drop resulls. We want to see 1If the rough-
ness accounts for the difference hetween the messursments and the smcoth
tube predictions.

MR. BROOKS: Paul, is the quality referred to on your plot the ave-
rage quality for the individual section, rather than a local quality?

1

MR. BERENSON: Yes. The guality on Fig. 5 is the average quality.

MR. BROOKS: Tet's take the lower five points on that plot. Do they

refer to five different seciions, or do they refer to five different runs?

MR. BERENSON: Five different runs. These are pretty much grouped by
runs so you get an idea of the disagreement. I can't remember whether

there was a systematic variation with flow rate, or nct.

MR. BROOKS: Did you notice spy difference radially? We have ob-
served in one of our tests with a twisted ribbon that, 1f the pressure
drop on the two sides of the ribbon are not identical, you can get dif-
ferent performance in the two channels unless you provide some communica-
tion.

MR. BERENSON: We didn't notice any difference but, as I mentioned,
the tape wasn't brazed in, so there was san opportunity for the pressure to

equalize,
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MR. BROOKS: Was 1t a loose tape?

MR. BERENSON: Yes. I think you would describe it as loose, in the
same sense that the pressure would tend to equalize. But we had no way to

determine whether the performance was circunferentially uniform.

MR, DAVIS: Do you feel that there is a reasonable possibility that
the lack of instabilities and so forth was due to the presence of the
loose tape, as opposed to the rough condition of fthe tube, and did you

plan to run any additional data with a smooth tube and smooth tape?

MR. BERENSON: 'This is a very good question. We feel, and we know
that Norm Greene does, that using a twisted tape by itself tends to pro-
duce stable flow, Tt appears that one of the major sources of instabil-
ities in a forced convection vaporizer is the plug flow regime, and the

S

twisted tape tends Lo suppress this regime and give the steady annular
flow regime., While we are not planning on running any tests specifically
to verify this, we do fecl that a twisted tape, or some type of swirler,

by itself, can stabilize the flow.

MR. DAVIS: Secondly, was there any significant contributiorn of the
heat transfer due to conducting heat from the walls, and was this taken

inte account in any way?

MR. BERENSON: I don't know. ITn our final boiler, we are planning on
providing good thermal contact with the wall because, in the high-quality
region, where the coefTiciernt is low, we want to use the insert as a fin.
Here it was fairly loose, and 1 would be surprised if there was any con-

tribution. We didn't calculate it.

MR. DAVIS: Does the paper mention why you did not go up to the 100

per cent quality that you had contemplated?

MR. BERENSON: This data was the average guality. Some of the runs
achieved 100 per cent exit quality. In our next series of runs we plan to

concentrate in the 70 to 10C per cent qualily range.

MR. POPPENDIFEK: The gentleman made a comment about the influence of
the rotational flow on stapility, and I think we both feel this is very

important.



In regard to the change of opressure drop, I think we showed last year
& =0

N

that, in the case of rotational flow, there is a strong separation of the

i

two phases, and therefore the theoretical pressure drop is lower than the

Martinelli correlaticon. The experluental pressure drop that we measured
as lower and was In falr agreement with it. So I think what you got is

what you should expect to happen. I think Normarn has a comment on the Tin

effect.

MR. GREENE: I would Just like to comment on the fact that, at the
high conductances that you had, the fin effect is deleterious rather than

helpful. I think you could show that very easily.

MR. BERENSON: Agreed.

g

MR. FISHER: How was the heat flux distrivuted in the data plotted in
Fig. 5%

MR. BERENSON: It was falrly uniform. Teo each run the heat Tlux wasg
uniform, section to section, except in the sections where the heater leads
had already failed, in which there was zero heal flux.

MR. FISHER: You show a falrly wide average quality range.

MR. BERENSON: Yes. Unforbunately, we started out operating at a
high heat flux. We probably could have run longer if we had started at a

lower heat flux and gradually worked up ©o the failing heat flux.

MR. CHEN: Psul, on this same Fig. 5, healt transfer coefficient

[=N
0

decreasing with quality. T think you have pointed this cubt in the paper.
Some of the cther results at least show the opposite affect. You dndi-

cated the reason; I wonder if you have sowme other indications

0\‘)

ME. BERENSON: ‘The best indicatica I have is for a different set of
flow rates. Some of the data increases with quality and then decreases,
which is consistent with what one would expect. en you have annular
flow, the heat transfer coefficients would increase untll you get to the
gtart of the dry wall transition and then drop off. These runs wers at
lower flow rates, where you would expect the transition quality to be
higher. 8o this is consistent with previous results. 3But outside of that

we have ne direct evidence. I can't show a vhotograph of the flow regime.
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MR. CHEN: In the mcdel we will talk about after lunch, it appears
that, based on the model, you can get heat transfer coefficient decreasing
with quality at the lower flow rates, even though you agsume an annular

type of flow regime.
MR. BERENSON: That's very interesting. I was not aware of it.

MR, HAYS: Were exit qualities of 100 per cent obtained for the test

boiler?
MR. BERENSON: Yes.

MR. DWYER: It seemed to me, Jim, two years ago you obtained data

where there was considerable fluctuations in pressure and velocity.

MR. KILLACKEY: The fluctuations reported before were pressure. This
proves somewhat annoying in trying to determine a saturation temperature.
We actually put an R/C filter on the output of the pressure transducer
and never did get around to plugging into an oscillograph to see what was
happening. So I couldn't really answer whether we had the same effect

occur this time.

MR. DWYER: I was wondering if you had the same surface, and so forth.

MR. KILLACKEY: Same boiler.,

MR. DWYBER: You didn't have the ribbon before.

MR. KILLACKEY: Yes, we had the ribbon before. We had a series of
pressure taps down the length of the boiler, about three of them, but one
of those failed in the first test so we decided to be a little more con-

servative this time. We took off the three that were along the boiler and

plugged then up. So now it is a little more of a guess-timating procedure.

MR. POPPENDIBEK: What did the subcooled tests locok like? Where would

that fall on that curve?

MR. BERENSON: We have some data which I didn't report. I think, as
I recall, the heat transfer coefficient was roughly 5000 ia cne of the

first two sectlions where we had all liquid flow,
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MR. POPPENDIEK: We have been looking at the linear flow data, which
is all in essence in the nucleate boiling rvegion; highest guality of aboutb
50 per cent. The curve for water goes the other way than the linear flow.
There is really a drastic change here in that annular flow occurs at 20

per cent guality. This is very interesting.

MR. BERENSON: We feel you change over to annular flow at gqualities
around 1 per cent. By the time you get as high as 50 per cent, you are

generally well beyond--into the transition in linear flow.

MR. POPPENDIEK: But the Berkeley data didn't show this at all. This

is sort of interesting.

MR, KILLACKEY: Well, let's be honest about one thing, though. Be-
1ow a guality of 40 per cent, we were reporting coefficients greater than
20,000~-1 think as high as 50,000. The resulting AT's were on the order
of about 5 degrees, which is just about the experimental uncertainty

involved.,
MR. POPPENDIEK: Your points are very good.

MR. KILLACKEY: We were clever in selecting the right points! Paul
and I had a little bit of an internal dispute here, but we have some other
data which shows wet wall qualities beyond 50 per cent. We can also show
the high guality coefficient dropping off as the {low increases, which

is somewhal the opposite of what you might expect.

MR. EELLY: You mentioned that you take the data rapidly, which makes
it unnecessary to run steady-state for a length of time. Were you able to
run steady for a length of time?

MR. BERENSON: Before we took a data point, inlet pressures, and ten-
peratures, ete., would be monitored for about 15 minutes to see that they
were steady. And then, after we were satisfied that we were at steady-

state, the 200 data points were recorded in about two minutes.

MR. DWYER: Thank you very much.
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I. Introducticn

Boiling studies are being conducted at Atomics International
as part of a larger sodium reactor safety program. The project's
objective is to provide basic information on sodium boiling heat

transfer and two-phase hydrodynamics. Previous work by Atomics

International in this area include a pool boiling studysl) a
, . (2) ) (3)
condensing study, and an analytical study of two-phase flow.

The current experimental program's objective is to measure
void fraction, two-phase pressure drop, boiling heat transfer
coefficient and burnout heat flux for sodium in forced convection
in a vertical test section. The loop built for this work is
described in detail in Reference 4, copies of which have been
distributed at this meeting. Calibration of the loop has recently
vbeen completed and the first phase of the experimental program
is now under way. This report discusses some of the first void
fraction and heat transfer data that has been obtained and also
presents certain loop performance characteristics not available
in Reference 4,

In the process of developing and testing high flux heaters for
forced convection studies, considerable new sodium pool boiling
data were obtained this year. These dats are presented and dis-
cussed in detail in Reference 4, and therefore, will be only
summarized here. Preliwminary results of recent spectral analysis
made of surface temperature variations during pool boiling will
be presented also.

II. Pool Studies

A, Nucleate Boiling

Recent pool boiling data were obtained from horizontal,
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1/% in. OD by 2 in. long cylindrical high flux heating elements
operating about 6" below the free surface of a 1 ft. diameter by
about 1 ft. deep sodium pool. The pool was maintained saturated
by simultaneously boiling from several additional, uninstrumented
ilmmersion heaters. Reflux condeusing occurred at a coocled flat
plate at the top of the vessel. The apparatus is described in
more detail in Reference 4.

The surface temperature of the high flux heater was measured
by two 0.025 in. 0D, stainless clad, cromel-alumel thermocouples
brazed into slots in the outer cladding of the heater. Both
stainless and molybdenum clad heaters were tested, The nominal
location of the thermocouple junction was .0125 in. from the
outer surface of the heater where boiling occurred.

Signals obtained from these thermocouples during bolling were
recorded on a Sanborne fast resvonse recording instrument. Figure 1
is a retouched photo of portions of four such recordings. A
temperature scale having its zero at pool saturation temperature
is superimposed on each recording. The first two traces (4 & B)
are from runs using a molybdenum clad heater operating at a heat
flux of 462,000 Btu/hr ft2 in a pool at 3.0 psia (1350°F). Because
of a higher chart speed, the first trace (4) mest clearly shows
the detalled form of the usual surface temperature fluctuations
observed. Trace C was recorded with the same heater and under
the same conditions as A and B except that the heat flux was
245,000 Btu/hr~ft2. Trace D was also recorded at 245,000 Btu/hr ft2
with the same heater but at 1.0 psia.

These traces illustrate the formof the raw data obtained from
the experiments. These data werereduced by first selecting by eye

a value for the mean, minimum and maximum temperature for each
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heat flux and pressure. These values were then corrected for the
temperature drop between the thermocouple junction and the surface
of the cladding. This correction is relatively small for molybdenum
heaters; therefore, data obtained from these heaters 1s most
accurate.

The reduced data is summarized in the plots reproduced in
Figure 2. The circle symbol indicates the mean value of surface
superheat for molybdenum heaters and the triangles indicate the
same for stainless heaters., The horizontal bar indicates the range
of fluctuation. Stainless heaters had consistantly lower surface
temperatures than molybdenum heaters.

Mean values of surface superheat obtained from molybdenum
heaters are replotted on the single graph shown in Figure 3. The
trends are typical of saturated pool boiling data obtained with other
liguids. The slope of the boiling-dominated portion of the curves
is slightly greater than 2 and the heat transfer coefficient in~
creases with increasing pressure. The experimental curves are
parallel to, but slightly to the left of the theoretical prediction
of Forster and Zuber(S)° (For instance, the Forster~Zuber predic-
tion for sodium at 3.0 psia lies very near the curve measured at
1.7 psia.)

Since it is not possible to directly observe sodium boiling, a
new kind of analysis has recently been performed on some of the
surface temperature measurements in an attempt to learn more of
the details of the nature of the boiling process, Signals obtained
from a heater surface thermocouple during steady state boiling
at 1.0 psia were recorded on magnetic tape for about a 15 minute
period, The tape was then formed into a continuous loop and played

back at higher speed. The resulting signal was fed to an electronic
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analyzer which measured relative power spectral density as a
function of frequency. Results of the analysis are shown in
Figure 4, -
A complete interpretation of these results has not been made
as yet, however, the following general observations can be made
immediately. First, power spectral density for all freguencies
is found to be nearly proportional to the square of the heat flux. -
The amplitude of surface temperature fluctuations (proportional to
the sguare root of the power spectral densityj therefore, increases
directly in proportion to heat flux. Second, the power spectral
density decreases approximately exponentionally with increasing
frequency. This behavior is believed to be due to a combination
of a 1/w random noise spectrum and signal attenuation due to thermal
inertia which would be expected to follow exponential - “Jﬁrw.
Third, there is a resonance at about 2.4 cps which shifts slightly
towards lower frequencies as heat flux increases. This indicates
regular, periodic bubble activity at a nucleation site near the
thermocounle.
B. Burnout
Several new measurements of burnocut heat flux in saturated
pool boiling have been obtained with the new 1/4 in. OD heaters.
These measurements are plotted as a function of pool pressure in
Figure 6 together with measurements made in the old pool boiling -
apparatus with 3/8 in. OD heaters (circles indicate new measure-
ments). Open symbols indicate burnouts that are considered to be
premature based primarily on the fact stable nucleate boiling
without burnout has been obtained at the same praessures but
significantly higher fluxes on repeated occasions. The scatter

of the data is due to the inherent uncertainity of burnout, varia-
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tion in size and material of heaters, wvariation of the method of
approach to burnout and perhaps variation of the wetting properties
of sodium.

The sodium burnout data has been correlated nondimensionally
with water, organic and sulfur data according to the method suggested
in the author's discussion of Reference 6, This correlation is
shown in Figure 7 and it is also plotted in Figure 63 the dashed

lines indicate + 30%. The correlating equation is,

. 545
(/B /xR, 1.325 e 7w
(500 Y3 (prym) V12 Iy

i

(?7)

Colver has recently reported measurements of burnout heat
flux for potassium in saturate pool boiling. These data are indi-
cated by the stars connected with a dotted line in Figure 6, The
potassiuvm data does not follow the usual trend of increasing
approximately as the sguare root of pressure at low pressure but
rather increases about as the 4th root of pressure., Equation (1)
predicts the potassium results well at pressures near 1.0 psia,
however, it is about 60% high at atmospheric pressure. In view of
these results for potassium and the scatter of the sodium data,
the pressure dependence for scdium dburncut cannot now be regarded
as definitely established (the correlation not withstanding).
Additional pool experiments are planned for the near future to
attempt to settle this point.

III. Forced Convection Studies

A. Apparatus
A schematic of the working loop built for forced convection

studies is shown in Figure 7. The loop has a figure 8 configuration

with a counter~flow economizer and subcooler which meintsins the
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pump temperature at 7500F. The pump is a multipass linear
induetion BM pump designed for 200 psi at 6 gpm. Performance
curves for the pump which have recently been determined are
shown in Figure 8. The pump has not been operated at maximum
design voltage (230 volts) because of limitation in its power
supply.

Pigure 9 is a recent photo of the upper half of the working
loop showing the preheater, test section, pressure transmitters,
void detector {(an EM flow meter), high flux heater and the con=-
denser. The test section has an annular flow geometry with
dimensions of 1/2 in., outside diameter and 1/4" inside diameter.
The 1/4 in. diameter inner element of the annulus is formed in
the shorter upper section by a high flux heating element and in
the lower section by a 1/4 in. OD tube. These two sections are
keyed together to form the continucus inner element.

The hollow lower section contains a 1/16 in. OD thermocouple
which can be moved remotely to monitor bulk temperature at any
position along the length of the test sesction. When two-phase
flow conditions are established, this thermocouple is used fo
measure the axial temperature profile which can be converted to
a pressure profile using the vapor pressure curve. This method
produces more accurate two-phase pressure gradient data than can
be obtained from pressure instrumentation directly.

B. Heat Transfer Measurement

A series of forced convection runs have been made in which the
heat transfer coefficient at the high flux heater surface was

measured at several inlet velocities between 3 and 6 fps. An
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attempt was made to maintain the local bulk sodium temperature
saturated at 4 psia without significant net vapor being present.
This is a difficult condition to achieve perfectly and the actual
local sodium temperature was estimated to be sub-cooled about
EOOF. The measurements are plotted in the usual manner in Figure 10,

Mean values are plotted; the horizontal bars indicate the
range of results obtained during three runs at different flow
rates. Variations of heat transfer coefficient with flow rate
were not consistant with previous experience; the tendency being
for the measured coefficient to decrease slightly with increasing
flow, This result is likely to be due to imperfections in the
current experimental technique.

C. Void Fraction Measurements

Measurements of void fraction made under adiabatic conditions
at 8 psia are shown in Figure 11, For these tests, the vapor was
generated to a certain extent in the preheater unit and additionsl
vapor was obtained by flashing between the preheater and the void
detector. Mean void fraction is determined by comparing the mean
flow signal obtained from the EM flow meter during two-phase flow
to the signal obtained at the same temperature and mass flow rate
with no voids. Because the flow meter measures only the velocity
of the conducting phase (liquid), the signal increases inversely
with the flow area for the liquid and thus increases with void
fraction. The void area is obtained by subtracting the area
occupied by the liquid from the total area of the pipe.

Measured void fractions are significantly lower than is pre-

(8

dicted by the correlation of Lockhart and Martinelli This
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indicates that low guality, low pressure slip ratios for sodium

tend to be higher than for other materilals.

IV. Summary -
New pool measurements of nucleate boiling heat transfer

coefficient for saturated sodium have been accomplished with

improved experimental accuracy. Results show sodium to exhibit

conventional boiling behavior and to have heat transfer coefficients .

slightly higher than predicted by Forster and Zuber. Stainless

surfaces had slightly higher coefficients than molybdenum surfaces.,

A new nondimensional correlation of burnout heat flux in
pool boiling has been developed which brings sodium measurements
into agreement with measurements on sulfur, water and organic
materials. Colver's recent results with potassium, however, do
not show the same pressure dependence as the correlation or other
data and, therefore, open to question the proper functional
dependence of liquid metal burnout on pressure.

A new working loop for experimental study sodium forced
convection boiling heat transfer and two-phase flow has been put
into operation. Preliminary heat transfer results indicate that,
under slightly subcooled conditions, sodium behaves as would be
expected from pool boiling results.

Initial measurements of void fraction in two-phase flow at
8 psia and low quality show void fractions somewhat lower than .

predicted by Lockhart-Martinelli.
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Nomenclature

(q/A)C = critical heat flux (Btu/hrv-ft2

A = latent heat of vaporization (Btu/#)

,Cl) /Ci = vapor density, liquid density (#/fta)

g = local acceleration (ft/hrz)

o = thermal diffusivity of liquid (£t°/hr)

Pr = Prandtl number of ligquid

n = nondimensional local accelerations (g/gc)

w = frequency
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FIGURE 4
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FIGURE 10
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DISCUSSION

MR. DWYER: In that second to the last slide you showed there, you
had a bend in your plot. This was forced-convection boiling. You say
that was all in a sub-cooled, nucleate boiling range? T notice you had a
bend in there. It would indicate you probably got into the nucleate

boiling.

MR. NOYES: Well, we were bolling. I imagine at the lower surface
temperatures it was essentially forced convection heat transfer. As we
increase the heat [lux, then we get a larger contribution from nucleate
boiling. Certainly at the higher heat fluxes we were boiling at the sur-
face. However, the bulk temperatures probably remain slightly sub-cooled

at all the points we were making measurements.

MR. DWYER: Up to the bend they were collapsing. Beyond the bend

they were collapsing?

MR. NOYES: I believe they were collapsing all the way, really. 1
think it was all surface type of boiling, although we might have been

generating a small amount of net vepor. Can't tell for sure.

ME. BAIZHISER: Dick, one comment, perhaps two: With regard o the
break in your slope, that curve, we observed a significant change in the
fluctuation both as to the amplitude frequencies, somewhere just above
100,000. It seems, if T recall, on the three higher pressure runs, right
around 150,000 we observed something that perhaps is significant as to

the type of fluctuation.

Second of all, if you can Justify throwing away two of those burnout

points out here, I think we can agree as to the slope.

MR. NOYES: May I make a comment about the slope of the burnout datat
I have been tempted to throw away a lot of those burnout points and pick
out those that have a slope that I like! However, I find that is a little
dangerous.

Tan observing some of the data we have ckbtained, with the same hester
at several pressures, even though the pressures were close together, it

did appear to me that though the burnout heat flux was incressing roughly
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as the square root of the pressure. Although as I say, the data is so
scattered, I can't prove it.
MR. KRAKOVIAK: You mentioned that the heat transfer coefficient de-

creases with increase of flow rate. Wag this at constant heat flux?
MR. NOYES: Yes, at constant heat flux.

MR. KRAKOVIAK: It is good to hear analogous results. In our experi-
ments, at constant flux, a decrease in flow rate resulted in an increase

in quality and an increase in the heat transfer ccefficient.

MR. NOYES: 1In all cases, here, we recally don't have any quality at
all. The average bulk temperature was slightly sub-cooled. T expect, with
improved experimental techniques, and if we work hard enough at it, we can

eliminate this sort of result.
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A PROPOSED MECHANISM AND METHOD OF CORRELATION
FOR CONVECTIVE BOILING HEAT TRANSFER WITH LIQUID METALS*

John C, Chen
Brookhaven National Laboratory

August 1963

ABSTRACT

An additive, interacting mechanism of micro and
macro-convective heat transfer is proposed to repre-
sent boiling heat transfer with net vapor generation
to saturated ligquid metals in convective flow. Based
on this mechanism, a method for calculating boiling
coefficients is developed. The correlating is shown
to be in fair agreement with early experimental re-

sults for convective boiling of potassium and sodium.

*This work was performed under the auspices of the U. S. Atomic
Energy Commission
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Introduction

Recently, a new correlation was proposed for the calcula-

tion of convective-boiling heat transfer coefficients for or-

(1)

dinary fluids. In tests against experimental results for

water and organic fluids, this correlation showed an average

deviation of 11%, as compared to deviations of 32% to 43% for

previous correlations. This present paper proposes an exten-—

sion of the new correlation to the case of liquid metals,

Specifically, the area of interest is defined by the follow-

ing conditions:

(1)
(2)
(3)
(4)
(5)
(6)
(7)

boiling heat transfer

saturated liquid metals
vertical, axial, convective flow
stable flow

no slug flow

no liquid deficiency

heat flux less than critical flux

Thege conditions would normally be satisfied by convective boil-

ing of liquid metals with net vapor generation in annular or

mist-annular two-phase flow,

Derivation

The proposed model for convective boiling heat transfer

is based on the following two postulates:

(1)

(2)

There are two mechanisms which contribute to total
heat transfer, i.e., the macro~convective mechanism
associated with over-all flow and the micro-convec-
tive mechanism associated with bubble growth in the
annular liquid £ilm.

These two mechanisms interact with each other, i.e.,
the presence of vapor strongly influences macro-

convective heat transfer, and conversely, the presence
of flow modifies bubble motion and consequently ef-

fects micro~convective heat transfer.
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On the basis of this model, reference (1) obtained the
following expression for calculating the modified micro-convec-—

tive contribution.

0.79 0.4 . . .
kL 2 5 pg 49 ATo 24 APo 75 g0.25 1
h . = 0.00122 B < x S (
mic 0.5 ‘0.29 k0.24 0.24
a M, oy
AT
e, 0.99
8 = (AT ) (2)

where ATe is the effective superheat for bubble growth in the
annular liqguid film. S, called the suppression function, is
a measure of the suppression of bubble growth by the presence
of two~phase flow and was empirically correlated against an
effective two~-phase Reynolds number, as shown in Figure 1. 1In
extending this theory to the case of boiling liquid metals, it
is assumed that the micro~convective heat transfer can still
be described by equation (1). This assumption is based on
indications that Foster~zZuber's pool-boiling theory, from
which equation (1) was derived, appears to be applicable for
liquid metals as well as for ordinary fluidso(z)
For the macro-convective contribution to total heat trans-
fer, reference (1) utilized a modified form of the conventional
Dittus~Boelter eqguation. In the current analysis for convec-
tive boiling of liquid metals, it is proposed that the follow-
ing modified form of the Lyon-Martinelli equation be used in-

stead.
k
s

=[ 5 + 0.024 (FReLO°8)(5PrL)a 1 = (3)

hma C D

The values for the five parameters a, B, vy, 8, F are listed in

Table I.
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Table T

Parameters in Macro-Convective Eguation -

Liquid Metal vapor Two-phase
e
) 7 0 72
k e k . -
y 1 _];1 z + “k“y“(l--Z )
L L
Pr e Pr e -
8 1 Prv zZ -+ Prv(lwz )
L L
a 0.8 0.4 0.4 (1+z°)
R 0.8 0.8
e
F 1 (Rev) (;{Z >: f(x:L )
1L T tt

It is seen that at the limit of 0% quality, equation {3) re-
duces to the conventional Lyon-~Martinelli equation descriptive
of single-phase liquid-metal heat transfer. At the other limit
of 100% quality, equation (3) becomes the Dittus~Boelter equa-
tion for vapor phase heat transfer. 1In the region of mixed
quality where both liguid and vapor are present; it is proposed
that the four parameters denoted by Greek letters assume values
intermediate between the single-phase values, as shown in Table
I. The exponential parameter, €, is a measure of the non-uniformity
of phase distribution in the flow pattern. Should the distrib-
ution be uniform in such a way that the two-phase values for

the parameters are simple arithmatic proportions of the single-
phase values, then ¢ is unity. In the case of interest, where
liguid is concentrated on the channel wall as an annular £ilm,

it is expected that liquid properties would dominate, and €
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approaches zero., The exact value for € will have to await em~
pirical determination. The function F is a measure of the ef-
fectiveness of two-phase momentum transfer as compared to the
corresponding liquid-phase momentum transfer. As shown in ref-
erence (1), F can be correlated against the Martinelli para-
meter. The recommended correlation is reproduced in Figure (2).
Equations (1) and (3), with values of the parameters ob-
- tained from Table I and Figures (1) and (2) represent the pro~-
posed correlations for the micro~ and macro-convective con-
tributions. Total convective boiling heat transfer is then

obtained as the sum of the two interacting contributions,

h=h . +h (4)
mLc mac

Discussion

The one unknown in the above correlation is the exponential
parameter, €. As a first approximation, we may treat it as a
constant., Moreover, we can expect that for annular flow, e would
have a value equal to or close to zero., Figure 3 shows a plot
of the ratio h/hL calculated for several values of ¢. It is
seen that a small change in ¢, from 0 to 0,05, can strongly in-
fluence the two-phase boiling coefficients predicted by this
correlation, At the present time, there are not enough experi-
mental results avallable to determine the correct value or func-
tion for €. As a temporary solution, we can assume liquid prop-
erties to be entirely dominant and use zero for the value of e.

Figures 4 and 5 show comparisons of the correlation against

. experimental results for the convective boiling of potassium and

sodium, respectively.(3’4)

The experimental data are repre-
sented by the plotted points while the regions predicted by this
correlation for corresponding conditions are represented by the

. shaded areas. Dengler and Addoms' correlation for convective

boiling of ordinary fluids is also shown on these figures for a
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reference, It is immediately evident that correlations for
ordinary fluids can not be used for the case of liquid metals.
The correlation proposed here is seen to come much closer to
representing the experimental results.

It should be noted that there still appears to be a con-
sistent deviation, even for this correlation. The calculated
values Ltend to be slightly higher than the ones measured ex-
Perimentally. This discrepency may be due to the correlation,
the experimental data, or both, since both are just prelimin-
ary results at the present time, One possible cause for the
discrepency is that the suppression function, S, was cbtained
from data with water and organic £luids. It is possible that
a secondary effect of Prandtl number should be taken into ac~-
count. Another possible explanation is that the fluid temper-
atures were not measured directly in the experimental studies.
For the potassium results, fluid temperatures were obtained by
interpolation between inlet and exit conditions. For the sodium
results, fluid temperatures were obtained from measurements in
a downstream mixing box. Both treatments would tend to give
saturation fluid temperatures which are lower than the actual
temperatures and result in seemingly lower boiling coefficients.
An error in fluid temperature corresponding to less than 0.5
psi of saturation pressure could account for the discrepencies
between calculated and measured coefficients shown in Figures
4 and 5,

Figures 6 and 7 show samples of the parametric behavior
for convective boiling heat transfer of liquid metals, as pre-
dicted by the equations proposed here, Figure 6 shows the ef-
fects of flow rate on the boiling curve for potassium at 50%
quality. Figure 7 shows the combined effects of quality and
flow rate on the convective boiling coefficient. One interesting

result for the conditions represented in this figure is that at
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low flow rates h decreases with increasing quality, at high
flow rates h increases with increasing guality, while at in-
termediate flow rates h passes through a minimum, This serves
to point out one useful result of a preliminary model and cor-
relation such as this. It can provide an over~all view and
grasp of the phenomenon which can explain seemingly contra-

dicting trends that may be exhibited by experimental results.

Summary

A method is proposed for calculation of convective boil-
ing heat transfer to liquid metals, based on the concept of
additive, interacting mechanisms of micro~ and macro-convective
heat transfer. The resulting correlation is shown to be in
reasonable agreement with preliminary experimental results for
potassium and sodium. It is anticipated that this work may be
useful as a guide for experimental work and future refinements

in analysis.
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Nomenclature
Cp heat capacity, (Btu)/ (Ib) (°F)
D diameter, (ft)
P Reynolds number factor, (Re/ReL)O'8
9. gravitational constant
h heat transfer coefficient, (Btu)/(Hr)(th)
k thermal conductivity, (Btu)/(Hr) (Ft) (°F)
P pressure, (psf)
Pr Prandtl number
q/A heat flux, (Btu)/(Hr)(th)
Re Reynolds number
suppression function, (ATe/AT)O'99
T temperature, (°R)
X e Martinelli parameter, (§)0.9(§X)0.5(§L)0.1
L v
X quality, weight fraction of vapor
z weight fraction liguid
a parameter defined in Table I
B parameter defined in Table I
Y pParameter defined in Table I
& parameter defined in Table T
AP difference in vapor pressure corresponding to AT,
AT superheat, T——TS
ATe effective superheat with flow

subscript:

none value
L value
s value

v value

value

54

for two-phase fluid

for liquid

at saturation condition
for wvapor

at wall

(psf)
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DISCUSSION

MR. BERENSON: When you set € = to zero in Table 1, all the two-
phase parameters reduced to the liquid-metal parameters, with the exception

of Alpha; is that right?

MR. CHEN: ‘There is a typographical error in the preprint. The ex-
pression for o in Table 1 should be: o = 0.4(1 + z°). Thus, when € = O,

o 8lso reduces to the liquid parameter.

MR. BALZHISER: John, what were the relative magnitudes of the micro- -

and macroconvective contributions?

MR. CHEN: For most cases, macroconvection contributes more than half
of the total heat transfer. However, there are some cases (at high fluxes)

when the microconvective contribution predominates.

MR. DAVIS: You would expect, in extending this type of looking at
the data which is available into the higher quality regions, thalt when one
starts to talk about dry-wall mechanism, that this would affect only the

microconvective contribution. Macroscopic contribution would remain as it.

MR. CHEN: Certainly it is true that the microconvective mechanism
would be affected most. However, when you go from, let's say annular flow
to fog flow, the momentum transfer may alsc change, and if so, then you

would expect that the macroconvective transfer would also be affected.

MR. STEIN: This kind of analysis always sort of puzzles me, and one
of the puzzles is why it works so well, and honestly, John, I can't quite
agree with your closing statement, at least for me, that it can explain a
lot of the occurrences, and one of the reascns for this, I think, in trying
to analyze my own reaction, is that I see a collection of equations and
empirical relationships written down which for me, at least, are very dif-
ficult to associate with physical laws that we know about, and that we

know are verifiable. -
For illustration, Newton's laws of motion.

And so, I always worry that somewhere, disguised, within all the

Juggling is the real reason why it works.
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MR. CHEN: In general philosophy I can't but agree with you. I

would like to calculate boiling coefficients from the first two laws of

thermo; however, as

you know, ne successful method is yet availlable for

doing so. In view of this, I think that this type of semi-empirical

treatment is useful

acting processes do

ME. DAVIS: At
relation reduces to
we see correlations
either the nucleate

whatsoever of which

and can give indications of how these various inter-

work and what variables are of inportance.

least to some of us, it is comforting that the cor-
the proper limits at zero and 100% quality. Sometimes
in the literature that are clearly not correct for
region or the high-quality region, with no indications

range they are operable, and lead us to believe that

only on Friday the 13th should they be employed! BSo, at least that aspect

of this is gratifying.
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ABSTRACT

This paper describes the results of an experiment performed to

determine the heat transfer and pressure drop characteristics of boiling

N rubidium in forced convection.
The following ranges of operating parameters were included in this

investigation:

Mass Flow Rate 117,000-880,000 lb/hr—ft2
Saturation Temperature 1300-1800°F
Heat Flux 0-325,000 Btu/hr-ft’
) Inlet Subcooling 200-400°F
. Outlet Quality 0-0.8
Test Section 0.28 in. ID, smooth, round
tube
Pressure Drop 0-0.15

Saturation Pressure

This work was performed under contract to the U. S. Atomic Energy

Commission on Contract AT(04-3)-368, P. A. No. 1.
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1. TEST LOOP

A schematic diagram of the test loop is shown in Figure 1." Each of
the four test section units is a 2 in. OD x 0.28 in. ID x 11.8 in. long bar
insulated on the outside by a coating of plasma-sprayed alumina and wrapped
with a tantalum resistance heater. The temperature in each bar is de-
termined by means of thermocouples inserted into a pair of holes drilled
into the end of each bar.

The two pressure taps shown are dead legs terminating in volumetric
pressure transducers manufactured by the Taylor Instrument Company.

The primary flow measuring element is the calorimetric flow meter in
which the mass flow of liquid metal is measured by extracting a measured
amount of power from the liquid metal and measuring the resulting tempera-
ture drop in the liquid metal.

All parts of the test loop exposed to liquid metal at temperatures
above 200°F are constructed of columbium-1 zirconium alloy. All other

parts are of austenitic stainless steel.

The entire test loop was operated in an environmental chamber con-
taining a high-purity, argon atmosphere.

2. HEAT TRANSFER DATA SUMMARY AND ANALYSIS

Table 1 summarizes the basic parameters which describe the operating
conditions at each of the test points. The maximum heat flux column gives
the maximum heat flux occurring in the test section regardless of location.

The temperature of the fluid-heating surface interface was not
measured directly. The temperature of the heater bar was measured at a
point at a larger radius than this interface; therefore, it was necessary
to calculate a correction for the geometry effect. This was done by using
the well-known equation for radial heat conduction in a long, cylindrical
bar. It should be noted that the radial spacing of the innermost thermo-
couple station from the heat transfer surface was determined by using an
analog '"field-plotting'" technique to assure that the effect of the thermo-
couple on the angular heat flux distribution would be negligible.

To test the validity of the method of analyzing the heat transfer
data, heat transfer coefficients were calculated for sensible heating of
the liquid for runs in which no boiling occurred in the first heater block.
The points calculated are plotted in Figure 2 in terms of the Nusselt
number versus the Peclet number. Also shown in this figure is the Lubarsky-
Kaufmanl** correlation for forced convection, liquid metal heat transfer.
There is a large amount of scatter of the data about the correlating
function so that it is difficult to conclude anything from this data.

* Figuvres appear at the end of the report.
*% References are listed at the end of the report.



TABLE 1

SUMMARY OF OPERATING POINTS

Weight Flow Exit
of Rubidium Outlet OQutlet Max. Heat Flux Heat Flux
Run No. (1b/hr) Quality Fluid Temp.(’F) (Btu/hr-ft?) (Btu/hr-£t)
1 Void
2 58.3 .18 1386 14,900 13,880
3 60.5 .33 1386 27,300 25,200
4 85.6 .22 1414 38,600 4,120
5 99.2 .25 1357 41,100 39,000
6 78.0 45 1354 53,400 51,800
7 135.7 .14 1375 27,200 27,100
8 161.4 .15 1367 41,000 39,500
9 190.1 .14 1355 47,300 44,100
10 92.5 .15 1487 25,600 22,600
11 74.1 47 1485 52,800 42,100
12 84.9 .63 1477 76,000 72,800
13 90.1 .78 1466 99,700 97,100
14 212.8 .09 1485 41,600 39,500
15 226.4 .17 1459 67,100 64,100
16 213.9 .31 1420 97,500 97,100
17 318.4 .04 1490 40,500 35,900
18 329.4 .12 1426 57,500 57,500
19 323.0 .18 1408 73,200 70,500
20 103.4 .22 1580 38,750 38,100
21 106.0 42 1547 65,600 63,400
22 93.6 .69 1537 88,600 84,500
23 96.4 .80 1535 114,700 74,600
24 182.9 .20 1540 60,000 59,400
25 218.9 .24 1507 86,700 82,400
26 203.0 .37 1495 113,100 107,000
27 282.4 .08 1524 60,000 54,000
28 286.5 .17 1495 92,200 87,000
29 299.2 .21 1475 107,100 105,000
30 367.0 .10 1500 84,200 78,500
31 353.0 .27 1475 141,500 140,000
32 106.1 .41 1646 69,600 66,600
33 95.5 .79 1647 105,500 104,200
34 213.6 .22 1647 79,500 76,100
35 222.2 .41 1634 127,800 125,000
36 225.8 .52 1612 164,300 164,000
37 311.3 .10 1646 70,100 65,000
38 296.2 .21 1635 101,200 99,000
39 306.5 .31 1616 141,200 139,200
40 348.6 .04 1653 64,900 55,600
41 366.1 .13 1641 102,600 100,000
42 368.5 .23 1616 145,200 142,300
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Weight Flow Exit
of Rubidium Qutlet Qutlet Max. Heat Flux Heat Flux
Run No. (1b/hr) Quality  Fluid Temp.(oF) (Btu/hr-ft2) (Btu/hr—ftz)
43 173.8 .20 1757 67,100 61,100
G4 196.8 .51 1749 100,100 94,500
45 199.9 A7 1744 140,000 134,000
46 209.3 .59 1734 174,000 172,000
47 216.5 .64 1731 211,000 134,000
48 298.5 .12 1746 100,000 85,100
49 292.5 .27 1736 138,000 134,000
50 301.3 41 1719 192,000 191,000
51 357.3 .07 1745 84,500 78,500
52 360.6 11 1738 95,900 92,800
53 380.5 .22 1722 149,000 143,000
54 389.1 .27 1714 176,000 171,000
55 105.0 .62 1367 241,000 241,000
56 88.1 74 1352 112,000 112,000
57 93.3 .64 1317 163,000 163,000
58 103.2 .46 1448 206,000 206,000
59 93.4 .73 1444 242,000 242,000
60 213.7 .24 1439 242,000 242,000
61 97.7 .51 1547 191,000 191,000
62 104.7 .63 1638 143,000 143,000
63 206.2 .57 1607 226,000 226,000
64 201.3 .62 1734 228,000 45,100
65 194.6 .33 1537 291,000 291,000
66 289.0 .20 1628 270,000 270,000
67 318.2 .49 1707 288,000 288,000
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Most of the heat transfer data taken during the experiment were for
the case of nucleate boiling. The nucleate boiling heat transfer
coefficients were primarily a function of heat flux; and, to a lesser degree,
a function of saturation temperature.

The nuc%eate boiling data were brokenodown into nine temperature
classes of 50°F per class from 1350 to 1800°F. 1In each class the following
equation was fitted to the data:

h = AQ“n
This was done by using a digital computer program after first taking
the logarithms of h and Q". The results of this analysis are given in
Table 2,
TABLE 2

NUCLEATE BOILING HEAT TRANSFER DATA

Standard
Temperature Deviation No.of
Range ('F) n ~19510é of 105103 Points
1350-1400 1.126 -2.046 0.1361 57
1400-1450 0.917 -0.918 0.1890 18
1450-1500 1.181 -2.294 0.1061 74
1500-1550 1.325 -3.044 0.1410 58
1550-1600 1.405 -3.414 0.0722 21
1600-1650 1.333 -3,128 0.0861 30
1650-1700 0.958 -1.268 0.1175 15
1700~1750 1.582 -4, 427 0.0691 27

The computed values for n and log A are plotted versus the midpoints
of each temperature class in Figures 3 and 4. These quantities show a
linear temperature dependence except for two temperature class midpoints:
1425 and 1675°F. No justification has been found for the large deviations
at these two points.
Other workers ’  concerned with the nucleate boiling of water have
found a dependence of the local heat transfer coefficient upon mass flow
rate and quality. Attempts to find such a functional dependence in this
data have so far been unsuccessful. The method used in these attempts
is to first calculate the constant A for each data point in a temperature
class, using the value of n from Figure 3 for that class. This procedure
should effectively eliminate the dependence of the constant A upon both
heat flux and fluid properties. A should be a function of only mass flow
rate and quality. Plots were made of A versus quality for essentially
constant mass flow rate and no smooth, functional dependence could be
found.
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Departure from nucleate boiling (DNB) was obtained at several

operating points when the temperature of a heater block rose sharply for -
a small increase in power to that block. When this phenomenon occurred,

the power was reduced until nucleate boiling was obtained just below the

heat flux required for DNB to occur. The local conditions for stable -
nucleate boiling at a heat flux just below DNB are tabulated in Table 3.

The number of DNB points obtained is not sufficient to attempt a general

correlation of the DNB data.

TABLE 3

DNB POINTS

Mass Flow Rate T (OF) a 2
_(1b/hr-£t2) sat (Btu/hr-£t°) Quality .
187,000 1354 51,800 0.45
216,000 1466 97,100 0.78
231,000 1535 74,600 0.80
540,000 1612 164,000 0.52
518,000 1731 134,000 0.64
252,000 1367 241,000 0.62
211,000 1352 112,000 0.74
223,000 1317 163,000 0.64

3. PRESSURE DROP ANALYSIS

Several correlations for two phase friction factor were tested
against the pressure drop data. These included those of Lockhart-
Martinelli4, Schrock and Grossman? and a modified version of Kutateladze's
correlation®. The correlations of Lockhart-Martinelli and Schrock and
Grossman predict a considerably higher pressure drop across the test
section than the measured values for high exit qualities. The modified
Kutateladze correlation gives good agreement with the pressure drops
measured in this experiment over a wide range of flow rates, qualities
and saturation temperatures.

This method may be described as follows:

1) Calculate the effective saturation temperature in the test
section as follows:

Teffective = Tinitial - 2/3 (Tinitial ) Texit)

All fluid properties are to be evaluated at Teffective’ -
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2) Calculate the mass flow rate:
.
€ =%
3) Calculate the friction factors corresponding to all liquid

and all gas flow at this mass flow rate:

ReL 21?; ; fL = \if (ReL)

=9ﬁ;; fo = WV Rey)

Where is the Moody or Blasius friction factor for flow in a
smooth, round tube.

4) The friectional pressure gradient is calculated as a function
of quality,

2 P

91?) = [(1—x)f +Xf}—Gw [1+x( S| =
dl L G 2g D
f pe " py

The above function is plotted as a function of quality and
integrated, numerically, over the length of the test section to
give the frictional component of the pressure drop.

5) To evaluate the pressure drop due to momentum change, it is
necessary to estimate the volume fraction of vapor,(}( , at the
exit. This is done by using Levy's7 momentum exchange model and
solving,

a-»’, £ Pu 1 a-n’
(a1 -0 X pG 2 a0t

at the exit conditions. The acceleration, or momentum change
pressure drop is then calculated from,

o

Ap -1 [_(_1____@_ P 1] o
a Py [ 1 X pG g

which may be simplified to,
2
Ap - L B a-x’ _1] 6
3 a -00° 8

when using Levy's equation to calculate .
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The total pressure drop is then the sum of the frictional and
acceleration contributions.

The pressure dwop data of this experiment have been compared to
values calculated by the above procedure for 14 randomly selected runs.
Figure 5 is a plot of the measured versus the calculated pressure drops.

A statistical analysis was performed to test the agreement between the
measured and calculated values. The deviations between the corresponding
values were assumed to be representable by a Student's t distribution and
the analysis showed that the average deviation did not differ from zero
at the 95% confidence level. In order to appraise the amount of scatter
of the deviations, an F test was employed to test the homogeneity of the
sample variance and the estimated experimental variance. It was found
that the variance of the deviations was larger than can be explained by
the limits of error given in the catalog of the manufacturer of the pressure
instrumentation. This may be due to the inability of the selected pressure
drop correlation to fit the data or it may be due to the experimental error
being greater than estimated. Since there was difficulty experienced with
a shift in the calibration of the pressure instrumentation, as discussed
in a later section, it is likely that the large variance of the deviations
is due to experimental error. Another argument for this hypothesis can be
made by examining the data points in Figure 5. The least-squares re-
gression line through the data points intersects the horizontal axis at
-3.6 psi, suggesting a zero shift in the instrvumentation. A comparison of
the square of the standard error of estimate of the data, with respect to
the regression line, to the estimated experimental variance, using the F
test as above, shows that these two quantities do not differ at the 95%
confidence level. 1In other words, assuming that a zero shift had taken
place in the pressure instrumentation, the amount of scatter in comparing
the experimental pressure drop data to the calculated values is no greater
than would be expected from the inherent inaccuracies in the pressure
instrumentation. For these reasons the above method of calculating two
phase pressure drop in forced convection, boiling liquid metal loops is
recommended for application in other, similar circumstances.

4. FLOW STABILITY

The design of the test loop included a feature to enhance flow
stability. This was in the form of a flow restriction at the entrance to
the preheater section. It was a fixed orifice designed to produce a
pressure drop equal to that across the test section at the maximum con-~
ditions of flow rate, quality and saturation temperature. This design
criterion was chosen arbitrarily and was based, in some part, on the
experience of other workers with boiling water test loops.

During the experimental runs the flow rate in the loop was considered
to be stable when the Speedomax G millivolt recorder conmnected to the
magnetic flow meter output held perfectly steady. When this condition of
steady flow was obtained, the pressure recorders drew straight lines on
the chart paper. All of the boiling data were taken when these instruments



73

indicated a steady state situation. However, neither of these instruments
are responsive to high frequency variations. It was thought to be
desirable to look at the magnetic flow meter output on the screen of an
oscilloscope. This was done for Runs 66 and 67. Fluctuations in the flow
rate could be detected having an average frequency of about 5 cps and an
amplitude variation of about 5% of the total output of the flow meter.
Superimposed upon this trace were occasional spikes having a magnitude of
3-4 times the average amplitude of the fluctuations.

5. ERROR ANALYSIS

An error analysis was performed prior to operation of the test loop.
The results of this analysis are summarized below in Table 4.

TABLE 4

RESULTS OF ERROR ANALYSIS

Estimated Uncertainty
Quantity (95% Level)

Heat Flux 3.9%

i+

Wall-to-Fluid
Temperature

Difference + 11%
Mass Flow Rate + 3%
Pressure + 2.9%

6.2% (Higher for

Pressure Difference +
A P less than 4.4 psi)

6. LOOP OPERATION

Prior to filling the loop with liquid metal, the test section heater
bars were calibrated for heat loss by applying a measured amount of power
to each bar and reading the temperature at a position inside the thermal
insulation around each bar for different power settings. The temperature
of the argon inside the chamber was maintained at a temperature of 150 + 5°F
during the heat loss calibration. The results of this operation were used
later in the analysis of the heat transfer data to correct for heat losses
from the test section.

Several unanticipated problems arose in the operation of the test
apparatus. At high preheater power levels, the indication from a thermo-
couple located at the center of the preheater continued to rise rapidly



T

even when the indicated temperature was 500-600°F above the temperature

of the liquid metal in the preheater. This temperature excursion was
associated with changes of level in the surge tank and large fluctuations
in fluid flow rate as indicated by the magnetic flow meter. These effects
can be postulated to be the result of boiling in the preheater due to
local hot spots. It was necessary to operate the preheater at a power
level low enough to prevent these phenomena from occurring; therefore all
runs were performed with 200-400°F inlet subcooling.

The instrumentation used to measure the pressure of the rubidium at
the inlet and outlet of the test section indicated liquid metal pressures
10-14 psi higher than that determined by temperature measurements and the
vapor pressure curve. This appeared to be the result of a much greater
temperature Sggfficient than listed by the manufacturer in his catalog.
The pressurealn the boiling rubidium, as determined by the thermocouple
readings and the vapor pressure curve, agrees well with that wmeasured by
the pressure instrumentation. It is felt that the measurement of pressure
drop is more accurate than the measurement of pressure since both pressure
pickups operated under similar temperature conditions.

The temperature distribution of the fluid in the test section was
measured by means of five thermocouples located at the inlet, outlet and
between the four heater bars of the test section. These thermocouples
were mounted on the outside of the loop tubing and covered with several
inches of thermal insulation. The thermocouples in two positions, i.e.,
following the first and third heater bars, apparently read low throughout
the test runs. In analyzing the data, the fluid temperatures at these
two points were estimated.

7. FUTURE WORK IN THIS PROGRAM

The heat transfer test apparatus used in the work reported here for
boiling rubidium will soon be filled with cesium and similar data obtained
for this metal. The future experimental work will be directed toward
obtaining more DNB points for cesium than were obtained for rubidium.

The analysis of the data presented in this report should be regarded
as preliminary as more analytical effort will be expended in the generaliza-
tion of the data in terms of fluid properties and other basic parameters.

The work scope of this program also includes the construction of
another heat transfer apparatus containing a swirl, or vortex, generator
in the test section. This loop will be operated with both rubidium and
cesium to obtain data in a geometry more closely simulating the conditions
expected to be found in the boiler of a Rankine cycle, nuclear-electric,
space power plant.
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NOMENCLATURE

Constant

Inside diametex

Blasius friction factor
Gravitational constant
Mass flow rate

Heat transfer coefficient
Constant

Pressure

Heat flux

Reynolds number
Cross-sectional flow area
Temperature

Mass flow

Quality

Pressure gradient

Volume fraction of vapor
Difference

Viscosity

Density

Friction factor function
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SUBSCRIPTS

a = Acceleration

effective = Effective or average

Exit = Test section exit

f = Friction

G = Vapor

initial = Initiation of boiling -
L = Liquid

sat = Saturation )

LIST OF REFERENCES

B. Lubarsky and S. J. Kaufman, Review of Experimental Investigations
of Liquid-Metal Heat Transfer, NACA TN 3336, 1955.

C. E. Dengler, Heat Transfer and Pressure Drop of Water Boiling in a
Vertical Tube, PhD Thesis, M.1.T., 1952.

J. F. Mumm, ANL-5276, 1954.

R. W. Lockhart and R. C. Martinelli, "Proposed Correlation of Data
for Isothermal Two-Phase, Two-Component Flow in Pipes," Chem. Engr.
Progress, 45, (39-48), 1947.

V. E. Schrock and L. M. Grossman, "Local Pressure Gradients in
Forced Convection Evaporation,” Nuc. Sci. and Engr., 6, (245-250),
1959.

S. S. Kutateladze, Heat Transfer in Condensation and Boiling, .
AEC-tyr-3770, p 155, 1959.

S. Levy, "Steam Slip - Theoretical Prediction from Momentum Model,' -
J. Heat Transfer, 82, Series C, p 113, 1960.




'!35 -6%5-2953 l

e |

ARGON

DISTILLED
WATER

1~ Q 9 ] ﬁ‘b Q Q
AN Aan £ I} .
TEST SECTION 4 UNITS l
______ EVACUATION
: ;
1
s |
| COVER &
! GAS LEVEL PROBES
i
o)
! CONDENSER o h .
§ 3
i PRESSURIZER PREHEATER | © |-f\-o ::f
! —a -
1 (]
CALORIMETRIC [ o -
FLOWMETER INTERCOOLER T row
e MAGNETC " RESTRICTION
PUMP FLOWMETERT [PUMP
| FiLL LINE
£ LOADIN
! N 1 ) GAS

FIGURE 1.

SCHEMATIC DIAGRAM COF HEAT TRANSFER LOOP

L



78

AGN-TP-70

BRI

L]
— L]
-4
1 1 1 | i |
10 100 1000
Pa
FIGURE 2. HEAT TRANSFER DATA ~- LIQUID RUBIDIUM

13.5-63-2954




2.0
1.58=
nl.Of= (,}%
Z
i
]
4
o
S
0 H 1 i ] § 1
1300 1400 1500 1600 1700 1800
T O(F)

FIGURE 3. n VERSUS TEMPERATURE - NUCLEATE BOILING OF RUBIDIUM

|J3'5-63-2955]

6L



155 ’63—29%

~logy oA

1300 1400 1500 1600 1700 1800
TCF)
FIGURE 4. -log1pA VERSUS TEMPERATURE - NUCLEATE BOILING CF RUBIDIUM

0/-d1-NOV

08



A P cale {psi)

20

15

10

81

AGN-TP-70

REGRESSION LINE o 74
B o o
(0]
(O]
Q
(O] /
o / ; AP cale = AP meas
/D
L~ o
O]
1 | ]
5 10 15 20
A P meas {psi)
RANGE OF PARAMETERS
Mass Flow Rate - 177,000 - 931,000 Ib/hr-ft2
Quality -0-0.78

Saturation Temperature - 1420 - 1734°F

FIGURE 5. MEASURED VERSUS CALCULATED PRESSURE DROP
FOR BOILING RUBIDIUM

5-53-295

|



82

DISCUSSION

MR. BROOKS: Would you describe how you made temperature measurements

from which to determine the temperature coefficients for us?

MR. FISHER: Yes, Looking at the cross-sectional view, the heater
bars look something like this (indicating). The thermocouple is located
about 30 mils from the inside diameter of the heater bar, and another
thermocouple near the outside. The readings were from the thermocouple
closer to the inside surface. A correction was then calculated for the
temperature difference between this point and the inside surface, using

the heat flux and thermal conductivity of columbium-l zirconium.

MR. BROOKS: Any reason why you only used two thermocouples at those

locations?

MR. FISHER: This was a matter of economics. The thermocouples were

platinum-ten-rhodium, tantalum-sheathed thermocouples.

MR. POPPENDIEK: The non-boiling data, conductance data, or Nusselt
number data, showed some scatter, but may not be due to experimental error,
because I still remember Bill Harrison's data taken here at the Laboratory
many years ago. He had, in my opinion, one of the best heat transfer
systems you can imagine, the first version of what we have been talking
about here, where temperatures were measured very accurately in a copper
disc with fluid flowing through. The first data that he obtained were on
sodium, with a copper wall, and calculations of error in the system showed

it was a wonderful system.

There was a tremendous scatter, the same ag yours, or maybe even
worse. So this 1s a2 big puzzle: Well, why did this happen? Well, it was
proved it was not wetting. So upon changing the fluid to mercury, the

same test section, same system, a completely different picture developed.

So maybe non-wetting might be a possibility there. Maybe not because
of experimental error, but because of this feature. This may not be the

answer, but do you have any thoughts about that?
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MR. FISHER: We feel, and our magnetic flow meter agreed within ap-
proximately 10% of the calorimetric flow meter readings, that the flow

meter wet guite well.
MR. POPPENDIEK: Same material?

MR. PISHER: Same material. We think that the test section was also

well wet.

MR. POPPENDIEK: What was the order of the magnitude of the conduec-

tance again? How high was 1t?

MR. FISHER: The h value was on the order of 1,000 to 4,000, in that

range.
MR. POPPENDIEK: Well then, this may not be it.

MR. FISHER: Also I think I would like to mention, as far as this
explosive boilling that we heard about this morning, we did observe that
when we were approaching a boiling condition in the test section, starting
with all-liquid flow, that in the upsiream heater section, where boiling
would eventually take place in the steady state, that in the approach to
the boiling condition we would note temperature rises of several hundred
degrees in this upstream region, which very soon disappeared. These could
not be maintained for any length of time. The temperature would rise 100
to 150° and then quickly return to temperatures more consistent with the

rest of the apparatus.
Also, T might mention this was rubidium.

We are currently performing cesium heat transfer tests and we observe

none of these phencmena for cesium. I don't know what this means.

MR. LEIGHTON: In comparing this type of a test rig to a single,
four-foot tube, do you have any indication you believe these results may

be optimistic?
MR. FISHER: You mean because of the interruption of the heat?
MR. LEIGHTON: Because of something like 11 diameters in the section?

MR. FISHER: I don't know.
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MR. LEIGHTON: Isn't it something to be considered for a rig such as
this?

MR. FISHER: Of course we consildered this. However, we felt that the
advantage of being able to measure the fluid temperature easily between the
sections was an advantage; and alsco the fabrication of this long a test
section would have been extremely difficult in one piece., I think you have

a good point. I can't really evaluate it.

MR. DWYER: I want to refer again to Fig. 2, the one that Dr. Poppen-
diek just referred to. I would like to ask first whether it was data taken

over a long period of time?
MR. FISHER: Yes, they were.

MR. DWYER: Did you notice any tendency of a fall over the time?

That is, over weeks, or months, or days, or what?
J 2 2 2

MR. FISHER: First, let me say that all this data was taken over an
approximately two-week period. We ran the loop 24 hr around the clock.
And T don't know whether in that period there had been a tendency to

change. This I don't know. I can look into this.

MR. DWYER: This often occurs with metal heat transfer observations,
with the single-phase heat transfer. But you have no explanation at all

as to the scatter here?

MR. FISHER: No, I don't. The scatter in each temperature range of
the nucleate boiling data was considerably less than was shown here. 1

don't know what this means.

MR. DWYER: I think we will all sgree, of course, that the Lubarsky-
Kaufman line here is inappropriate, as a matter of fact. I think the line
should be simply a horizontal one, the true one, up around the value of 7.
In other words, throughout this whole Peclet number range, here, essen-

tially there should be nc change in the Nusselt number.

MR. FISHER: This I wonder about, because what you are saying would

be for a case of essentially laminar flow which this is not.
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MR. DWYER: No, I think it would be true of a more turbulent flow,

because you are down in a region where any convection is rather ineffective.

Now because your so-called macro-coefficient is constant, Thilis would
7

tend to make your boiling coefficient also constant.
MR. FISHER: Yes.

MR. DWYER: Wouldn't you say you found it constant, just independent

of flow rate?
MR. FISHER: That's right.

MR. DWYER: I think this would tend to back that up. The fact you
have a constant single flow coefficient over that whole range. Going

back to John Chen's correlations.
MR. FISHER: Yes.
MR. HAYS: Does this data include data from all four sections?

MR. FISHFR: Yes. Primarily from the last three sections. The

first section was usually used as a pre-heating section.
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ALKALI METALS BOILING AND CONDENSING INVESTIGATIONS

% %
Joseph Longo, Jr., and Robert D. Brooks

I.  INTRODUCTION

The overall work program of the alkali metal boiling and condensing
investigations sponsored by NASA Lewis Research Center at the General
Electric Company under contract NAS 3-2528 has three major objectives.

The objectives and their current status are:

Phase 1: Design, fabricate and successfully operate three experimental

facilities with operating temperatures of 1600, 1850, and ZZOOOF res-—

pectively. This phase has been completed and reported in Reference 1,

Phase 2: Conduct and correlate boiling and condensing tests on simple
geometries, A major portion of this task has been completed. Refer-

ence 2,

Phase 3: Conduct and interpret boiling and condensing tests on more
advanced geometries, Work has been initiated in this area, Reference

4 will present the status of the work effort im this phase.

(5)

The description of the experimental facilities was presented at the
1962 Liquid Metal Heat Transfer Techunology meeting. This paper reviews the
operation of these facilities with emphasis on the activities leading up to
obtaining stable boiling operation and presents the heat transfer data
obtained during Phase 2 testing.

ES
Space Power and Propulsion Section, General Electric Company, Cincinnati
15, Ohio
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II, BOILING STUDIES

A, 300 KW Test Facility

The 300 KW facility is used to obtain potassium boiling and con-
densing heat transfer data., Both the boiling and condensing test sections
are controlled temperature types; i.e., the temperature of the heat rejection
fluid (sodium) and the heat sink (air) rather than the heat generation, are
controlled. The flow sheet, with the principle components for this facility,
is shown in Figure 1. Liquid sodium flows in the primary loop at tempera-
tures up to 1850°F and flow rates up to 200 gpm. The gas-fired heater has
an output of more than 300 KW, Potassium flows in the secondary loop which-
contains the components for the investigation of potassium two-phase heat
transfer characteristics., Temperature measurement for data purposes is
accomplished with Pt~Pt 10 Rh thermocouples, Pressure drop measuremenis are
obtained for the boiling tube with diaphragm-type Taylor pressure gages,

The design specifications of the potassium loop pump is 30 gpm at 30 psi
head and 3.5 gpm at a head of 100 psi, A liguid flow control valve is used
to maintain flow and pressure relationships at the boiling test section
entrance, An electromagnetic flowmeter measures the ligquid potassium flow

rate,

The boiling test section is shown in Figure 2. The hot sodium enters
at the top left and flows down through the annulus, giving up heat to the
center tube, and exits at the bottom. Temperature measuring stations are
located to give mixed mean temperatures of the fluid al the inlet and outlet
nozzles for both fluids, Outer shell temperatures are measured along the
length of the test section. The potassium enters the test section at the

bottom right and flows up through the center tube, accepting heat from the
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sodium and vaporizing. The potassium vapor is discharged through the out-
let at the top left. Pressure measurements of the potassium are made in

the inlet plenum and at the exit from the top of the tube, A bellows is
provided for accommodating differential thermal expansions between the inner
and outer tube., The heat transfer tube (0,929" I.D,, 0.093" wall) is of
Mo-0.5 Ti alloy, selected for its high thermal conductivity. Thermal shields
are provided to control the active length of the test section and to protect
the bimetal joints of the center tube, The active heat transfer length is

67.5 inches.

Surveying the independent loop parameters affords the best description
of the 300 KW operation. The primary loop pressure is adjusted by controlling
the argon pressure in the sodium tank while the pressure in the secondary
loop is controlled by the temperature of the sodium and the boiler heat trans-—
fer performance. The temperature of the sodium is controlled by the heat in-
put to the furnace which is controlled by regulating the fuel gas flow, The
heat removal rate of the potassium condenser is controlled by regulating the
coolant air flow to the condenser. The potassium flow rate is established
by adjusting the pump voltage and flow control valve. The pressure drop
from the boiler to the condenser is regulated by adjusting the vapor throttle
valve at the inlet to the vertical condenser., The liquid metal charge to
the secondary system is adjusted so that the head tank is maintained approxi-
mately one~half full. The free surface area in the head tank then sets the
base pressure in the secondary system since the potassium storage tank is

isolated from the system in the boiling runs.

The maximum operating limits for the facility can be predicted and are
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a) The maximum acceptable temperature set by facility material

requirements.
b) Maximum sodium flow rate.
c) Boiler and condenser heat transfer performance.

d) Furnace output.

The operating region for maximum sodium flow rate can be constructed as
shown in Figure 3., The cross~-hatched region defines where the facility may
be able to operate, subject to any limitations in the performance of the
boiler. The y-axis is heat transferred to vapor and not total heat trans-
ferred. Curve A-B is the limitation imposed by sonic velocity of the
potassium vapor, limiting operation to the right of this curve. Curve B-C
is imposed by the furnace design point characteristic; operation must be
below this curve. Curve C-D is the limitation imposed on heat transfer in
the boiler due to sodium flow rate and boiler resistance; operation must be
left of this curve. Curve E-F is the limitation imposed by the projected
condenseyr capacity; operation must be to the right of this line. It should
also he noted that curves A-B and C-D are a function of the test boiler,

whereas curves B-C and E-F are independent of the boiler being tested.,

It has been found that the boiling thermal resistance is indeed small
with respect to the overall thermal resistance when the boiler is in nucleate
boiling along its entire length at potassium temperatures above 16000F. A
typical run presented in Reference 3 shows that at a heat flux of 215,000
BTU/hr ftz, the temperature drop between the inside wall and potassium was
640F out of an overall temperature differential between the sodium and

o
potassium of 226 F, thus the resistance of the potassium side was ~ 28%

of the total resistance,.
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At this time, the data have not been reduced sufficiently to determine
how close to the Mach 1.0 limitation it will be possible to operate. Depend-
ing on the boiler performance, it may be possible to operate very close to

the curve on the right.

Overall heat transfer performance data are obtained from the measuremeunts
described for the boiling test section of Figure 2., Using the mixed mean
fluid temperature at the inlet and outlet, overall heat transfer coefficients
can be obtained. For test runs in which the entire boiler is in the nucleate
boiling region, average values for nucleate boiling heat transfer coefficients
can be obtained., From the sodium temperature distribution along the length,
variation in heat transfer can be established. The problems of relating the
shell wall thermocouples to the bulk sodium temperature restrict the accuracy
with which local heat transfer coefficients can be obtained. However, local
values of the heat transfer coefficient at the boiler exit can be obtained
with more confidence since the sodium temperature as well as the saturation
temperature of the potassium can be measured at this point. The heat input at
the exit must be inferred from the outside thermocouples, ILocal value of
other points along the length of the boiler must consider pressure drop in
the boiling fluid and its effect on saturation temperature in addition to the
problem of relating the wall thermocouples to the bulk sodium temperature.

In the film boiling region where a large change of heat transfer coefficient

occurs, a good estimate of the film boiling heat flux can be obtained.

One method of correlation, which illustrates the average boiling heat
flux versus (T - T . ) is shown in Figure 4. In this figure the
wall saturation

potassium boiling heat flux is established from the sodium bulk temperature

drop and flow rate. The thermal resistance of the sodium film and the
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resistance of the molybdenum tube are subtracted from the overall resistance
and calculated assuming that the potassium temperature is constant with

length at the measured outlet temperature. The resistance of the sodium is
obtained from a Wilson plot while the resistance of the tube wall is calculated,
The potassium resistance obtained in this manner is then used to calculate

the temperature difference between the inside boiler tube wall and the potas-
sium, The exit quality is obtained thermodynamically from heat balances after

heat loss correction.

In Figure 4 a representative portion of the data are shown for the
pressure range 0-30 psia and 30-80 psia at several mass flow rates and
several exit quality ranges. At exit qualities up to 65% the heat transfer
coefficient was approximately constant over the entire boiling length. At
high qualities film boiling lowered the average potassium heat transfer
coefficient and therefore average heat flux considerably. The effect of mass
flow rate is similar to that observed in other fluids in the nucleate boiling
region. Higher pressure appears to give higher heat fluxes as seen in the
35-45% quality data., The ORNL results reported by Hoffman for nucleate

boiling in an electrically heated stainless steel tube is shown also,

The pressure drop across the boiling test section was in general so
small that measurements accurate enough to correlate it were not possible
by means of the diaphragm pressure gages. Two-phase pressure drop data were
obtained, however, by measuring the change in saturalion temperature across
an adiabatic pipe section. These measurements were made for a 1,28-inch
diameter tube, By using the vapor pressure relationship, the change in
saturation temperature was converted to pressure drop. These results are
shown graphically in Figure 5 representing the frictional losses over the

range of quality from 10-90% and pressure from 20-70 psia. In this figure,
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reasonably well in spite of the wide ranges of the variables. The K factor

is plotted as a function of the vapor velocity. The points agree

of the line drawn through the data is found to be 2.0, Ligquid pressure drop
data on this test section gave a K factor of 0.7. Assuming the single phase
K factor of the liquid to be equal to that of all vapor, the ratio of two

phase pressure drop to single phase vapor pressure drop is equal to 3, i.e.,

A Pwpr 2.0

AP " o7~ 30
v

B. 100 KW Test Facility

The 100 KW facility, used to obtain boiling heat transfer data with

sodium and potassium, differs from the 300 KW facility in four majoxr areas:

(1) The boiling test section has a controlled (electric) rate of heat

input, rather than a controlled temperature,

(2) It is designed to exceed the 1850°F limitation of the 300 KW

facility, and has operated successfully up to ZZOOOF.

(3) Heat is rejected from the system by radiation to the water-cooled

walls of the enclosure, rather than to air by convection,

(4) Because it is smaller in size and power rating, this loop is
operated more easily and is, therefore, particularly attractive

for development work,

The loop is constructed of columbium alloy tubing to achieve the high tempera-~
tures desired, and thus must be operated under a high vacuum of 10*8 torr,
Figure 6 is a view of the loop with the vacuum cover in place. A diagram of
the components employed is also shown. Figure 7 is a typical plot of the

outer wall temperature of the boiling tube. The effect of heat flux is shown
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by the several curves. The low heat flux line has a smooth transition from
liquid convection to nucleate boiling. At higher heat fluxes a hump in the
curves indicates local conditions of superheat or f£ilm boiling in the tran-

sition region.

Figure 8 shows typical boiling heat transfer coefficients at the outlet
as a function of outlet quality. Stable heat transfer results in the boiling
of sodium were found to be limited to operation with an inlet orifice having
a diameter ratio of approximately 1/7 of the pipe diameter, across which
the liquid was flashed into a two-phase condition. A simple twisted ribhon
having a pitch ratio of two diameters was also inserted and tested. With
this insert it was found possible to obtain stable operation without flashing
across an orifice, even with significant values of inlet subcooling. Differ-
ences in flow were observed in the two channels formed by the ribbon, indica-
ting a need for pressure equalization at several points along the length of
the ribbon. A subsequent change to potassium in the loop has produced data
without an insert which is guite stable at exit qualities up to 60% with

values of inlet subcooling as high as 800°F,

ITI. CONDENSING STUDIES

A. 50 KW PFacility

The 50 KW facility has been modified to obtain condensing data for

_potassium vapor, using liquid sodium for the cooling of the teat section,

Pigure 9 is a detailed drawing of the facility, showing the potassium and
sodium loops. Since the facility is constructed of Type 316 stainless
steel, operation is limited to 16000F. The test section is a vertical
annular configuration with potassium condensing downwards inside a thick-

walled nickel tube and sodium flowing upwards in the annulus around it.
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In the potassium loop, vapor is generated by five 7.5 XKW immersion
heaters, The potassium vapor flows vertically up through an 8-foot length
of 2-inch pipe to which are strapped clamshell heaters rated at 12 KW,
Depending on the boiler exit conditions, the quality can be increased or
superneat can be achieved in this vertical pipe. The vapor then passes
through a throttle valve for control of test section pressure, and a 10-foot
length of horizontal l-inch pipe. The vapor then passes down through the
sodium-cooled test section, where either total or partial condensation can be
obtained, Condensation is completed or subcooling obtained in the air~cooled
subcooler located directly beneath the test section., The liquid then passes
through a two-stage electromagnetic pump and an electromagnetic flowmeter
back into the boiler., All lines are wrapped with Inconel-sheathed Chromel

"A" heating wire, for preheating.

The all-liquid sodium loop is used for cooling the test condenser. The
sodium flow passes upwards through the test condenser annulus, picking up
heat, and then into an annular air cooler, where heat is rejected to the air,
The sodium then passes through the electromagnetic pump, an 8-foot length of
2-inch pipe, an 8-foot length of l-inch pipe and back into the test section,.

During loop down~time the dump tank is used as a sodium reservoir.

Figure 10 is a detailed drawing of the 50 KW condensing test section.
The outer shell consists of a 42-inch length of 2-1/2-inch shcedule 40 pipe
with an I,D, of 2.460 inches : .005 inch., The nickel inner tube has an
1.0, of 0,625~inch and an 0,D, of 1,718 inches, Thermocouple wells are
located in the nickel tube at its midpoint at radial distances which are
approximately equal logarithmic intervals. In each hole are inserted two
0.0395-inch O,D, sheathed Chromel-alumel thermocouples spaced approximately

1/16~-inch from each other. This method allows two thermocouple readings to
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be taken at approximately the same axial and radial location. The test
section is encased in a heavy structural shell to minimize any type of
bowing and to maintain a vertical orientation. The structural casing allows
the test section to expand vertically but not to deviate from its vertical
orientation more than i 1/16 inch in the 28-inch length between the stif-

feners welded to its outer shell,

During the time that this facility has been in operation, ''shake-down'
liquid-phase and condensing heat transfer data have been obtained for potas-
sium, using the radial temperature profile in the thick-walled nickel tube
to determine the local heat flux and inner wall temperature., Due to the
small temperature difference between the inner wall of the nickel tube and
the average temperature of the potassium stream, thermocouple standardizations
are made before and after each series of runs. Also, each test section thermo-
couple is calibrated, as a function of temperature, by reference to one of

the thermocouples.,

The technique of intercalibration of the thermocouples is presented in
References 2 and 4 and requires runs with only the sodium flowing at two
flow levels per temperature level and then only potassium flowing at two
flow levels per temperature level, By runs at the same average temperature
level and two or more flow rates, a standardization factor independent of
heat loss can be obtained for each thermocouple relative to the thermocouple
selected as the reference. With these corrections, the sodium heat loss as
a function of temperature level is determined, allowing an accurate test
section heat balance to be made, The heat given up by the potassium to-
gether with the calculated resistance of the nickel wall is then used to

determine the temperature gradient across the tube wall which can then be



compared to that gradient measured by the wall thermocouples, Figure 11 is

a semi-log plot of the wall thermocouples in an actual heat transfer run
after correction of the thermocouples, showing a linear extrapolation that
yields the average values of the inner wall temperature and of the hesat flux,
The deviations from the straight line in Figure 11 may be due to non-uniform
circumferential sodium temperature distribution, to minor conductance irregu-
laraties in the nickel wall caused by the slots, aund to discrepancies in the
exact radius of thermal contact of the thermocouple sheaths. However, the
average position and slope of the line is felt to be fairly well determined.
Currently the thermocouple leads are being replaced and final results are
expected to be substantially more consistent. The run of Figure 11 yielded

a condensing heat transfer coefficient of about 9000 BTU/hr ftz OF at a film
Reynold's number of 900. Boiler operation to date has been limited to 1250°F
for determination of overall system performance. Testing will be eventually
carried out up to 15500F with film Reynold's numbers from 900 to 10,000 and

heat fluxes from 30,000 to 300,000 BTU/hr ftz.

The preliminary heat transfer coefficients obtained for potassium con-

densing inside the vertical 5/8" diameter tube are not in agreement with the

(8) (%)

theoretical results of Nusselt or Seban as shown in Figure 12, That

the results are low compared to theory confirms the trends of the heat trans-

fer coefficient results for alkali metal condensation that have been presented

(6,7)

in the literature , for varying geometries. Although fair agreement is

(1o)

obtained with the predictions of Dukler , Dukler's analysis has been shown
(11) . :

by Lee to be in error at low Prandtl numbers. The horizontal tube data

obtained in the 300 KW test is also shown and appears to give lower values

of the condensing ratio, than those predicted by the Nusselt and Seban

analyses,
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1. INTRODUCTION

The Allison Research Activity is conducting research directed toward development of a ther-
mally regenerative liquid metal cell. ' This cell, designed to provide power through electro-
chermical action, employs a potassium-mercury amalgam as the anode and mercury as the
cathode. During operation of this cell, the cathode, or mercury stream, receives potassium
from the anode, or amalgam stream, by means of the desired ionic reaction. In a closed cycle,
therefore, it becomes necessary to purify the "contaminated" mercury stream prior to its
reintroduction into the cell. This purification process is presently carried out by a single-
stage distillation process accomplished in a boiler-separator unit included as part of the
closed system. Thus, to permit system analysis and design and component optimization,
information regarding boiling heat transfer and two-phase flow phenomena of the mercury-
potassium amalgams is required. In addition, the severe lack of basic property data as
determined by an extensive literature survey indicated a need for additional work in this area.
To provide such information, the Heat Transfer and Fluid Dynamics Group, Research Activity,
is conducting a program on mercury-potassium amalgam liquid metal research. The purpose
of the present investigation is to (1) evaluate boiling heat transfer performance of mercury-
potassium amalgam over a range of compositions, (2) investigate binary two-phase flow
phenomena associated with the boiling of the amalgams, and (3) carry out the required basic
property determination studies required for analysis and design of the cell system. The
results reported herein represent a continuation of the work reported at the Second Annual
Meeting on High~Temperature Liguid Metal Heat Transfer Technology, Brookhaven National
Laboratory, May 1962.2

“Superscripts denote references listed in Section V of this report.
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II. BINARY LIQUID METAL BOILING HEAT TRANSFER

Studies conducted with boiling binary systems of water and organic liquids ¥*® indjcate that

the critical heat flux for boiling binary mixtures may be higher than that of either component;

in addition, the boiling heat transfer coefficient of certain compositions reaches a minimum
value lower than that of either component. It is conceivable, therefore, that the same phenomena
may exist in a binary liquid metal system, and the boiling characteristics of pure components

could not be used as limits for mixtures of these components.

While many investigations are currently being conducted to obtain forced-convection boiling
heat transfer information for liquid metal systems, no information is available regarding a
binary metallic system. The present study was initiated, therefore, to obtain boiling heat
transfer characteristics of different compositions of potassium-mercury amalgamas. Initial
results employing a 44. 5% (by weight) potassium amalgam have been previously reported in

a paper presented at the 50th National AIChE meeting.® In addition to the previously reported
data, the results of a second series of experiments employing 44. 5% K amalgams and 14.7% K
amalgams are reported in the following paragraphs. The latter data will be reported in greater
detail in a paper to be presented at the National AIChE annual meeting in December 1963."

EXPERIMENTAL APPARATUS

The experimental liquid metal loop used is shown schematically in Figure 1. The amalgam
flows clockwise from the EM pump through the preheater, then into the test section where
boiling occurs. From the boiler, the amalgam flows through an enlarged section (where void
fraction measurements are taken) into an air-cooled condenser. From the condenser, the
amalgam flows through the downcomer and is returned to the pump. This experimental
apparatus was employed for both boiling heat transfer studies and the two-phase flow investi-

gation.

The test section consists of a 3/8-in. OD by 0. 035-inch wall stainless steel tube. The tube
was inserted between the halves of eight 0. 828-in. thick copper disks spaced 0.063 in. apart.
These copper disks contained, as a heat source, cartridge heaters with a maximum sheath
temperature of 1600°F. The boiler (Figure 2) is capable of supplying 12.6 kw to the inner dia-
meter of the tube. Through the use of thermocouples positioned for measuring both radial
temperatures and tube wall temperatures, each disk was instrumented for calculating film

coefficients, A typical temperature profile is shown in Figure 3.



13

RUPTURE DISK
VACUUM LINE\

COOLING @
AIR LINE<_ _—CONDENSER

______ —®

VOID DETECTOR

I I—‘——RADIUM
HEAT BALANCE
® C) FLOW METER

BOILER —,_
™~ COOLER
PREHEATER —__ | EM FLOWMETER

EM PUMP— |
GAS LINE/

Figure 1. Schematic diagram for boiling liquid metal transfer loop.

T
+— DRAIN TANK

- — ———

VOID MEASURING SECTION

BOILER OUTLET MIXING CHAMBER

CONNECTIONS FOR BOILER
OUTLET THERMOCOUPLES,

THERMOCOUPLE HOLDERS FOR RADIAL
TEMPERATURE GRADIENT MEASUREMENT

BOILER INLET MIXING CHAMBER!

CONNECTIONS FOR BOILER
. INLET THERMOCOUPLES
HEATING ELEMENTS

“~BOILER BLOCK (EIGHT SLICES)

/“j LINE FOR PRESSURE TRANSDUCER

PREHEATER BLOCK (4 SLICES)

Figure 2. Cross section of the preheater and boiler test section.



114

'~~~ TUBE WALL | l ' |

1440 — o i i

1420

1400

1380

1360

TEMPERATURE, °F
D

1340

Q/A = 94,000 B/hr-ft2
1320

1300
0.2 0.4 0.6 0.8 1.0 1.5

RADIAL LOCATION, IN,

Figure 3. Radial copper block temperature profile.

During operation, net boiling was indicated by the void fraction detector reading. The incipience
of net boiling was determined by the enthalpy change of the fluid and the saturation temperature
corresponding to the pressure in the boiler. Since the fluid temperature at boiler inlet was
below saturation temperature {100 to 300°F subcooled), a portion of the boiler was used to
provide the sensible heat necessary to reach saturation. The incipience of surface boiling was
assumed at the location where the inner tube wall exceeded the saturation temperature. The
mean fluid temperature at each disk was calculated using a heat balance for the individual

disk. The temperature difference between the heating surface and bulk fluid was used for the
calculation of heat transfer coefficients. The wall superheat, AT, is defined as the difference

between the boiler T and T, in both net and surface boiling conditions.
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RESULTS AND DISCUSSIONS

Net Boiling Data

Values of heat flux density for the net boiling region of the test section are plotted in Figure 4
as a function of wall superheat. The results of both compositions (44. 5% K and 14. 7% K) are
shown. Considerably higher wall superheat was required for the 14, 7% K amalgams; this
phenomenon tends to be similar to that experienced with pure mercury. The lines in Figure 4
represent the recommended correlations of (q/A) versus AT for these two compositions. As
shown in Figure 4, more heat was transferred through the second disk than at any other loca-
tion.
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Figure 4. Net boiling heat transfer data for amalgams.



Surface Boiling Data

During the tests reported here, a major portion of the test section for all experimenis ex-
perienced surface boiling where the heating surface temperature (inner tube wall) exceeded
the fluid saturation temperature, The heat flux density (q/A) for surface boiling is again
presented as a function of wall superhest for the 44. 5% K amalgam in Figure 5. The data
exhibit considerable scatter, and no single correlation can be drawn. As can be seen, the
local heat flux densities are higher near the boiler entrance than near the net boiling region.
This trend indicates that the vapor concentration near the surface influences the heat transfer;
and the condition of critical flux for surface boiling is reached at locations near the net boiling
region. 1t should be noted that the upper limits for surface boiling in Figure 5 (the maximum
values of heat flux density obtainable in these experiments) are not more than twice those

for net boiling. This is considerably different from results rep;;ed for surface boiling of
water,® indicating that the incipient boiling of amalgams requires high superheat; and the

imoprovement of heat transfer with surface boiling of amalgams in tubes may be limited.
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Figure 5. Surface boiling heat transfer data for 44. 5% K amalgam.
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Comparison of Present Resulis with Pure Component, Data

The net boiling heat transfer data for potassium amalgams are compared with those for pure
potassium ®!® and mercury!! as reported in the literature {see Figure 6). The present data
for amalgams are bracketed between the data for these pure components, as indicated, with

boiling heat flux densifies for the same AT increasing with increasing potassium content.
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Figure 6. Boiling heat transfer data with mercury.
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III, BINARY TWO-PHASE LIQUID METAL FLOW PHENOMENA

As demonstrated in the preceding section detailing with amalgam boiling heat transfer, two-
phase flow phenomena are of importance in interpreation of heat transfer data for boiling liguid
metals in tubes. In the analysis of two-phase flow, there is a choice of several parameters
with which to correlate the characteristics of the system and experimental conditions. One
such pararmeter is the slip velocity ratio, ® , or the ratio of vapor velocity to liquid velocity

in a two-phase system.

In the following equation,

X l1-a P!

$ = L
1-x a e

the slip velocity ratio is presented as a function of x, the quality of the two-phase stream, a ,
the vapor volume fraction or void fraction of the two-phase stream, and the ratio of liquid
density to vapor density. In the present investigation, values of void fraction were obtained
through experimental measurement, and values of two-phase quality were evaluated by means

of a heat balance, flow rates, heat of vaporization, etc.

Initial results employing pure mercury during "'shakedown' runs of the experimental apparatus
have been previously reported in a paper presented at the Multiphase Flow and Heat Transfer
Symposium, 55th Annual AIChE meeting.!? Reported herein are the experimental results

of two-phase program employing 44. 5% K and 14. 7% K (by weight) amalgam as the test fluid.

EXPERIMENTAL APPARATUS

The experimental liquid metal apparatus employed was that shown in Figure 1. The formation
of two-phase conditions occured in the instrumented test section shown in Figure 2. To
measure void fractions resulting from the boiling of the amalgam, a void fraction detector was
installed immediately above the boiling test section as shown in Figure 1. An Ohmart density
gage with a 2-millicurie radium source was employed as the conventional gamma-ray attenua-
tion technique. This approach was similar to the "single-shot'" method described in an ANL

report'® for similar measurement on steam-water systems.
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As previously mentioned, earlier phases of the present study were conducted with the same
experimental loop utilizing mercury as the working fluid. At that time, the Ohmart density
gage was calibrated by mounting the meter and the test section in a horizontal position and
filling the test section to a known level with mercury. As the meter is not linear, it was
necessary to first set the end points using an empty and then a full test section. The meter
output was then recorded for various known void fractions, and the curve shown in Figure 7

was established.

As the meter had already been calibrated, it was only necessary in the present study to reset
the end points for the amalgam being studied and use the same characteristic curve. The latter
was justified through mathematical analysis. This analysis showed the calibration method to
be correct for homogeneous flow. Therefore, as the flow regime changes from homogeneous
toward slug flow, an increasing error is introduced. On the basis of work conducted at ANL,
the inaccuracies introduced by the "single~shot” method were found to be generally within

20% of the actual value for a tube size comparable with that used in this experiment.

With the aforementioned void fraction gage and the instrumented test section, data were re-

corded over a range of void fractions and two-phase qualities.
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Figure 7. Calibration of void fraction detector.
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RESULTS AND DISCUSSION

The only previous experimental results for liquid metal two-phase flow phenomena reported in
the literature are for mercury-mercury vapor, Gremilov'* predicted the variation of void
fraction with velocity ratio (i.e., quality times density ratio) using the Froude number as a
parameter. Here, the Froude number is a ratio of inertia forces to buoyancy forces. This
correlation was substantiated for mercury-mercury vapor systems by the results of Siryi15
and Korneev.'® The mercury data obtained during the initial phase of the present investigation
were correlated in a similar manner and are shown as the lower curve in Figure 8. This

curve, based on the authors' data, indicates a similar trend with those of the Russian investi-

gators. Inasmuch as the Froude number for the authors' data is in the order of 10~4, it can
be considered as a limiting case where the liquid velocity is approaching zero.
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Also shown in Figure 8 are data from the amalgam portion of the present investigation. Because
of the similarity in experimental apparatus and equipment, the Froude number was again very
small (i.e., 10—3). As can be seen from Figure 8, mercury-potassium amalgam experimental
data could not be correlated with mercury-mercury vapor data in the manner used here.

Because of the lack of amalgam data at other Froude numbers, a general statement regarding
the correlation of amalgam data in the manner shown in Figure 8 can not be made. The results
of void measurement in boiling amalgam systems and pure mercury systems are also shown in
the Martinelli type correlation (Figure 9). This correlation was recently suggested by Baroczy
for liquid metal two-phase systems.!” Due to the large flow cross section and small vapor
qualities, almost all data lie in the turbulent-viscous two-phase flow regimes. Figure 9 indicates
liquid fractions for these two different liquid metal systems are consistently higher than water-
air or oil-air systems. No attempt was made, however, to apply a density ratio parameter as

suggested in Baroczy's paper.
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IV, POTASSIUM AMALGAM BASIC PROPERTY EVALUATION

To carry out system analysis and component design of the Allison liquid metal cell, the thermo-
physical properties of the amalgam were required. While a limited amount of such data is avail-
able in the literature, an extensive literature survey revealed a definite lack of required infor-
mation. To compensate for this shortage, the Allison Research Department, in conjunction

with Columbia University, is conducting a continuing program designed to provide the required
data.

Specific areas of work already completed or currently being studied include the evaluation of the
following properties:

Liquid-vapor phase equilibrium diagram
Thermal diffusivity
Vapor pressures

Surface tension

U W N o~

Latent heat of vaporization
LIQUID-VAPOR PHASE EQUILIBRIUM DIAGRAM

The design of the Allison liquid metal cell utilizing potassium and mercury requires a knowledge
of the phase equilibrium diagram for potassium amalgams at 760-mm Hg pressure. A search
of the literature, however, has yielded only partial data at low pressures.'® Therefore,

an experimental program was conducted at Allison to establish the vapor-liquid equilibrium

diagram for an amalgam system at 760-mm IHg pressure.

Upon considering the methods available for carrying out such a program, final selection was
narrowed to two: the transpiration or dynamic method; and the direct sampling or static
method. Because of required knowledge of partial pressures, molecular weights, masses of
condensable and noncondensable vapors, and the complexity of experimental techniques, the

direct sampling method was chosen.

Potassium amalgams of three different compositions (i.e., 80, 60, and 47% potassium by mole
fraction) were placed in individual evacuated apparatus similar to that shown in Figure 10.

The apparatus were then placed in a furnace, brought up to the isothermal temperature corres-
ponding to 760-mm Hg vapor pressure for each composition, and samples were removed into

an evacuated trap.
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Figure 10. Direct sampling apparatus.

A total of 30 samples were obtained ana analyzed. The resulting composition of the condensed
vapors, plus a knowledge of the original liquid sample, permitted the establishment of a point
of the liquid-vapor phase equilibrium diagram. The experimental results of this investigation
are shown in Figure 11. Although the compositions studied cover only a relatively small
range, the portion of the curve established was that of primary interest in the analysis of the
liquid metal cell. This phase of the program was reported in greater detail in a paper pre-
sented at the Thermodynamics and Transport Properties Symposium, 1963 AIChE National

Meeting, New Orleans. 19

In conjunction with the forementioned experimental approach to evaluating the liquid-vapor phase
diagram, work was carried out in an effort to theoretically predict such a diagram for the

potassium amalgam system. By employing the method of Othmer, Ricciardi, and Thaker,zu
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Figure 11. Liquid-vapor equilibrium diagram.

an equation relating the mol composition of mercury liquid and vapor, temperature, and the
enthalpies of the components was developed. By assuming the vapor composition at a point
very close to the pure potassium boundary (i.e., Xy = 0.99), the estimation of the vapor
phase composition was carried out by stepwise integration of the relationship already men-
tioned. A comparison of the analytical and experimental data is shown in Figure 12. One can
conclude that, on the basis of the good correlation shown here, the aforementioned theoretical

approach is applicable.

THERMAL DIFFUSIVITY, VAPOR PRESSURE, SURFACE TENSION, AND LATENT HEAT
OF VAPORIZATION

Physical property studies on thermal diffusivity, vapor pressure, surface tension and latent
heat of vaporization have been carried out at Columbia University under the direction of Dr,

Bonilla. The method of measuring the diffusivity begins with the addition of potassium to the
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top of a 2-in. deep layer of mercury in a vertical, cylindrical, thin-walled stainless steel cell
in a vertical tube furnace. At successive time intervals, 6 , direct current is passed axially
along the cell, and the resistive voliage drops from the bottom of the cell to different heights,
x, are measured by a high resistance device involving a Leeds and Northrup "microvolt
amplifier" and a Bargent strip voltage recorder, The voltage at each x value is read with zero
current and with the current in each direction. The resistivity data are then converted to
amalgam compositions and the rate of diffusion can be determined. Results of the first few

runs indicate that the diffusivity increases considerably with increasing potassium concentration,

Vapor pressure studies of the potassium-mercury system are being planned to permit the
gathering of data with varying K~-Hg compositions. Experiments are also being planned to

carry out surface tension measurements on various compositions and temperatures.
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ADDENDUM

The Russian work in two-phase flow used for comparison purposes in

the present paper appears in Reference 11 (i.e., Liquid Metal Heat

Transfer Media, by Kutateladze). The works of Gremilov, Siryi, and

Korneev (references 14, 15, and 16 respectively) are presented in
graphical form (with appropriate references) by Kutateladze.

The authors attempted to obtain copies of the original Russian
references cited by Kutateladuze and were able to find only one (that of
Korneev). This paper was irrelevant and did not contain the data

attributed to it by Kutateladze.
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DISCUSSION
MR. STEIN: Perhaps you mentioned this and I didn't hear it. How did

you compute your saturation temperature for this amalgam?

MR. SMITH: We had three thermocouples located right at the boiler
outlet. We assumed that the temperature indicated by these thermocouples,
when our void fraction detector indicated net boiling existed, was the
saturation temperature. This corresponded pretty closely to the value
obtained from the vapor pressure curve using the pressure indicated by the
pressure transmitter located at the boiller ocutlet. As it has already been
pointed out, there is some problem with this type of transmitter; we did
find, however, pretty good agreement between the temperatures recorded and

the values calculated from the pressures.

MR. BONILIA: T don't recall now--1 have seen some of this before--
do you take into account the change in saturation temperature with quality

which you would get in the two-component material?

MR. SMITH: Do you mean the fact that as you extrapolate down the

boiler, the liquid head changes? You make a correction--

MR. BONILTA: No. The more you evaporate the mercury, the higher the

boilin oint is at a given pressure.
g

T might mention alsc that the slope of about b5-deg which you obtained
may easily be due to that factor. In our own NaK boiling--though that was
pool boiling--you would probably see a tilting over of the line, since the
higher q/A, the greater the local change in phase composition must be. In
other words, there are two effects. One is an axial change in saturation
temperature, and the other is a radial change in composition, which is pro-

bably to be expected in a two-component mixture.
MR. SMITH: “That's a good point.

MR. DWYER: 1In that connection, both the pure potassium line and the

pure mercury line were parallel to that for the amalgam.
MR. BONILLA: That's true; yes.

MR. DWYER: That would tend to counteract Professor Bonilla's comment.
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MR. BONILLA: No; it tends to bring in some more irrelevant points.
MR. CHEN: Are we talking about the slope of the boiling curve?
MR. SMITH: Yes; q/A versus AT.

MR. CHEN: If I may interject something which may be applicable in
regard to the 45-deg slope. One of the slides I neglected to show did
predict that in most regions with convective boiling the slope does drop;
snd, in fact, it is pretty hard to get away from L5-deg Tor convective

boiling.
MR. BONILLA: TFor two components?

MR. CHEN: No; single component. The reason is that you get more of

the wacroconvective contribution--which gives a L5-deg slope.
MR. BONILLA: But most people don't report a 45-deg slope.

MR. CHEN: T noticed in your data, and in data presented earlier

today (by Poppendiek, I believe), a slope of h5-deg.

MR. BONTLLA: But with forced convection present. You have a boiling
slope which is something above one and less than three; when you put in
the convective component, you get a curve. It goes to zero, if it is

saturated. Bo, there ought t0o be a curve.

MR. STEIN: I will make a comment--using my chaimmanship as a pre-
rogative--directed partially at Dick and perhaps also to the last few
authors. I may ask the question as to whether we are clouding the issue
somewhat by displaying and trying to correlate dabta for boiling as heat
transfer coefficients. Maybe, Dick, you can answer it since T noted in
your paper thalt the data were not presented as heat transfer coefficients
although, with a similar system, it was possible to do this. I wonder

how people feel sbout it.
MR. ROOSENOW: One vote in favor!
MR. KILIACKEY: What does Professcr Rohsenow suggest we use?

MR. ROHSENOW: Pure grain AT
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MR. STEIN: Since you raise the point, maybe I can answer. There
are implications that we can bring the data together, as we do in single-
phase. What we are really interested in at this stage of the game--and
this is The same stage as we originally were in in which we also tried to
use heat transfer coefflicients--is a display of the experimental data so
we can study it and maybe get some ideas. So we want heat flux versus
temperature for boiling systems. This is what we are really interested

in, I think.

MR. BONILLA: My comment would be that the heat-transfer coefficient
is more sensitive. For instance, it would be foolish not to use the fric-
tion factor in talking about the pressure drop for flow in tubes, since
the pressure drop data for single-phase flow are so accurate that you can

utilize this and get rmuch more information out of it.

But the boiling data are probably not reliable enough to use heat

transfer coefficients.

MR. GOLDMANNW: I guess I got into that argument with supercritical
walter, too; and I feel very strongly that heat transfTer coefficients are
very useful as long as the coefficient is only flow or geometry dependent.
But the moment the coefficient also becomes a function of the heat flux

itself, then the coefficient is no longer a useful tool.

MR. BONILLA: Bul with fluid flow, the temperature drop can be temper-
ature dependent; still the friction factor is the ideal way to correlate
it.

MR. GOLDMANN: T agree with you. It is a flow phenomenon, and the
heal transfer coefficient (expressed normally as the Nusselt number versus
the Reynolds number) becomes a function of the geometry, flow conditions,

and properties of the fluld, not just a function of the fluid.

MR. POPPENDIEK: Well, in fluid flow, ®the shear stress varies linearly
from a maximum at the wall to zero at the center line. This is a simple
flow situation. In counvective heat transfer, without volumetric processes,
there are analagous equatlons; and you can talk about a conductance which

is analagous to something like friction. However, when you have additional
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fluxes of some type in the volume, as you do in boiling, the coefficient,

which is really the ianverse of the heat-transfer resistance, tries to lump
a number of things. I think it is better to separate these. Thus, at this
stage of the game, I think, as Ralph says, an over-all temperature differ-

ence between a wall and a bulk of some sort and a flux is more meaningful.

MR. ROHSENOW: I will ask Carlos a question. What is the equation
of that curve? It's y-mx, isn't it? You want to select the correct value
of m for every x. If h is a function of AT, this is the same thing. Now,
h can be a function of absolute temperature--this is Jegal--but when h is

a function of AT, you don't want to use h. That's my point.

MR. BONILLA: You could say AT equals the function of velocity, and

still it is helped by introducing the friction factor aspect.

MR. ROHSENOW: Yes. But there you can do this all as a small exponent;

a small effect. The friction factor is a small effect.

MR. BONILIA: I think we 3ll agree that we don't know enough about

boiling to do it quantitatively, but eventually we probasbly will.

MR. STEIN: On that statement we will end this discussion.
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HEAT TRANSFER DURING FIIM CONDENSATION
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¥W. M. Rohsenow
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I. INTRODUGTION

Developments in nuclear power technolggy and in other fields, in which
liquid metal vapors are used as heat transfer fluids, have increased the
need for a thorough undesrstanding of the process of heat transfer during
film condensation of liquid matals.

At the present moment, thers exists considerable disagreement between
theory and experiment for the case of film condensation of a liquid metal

(1,2) have consistently yielded heat transfer coeffi-

vapor. Experiments
cients much lower than those expected from theory.

From a practical as well as a fundamental viewpoint, it would be
usaful to remove the present disagresmsnt and to understand the ressons
for its existence. This is the object of the rssearch investigation basing

reported hera.
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I1I. GENERAL REVIEW OF LITERATURE

Development of the Theory. The specific problem under consideration is

the case of film condensation of a stationary, pure, saturated vapor on an

isothermal vertical surface. The first formulation of the problem is due

to Nusselt(a)
(1) The temperature of the liquid~vapor interface is the

, who made the following assumptions:

saturation temperaturs.

(11) The condensate flow is laminar.

(111) The fluid properties are constant,

(iv) Subcooling of the condensate may be neglected.

(v) Momentum changes through the condensate are negligibls,
i.e., there is essentially a static balance of forces,

(vi) The stationary vapor exerts no drag on the downward
movement of the condensate.

(vii) The temperature distribution in the film is linear.

He derived the well known formuls:

4
3¢ 10 A
}L k‘(“r;"'Tw)

Nu = 0943 eee (1)

Seban(k) has extended Nusselt's analysis for the case of higher Reynolds
nunbers by assuming & transition from laminar to turbulent flow at a Reynclds
number of 1600 and a universal velocity distribution in the film., His
results verify the qualitati;e expectation that heat transfar coefficlents
should increase for common fluids (Pr =5 0.5 or greater) but should not for
low Prandtl numver f{luids because of high values of thermal diffusivity as
compared to the turbulent diffusion coefficient for heat,

Nusselt's analysis has been sxtended by Bromley(S), who included effectis
of subcooling of the condensate, and by Rohaenow( ‘, who allowad for non-
linearities in the film temperature distribution. These refinements become
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important only at high values of C}(T;"fr;b//& . Actually in most appli~

cations, this parameter has a value beiween O and 0.2.

(7)

laminar film through & similarity transformstion, thus taking account of

Sparrow and Gregg have solved the boundary layer squations for a

momentum changes. For common fluids, their results follew Nusselt's pre-
diction closely, but for low Prandtl number fluids, the heat transfer
coefficient drops below the Nusselt prediction with increasing CP (Tv *'-Tw)//\ .

Mabuchi(s) has obtained substantially the same results by an integral method.

(9) (10) ", 4 gon(2D)

almost simultansously considered the effect of the vapor drag. Their re-

Recently Chen'”’, Koh, Sparrow and Hartnett have .
sults indicate little disagreemsnt with Nusselt's theory for common fluids.
For low Prandtl number fluids, howsver, the heat tranafer is found to drop
even below that determined by Sparrow and Gregg.
Thus the latest refinements to Nusseli's analysis have removed the re-
strictions of assumptions (iv), (v), (vi) and (vii). Figures 1 and 2 illus-

trate the results of the above lnvestigators,

Experimental Investigation for Ligulid Mstals

Although experiments have substantially borne out the theoratical pre-
dictions for common liquida(lz) (Pr;? 0.5), tha same cannot be said for
liquid metals. The only experimenial data to date for the particular geo-~
metry of Nusselt's theory ime that of Misra and Bonilla(l), who have used
mercury and sodium. Their data (Figs. 1 snd 2), which is quite scattersd,
falls vary much below tha theoretical predictions+. For sodium, ths values .

seem to be even lower than those for mercury.

+It is worth mentloning that in a recent paper, Dukler(13) has suggested
a theory which seems at first glancs to agree reasonably well with Misra and
Bonilla's experiments. In the opinion of the present authors, however, this
agreement can only be fortuitous. In the outer region of the film, Dukler has
made the assumption that the molecular heat transport coefficlent is negligible
in comparison to the turbulent eddy coefficient (refer to Appendix of his paper). .
This assumption is reasonable for high Prandtl number fluids, but is totally
unjustifiable for Prandtl numbers of the order of 0,01 particularly at ths
Reynolds numbers in Misra and Bonllla's experimenis. Sample calculations have
shown that by not making this assumption, Dukler's results would fall close to
Nusselt's,



135

I11. A MODIFIED THEORY OF FIIM CONDENSATION

As has been stated earlier, the most recent modifications(q’lo’ll) of

Nusselt’s theory have removed the restrictions of assumptions (iv), (v},
(vi) and (vii). Assumptions (i1i) and (iii) can always be satisfied within
reason by controlling the rate of condensation and by choosing a suitable
fluid. We wish to concentrate our attention now on examining the validity
of assumption (i).

Schraga(la) has studied the phenomenon of interphase mass transfer
from the standpoint of kinetic theory. An equation derived by him for the
case of condensation of a pure vapor can be expressed in the following more
useful form (with the additional restriction that the vapor is maturated):

(z «)( ( ) P:r"h (7,-T:) v (2)

Here m 1is the rate of condensation per unit area, @ 1is called the con~
densation coefficient (the ratio of molecules that strike the liquid surface
and condense to the molecules which strike the surface), M ia the molecular
weight, R 4s the universal gas constant, Pv and Tv are the saturation
pressure and temperature, }; is the latent heat of vaporization and Ts is

the liquid temperature at the liquid-vapor interface.

The Condensation Coefficient &

The coefficient o is believed to have a functional dependence upon
the state of the surface and the kind of molecules involved. For water,
many investigators have measured the value of & to be around 0.04.

For mercury, measured values of @ have ranged from 0,0005 to 1,
with 0.1 being the most consistently reported value. The value of 1 was

measured by Knudsen(ls)

when he tock the greatest precautions to insure the
purity of the mercury, whils the value of 0.0005 was also measured by him

when he tock no particular precsutions and could see a slight brownish scum
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contaminating the surface. In any condensing system, although great
purity cannot be obtained, it should bhe noted that a new vepor-liguid
interface is being constantly created. Therefore, a value betwesn the two
extromes and of the order of 0.1 seems likely to be ocbiained,

Valuea of @  for other liquid metals are not known.

Estimating the Value of (T_ = TB)

The rate of condensation per unit area at a2 distence s from the top
of a vertical condenser is given by Nusselt's clsssical theory by the
equation

2 Z
h? (’T} “’“T;v)3 . ? 3
IS bp=

eee (3)

Combining equations (2) and (3), we have

a z‘.-

' — @ﬁ * y gﬁ %i
(T, - Te) T (2-\(R) (RS9 4:&_ (R“TW)... (4)
vls) = 5 M\ Kp) R

For any given fluid and & chosen set of conditions, equation (4) can be

used for calculating the value of (Tv - Ta)' This has been done in ths
following table for three fluids -~ waier, mercury and sodium. In all
instances, the saturation pressure F%' has bsen chosen to be atmospheric

preasure.
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(T, - 7,) 4n O,

(T, ~ T,)=5°F (T, = T,)=50°F

£ = 3" x = 6" g = 3" g = 6"
Water O = 0.04 0.22 0.18 1.2 1.0
Mercury ¢ = 1.0 0.37 0.31 2,1 1.7
o = 0.1 7.0 5.9 39.5 33.2
Sodium © = 1.0 0.52 0.44 2.9 2.5

It 18 seen that for water with O = 0.04, (Tv - Ts) is small compared
to (Tv - Tw); for mercury it is small if 6 = 1, but of the same order
of magnitude if 0" = 0.1; while for sodium if O is agsumed to have
the maximum possible value of unity, ('I‘v - Ts) is small but not negligible
compared to (Tv - Tw)’ The fact that for some cases (Tv - Ts) is calculated
to be greater than (Tv - Tw) 1s of no consequence.

We may conclude from the above calculations that under some circumstances,
(Tv - Ts) may not be negligible compared to (Tv - Tw)' Also, an examination
of equation (4) reveals that these circumstances are more likely to occur
with liquid metals because of their high thermal conductivities and higher
saturation temperatures for the same pressure as compared to other fluids
with higher Prandtl numbers.
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A Modified Form of Nusselt's Theory taking Account of the Resistance at the

Vapor-ILiguid Interface.

A theory which relaxes the assumption that the vapor-liquid interface
is at saturation temperaturs, can now be developad. It is formmlated along
exactly the same lines as Nusselt's classical theory. The sole modifica-
tion consists in utilizing equation (2) to express the unknown temperature
Ts in terms of the saturatlon temperature, Tv « The following differential
equation is obtained:

4
L8 MWW U 24 v 48 T 1 d§
dz?i” ﬂ-x?- 84-6 51& Sw dz" “]I S+a dz

&
- %(j&) e (5)
z

non-dimensional film thickness = S/L

where

o
+
i

2 = non~dimensional distance along condenser = ﬁ/L

T = Cﬁ (‘T; "-Tzu)

1o A
T = ﬁ?lLa(:p
- Tk

}L
Y hoa
Ty = l; (?.Ta') (:}\) (% 2 ;\'R%l'"lk:'
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1Ii and 1?! are familiar numbers from Nusselt's theory. 1Iiz is

a new non~-dimensional number introduced because of the thermal resistance
at the interface., The deviation of the present theory from Nusselt's
classical theory depends upon the value of TFnI . For high values of
the order of 105 or more {which is the case for saturated steam at atmos-
pheric pressure), the deviation is negligible. As 1Fh[ decreases, the
deviation {rom the classical theory increases.

If we now define two Nusselt numbers based on the overall temperature
drop (Tv - T") and on the temperature drop across the film (T' - Tw) as
follows:

]

Nu, 'Ez-:r:l:——:)‘ (q/A)z dz ees (6)

(%/A)z, . dz cee (7)

Nu, =

then we can state that

Nu‘ = *§ (1\'1 ’ “n ’ “m) cee (8)

Nu,
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In Nusselt's classical theory, since the resistance at the liquid-
vapor interface is neglected, Nu; = Nu,z .

The differential squation (5) can be simplified for low valusas of’ﬂ}n
(up to about 102) by an order of magnitude analysis to yleld the explicit

golution
4
Ne = 5% } ) o 3Tm 51&’%)
! 9 3 96 2 Vg
Y.
N - 3 ( 81;’31 3
Uy = = | ———
2 \5T, Ty

For higher values of Ty (between approximately 16° and 10°) for
which the solution hes moved towards Nusselt's asclution but has not merged
with it, the differential equation can stlll be considerably simplified,
but a numerical solution is necessary.

Fig. 3 shows the calculated variation of MNu, and Nu, with fo .
The paramster 1rnr has been varied by factors of 10 to obtain & set of
curves, while the parameter TFE has been held fixed. The particular
value (6.1 x 1010)

to the conditions of our experimental sat-up (the casa of mercury condensing

of ’W]I for which the curves are plotted, corresponds

on & vertical surface 6 in. long).

It is obvious that a comparison between any data point obtained from
experiment and the present theory requires a knowledgs of the value of Tfm .
This in turn requires ths value of g , which i3 in fact an unknown
guantity. However, in any glven system whers condensation is continuously
taking place, it seems reasonable to expect that g attains a certain
steady value. In ocur experimentis, therefore, we intend to run a continuous
series of tests varying the parameter “ﬂ’x . It is hoped that the exper-
imentally measured values of Nui and Nu,z_ will meteh the theoretical

values for one particular value of v} '
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In the following table, values of Trﬂl have been calculsted for
mercury over a8 wide range of saturation pressures with g = 0,1 and
L =6 in, These values in conjunction with Fig. 3 give an estimate of the
Nusselt numbers expected in the experiments,

Saturation pressure Non-dimensional parameter
F% (in nm.m.) ]IEI
760 7570
400 4580
200 2640
100 1500
10 220

It may be mentioned that a more approximate theory which applies
equation (2) in an overall fashion over the whole length of the condenser
and utilizes Nusselt's solution for the film drop (Ts - Tw)’ yields results
which are in close agreement with the abeve theory.



IV. EXPERIMENTAL PROGRAM

The apparatus, which will ba used to test the theory, has just been
assembled and operated. Howaver, due to various difficulties, no quantitative
data has been obtained as yeti.

Bagically ths apparatus (Fig. 4) is a closed boiler~condenser system
made of stainless steel 304. Mercury 1s being used as the working f{luid.

The condenser is a vertical nickel tube, 3/4 in. 0.D., 6 in. long, on which
the nature of the condsnsation is cobserved through vycor windows mounted in
the walls of the tsst chamber. Water is the cooling liquid.

Dstermination of Nuj

L Of the guantities involved In the definition of Nul (equation 6),

SSiIA){ Az is determined by measuring the flow rate of the cooling
water and its rise of temperatura. Tv is measured directly. Tw is de-
termined from 8 precise mesaurement of the electirical reslstance of a
saction of the nickel tubs. This measurement yields the average temperature
of the condenser tube. Tw can be calculated from this since the heat flux

through the condenser tube 1ia known,

Determination of Nu2

Because of the high thermal conductivity of liquid metals, it is
justifiabls to assume that ths temperature varlation across the condensate
film is linear, Equetion (7) which defines Nu,, can therafore be put into

the following form:
L

Nu, = Sc-é—clz
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The film thickness 8 is being measured by a gamma ray atten-
uation technique. The gamma rays are emitted by a 2 me 0057 source. They
pass through the walls of the test chamber, the mercury condensate film
and the walls of the nickel tube before being picked up on the other side
by a detector consisting of a Nal crystal and a photo-multiplier tube. The
C057 source and the detector can be traversed vertically, so that the film
thickness along the length of the condenser tube can be measured. The
technique is sensitive to variations of 0,001 in. in the mercury film
thickness.
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VI. SIMBOLS

Cp liquid specific heat

£ gravitational constant

k liquid thermal conductivity

L length of condenser

m rate of condensation per unit area

M molecular weight

Nu Nusselt number from Nusselt's theory

Nu1 Nusselt number based on overall drop (Tv - Tw)
Nu, Nusselt number based on drop across film (Ts - Tv)
Pv pressure in vapor space

(q/'A)z heat transfer rate per unit area at distance z
R universal gas constant

Tv saturation temperature corresponding to Pv

Tw wall temperature

Ts temperature of liquid at liquid-vapor interface
2 distance along condenser

2 defined by z/L

$ condensate film thickness

6+ defined by 8/L

o] liquid density

)K latent heat of vaporization

u liquid viscosity

<o condensation coefficient (fraction of molecules striking vapor-

liquid interface and condensing).



Q Q =
(o)) @ O
l I

Average Nusselt Number

O
Y
I

Averoge Nusselt Number from Nusselt's Theory

S 0.2 —
2
o
0] | | |
0.0002 0.00! Cp (Ty—Ty) 0.04 0.
- A
Investigator Curve No. Investigator Curve No.
Nusseit I {for ali Pr Numbers) Chen 1(Pr > 0.5)
Rohsenow I(w v n " Koh,Sporrow,Harme??j Y{Pr = 0.03)
Sparrow, Gregg 1{Pr>05) Koh L T{Pr = 0.008)
Mabuchi T (Pr=003) Y{Pr = 0.003)
m({Pr =0.008) Misra, Bonilla Mercury data Pr=z.0I6
IV(Pr =0.003) Sodium data Prx.005

FIGURE

i

9%t



147

1.0
| [ I [ [ l |
Ny
4 ey
Pr= 1. ———
Seban e e
.Xm ‘‘‘‘‘‘
@ \Q\\\\
~
i X \s\
o Ol e = it
Q - O ~
~—r — \\\'O/
"
£ .
“ _— It
Mercury
| data —
N \ " N N N .
\)odium d
NN N
0.0l | I L1 | L
102 10° 10

Condensate Reynolds Number at z =L -t

FIGURE 2



Number

Nusselt

10

0.001

Ty = 61%10'"°

0.01i 0.l
Cp (TV - Tw)
A

77'1:3

FIGURE 3

0.3



1

i} TO EXHAUST DUCT

1. ELECTRIC CARTRIDGE MEATERS 9. AIR JACKET
ICE TRAP 2. THERMAL CUT-GUT SWITCH 10, AIR HEATER
3, MAGNETIC CONTACTOR 11. VERTICALLY TRAVERSING PLATE
4 MERCURY FILLING CUP 12. RADIOACTIVE SOURCE HOLDER
5, VALVE 3. GAMMA RAYS
€ MERCURY DRAINING LINE 14 SCINTILLATION CRYSTAL
7 WIRE MESM SCREEN 15. PHOTOMULTIPLIER TUBE
8. SUPERHEATER (2KW) 16. PRE-AMPLIFIER
vacuu 17 KIGH VOLTAGE UNIT
18 AMPLIFIER
Pume 12 SCALAR

20 WATER-COOLED HEAT EXCHANGER
21. MERCURY VAPOR ABSORBER

21 20 13 oS WATER INLET
1/ s = TO WEIGH TANK
{E = )L 7 1s e SCINTILLATION
sy EQUIPMENT
NICKEL TUBE CONDENSER—T
COMOENSATION CHAMBER s a

LIQUID LEVEL —-H

3 ‘fw‘
. -2
%ol

%4 MERCURY BOILER

FIGURE 4 SCHEMATIC DIAGRAM OF APPARATUS

3
L.
> 3 PH
- -—“ﬁ 210v
=2

6%l



150

DISCUSSION

MR. BONILIA: I don't recall exactly what was in the paper; but if
it isn't here, then it is in his full dissertation. We considered this

effect, and we found that 1t helped at the lowest pressures.

We did not use a condensation coefficient other than 1 because - you
have your arguments in the paper - 1t just didn't seem to us that it could
possibly be below for the beautifully, self-cleaning surface that you
would have to have there with no inert gas present. Well, it brought the
low pressure data right up to the Nusselt theory, while the other data was
hardly changed at all. TIn other words, if you got up to atmospheric pres-
sure, it would have hardly any effect. The reason we didn't calculate a
gigma for every point was that we were confident we would get a wide range,

107° maybe, for some of the points.

However, as I recall, that we did have this thought - that at a high
rate of condensation, high q/A; you have quite a little torrent of con-
densate running down. You can assume then that the surface is completely
covered with condensate; and, therefore, that some kind of condensation
coefficient, presumably 1, would be applicable. But if you have a low
rate of condensation, unless you had a wetted surface, there will be drop-

wise condensation; and the phenomenon would be more complex.
MR. ROHSENOW: Is this a mixture of drop and film?

MR. BONILIA: Yes, it would be droplets running down. That's what T
am sure you would get, unless it was stainless steel and mercury. With

nickel we got nice, continuous drops.

MR. ROHSENOW: We are hoping nickel will be our salvation here. On
page 11 of our paper we have a table showing the values for the influence

of pressure on g for a £ of 0.1. It is quite significant.

MR. BERENSON: I would think that an annular flow vaporization, which
is essentially the reverse of this process, would have the same kind of
effect coming in. 1 guess this is what Kurt Goldman was alluding to
earlier. Where you would have to have an excess of the interface tempera-
ture over the saturation temperature, in order to drive the vapor away from

the interface. This also might be more important in liguid metals.
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MR. ROHSENOW: Tnis is possibvle. The condensation coefficient on
evaporation is a little more difficult to see. Once you form vapor, how

are you going to have an accommodation coefficient any more?

D

MR. BERENSCON: TIo that case maybe the accommedation coefficlent would
be only 1. Koudson calculated vapor pressure in this way: By considering
a vapor flowing toward the surface in balance with the molecules leaving
the surface, and he found with mercury that many people's lives had been

saved because the mercury surface was dirty.

MR, GOLDMAN: Since T am out in left field anyhow, let me go a little
further and say that perhaps here, too, you get condensation starting in
your vapor region, so that you actually start bunching molecules together
and forming droplets in the region which you described as a falling-off
temperature, between T/S and T/W, so that you have droplets falling onto

that liquid film rather than just molecules getting there.
MR. ROHSENOW: Tt's possible.

MR. POPPENDIEK: Warren, someone told me the other day that Penner
wrote a paper on prediction of accommodation coefficients for liguid
systems, not for solid systems. And I think the outcome was that for most
liguids, the value wags very high. Very near unity. I was wondering if

you had scen that paper on liquid. I haven't seen it myself.

MR. ROHSENOW: T haven't seen it; no.

MR. POPPENDIEK: He wag going back to the old point thal maybe not all
liguid surfaces are dirty, and maybe they are higher than we think. But it
may be something to look at.

MR. ROHSENOW: We will get after that and get ahold of it.

MR. SAMUEL: With respect to this condensation thing, has this parti-
cular condenser ever been pre-wetted with mercury?

MR. ROHSENOW: No. How do you do this?

MR. SAMUEL: The first time you put ligquid umetal through the pipes,
if it is not wet, the pump is not pumping properly. Simply put an acetylene

torch on the outside of that until 1t gets red hot. Once welted it remains

wetted from Tthen on.
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MR. ROHSENOW: Great. Thank you. We know that time in operation is
supposed to cause the liguid to wet the surface, but if we can accelerate

that process, that's fine.

MR. BONILLA: This T3, what is the significance to these numbers? Is

it how much it deviates from ten times pressure?
MR. ROHSENOW: 1'g represents the influence of the interface resistance.

MR. BONILIA: From looking at this table, can you show a predicated

significance?

MR. ROHSENOW: DNo. You have to go back to the results curve in a
later figure. What we had on the curve were decades, and this goes through

more than a decimal point.

What we arc really saying here is that for liquid metals this effect
1s more pronounced at any accommodation coefficient than it is in non~
liquid metals, and we believe it is worth studying. In any event, we are
going to try to make some careful measurements, and maybe even gunk up the

system intentionally to see what happens.
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LIQUID METAL JET CONDENSERS
Lance Haysl

An investigation of jet condensers using mercury ds a working
fluid was concluded. The application which motivated this work was
the use of this component as a vapor condenser in space dynamic
power systems. Advantageous features such as high condensation rates,
positive vapor-liquid separation, simple start-up, and significant
conversion of vapor thermal energy to condensate mechanical energy
were demonstrated and are discussed herein. Simplified expressions
for momentum exchange and heat transfer were obtained and are used
to correlate experimental results obtained with mercury,and to indi-~-
cate trends of performance available with variations in geometric
and fluid parameters,

NOMENCLATURE

The following nomenclature is used in the paper:

A = area, sq ft
Xl = area ratio of injector to tube inlet
22 = area ratio of injector to throat
o
Ath = area ratio of throat to tube inlet
a = discharge coefficient
G, = specific heat of liquid, BTU/1b°F
d = diameter, ft
2
g = constant = 32.2, (1bm/1bf)(ft/sec”)
hfg = heat of vaporization, BTU/1b
Hj = jet condenser ideal power output, kw
;L _ 0
iy = (- 1B ) B R
Kd = diffuser loss coefficient
L = length, ft, in
i = mass flow rate, 1b/hr
o
my = ratio of injected liquid mass flow to vapor mass flow
(saturated vapor flow for quality less than unity)
o, _ . _
mﬁ = mass flow ratio for Tze Tvo

1Engineer, Electro-Optical Systems, Inc., Pasadena, California,

Presented at the Third Annual High Temperature Liquid Metal Heat
Transfer Technology Conference, Oak Ridge, Tenn., 4 September 1963
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psi(a)

rise from jet condenser inlet to outlet, psi(d)
drop across injector, psi(d)
pressure rise, AP , to dynamic pressure of
liquid a

pressure rise, AP , to dynamic pressure of
a

inlet vapor flow

ratio of
pressure

ratio of
pressure

pressure rise from inlet to throat to dynamic
of injected liquid

pressure rise from inlet to throat to dynamic
of inlet vapor flow

heat rejected to liquid jet from condensing vapor, BTU/hr

radius, ft

Reynolds number

temperature, time, OF, sec

outlet subcooling = Tvo - T{e’ °F
"radiator" temperature drop = Tra = Trgo o

velocity,
ratio of

distance,

ft/sec
inlet vapor velocity to injected liquid velocity

ft, in

inlet vapor quality

2
angle, thermal diffusivity, (O), ft"/sec

2
turbulent diffusivity for heat, ft'/sec

th s i
M characteristic root of Bessel's Function, JO

ratio of
ratio of
density,

ratio of

measured to c~lculated pressure rise
ideal to actual injector pressure

3
1b/ft

liquid to vapor densities

wall shear stress, lb/ft2

2
stream potential, ft™ /sec

jet utilization factor = (T

te = T{0)/(Tvo B Tfo)

heat transfer parameter = X VIO/VR
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Subscripts

= inlet of jet condenser, station number
= throat of jet condenser, station number
outlet of jet condenser, station number

= bulk, boundary

g N = O
il

¢ = condensation
(calc) = calculated
d = diffuser

e = Exit, outlet of jet condenser

ot
fl

injector

jet

S
L |

liquid

m = mixed

R = Relative

s = saturated conditions
t = tube

Vv = vapor

w = wall

INTRODUCTION
The majority of dynamic space power systems currently under
development utilize direct condenser-radiators as the heat rejection
component, However, problems of startup, system ground testing, two
phase flow in a zero-gravity envivonment, and multi-tube instability,
have resulited in serious interest in the application of indirect con-
densers (1, 2)2, Moreover, the role of indirect condensers in space
will become much more prominent as power systems in the megawatt
class are developed. For these large power levels, the problems

associated with startup and stability of direct condenser-radiators

Numbers in parentheses refer to the Bibliography at the end of
the paper,
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may become more severe, Also, preliminary analyses indicate signifi-
cant weight savings are probable using an indirect condensing system

(3 and 4).

In the indirect type of condenser, vapor is first condensed in
a jet condenser or compact heat exchanger-condenser, and the heat
released by condensation is subsequently rejected in an all-liquid
radiator. A schematic of one type of indirect condensing system

employing the jet condenser is shown in Figure 1,

In the jet condenser, subcooled liquid working fluid is injected
into the vapor stream, Physical mixing of vapor and liquid, and sub-
sequent condensation of the vapor occur within a relatively short
distance downstream of the region of injection. The resulting con-
densate-liquid flow circulates through a liquid radiator where the
heat absorbed by condensation is rejected, Part of the resulting
subcooled liquid is bypassed and injected into the jet condenser,

The remainder is returned to the boiler to complete the flow cycle,

The jet condenser component is very compact relative to a di-
rect condenser-radiator or a heat exchanger condenser, Moreover,
this unit may provide significant pressure augmentation to circu-
late the liquid in the liquid-radiator loop. 1In particular, for
steady-state operation, if the pressure rise in the jet condenser
(APa = Pa - Pv) is equal to the sum of the injection pressure drop
a Po%

and the total line-pressure drop (AP{/: PO - Pi)’ no external pres-

= - iquid radi i =
(APi Pi PV), the liquid radiator pressure drop ( PLR P

sure boost would be required during steady-state operation to cir-
culate the injected liquid flow,

Jet condensers have previously been used in small steam power
plants, for boiler feed water circulation {in place of a rotating
pump) and for several process applications (5, 6, 7). In addition,
use has been made of the basic momentum exchange process for steam
ejectors (7) and to provide thrust and control turbine back pressure

torpedo powerplants (8, 9). However, none of the above applications

in
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has resulted in publighed information which is suitable to deter-
mine the required performance characteristics of jet condensers
when used with liquid metals, As a consequence, the current inves-
tigation was initiated to determine jet condenser performance char-
acteristics with a liquid metal, mercury, as a test fluid, The
primary objective of the program was to obtain experimental data
suitable for preliminary design of a jet coundenser in a wmercury

Rankine cycle power system,

THEORETICAL FLOW AND ANALYSIS

Schematic illustrations of two types of jet condensers are pre=-
sented in Fig, 2., Many possible variations of injector, mixing
chamber, and throat geometry exist. However, this figure presents
two simple geometries, constant area and wvariable area,
similar to those investigated on this program,

Vapor flows from left to right and enters the condenser at
Station 0. At that location subcooled liquid is also injected in
the form of a central jet, Vapor and liquid flow concurrently through
a wixing chamber with simultaneous mass transfer, heat transfer and
momentum exchange occurring, Finally, with sufficient heat exchange
between vapor and subcooled liquid, at some location within a throat

(or the mixing chamber) complete condensation of the vapor will occur,

Condensation Mechanisms

The transport of vapor from the main flow stream to the sub-
cooled liquid jet is primarily a result of the pressure difference
from the main vapor stream to the subcooled liquid boundary. For
a free boundary with no net mass transfer, the vapor pressure at
the boundary must be in equilibrium with the saturation pressure of

the liquid phase (neglecting surface tension effects), That is:

va S P'{b =z PS (T,Cb) (1)

Very strong pressure gradients within the vapor are likely to
occur at the initial location of injected liquid. Here, the liquid

is at the lowest temperature in the mixing chamber and the
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corresponding saturation pressure is lowest, Thus a rather strong
interaction with the vapor flow and correspondingly, high initial
condensation rates are possible., The maximum vapor flow rate which
can be condensed on the jet at this point is determined by the jet
area and the sonic velocity of the vapor (10). However, as vapor
is condensed on the jet, the heat released by condensation results
in raising the jet temperature and liquid saturation pressure,
Hence the pressure difference between the main vapor stream and
the liquid jet is reduced, and the flux of vapor to the jet
decreases.

An increase in the temperature of the liquid jet at the surface
(which tends to reduce the condensing vapor flux) will result as
the bulk or mixed cup temperature of the jet increases due to heat
addition from the condensing vapor. A temperature gradient within
the jet is required to remove the heat of condensation released at
the surface; thus the surface temperature will be greater than the
bulk temperature for heat transfer into the jet.

These effects are illustrated in Fig. 3, an idealized repre-
sentation of the vapor and liquid temperature gradients at differ-
ent axial locations in the mixing chamber. The initial temperature
field (at 0) consists of a large local temperature (and pressure)
gradient in both the vapor and liquid near the interface., However,
as heat is transferred, due to condensing vapor, the bulk temperature,
Tj,iS raised and the temperature gradient within the liquid phase
decreases. The temperature at the jet surface,sz,is increased as
the vapor temperature gradient decreases. Finally, as complete
condensation of the vapor is approached, the bulk temperature of
the fluid approaches its final value. The difference in free stream
vapor pressure,on’and the saturation pressure for the bulk tem-
perature,PS(Tj),may still be a significant quantity. However, the
surface temperature of the jet, Tﬂb’mUSt be greater than the bulk

temperature,Tj,to transfer heat to the interior. Therefore, the
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local vapor pressure difference,on-Ps(T}b),may be very small with

resulting low values of local condensation rate.

Pressure Distribution and Interface Formation

The condeusation of vapor upon the liquid jet produces a siz-
able conversion of thermal energy to mechanical energy (pressure or
velocity head). This conversion process has been demonstrated both
by analysis and experiments (9, 17). The question may then be
raised as to what effect the addition of this mechanical energy has
upon the shape and character of the injected liquid. Moreover,
what force mechanisms are present to produce all-liquid flow at the
outlet when stratified vapor-~liquid flow occurs upstream?

Qualitative answers to both questions may be postulated by
considering the momentum exchange process, previous work on the
stability of jets, and previous internal measurements made across
vapor -~liquid interfaces.

For the case of a jet condenser with a central liquid jet,
the following steps in the formation of the final interface are
postulated and are illustrated by Fig. 4.

1. At the point of injection, rapid condensation upon the
liquid jet occurs. This results in a negative radial liquid pres-
sure gradient, which in turn results in a reduction in the jet
radius and produces surface waves which may or may not be ampli-
fied by the interaction of the vapor stream with the surface
(Station 1).

2, As condensation on the jet occurs, the jet temperature
increases in the axial direction, suppressing condensation in the
downstream regions.

3. As lower condensation rates occur, the liquid surface
pressure is reduced to be more nearly equal to the vapor pressure,
due to the decrease in the flux of vapor momentum received by the
jet. This results in the establishment of a positive vadial pres-

sure gradient in the liquid (Station 2).



4. The positive radial pressure gradient im the liquid results
in a radial flow component in the liquid which tends to reduce the
vapor flow area and fill the condenser flow passage.

5. When the passage is filled, the walls result in the estab-
lishment of a uniform radial pressure profile within the liquid.

It should be noted that the jet profile sketched in Fig. 4 was
taken from a single frame of Fastax motion pictures (8000 frames
per second) taken of a jet condenser operating with mercury.

The high heat transfer rates and large pressure gradients
(relative to condensation on a wall) occurring in jet condensers,
result in a final separation of the vapor and liquid which is not
strongly influenced by gravity body forces. This is particularly
true if the final expansion of the jet required to fill the flow
passage is small. The positive separation results in single phase
flow out of the mixing section or throat. Therefore, effects of
the increase in mechanical energy of the liquid can be treated in

a conventional manner downstream of the interface.

Analysis of Heat Transfer into Jet

Several complex mechanisms occur during condensation of the
vapor on a subcooled liquid jet. 1In order to provide a guide for
testing and to obtain information on the important variables, an
analysis was performed to identify the possible limiting resist-
ance in the heat transfer process, 1i.e: the conduction and con-
vection into the interior of the subcooled liquid phase ,of the
heat released at the liquid-vapor interface.

The model considered for analysis assumes the liquid phase
exists as a solid cylinder with a constant radius, ryp, which is

injected into the vapor at a constant velocity V The vapor

to’
temperature,(Tvo),iS assumed to remain constant throughout the
mixing chamber. With these assumptions, it is then possible to
write an expression for the rate of heat conduction and convection

into the interior of the liquid. Details of this analysis are
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summarized in Ref. 4. Equation 2 expresses the results:

U o= 2
T, -T, L= VioTr
X = € o ; b 1 - L
Fra—— = 2 2 L (¢ + o)
Tvo T&o =1 BH B“ ¢ ¢
2
BH Lc(a, + ont)
1 -~ exp ( - 5 (2
. v

2051

In this expression, the temperature of the liquid at the exit,T}e,is
related to initial conditions of the jet and vapor (TZO’ Tvo’ Vzo’ rﬂ),
to the properties of the flow (& and at),and to the distance tra-
versed by the jet @bl

Equation 2 is plotted in Fig. 5 as the residence time (of the
liquid jet in vapor) required for heat transfer vs the jet util-
ization factor (or nondimensional temperature) of the liquid jet.
Curves are presented for different values of the ratio of the total
heat diffusivity to the square of the jet radius. Several inte-
resting features may be determined by examining the curve.

1. Operation of the jet condenser with the final liquid temperature
equal to vapor temperature would result in an infinite distance required
for condensation of the vapor flow rate(for a finite liquid velocity).

2. Iwncreasing contributions of eddy heat transfer to the
total heat transfer result in much shorter condensation distances
(or jet residence time) for a given value of jet utilization factor.

3. TFor a given value of jet utilization factor and total heat
diffusivity, lower jet velocities result in shorter condensation
lengths. Attempts to operate with extremely high jet velocities
would result in longer condensation lengths.

4. Decreasing values of jet radius, for a constant value of
total heat diffusivity, result in shorter condensation lengths

(for a given value of jet velocity and jet utilization factor).
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5. Relatively short lengths of times are required to attain
given jet utilization factors for reasonable values of diffusivity
factors. For example, for a diffusivity factor of 50, a jet utili-
zation factor of .8 is obtained after about 0.02 seconds. Thus, for
a jet velocity of 10 ft/sec a condensation distance of .2 ft would
be required.

Figure 5 cannot be used directly to predict condensation length
due to a lack of information upon the local variation of eddy dif-
fusivity for heat, Qs (cf EXPERIMENTAL RESULTS) and because the jet
radius and vapor temperature at the jet surface are somewhat different
than parameters assumed for the calculation. However, the results
indicate the major trends of condensation length with jet utilization
factor and also provide information of the important variables of the

problem.

Constant Area Pressure Rise Analysis

The geometry of Fig. 2a was treated in an analysis which is
surmarized in Ref 17. The equation for conservation of momentum
was applied to a control volume about the condenser. The analysis
rests upon the following assumptions:

1. The radial pressure gradient at the inlet and outlet
stations is zero,

2. Flow at the exit is homogeneous and in thermal equilibrium.

3. For an inlet vapor quality less than unity, no vapor-
liquid slip exists in the entering flow.

4, Wall friction within the mixing chamber is negligible
compared to the magnitude of the pressure rise.

5. An injector discharge coefficient of unity is assumed.

The final expressions of the analysis were further simplified
by considering complete condensation of the inlet vapor flow and
by assuming an inlet vapor quality of unity. For these assumptions,

the following equations were derived:
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2 2
o 2
e \j (1-8) 21-8) )
M = . R
T2 iy 32 + (1 82) 3 (my + 1) (3)
X 2
o 2 2
B, = 2|8 +=2 2 -2k, a+ w— ) (4)
1 2 ng (1-8) 2 R

Equation 3 expresses the ratio of pressure rise to the vapor
inlet dynamic pressure (Agv) in terms of the mass flow ratio of
liquid to vapor (gR), the density ratio of liquid to vapor (S),
and the area ratio of the injector to tube (KZ)‘

Equation 4, which gives the ratio of pressure rise to the
injected liquid dynamic pressure (Agﬂ)» provides a significant
measure of jet condenser performance from the standpoint of pump-
ing requirements. For an optimum design injector with a dis-
charge coefficient of unity, the latter parameter expresses the
ratio of pressure rise to the pressure drop required to inject
subcooled liquid into the mixing chamber. If Agﬁwere equal to
unity, no net pumping power would be required tojeffect the in-
jection of liquid into the jet condenser. The only power consump-
tion would be that required to circulate the liquid through the
lines and liquid radiator. Moreover, if values of Aﬁzhigher than
unity are obtained, the jet condenser can contribute to pumping
the liquid through the radiator loop. These equations are plotted
in Figs. 6 and 7 for a range of liquid-vapor mass flow ratios and
injector to tube area ratios. Lines of constant vapor to liquid
velocity ratio are presented for reference.

The curves were determined for a density ratio of liquid to
vapor of 2620, which corresponds to that of mercury vapor at 700°F .

From Fig. 6, the following conditions can be seen to favor a high
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absolute value of pressure rise (for constant vapor inlet conditions):
a) a low ratio of injector to tube area; b) a high ratio of liquid
to vapor flow rate.

For a given mass flow ratio, higher values of inlet vapor ve-
locity result in a higher pressure rise. In addition, from Equa-
tion 3, high vapor densities (or a low ratio of liquid to vapor
density) also result in high absolute values of pressure rise.

Examination of Fig. 7 reveals that opposite trends result in
high values of Agﬁ in some instances. That is, conditions favoring
a high absolute magnitude of pressure rise may result in smaller
values of the ratio of pressure rise to injection pressure drop.
From Fig. 7, the following favor a high ratio of pressure rise to
injected liquid dynamic pressure: a) a large ratio of injector
to tube area; b) low ratios of liquid to vapor flow rate.

Also, from Equation 4, high values of liquid to vapor density
ratio tend to increase Agl'

Relatively large numérical values of pressure rise coefficient
can be obtained for some inlet conditions. For the wvalues of mass
flow ratio shown in Fig., 6, the pressure rise referred to vapor
dynamic pressure attains values as high as 140; i.e., the pressure
rise through the condenser would be 140 times that which would be
obtained if the dynamic pressure of the vapor alone were recovered.

The main results of the analysis from the standpoint of design
trends can be summarized as follows:

1. The non-dimensional parameters in the expressions for

pressure rise for constant area jet condensers are: density

ratio, mass flow ratio and the ratio of injector area to tube

area.

2. High vapor densities and high absolute magnitudes of either
inlet vapor velocity or inlet liquid velocity tend to favor
high absolute magnitudes of pressure rise,

3. Values of liquid to vapor mass flow ratio and of the area

ratio of injector to tube which favor high absolute
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magnitudes of pressure rise may result in bhigh pumping power
requirements for a constant area jet condenser, If a large
pressure rise relative to the pressure drop required for
injection is desired, then higher ratios of injector to tube
area and low values of liquid to wvapor mass flow ratio should
be used.

Variable Area Pressure Rise Analysis

Although the above analysis for constant area jet condensexrs is
ugseful in evaluating experimental performance, the maximum pressure
rise potential of jet condensers is not realized in this geometry.

A geometry which should produce much higher values of vapor to liquid
pressure rise i1s shown in Fig. 2~b. 1In this geometry the mixing
chamber is contoured to effect condensation with little reduction

in the jet velocity at the point of final condensation, Thus, the
expansion losses of the constant area geometry are avoided. Moreover,
if a diverging section is added for efficient diffusion, the pressure
increment added to the vapor should be increased by a large amount
over the constant area geometry,

Use of a converging~diverging geometry results in an additional
complicating factor in the analysis of pressure rise. Since the mixing
chamber geometry has an axial variation of flow area, the integral
of the wall pressure must be evaluated in order to apply the conser-
vation equation of momentum. Due to a lack of information for the
internal pressure distribution in this region, the validity of the
analysis must rest upon whatever assumptions are made as to pressure
distribution.

In this section, the general equation for pressure rise is first
derived. The case of inlet vapor pressure occurring at the mixing
chamber wall is then treated.

In the derivation of the general equation, the following assump-
tions were made:

1. Liquid pressure equals vapor pressure at Station 0.

2. No heat loss from the condenser wall.
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3. Entering vapor quality equals unity.
4, Homogeneous flow within each phase exists at the
entrance and exit stations with
complete condensation.
5. The radial pressure and velocity gradients at the inlet
and outlet are zero,
6. Injector discharge coefficient equals unity.
7. Uniform flow (constant velocity profile) occurs at the
entrance and exit.
With these assumptions, application of the conservation equations for
momentum, mass and energy from Stations 0 to 2 results in the following

expression for pressure rise (Ref., 17):

.2 .2
P, - P =P (A /A, =D+ "o £ "o
8Py Atl(Ato - Azo) gDL AtlAlﬁo
. 2 . 2
S S S e’ B
g 0,A "o2gep 2 2
el 1 Ay A,
X
- 1 1 (5
fwAw(COS a)/At1 Atl S P dt tan a dx
o]

Equation (5) expresses the total pressure rise in terms of:

1. Geometry and inlet flow parameters.

2. Two unknown terms which contain properties of the
boundary flow, i.e., the shear stress of the vapor
on the wall and the internal pressure distribution
at the wall,

In order to obtain numerical results, assumptions must be made of the
values of the quantities of Item 2. In all cases it is felt that the
friction term is small relative to the total pressure rise, (the extremely
short condensation distance and high values of pressure rise measured
during testing support this simplification). Another assumption which

can be used to make Equation (5) more tractable is to use the inlet
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vapor pressure as the pressure at the walls of the mixing chamber.
This assumption appears to be reasonable in view of internal measure-
ments made by other investigators (9) and because of the saturated
state of the wvapor,

Results of the analysis carried out for the constant inlet
pressure model are presented in terms of the parameters discussed
previously: the ratic of pressure rise to injected liquid dynamic
pressure , Aﬁ{, and the ratio of pressure rise to inlet vapor dynamic
pressure, Agv. Substitution of Pw = on into the pressure integral term
of Equation (5) and neglecting vapor friction ( Tw = 0) and diffuser

losses (Kd = 0) results in the following expressions for pressure rise;

S a(p . 2, zﬁzl F N ﬁl&i (1) ) (gfl)z(l‘gz):l ;
BP oy = (B-B/0 vV “2g Kth 0 Xz g Xth .(6)
N (Pl‘Po)/p{Vzozlzg = 28 [1 *(5% EZ— - (14 717)2 k :‘ &
th Y 1..22 "R
(1-8.) o ? (185 (412 1
th 2

(8

50
[

o]
Q A 2
4 (Pz"Po)/p{VLOz/ZS = 221 [1 ‘*(g%— 2 ]“ (1+ 5-1-—) (3124— 322) (9)
' my (1-32) P

Equations (6) and (7) relate the pressure rise from the vapor to the
liquid at the throat to the dynamic pressure terms. Equations (8) and
(9) relate pressure rise from the vapor to liquid at the diffuser outlet
to the dynamic pressure terms, The latter two equations are most
suitable for design purposes and for evaluation of test data. However,
the former expressions are also of interest in comparing the amount of

pressure rise added by the diffuser to that resulting at the throat.



Also, operation of a jet condenser with the diffuser exit area less than
the vapor inlet area will result in a pressure rise in between the
limits supplied by these equatiomns.

Numerical examples of interest for the above equations were
computed and are presented in Figs. 8 through 11 in order to illustrate
predicted performance of variable area jet condensers. Figure 8 presents
the calculated throat and diffuser pressure rises (referred to injected
liquid dynamic pressure) vs. the mass flow ratio of liquid to vapor for
a given liquid to vapor density ratio and injector to tube inlet area
ratio. Curves are presented to show the influence of different values
of the ratio of injector to throat area.

As in the case of constant area jet condensers, low values of
mass flow ratio result in higher calculated values of pressure rise

o
referred to liquid dynamic pressure, For example, the curve for A

1 =0.895
o]
predicts a value of i P, = 4.7 at a mass flow ratio of 10, while
d o
at a mass flow ratio of 100, a value of 4P, = 1.0 results, Also, use

of throat areas more nearly equal to injector area results in higher
values of predicted pressure rise.

Comparison of the curves for the pressure rise at the throat
to the pressure rise at the exit of the diffuser provides some interesting
conclusions. At a mass flow ratio of 10, the pressure rise at the throat
is within 80 percent of the pressure rise at the diffuser exit (Xl = unity).
This implies that the contribution of the vapor to the total
pressure rise is very high at lower values of liquid to vapor mass flow
ratio; i.e., efficient recovery of the liquid dynamic pressure at the
throat only increases the pressure rise by about 20 percent. However,
as higher liquid flow rates are used the effect of the liquid head
becomes more important than countributions from the vapor, and efficient
recovery of the injected liquid velocity is required to achieve a high
pressure rise.

The above value of ﬁxg{/= 4.7 means that for an injector discharge

coefficient of unity, 3.7 times the dynamic pressure of the injected
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liquid is available for circulation of the outlet liquid through the
liquid radiator loop (cf. Fig. 1) back to the point of injection. For
example, if a set of flow conditions were chosen such that the liquid
dynamic pressure were 10 psi, a total of 37 psi would then be available
as a pressure difference for circulation of the outlet liquid flow,
This result, if verified by experiments, has profound significance in
the use of a jet condenser in a Rankine cycle system., It means that a
jet condenser could be used with little, if any, pumping power weight
penalty (if other performance requirements such as stable operation are
met) .

An interesting observation can be made as to the source of the
energy producing the jet condenser pressure rise by referring to Fig. 8.
Yor the mass flow ratio of 10 and the densities and area ratio of this
figure, the inlet vapor dynamic pressure is approximately 0.2 times the
inlet liquid dynamic pressure. Thus, if both were recovered with no
losses, a maximum value of ZXS‘L of 1.2 could be obtained. The only
other energy source which is available for the pressure rise through the
condenser is the internal energy of the vapor, which manifests itself as
random thermal energy. Thus, the results predicted by the analysis could
only result if conversion of vapor thermal energy to a directed mechani-
cal energy in the liquid were to occur.

Figure 9 presents the calculated values of pressure rise
referred to inlet vapor dynamic pressure for the same geometric and flow
variables, Once again, as in the case of the constant area jet conden-
ser, increasing mass flow ratio has an opposite effect upon the magnitude
of this pressure rise term from that of Fig. 8. That is, increasing
mass flow ratio produces increasing values of Iﬁgv and decreasing values
of ‘lg{ . For example, increasing mass flow ratio from 10 to 100
produces an increase in Agv from 30 to 600 gor an area ratio of 1.0,

This can be contrasted to the behavior ofA]?{, from Fig. 8 where a decrease
from 5,1 to 1.0 is experienced, The same general trends are exhibited

for the predicted pressure rise at the throat, with the exception that
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different area ratios have crossover points and the area ratio for
Xl = 1,0 falls off very sharply with increasing mass flow ratio.

In order to illustrate theoeffect of density ratio, Fig. 10
was computed for a given geometry (A1 = 0,90 and 22 = 0,075). As can
be seen, higher values of liquid to vapor density ratio produce higher
calculated values of Agﬂ . For example, increasing density ratio from
2620 (700o F for mercury) to 14,500 (530o F for mercury) produces an
increase in Ago from 1.85 to 6.0 (for a mass flow ratio of 20). For
constant mass flow ratio, this decrease in density can be interpreted
as an increase in vapor velocity. Thus,; it appears the jet condenser
becomes a more effective pressure recovery device (for given geometry
and mass flow rates) as lower vapor pressures are utilized,

The effect of the ratio of injector to tube area is illustrated
in Fig. 11 (for a given density ratio and injector to throat area ratio).
Results are similar in trend to those obtained for the constant area
jet condenser; that is, increasing values of XZ result in increases
in the non-dimensional pressure rise referred to injected liquid
dynamic pressure, or an increase in the effectiveness of the jet counden-
ser as a pumping device. On the other hand, the absolute magnitude of
pressure rise is increased as lower injector to tube area ratios are
used,

The above results are useful in expressing the values of
pressure rise which may be possible using a jet condenser and to indicate
major trends. However, it is also meaningful to examine the pumping
characteristics of these devices.

The net power output (in kw) of a jet condenser which is

available for circulation of the bypass liquid flow is given by:

B (APa - APi)ml,o

- 10
H, 385 (10
)
or
/ AP,
boTE, | Ry
H. = =
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for a perfect injector (cd = 1,0, —m— = API

Rearranging and substituting for APa and ﬁﬂo gives

v 2 )
(o3} P
o= (1 - ) (aP m) L2 (11)
] AP, 738p,

Thus, Equation (11) expresses the power output in terms of
jet condenser operating parameters. It should be noted that all values
of Ag less than unity produce a negative power output; i.e,, pumping
power is required by the condenser. For fixed inlet vapor conditions,
the effect of mass flow ratio on power output can be illustrated by
plotting the expression:

. 1 o o
Bt = a - Z%—)CAPV me) (12)

This parameter, whfch is directly proportional to the useful
power output, is plotted vs. mass flow ratio in Fig. 12 for three differ-
ent area ratios (injector to total inlet)., All three geometries exhibit
maxima within the range of flow ratios considered. The smallest injector,
while producing the highest calculated value of H%, has the smallest
range of operation; the useful power output going to zero at a mass
flow ratio of 25. On the other hand, an injector to tube area ratio of
0,075 theoretically provides useful power over the entire range of mass
flow ratios of the curve (0-100)., The peak value of H3 for this geometry
is 775 at a mass flow ratio of 60 vs. a peak of 1140 at a mass flow
ratio of 13 for 22 = 0.010,

EXPERIMENTAL APPARATUS

Experimental investigations of jet condensers were performed during
this program using a closed cycle mercury test loop (Ref., 15) as shown
in Fig. 13. Mercury vapor was generated in a pool boiler, circulated
through a baffle and superheater to obtain a countrolled quality, and

then delivered to the test section. Liquid mercury at nearly ambient
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temperature was pressurized by a low speed gear pump, heated to the
desired injection temperature, and subsequently was mixed with the vapor
stream in the test section. The outlet flow of liquid from the test
section was cooled to nearly ambient temperature and pressurized. Part
of this flow was delivered to the test section (cf. below) and the
remainder was returned to the boiler to complete the flow circuit.

Test Section Construction

The optimum test section geometry to insure both high pressure
rise and high heat transfer rates consists of a properly designed
converging section. However, initial tests were conducted on a constant
area geometry to determine feasibility and heat transfer characteristics
for central injectors. These data were used for sizing of variable
area geometries,

The first test sections used had a vapor internal diameter of 0.19
inches. Results from these tests were used to scale condenser geometries
to larger size units (vapor intexrnal diameter of 0.75 inches). Finally
a multiple unit test section was built which had a capacity equal to the
single units with 0.75 inch internal diameter. Figure 14 is a
photograph of one of the large diameter geometries.

The majority of test sections were constructed with transparent
mixing sections in order to record condensation length and obtain high
speed photographs of the internal flow. However, some units featured
all-metal comnstruction for tests where very high pressure rises
(greater than 50 psid) were to be obtained. The transparent sections
were constructed of quartz in order to maximize high temperature strength
and minimize problems of thermal shock (as opposed to Pyrex). Sealing
between the stainless steel and quartz was accomplished by compression
of a high temperature gasket material at both ends.

Instrumentation and Experimental Error

Pressure, temperature, and flow instrumentation were calibrated
over the range of operation for jet condenser tests. Calibrations
varied somewhat but the differences were small (~ + 1/2 percent) on
all instrumentation with the exception of the electromagnetic flowmeters.
These calibrations changed by approximately seven percent in six months

due to decreases in the permanent magnet strength. A summary is given



173

below (Table 1) of the maximum probable error in measured parameters,
This errvor estimate is based on the scatter encountered in calibrations,
and on the least readings possible with the visual and electronic readout

techniques used.

TABLE 1

Summary of Measurement Techniques and Maximum Probable Error:

Measured Parameter Instrumentation Maximum Probable Error

Pressure (absolute) Bourden Tube Gage + 1.0 psia

Pressure(differential) Bellows Type Gage with 4 0,2 psid and
Isolators + 0.5 psid

Flow Rate Electromagnetic Flowmeter+ 5 percent

Temperature Stainless Steel + 2° F

Sheathed Chromel-
Alumel Thermocouples

Condensation Distance Visual

1+

1/16%
High Speed Camera + 01"

Calibrations were conducted periodically on the gages (every 3 or
4 test days). The maximum deviation among calibrations was always less
than the maximum error given in the table, The zero reading on the
gages shifted slightly from “cold" to test conditions due to the change
in ambient temperature inside the test enclosure. However, the zero
values were recorded with no flow both before and after each test
sequence and the average applied to the gage reading Lo determine the
actual pressure rise,

Thermocouples and the associated readout equipment were calibrated
using the melting points of tin, lead, and zinc (450, 621 and 785° F
respectively). Freezing curves were plotted on the recorder for all
thermocouples and the melting point determined by the constant tempera-
ture portion of the curve, As indicated, the maximum deviation obtained

of the readings from the above values was 2°F,
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EXPERIMENTAL RESULTS

Condensing Length for Constant Area Condenser
Curves of condensation length vs. the jet utilization factor are
shown in Fig. 15 for several average liquid-vapor mass flow ratios for
a constant area condenser. Choice of a high jet utilization factor in a
jet condensing system has the effect of reducing liquid radiator weight
by increasing the average rejection temperature. However, high values
of y may result in excessive condensation lengths, unstable conditions,
and poor pressure recovery characteristics. A correlation of the re~
lation between condensation length and x for variations in other flow
parameters is therefore important for preliminary design purposes.
The value of x at which the condensation length exhibits a rapid
increase appears to be dependent upon the mass flow ratio of liquid
to vapor. For example, the curve of %R = 66 rises at a value of
x = 0.6 while the curve for r(r)mR = 16 rises at y = 0.85.
Flow parameters have a strong influence on condensation length for
a given jet utilization factor. As the vapor velocity is increased
with liquid injection flow rate held constant, shorter condensation
lengths are obtained for the same value of utilization factor. For
example, curves (1) and (3) correspond to the same liquid injected
flow rate with different vapor flow rates. Curve (1),which has a
vapor velocity of about 55 fps,shows a condensation length of 2-1/2
inches to occur at a value of ¥ = 0.7. Curve (3), which is for a
vapor velocity of about 130, gives a condensation length of only 3/8
inches for the same value of Y. A probable reason for this increase
in heat transfer rate is the increase in heat transfer area caused
by the greater breakup of the liquid jet due to higher values of vapor
shear.
As the liquid injected flow rate is increased, with vapor flow
rate held constant, longer condensation lengths occur for the same

value of utilization factor. Curves (5) and (3) are for the same
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vapor velocity with mass flow ratios of 13.5 and 30 respectively. Curve
(5) shows a condensation length of 3/8 inches at ¥y = 0.8, while Curve (3)
gives a condensation length of 1 inch for the same value of x. This
variation is probably due to two effects:

1. Decreasing liquid velocity results in a larger value of the

relative vapor velocity (VV - Vﬂo) which increases vapor-

o
liquid shear and heat transfer area.

2. Decreasing liquid velocity increases the Ltime a given particle
of liquid spends in the vicinity of the vapor. Thus, it is
able to absorb a greater amount of heat and condense more vapor
in traversing a given distance.

Pressure Rise in Constant Area Condenser

The measured pressure rise appears to be closest to the calculated
pressure rise for the test runs which had the highest ratio of liquid
mass flow to vapor. This trend is shown in Fig. 16 which contains a
plof ofy 27 the ratio of actual to theoretical pressure rise,vs. the jet
utilization factor,y . Lines of constant mass flow ratio, 8R’ are
shown. The curve for %R,: 69 exhibits peak values of ¢ a which are
greater than 90 percent. However, the curve for the lowest mass flow
ratios (13.5 - 16.0) has a maximum value of uN of only about 75 percent,
The increase in losses resulting from operation of this geometry at
lower mass flow tatios may be due to increased frictional and mixing
losses. For the constant area geometry, the main source of pressure
rise appears to be the kinetic energy of the injected liquid, Operation
at a lower mass flow ratio means the vapor flow is greater relative to
a fixed injected liquid kinetic energy. Thus, frictional losses due to
the vapor flow will be greater relative to the pressure rise resulting
from the liquid, and n, will be less than for a higher mass flow ratio.

This figure also illustrates the narrow range of operation for lower
mass flow ratios. For example changing ¥ from 0,75 to 0.89 results in
an increase in na from about 0.5 to 0.75. Further increases in ¥ from
0.89 to 0.90 result in a very steep drop in na from 0.75 to about 0.40.
Comparison of this curve with the corresponding curve (No, 6) of Fig. 15
provides the possible explanation for this behavior. The region of

% for peak pressure rise appears to be the same region of X in which
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condensation distance is very sensitive to small changes in x. Very
small changes (e.g., from 0.89 to 0.90) result in very large changes

in condensation distance (from about 1.0 to 4.5 inches) with corres-
ponding greater increases in frictional losses. As indicated previously,
operation of a jet condenser system at higher values of x is desirable

in order to achieve a higher average liquid radiator temperature.
However, considerations of stability, range of operation, and pressure
rise must also be weighed in the selection of operating conditions.

Heat Transfer in Variable Area Condensers

Results of testing variable area jet condensers are shown in Fig.
17, In this curve, the value of a correlating factor, ¥ = ¥ VLO/VR
is plotted versus density ratio for all test runs where the interface
was in the throat. The factor XVLO/VR was determined by trial and
error to provide the best correlation of test data. Increasing this
factor resulted in moving the interface downstream of the throat while
decreasing ¥ had the opposite effect.

The value of ¥ obtainable for a particular set of the other parame-
ters is provided by the curves, As noted above, x is the fraction of
the heat absorbing capabilities of the jet which can be utilized for a
given condensation distance. A value of ¥ equal to unity would result
in the liquid radiator inlet temperature being equal to the vapor
temperature, Thus, the radiator would operate at the highest possible
temperature and would requite the smallest size.

The effects of V and VR on ¥ are as follows: Higher values of

Lo

liquid velocity, Vﬁo , result in a shorter residence time of liquid in
vapor. The fraction of the heat absorbing capacity of the liquid which
is utilized (x ) is therefore reduced, On the other hand, high values

of vapor velocity relative to the liquid (VR = VVo - Vzo )} produce higher
shear forces and tend to promote physical mixing, increasing the heat
absorbed by the jet in a given distance. The vapor density has an
important effect upon the jet. 1Increasing values of vapor density,
(decreasing values of 8 ) produce a higher flux of vapor molecules upon
the jet., Thus, for constant values of V Oand VR’ decreasing 8 results

2

in increases in ¥ .
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The figure shown illustrates these trends. For example, from Fig.
17 the value of ¥ Vlo/VR which produces an interface at one inch (large
diameter test unit) decreases from about 0.10 at 8 = 2000 to about
0.045 at 8 = 6000. Further increases in 8 above about 10,000 appear to
effect a very rapid decrease in the value of ¥ which can be achieved
with the interface at the throat location. The reason for the strong
change in trend around 8 = 10,000 is probably that as the vapor becomes
more rarified the limiting resistance in the heat transfer process
becomes the vapor flux attainable at the jet surface rather thanm the
internal liquid heat transfer.

Information on the importance of conduction relative to turbulant
heat exchange within the liquid jet can be obtained for this larger
geometry., Calculation of the ratio W/ri for mercury atn;lKKPF and a
jet radius of 0.103" gives a value of approximately 1 ft /sec. How-
ever if the experimental values of x. Lc and Vz are plotted on Fig. 5
g~j;g£-2d 100 ~ 300. Therefore

re

the test points fall on values of
the turbulant mode is dominant and conduction accounts for less than
1 % of the total heat transfer.
Pressure Rise in Variable Area Jet Condensers

The pressure rise divided by liquid dynamic pressure is plotted versus
mass flow ratio for the two larger diameter jet condensers in Figs. 18
and 19, Values of A%L were obtained which are as much as eight times the
values which could be achieved if the vapor and liquid dynamic pressure
were the only sources of pressure rise, For example, in Fig. 18,
the maximum value of A%L obtained is about 12, That is, the measured
pressure rise through the jet condenser (APa) is 12 times the dynamic
pressure of the injected liquid (pEVzOZ/Zg). For this particular test
run the dynamic pressure of the inlet vapor (vaVOZ/Zg ) was ounly about
0.4 times the liquid dynamic pressure, Thus, the ratio of measured
pressure rise to the sum of the dynamic pressure terms is 8,7. In order
for this result to occur, conversion of vapor thermal emergy to liquid
mechanical energy must occur in the jet condenser. This experimental

result supports the analytical conclusions reached previously. As a
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consequence a very large source of energy is made available for liquid
circulation in a Rankine cycle system.
The curves of Agl versus %R show the trends predicted by analysis;
i.e.,
1. Decreasing mass flow ratio produces an increase in the ratio
of pressure rise to injected liquid dynamic pressure.
2. Increasing density ratio (decreasing vapor density) usually

o
effects an increase in AP

Figures 18 and 19 include calculated curves for the maximum density
ratio of the test runs for reference. As can be seen, the trend of the -
analysis is followed relatively closely over the range of Agz (1.7-12.0)
and mass flow ratio (13-66) for these curves.

The lowest value of Agz obtained for steady-state operation with the
interface in the throat locatiom was 1.25 with the majority of the
test data falling above 1.5. Thus, for these operating variables and
for a perfect injector (discharge coefficient of unity), the pressure
increment added to the vapor would always be greater thaun that required
to inject the liquid. For a mercury Rankine cycle system the operating
parameters for a jet condenser would probably include a vapor temperature -
of 600-700° F and a mass flow ratio of 20-40, For these conditions, the
large diameter jet condensers tested had a range ofA%i of about 1.25
to 2.0. However, if the geometric trends of Lthe analysis are followed -
(as were those for flow variables) higher values of Agt should be
obtainable for these conditions by use of a larger area ratio of the -
injector to tube inlet.

In order to enable more general use of the test results, experimental
performance can be compared to that predicted by analysis by using the
model which incorporated the assumption that the mixing chamber wall
pressure was equal to the inlet vapor pressure. The results are showm
in Fig. 20 which plots measured pressure rise versus calculated rise.

The average deviation appears to be about + 30 percent and - 25 percent

of measured from calculated., Considering the simplifying assumptions
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of the analysis, possible uncertainties in the values of density ratio
used in the analysis, and the possibility of off-design operation, the
agreement shown is considered to be reasonably good. Thus, the calcu-
lation method used for prediction of pressure rise appears to be useful
for preliminary design purposes. The results suggest that the calculated
values would probably provide a low estimate of the pressure rise in

jet condensers, especially if vapor friction and diffuser losses were

included in the calculated values.
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CONCLUDING REMARKS

The present investigation has provided performance characteristics
of jet condensers using a liquid metal working fluid (mercury). Design
relations have been prepared for a specific geometry for preliminary
design of jet condensers for space power systems operating on the Rankine
cycle with mercury as the working fluid (17).

The most significant result of this program was demonstration of the
high values of pressure rise possible in convergent-divergent jet
condensers. Absolute values of pressure rise as high as 62 psid were
obtained. Values of the ratio of pressure rise to the dynamic pressure
of injected liquid ranged up to 12.2. The latter result was obtained
through the conversion of vapor thermal energy to mechanical energy in
the outlet liquid, Thus, the jet condensers tested performed both as
condensers and as vapor driven circulation pumps. The experimental
values of pressure rise for larger geometries agree to within about
+ 30 percent and - 25 percent with values predicted by the analysis.

The recommended equation for predicted pressure rise is:

S . p \\ Xz 02 o2 | L :
AP, = 28 |1+ |5 ) 3 - | A A, 1+ o
R 2 R

Scaling relations were applied to test results obtained for small
diameter units (0.19 inches i.d.) to design larger (0.75 inches i.d.)
jet condenser geometries. These larger units performed with all-liquid
flow at the outlet and fluctuations of pressures, flows and temperatures
which were less than 1-2 percent of the average values. Simple
startup techniques were possible and no gravity effects on the final
interface were observed.

Performance of jet condensers with other geometric variables and
other liquid metals can be estimated using the results of the pressure

rise and heat transfer analyses reported. However, experimental
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verification should be obtained before these estimates are used as the
basis for preliminary design.

Surface tension forces in jet condensers are very small (<1 percent)
compared with the large liquid and vapor inertial forces occurring.
Therefore, whether the fluid is nonwetting or wetting should not have
an important influence upon stability and/or pressure rise. Some
results from investigations using mercury as a working fluid may
therefore be applicable to other liquid metals such as potassium or
rubidium. However, experimental investigations with these fluids
should be initiated if preliminary design data is to be available

for second-generation space power systems.
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FIG., 10
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FOR VARTIABLE AREA JET CONDENSER, EFFECT OF
LIQUID~VAPOR DENSITY RATIO

FIG. 11

CALCULATED PRESSURE RISE (REFERRED TG LIQUID)
FOR VARTABLE AREA JET CONDENSER, EFFECT OF
THE RATIO OF THE INJECTOR AREA TO TOTAL INLET
AREA
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DISCUSSION

MR. DWYER: Did you notice, in the throat of your condenser, whether
you had a liquid phase that was a continuous phase? Is there a tendency

for cavitation?

MR. HAYS: No. 7The entire test section was transparent. We would
observe, at higher liquid injection rates, when the heat balance was upset
the interface would start to move downstream, and under these conditions,
the first indication of movement would be the appearance of small vapor
bubbles on the inside surface of the test section. These are the only
bubbles which could be seen, since the fluld was opaque. With further

deviation from the heat bhalance the entire interface would move downstream,

MR. DWYER: They would collapse, wouldn't they, at some point; which

would tend to form cavitation?

MR. HAYS: That is correct. However, under conditions where the
interface was right at the throat, this occurrence was not noticeable.
Incidentally, when the interface moved downstream the pressure rise would

drop off very sharply.

MR. BONILLA: T still don't understand exactly the mechanism whereby

you figure that the enthalpy of the vapor accelerated the liquid jet.

MR. HAYS: Well, the jeb receives a very high condensation flux since
the liquid i1s sub-cooled. The pressure in the vapor has to be egual fo
the saturation pressure of the liquid phases at the surface. However,

this is very much below the saturation pressure of the vapor as it enters.
MR. KRAKOVIAK: How did you find your neat flux area?

MR. HAYS: 'The heat flux area was based on the average Jet area. As
you saw, surface waves were present vhich increased the area. The condi-
tions choszen for the area calculations were mazs flow ratios on the order

of %0 to 40. At these points the jet had a nearly constant diameter.

MR. GOLDMAN: How much sub-cooling did you have in your jef as it

entered, and what was the sub-cooling ab the throat?
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MR. HAYS: The sub-cooling ranged from as much as 500°F (for vapor
temperatures of 600-700°F) to around 100° at the inlet.

The outlet temperature of the liquid ranged from about 100° below the

vapor temperature, to within about T to g8°p.

MR. DWYER: I have another question. Did I understand you to say that
when you used mercury as the working fluid here you broke even on your

welght, on your specific welghts?
MR. HAYS: TFor SNAP-8 system parameters.

MR. DWYER: I assume you suffered there, because you had to have the
high liguid flow rate, didn't you? 7You get a lot of Lliquid mercury here

sending your weight up.
MR. HAYS: Yes. The inventory with the mercury is a major problem.

MR. DWYER: When you switch over to alkali metal you don't have this

penalty, so it would show to a much greater value.

MR. TAYS: That is correct. This result is consistent with an analy-
sis we did earlier for alkali metals. A particular analysis we did re-
sulted in a plot of specific weight (pounds per kilowatt versus kilowatt)
for sodium. For a direct condenser versus power level, we would get a
curve like this., The jet condenser starts out higher, at lower power

levels butl soon crosses cver to show a lower specific weight.

MR. SILL: This break-even weight, was that with the direct condenser,

or indirect?

MR, HAYS: Three cases were considered in this study: direct, a heat
exchanger condenser, and a Jjet condenser. e break-even point for the
heat exchanger condenser was always at a somewhat higher power level than
the jet condenser. For this curve the point arcund a thousand kilowatt
thermal, for the heat exchanger condenser while it was 300 kilowatt thermal
for the jet condenser. he jet condenser always has the advantage over
the heat exchanger condenser if redundant sections in the radiator aren't
considered, being a much more compact device, and also providing its own

punping power for the recirculation flow.



197

MR. LEIGHTON: When you talk about a break-even point, are you talk-

ing about a component bresk-even or syslem break-even?
MR. HAYS: A component break-even point.
MR. LEIGHTON: Isn't this a little bit meaningless?

MR. HAYS: I don't think so; 1f the identical inlet conditions and

input parameters are used for system operation.

MR. LEIGHTON: The jet pump 1s going to reguire a heck of a lot more

pumping power.

MR. HAYS: It provides ifts own pumping power. 'This is demonstrated
experimentally, The main problem that might be present in actual system
is one of stability. However, this probably is not & problem. You can

always provide a fix on the system.
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Fog-Flow Mercury Condensing Pressure Drop Correlation
By A. Koestel, Thompson Ramo Wocldridge Inc.

M. Gutstein ~ NASA-Lewis Research Center
R, T. Walnwright - NASA-Lewis Research Center

ABSTRACT

A theory is presented to predict the local pressure drops of mercury vapor
flowing and condensing inside tubes, The theory is based on the assumption
that condensation takes place at the tube wall and, subsequently, drops are
entrained into the vapor as a fine dispersion or fog. A relationship between
#2 X 3/b and the Weber number is derived from the analysis, where ¢2 is the
two~phase frictional pressure gradient ratio and X is the quality. ZExperi-
mental data from several sources were examined and are shown to correlate

well with the thecry.
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Fog-Flow Mercury Condensing Pressure Drop Correlation

By A. Koestel, Thompson Ramoc Wooldridge
M. Gutstein, NASA-Lewis Research Center
Ro Wailnwright, NASA-Lewls Research Center

INTRODUCTION

Rankine Cycle powerplants utilizing mercury as a working fluid have been
considered for space applications, Inherent in the performance of such
plants is the need to condense the effluent of the turbine, that is, the
mercury vapor, In a powerplant for space, this process might occur inside
tubes and the heat of condensation would be dissipated by radiation., To
specify the dimensions of the tubes, their diameter; length, taper, etc.,
requires an accurate prediction of the pressure drops associated with
mercury condensing at low heat fluxes., Recognizing that such was not
available, the Lewls Research Center of N.A,5.A, sponsored a program at
Thompson Ramo Wooldridge Inc. to measure the local static pressures along
tubes of constant and varying diameter in both the wetting and non-
wetting regimes, A parallel effort of analyszing the fluid mechanics of
condensing mercury was included to develop a means to predict the pressure
drops. A portion of the results of this program is presented below,.

The static pressure difference which might be measured between two hori-
zontal points of a tube in which condensation occurs is given by the
expressions

dap

measured = dp

. dp
two phase friectional M momentum Eguation (1)

where dtho phase frictional is the pressure difference required to
overcome the frictional resistance to flow, and
Pmomentum is the pressure difference due to net momentum
changes in the fluid,

The above expression may be expanded to the form shown in Reference 1:

] 2 | 4[(a-0)2 x2
measured dPTPF * EEM il [eiiglly A R Equation (2)
g ,f?ﬁf Jzﬂv 4

where Gp is the total mass velocity and Rg, Ry are the liquid and
vapor volume fractions

Eguation 2 indicates that the frictional component of the measured static

pressure difference can be obtained only when the volume fractions (or local
slip ratio, Uf/Uv*)are known. For mercury condensing, this information is

#The slip ratio 1s related to the volume fraction by
Rv: l.RL ™ 1
SIORE
) IE Up
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presently unavailable and must be assumed, Thus, Reference 3 reports
frietional pressure gradients for mercury condensing for two limiting
cases, those of a slip ratio of zero and one, Reference 3 further
recommnends a slip of zerc based on photographic observation and the
general agreement of their data with the Martinelli correlation., How-
ever, deviations from the correlation were noted, particularly at low
heat fluxes, which were attributed to the presence of fog flow (i.e.,
slip ratios of approximately one).

Baroczy, Reference L, presents a correlation of mercury liquid volume
fractions based on adiabatic measurements with nitrogen-mercury. This
correlation is believed to be inapplicable to the case of mercury con-
densing for reasons which are discussed in the Appendix.

The authors have employed a slip ratio of one to reduce measured

pressure differences to frictional pressure drops since they observed
that fine drops dispersed in the vapor was the predominant flow pattern
for low heat flux mercury condensation.The fact that these frictional
pressure gradients tended to correlate with a fog-flow analysis Justified
this assumption. A derivation of the liguid volume fraction for fog-flow
mercury condensing is described in the Appendix.

A veritable literature exists today which describes, predicts and correlates
two-phase frictional pressure gradients., For condensation, however, and
for mercury condensation in particular, the correlation of Lockhart-
Martinelli, Reference 2, and its refinement, the correlation of Baroczy

and Sanders, Reference 5, are of most significance. The Lockharte
Martinelli approach consists of equating the pressure gradients obtained
from isothermal, two component flows to the case of condensation at the
equivalent superficial liquid to vapor pressure gradient ratios. The

total frictional pressure difference across the tube is then obtained

by integration of the local gradients. The work of Baroczy and Sanders
constitutes an improvement to the basic isothermal correlation by accounting
for a vapor Reynolds Number effect.

Reference 3 applied these correlations to mercury condensation data and

found general agreement to within about 125 percent. As previously noted,

however, at low heat rejection rates or low qualities {low vapor Reynolds

Numbers), no agreement of the test results with these correlations was

apparent, This was attributed to fog flow, a flow pattern to which, the authors of
this Reference believed, the Martinelli Correlation did not apply.

Reference 6 presents a comparison of two-phase, mercury-nitrogen pressure
differences with the Martinelli curve, It likewise compares over-all
pressure differences of mercury condensation in horizontal tubes with the
same correlation. In both cases, agreement is good. However, condensation
inside horizontal tapered tubes and inside inclined tubes of constant
diameter showed considerable deviation, Thus, it appears that the Lockhart-
Martinelll correlation deoes not satisfactorily predict the pressure
gradients of mercury condensation at low vapor velocities and low heat
fluxes, or those for unusual geometries and orientations.

The analysis of two-phase pressure losses for condensing mercury, performed
under the Thompson Ramo Wooldridge program previously mentioned, assumed
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the fog f{low regime based on the following observation. During all the
experiments which were conducted, including the wetting runs, tiny drops

were seen dispersed in the flowing vapor. The analysis and its corroboration
are presented below along with a comparison of its ability to predict
pressure gradients with that of the Lockhart-Martinelli correlation. A

more complete discussion of the fog-flow model is presented in Reference 1.

DESCRIPTION OF THE FLOW REGIME

Fundamental to the prediction of two-~phase pressure drop or heat transfer
is a knowledge of the existing flow regime. For the case of condensation
occurring inside tubes, wetting fluids generally form a thin, anmlar
layer at the heat transfer surface. In all likelihood, drops are sometimes
broken from this film and are entrained in the vapor core. For mercury
condensation, however, a continuous liquid film is difficult to obtain
even when the mercury wets its container, More typically, a layer of drops
is formed at the tube wall., The greater portion of the condensate is then
transported to the tube exit by the entraimment of these drops into the
vapor stream, At relatively high vapor wvelocities, this two-phase flow
has been described as a "fog" flow (Reference 7). Even at lower vapor

flow rates, the "fog" regime is present although gravity effects, such as
large agglomerated drops, do appear. A more detalled picture of the fog
flow regime of mercury condensation is offered below for the purpose of
deriving a two-phase frictional pressure drop prediction. Figure 2a is

a sketeh of the configuration of the flow which is envisioned to exist.

The anthors postulate that the drops which are entrained into the wvapor
stream are extremely small (of the order of 0.001 to 0,010 inches diameher)
and are rapidly accelerated to very nearly the local vapor velocity. The
drops are further conceived to respond to the turbulent fiuctuations of the
vapor phase and are dispersed so that the effects of concentration gradients
are negligible. 1In effect, the drops travel with and become a part of the
vapor stream: the two phase mixture is thus assumed to behave as a single
phase fluid.

This liquid-vapor fog flows through the duct formed by the drops which are
attached to the tube wall. The duct, however, is essentially hydraulically
smooth due to the close packing of the drops on the wall. (Experimental
confirmation of the existence of such a characteristic is presented in
Figure 1 which was obtalned from Reference 10. This Figure is a plot of
the friction factor as a function of roughness density of spheres glued to
a tube wall.) It is further assumed that increasing the packing of the
drops at the wall by raising the heat flux would have 1ittle or no effect
on the friction factor. The diameter of the duct through which the foge
like mixture flows is Dy - 26, where &_ is the effective thickness of

the drop layer al a particulay Tocations

In a previous study performed by the senior author, Referesnce 8, it was
shown that the diameter of mercury drops which were entrained into a flow-
ing nitrogen stream was related to the velocity of the gas. It is suggested
that such a relationship also exists for mercury condensing: a drop grows
to a particular size, called the critical drop diameter (defined by the
velocity of the vapor), and is then entrained into the vapor core, The
effective thickness of the drop layer on the wall at a particular position,
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CJE) s was therefore taken as equal to the critical drop diameter at that
position. Thus, the vapor velocity (here, the velocity of the fog)
determines the thickness of the condensate layer at the wall and is, in
turn, depemdent on this thickness by continuity. The prediction of the
frictional pressure gradients for condensing mercury basea on the above
considerations is derived below,

DERIVATION OF THE FOG MODEL

A. Critical Drop Size

Reference 8 presents a detailed experimental and theoretical analysis of

the entrainment of mercury drops., A brief review of this work as it applies
to mercury condensation is presented below, since the mechanics of this
process forms an important part of the fog-flow model.

As & drop forms and grows on a tube surface, forces are produced which tend
either to make the drop move or to oppose its movement. These forces con-
sist of the drag caused by the flowing vapor, the gravity force and the
interfacial force between the drop and the wall arising from the defermation
of the drop by either of the two previous forces. At a particnlar drop size,
the critical drop diameter ( (. ), these forces are no longer balanced and
the drop is displaced, Thus, at incipient movement, the following force
balance must be applicable: (Drag Force) * (Gravity Force) - (Interfacial
Force) = O

2 2
or e E‘i{,-}jfmlil!._th&ky\,,éj? "IQ.E~“TT<£0“EJ~-‘—D
4 23 ) Eauats
c lquation (3)

where CdJ is the drag coefficient for the drop
n is the ratio g /g,
§ is the surface tension

and E.- is a constant which accounts for the effects of drop deformation,
contact angle and surface condition. Edm has a value less than one.

The coefficient of drag for drops, C » 1s also dependent on the deformation.
In general, the coefficients for defg¥%able bodies (bubbles, drops, etc.)

are greater than for solid spheres and have values very nearly one (see
Figure 3). For simplicity, the coefficients may be assumed equal to one

and the value of Eg4- can be made to accommodate the deformation effect.

Thus, in horizontal tubes or in the absence of a gravitational field, the
critical drop size is reiated to the vapor velocity as follows:

?{; ﬁ L(VZ - E(r Equation (L)
2(?,06"
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The term on the left side of equation L is the Weber Number for the drop.

Experiments were conducted, both in tubes and with inclined flat plates,

which permitted the evaluation of E « E - was found to have the vaiue

of 0.0L46L. For a more detailed discussion of these experiments and their
anaiysis Reference B8 should be consulted.

B. Derivation of the Fog-Flow Model

If the discussion of the previous sections truly describes the flow regime
for mercury condensing insiue tubes, then the frictional component of the
static pressure drop of Equation 1 may be written as a single equation for
both phases as foilows:

(_céf  fn W ) o
dA Jree 2, Dm/?m(gr._rpmf) quation

where fm is the friction facter for the fog mixture

and Dm is the diameter of the flow passage formed by the drops
on the wall through which the fog flows.

The frictional pressure drop which would result if the vapor portion of the
fog were to flow through the bare pipe is:

a//o)__ f (Xa//m)z

PUSRUREES

Al /I/““ Z?C DTJf (271- L)T}jz Equation (6)

The Lockhart-Martinelli modulusgé-z, defined as the ratioc of the two gradients,
is therefore: v

8- Wtflhee . Lo 1 B (o-Y"
d (0”74[)/1/' ;f—: ?/an D.om

The friction factor for turbulent flow in smooth passages is given by:

Eguation (7)

£ - 9316 _ _0.316C
= v, = ] Equation (8)
i (A/:?e M)A ( = 6M>/4
/ A
and
0.316 0.3/6
]{, - m'/4 = (MD-;“G,M X )1/4_ Equation (9)
Qeiv A

The viscosities, 4w and &~ , are transport properties and are more dependent
on the vclume fraction of the two phases than on the weight fraction. Since

the volume fraction of the flowing liquid is much less than one, it can be
assumed that
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,(,{,,,,7 = A Equation (10)
Therefore, (ﬁl:bmn X Equation (11)

The density ratio may be considered to be weight fraction dependent., Thus:

= X_ Equation (12)

s?’l\\

et

Combining equations 7, 1

ﬁ . D 415
= e T ’ Equation {13)
I’ 3 PR
X 74 ( DM>

A relationship between Or D,M and the Weber Number may be derived as follows.
From Bquatien L the Weber Number based on the tube diameter may be obtained:

O+ f> Um 4 E,Dr

= — Fquation (1)
pA fed” Jo

Note that the vapor density is employed rather than the mixture density since
only the vapor conditions infiuence the entrainment,

and 12 gives:

from continuity,

p— - "'""D z
A? ‘fV)é/V = 7 e /ﬁ (‘{791 Equation (15)

vhere Uy represents the velocity of the vapor in a bare tube with all the
liquid removed., Therefore,

_ 2
[ =
( _.DMT- ) L( v L( 7y Equation (16)

Substituting into equation 1h:
Dr \*y -

D*rf:, ( D/m) ur = %ME(T DT

Z 2e G o

Utilizing the assumption that, at a particular polnt in the tube, the critical
drop diameter corresponds to the effective thickness of the drop layer:

Equation (17)

D7— - 'ZJ;. = D/m Equation (18)
" Oy . _Z
. _ D Equati (19)
l R ) ) 1OT1
JE ( DO~

Substituting into Equation 17:
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DrUs  4e, 2
2267C Jg &/'[)7* )‘4 | - Dom

Equation (20)

s e s

or Do Dy
2
I?_I_.[E_..‘i(j: - i EG: = 3 Equation (21)
7 L
Zh?C3G" [774) - EDVW)

the Lockhart-Martinelli modulus, z; and the Weber Number such that:

éz x3/4 f( D’T'jo (»/V ) Equation (22)

ZL c U
By assuming values of the ratio, D é{ ms the relationship betwaen the Weber
Number and x:/4 may be obtaingd, This is shown as a line in Figures 5
through 11, 1In addition, experlmental values of ji' %%  and the Weber
Number are plotted for confirmation of the fog~flow theory. A discussion
of these figures is presented below.

Thus from eguations 13 and 21, a zglationship has been shown to exist between

CONFIRMATION OF THE FOG-FLOW MODEL

An experimental program to measure local pressure drops for mercury condensa~
tion was recently conducted at Thompson Ramo Wooldridge Inc. (herein designated
TRW), Reference 1, and the results were utilized to corroborate the fog-flow
model. Moreover, data reported in the literature cf local and over-all mercury
condensing pressure drops have been used as a further check of the theory.

Brief descriptions of these experiments and the comparisons of their results
with the fog model are presented below.

A. TRW Experiments

Local pressure drops were obtalned on a rig shown schematically in Figure k.
This rig consisted of a pot boller immersed in an electrically heated salt
bath, a pre~heat secticn for slightly superheating the mercury vaper, an air
cooled condensing test section, a flow meter and the return line to the
boiler. Pressures within the condenser tubes were measured using mercury
manometers at taps spaced every 1l or 18 inches. The features of the flow
regime were observable at any point in the condenser with a combination
X-ray and fluorcscoplc screen.

The condenser test sections consisted elther of constant diameter or tapered
tubes of about 8 feet in length. However, the point at which complete con-
densation occurred was varied from about 4 feet to the totsl tube length.
Table I lists the various tube sizes and the ranges of the varisbles which
were employed.

Figures 5, 6 and 7 present the comparison of the fog-flow theory with the
experimental data obtained from Series A, E and F respectively. From
cbservation of the interface, it was determined that the mercury was in the
nonwetting condition for these Series., These Figures show th%} at Wébﬁr
Mumbers greater than about 10, the experimental values of t@ seem
to be equal to the value of one and are independent of the Weber Number.

At lower Weber Numbers, @ w34 becomes greater than one and dependent
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on the Weber Number. Although considerable scatter is present, the fog-
flow theory predicted this trend of the data. The greater scatter of the
data for Series B is attributed to the larger tube diameler and the con-
sequent difficulty in measuring the smaller frictional pressure drops.

The results of Series W and G are shown in Figures 8 and 9. Series W

were experiments conducted with the stainless steel tube of Series A but
which the mercury eventually wetted, Series G were tests in which magnesium
and titanivm were added to the mercury for the express purpose of creating
wetting., The wetting condition of both these Series was characterized by a
greatly elongated interface whereas the nonweiting interface was more or
less vertical as shown in Figure 12. That the fog-flow model also predicts
the pressure drop trends for the wetting condensation is probably explained
by cne of the following two possibilities. The degree of wetting may have
been limited and the condensation may still have been essentially dropwise,
On the other hand, wetting may actually have been the mode of condensation.
If this were true, then the results of Figures 8 and 9 would indicate that
the fog regime was still present and that the film behaved very mich like
the drop layer (i.e., thickness, formation of drops, diameter of drops, etc.)
A sketch of the wetting flow pattern which might account for its similarity
to the nonwetting regime is presented in Figure 2b,

Preliminary results of the nonwetting tapered tube experiments are shown
in Figure 10, Additional experimental data are available but await reduction
to the parameters shown in this graph.

B. EOS Experiments

The frictional pressure drops associated with condensing mercury were obtained
in a series of experiments conducted by the Electro-Optical Systems, Inc.,
Reference 3, Briefly, these tests consisted of condensing inside air-cooled
glass and metal tubes of relatively small diameter and short length. Both
complete and partial condensation within these tubes were explored. A
comparison of the range of variables of the EOS experiments is shown in

Table IT.

Figure 11 presents the results plotted against the relationship predicted
for fog flow. Once again, corroboration of the predicted trends is afforded
by these data.

C. Previous THW Experiments

References 6 and 9 report the results of mercury condensing completely in
horizontal tubes, in tubes inclined upwards at 15 degrees, and in horizontal
tubes under approximately zero gravity conditions. Table IIT lists the range
of variables of these data. Only over-all rather than local pressure measure-
ments were obtained in these experiments., It was therefore necessary to
integrate the relationships of equations 5 and 6 over the total tube length

in order to compare the data with the fog-flow mcdel, The integration was
performed as follows:
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Since the heat fluxes for these experiments were essentially constant, the
quality may be written as:

Equation (2L)

XK = |- ’l:jr“ Equation (25)
and AX = - di: Equation (26)
T

Substituting into Fquation 2L gives:

/0 Fon d X
A PTPF - / D?ry‘f:'m —

Equation (27)

N © A Xidx
’ Dr* Sy
For fog flow with small liquid volume fraction, Equation 12 is employed, or:
f/ f*m XO(X
O £
_éfl"ffw = 0/ = Equation (28)
5
() Dy

Since the Weber Number will be evaluated at aversge conditions for the tube
(i.e., at a quality of 0.5) and the rationLy/DOuw is a function of this number
(Fquation 21), then Dy will be evaluated for average conditions. Therefore:

?
A Pree or ¥ [quO(X Bevation (29)
I y cquation
AR, L [){,XZJX

Substituting the turbulent friction factors of Equations 8 and 9 gives:

'
_é._PIf..'_:_ = _9}; 43 [ X O(X Equation (30)
AR D '
™ S xR dx
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_ /Dby \*T5
& ’[5-;,‘ Equation (31)
or
8 A Pre = . Dy 4.5
i\ apk Dom Equation (32)

For laminar flow, the following friction factors are employed

64
](-m = ( 4 oy > Equation (33)
T Don Ym

and

4_)( “'M—m Eouation (34)
TOr M,

which results in the relatlonshlp

A p\'PF _ DT 4 Equation (35)
AP, Dom

Figure 13 illustrates the relationships between the Weber Number and the ratio,

(—8«) AN pTPE_) , for turbulent and laminar fog flow. The
' NP

experimental data which were described above are likewise ploitted on this graph.
It is concluded that these data lend further support to the existence over a
wide range of conditions of a fog regime in mercury condensation.

COMPARTISON WITH THE LOCKHART-MARTINELLI CORRELATION

The frictional pressure drop data for a nonwetting and a wetting test series
are plotted in Figures 1L and 15 respectively. The correlation of Lockhart-
Martinelli is also plotted on these graphs. Different symbols have been used
to distinguish the three flow regimes suggested by the correlaticn which were
present in the experiments.

Examination of Figures 1l and 15 shows that the data exhibit no particular trend
with regard to flow regimes and that the Martinelli correlation generally pre-
dicts the condensing pressure gradients at the high quality, high vapor Reynolds
Number region (i.e., low values of the Martinelli parameter,j(). At low qualities
and low vapor Reynolds Numbers, however, a large deviation from the correlation

is present. Reference 3 reported a comparable deviation of their data from the
Martinelli correlation under similar conditioms (qualities less than 50 percent).
When themeasured pressure drops used in these graphs were converted to frictional
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pressure drops by a momentum correcticn based on a significant liquid holdup,
holdup, the deviations were even greater. Thus momentum effects did not
account for this discrepancy. Barcczy and Sanders, Reference 5, modified the
Martinelli correlation for the effect of a vapor Reynolds jumber. Plotting
the data of Figures 14 and 15 on this correlation produced an identical
divergence, Thus, the possibility that the vapor Reynolds Number explains
the difference between the data and the correlation was discounted.

Figures 1L and 15 again point up the similarity between the wetting and the
nonwetting mercury condensing pressure drops as obtained from the experiments
at TRW.

CONCLUSIONS AND RECOMMENDATIONS

A fog~flow theory has been presented to predict the frictional pressure
gradients of mercury condensing inside tubes at low heat fluxes, This theory
is based on the observation that condensation occurs at a tube surface and
drops are subsequently entrained into the flowing vapor stream., The theory
proposes that the critical drop Weber Number which correlates the entrainment
of mercury drops, equation L, may be coupled with the force balance used to
predict the frictional pressure gradients of a fog mixture, equation 5. A
comparison of condensing mercury data reported by several investigators with
the resultant fog-flow relationships shows that the theory satisfacterily
predicts the trends of this data over a wide range of variables, Figures §5
through 11, and Figure 13,

The authors recommend that future studies of mercury condensation determine
the limits of the fog~flow theory. The application of the theory to condens-
ing at higher heat fluxes, greater tube inclinations, etc., is as yet
uncertain., Finally, future investigations should include a study of the flow
regimes encountered and a careful determination of the liguid volume fractions,
both of which are essential to a complete understanding of the physics of
condensation.
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TABIE T

RANGE OF VARIABLES FOR MERCURY CONDENSING EXPERIMENTS PERFORMED AT TRW (REFERENCE 1)

Variable
Condensing Length {inches)
Tude Diameter {inches)
Tube Material

Vapor Inlet Pressure
(psia)

Vapor Inlet Quality

Vapor Inlet Velocity
(ft/sec)

Vapor Inlet Reynolds
Number

Mass Flow Rate
{1v/min)

Heat Rejection Rate Per
Unit Area x 107%
(3TU/hr £t2)

Qutlet Quality

Remarks

Series A
gl
00319

316 Ss

8.0-30.2

1.0

114-278

L;77-50,000

1.09-3 012

1.26-3.59

0.C

Nonwetting

Series F

53-94
0.319

Haymes 25

12,1-30.4

1.0

82-302

633-43,159

1.18-2.36

1036'30h?

2.0

Nonwetting

Series E
1,8-95
0.397

Haynes 25

110&‘300h

1.0

50,238

706-36,096

1.12-2.40

1.04-3.22

0.C

Nonwetting

Series W
9
Ol319

316 SS

19.6-20.2

1.0

152-200

700-36,000

1.64-2.1L

1.89-2,L6

0.C

Wetting

S

eries G

53-9L
0.319

Haymes 25

10.6-30.5

1.0

74291

808-40,000

1.05-2.36

1.21-2,.80

0.C

Wetting

Tapered Tube

L8-82
C.hx0.2

Haynes 25

1b09-3001

1.0

86-195

1670-39,200

1‘15,1—2.91

2000"1)00111»

0.0

Nonwetting

ore
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TABLE II

RANGE OF VARTABLES FOR MERCURY CONDENSING
EXPERIMENTS PERFORMED AT EOS (REFERENCE 3)

Variable Section 1 Section 2 Section 3
Tube Length

(inches) 20,0 20,0 16.25
Tube Diameter

(inches) 0.072 0.150 0.157
Tube Material Pyrex Pyrex 316 38
Vapor Inlet

Temp. (°F) 718-74L0 712-722 675-685
Vapor Inlet

Quality 0,11-0.51 0.18-0,55 0.57~1.0
Vapor Inlet

Velocity (ft/sec) 110-280 18-91 18-195%
Vapor Inlet

Reynolds Number 2300-16,200 2000-10,200 1700-18,4L00

Mass Flow
Rate (1b/min)

Heat Rejection Rate
Per Unit Area x 10~
(BTU/hr ft2)

Outlet CQuality

0.258-0.L50

7.L0-11.0

0.0

0.305-0,482

1.30-3.80

0.0

0.076~0.h72

0.17-2.80

0.05-1,0



TABLE III

212

RANGE COF VARIABLES FOR MERCURY CONDENSING

EXPERIMENTS PERFQRMED AT TRW (REFERENCES 6 AND 9)

Tube Length
{inches)

Tube Diameter
(inches)

Tube Material

Vapor Inlet
Pressure {PSIA)

Vapor Inlet
Quality

Vapor Inlet
Velocity (ft/sec)

Vapor Inlet
Reynolds Number

Mass Flow
Rate (1b/min)

Outlet Quality

Inclined 15°
7 05“"314

0.157

Glass

2.5-L.6

1.0
28.4~151
324-1600

.0135-,0648

0.0

Horizontal
2272

0,150,150

Glass
2 01'9;0

1.0

1230~6000

L.2x1074- 219

0.0

Zero Gravity

19.8

0.133~0,1385

Glass

2.0-11.0

1.0

60-230

1300-3000

.3-.55

0.0
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NOMENCLATURE

Drag coefficient for mercury drops, dimensioniess
Diameter, feet

Constant of eguation 3, dimensionless

Mass velocity, pounds per hour per square feet
Length, feet

Reynolds Number, dimensionless

Volume fraction, dimensionless

Average veloclity, feet per second

Mass flow rate, pounds per second

Increment of pressure

Friction factor, dimensionliess

Local gravitational acceleration

32,17h 0. m - £t conversion factor
1b. f. - sec

Mass flow rate, pounds per second (Figure 16)

Ratio, g/gc

Quality, dimensionless

Function of

Lockhart-Martinelli turbulent liquid-turbulent gas flow regime
As above for turbulent liquid-viscous gas flow regime
As above for viscous ligquid-turbulent gas flow regime
Finite difference

Lockhart-Martinelli parameter

Lockhart~Martinelli parameter

Drop diameter, feet

Angle of inclination

Viscosity

Density, lbs mass per cubic foot
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¢ ~ Surface tension
Subscripts
£ - Liguid
M~ TFog mixture
T ~ Potadl
TPF ~ Two phase frictional
v — Vapor
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APPENDIX

The correlation of liquid volume fraction presented by Baroczy is considered
not applicable to the case of condensing for the following rezsons, The
correlation is based on the adlabatic, two component data of Reference 8.
These liguid volume fractions wevye obtained by trapping and welghing the
mercury which was entrained in a flowing nitrogen streem. The mercury was
introduced into the nitrogen with a spray nozzle, a device whkich forms drops
considerably larger than those formed during condensation., loreover, in
condensation, it is believed that drops grow at sites which are distributed
more or less uniformly over the entire interilor surface of the tube., The
adiabatic tests captured only those drops at the tube wall which managed to
stick as a result of a collison, Gravity forces and perhaps turbulence
cause these drops to collide with the wall, mechanisms which are different
from those present in condensation, Finally, the adiabatic holdup data may
ve shown to be very sensitive to the design of the equipment used in their
measurement (i.e., the length of pipe between the spray nozzle and the test
section and even the test section length itself). A more detailed dis-
cussion of these points may be found in Reference l.

A comparison of the adisbatic holdup datas¥* enployed by Bacoczy with the
liquicd volume fractions predicted by the fog-flow and the homogeneous

models for the same diameter tube is presented in Figure 16. Both the experi-
mental data and the fog-flow predictions are shown for several constant mass
flow rates of vapor.##

The deviations between the data and the fog-flow theory are shown in Figure 16
to be considerable. The reliance to be placed on the liquid fractions pre-
dicted by the fog theory remains to be determined by experiment but the
significance of the graph lies in its word of caution to those who would
apply adiabatic, iwo component data to the case of condensation.

The lines of ligquid volume fraction, R, , shown in Figure 16 were obtained
from ithe fog-flow theory as follows. éﬁ the fog core, the volume fractions
predicted by the homogeneous model were assumec. At the wall, an annular

layer of liouid was assumed to exist and its thickmness was teken equal to the
local critical drop size,ﬁfﬁ « The crossectional areas occupled by the licuid
in the core and at the wall divided by the total crossectional area of the

tube thus determined the values of Rf’ for fog-flow.

* For ourposes of comparison, the pas flow rates of this data have been
increased to reflect the greater density of mercury vapor.

#% Note that for a condenser, the mass flow rate of vapor continuously changes.
Thus, the ligquid fractions would trace cut paths like the one shown by
the curve in the upper right hand corner of Fipure 16. This curve represents
the liguid fractions predicted by the fog model for an inlet saturated vapor
flow of 0,028 pounds per second to a condenser uniformly dissipating heat.
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Comparison of THd Non-Wetting Dats
With Lockhart-Martinelll Correlation
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Comparison of Tiéd Watting Datn
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DISCUSSION

MR. DAVIS: I don't guite understand the lack of inclusion of the

decelerating--
o

MR. GUTSTEIN: fThe momentum terms were taken out of the experimental
data by assuming the slip ratio was 1. I forgot to mention that. We cor-
rected, in essence, the measured static pressure drop with a momentum term
based on a slip ratio of 1. This 1s because we feel the drops travel at

the same speed as the vapor.

MR. DAVIS: Which slip ratio of 1, both the vapor and droplets are

accelerating as the vapor continually condenses?
MR. GUTSTEIN: Right. This was taken into account.

MR. HAYS: T notice on some of the figures ¢$ is the ratio of two-
phage to the single-phase pressure drop. I notice some of the points were

as low as 1/2. 1Is there a significance to this?

MR, GQUISTEIN: I don't know why there are thesc values that are that
low. This is one of those mysteries. There were some really far-out

points. T don't know why.

MR. STEIN: Perhaps we can answer why. He has to subtract the momen-
tum pressure drop, and, secondly, these are experimental measurements.
The theory certainly didn't go down below 1. So this is a kind of an in-

accuracy you might expect.

MR. GUISTEIN: Yes, but he is talking about the way out ones, where

there were really low values.

MR. STEIN: T don't know'if this is true in Marty's results, but in
certain regions the frictional pressure drop component is pretty small,
and when you subtract out the momentum you are left with a very inaccurate
result. I don't know if that is true in yours.

MR. GUTSTEIN: That is true in the low Weber number region. This is
where you get very low pressure drops, and you would expect to be very

inaccurate in that ares.

MR. STEIN: And your way-out points were in that low area.
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MR. GUTSTEIN: For the most part, yes. There were very low pressure

drops in that region.

MR. ROHSENOW: I missed the point. What is it you are measuring here?
This was not isothermal, was it?

MR. GUTSTEIN: No. The static pressure difference was measured every
foot in an eight-foot tube.

MR. ROHSENOW: And you assume no slip. You calculated the quality?

MR. GUTSTEIN: This was an air-cooled condenser, and the controlling
heat transfer is the air coefficient, and we assumed this was practically
constant over the whole tube, and therefore the % was practically constant.
So you know the quality as a functlon of distance.

MR. RCHSENOW: No slip in the qguality?

MR. GUTSTEIN: Right.

MR. STEIN: Just to clarify it in my mind: The empirical factors in
this analysis are the customary fricticn factor relationships. These are
the customary ones you used.

MR. GUTSTEIN: Right.

MR, STEIN: ©So that leaves your Eg.

MR. GUTSTETIN: EU_

MR. STEIN: How were the values of E(j obtalned?

MR. GUTSTEIN: From separate measurements.

MR. STEIN: They are from entirely different measurements.
MR. GUTSTEIN: Yes.

MR. STFIN: So your theory, then, is something which is not an empira-
cal relationship, really, for the pressure-drop measurenents themselves?
That ie, you didn't take constants that appear in the analysis and evaluate

these constants with the pressure-drop data?

MR. GUTSTEIN: WNo, we didn't;actually at Weber numbers above 10, the

constants become unimportant. But what you have sald is correct,
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MR. KEYHS: In your Eg. (4), which relates the Weber number to the
ratio of L times E_, you indicate measured values of E; of .Oh6L which
gives a critilcal Weber number of about .2. This scems unusually low. Is

there a difference between mercury and other fluids in that analysis?

MR. GUTSTEIN: There is an Bqg. (%) in the paper which gives the cri-
tical drop size times the velocity of the vapor squared over the surface
tension, in other words, the Weber number for the critical drop size,
equal Lo 4 times Egy, and the question is that if you plug in the value of
E;, you get a very low critical drop Weber aumber. Is this peculiar to
mercury? And I think the answer is yes. But here I-~I just know that, for
example, for spraying, forming drops by spraying, you gelt a higher value

of the Weber number.
I think for condensing, the Weber number is lower, characteristically.
I don't know if this helps you as an answver.

MR. STEIN: Are you saying that the Weber nuwber is low for mercury,
or do you really mean for this particular kind of a thing that's going
on? This drop-wise condensing? If it were some other liguid metal, would

you expect it to be the same?

MR. GUTSTEIN: It's a funection of the surface tension. It is one

over the surface tension.
MR. STEIN: That's in the Weber number.

ME. GUTSTEIN: I would rather say this is for mercury. I don't
really know, frankly.
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INTRODUCTION

In virtually all practical pyrotechnic ignition systems for
sclid propellant rocket engines, hot particles play a significant part
in the transmission of thermal energy to a solid propellant surface.
The objective of this program is to develop empirical correlations for
determining heat transfer by this mode. Some examples of hot particles
are aluminum and zirconium oxides and potassium chloride. While the
effects of the various parameters important to heat transfer must
ultimately be determined for these materimls, the initial experimental
studies reported here were conducted at lower temperatures where more
convenient measurement techniques could be used., Sodium was used be~
cause it is easily handled and exists in the liquid state over a wide
range of temperature. Once the correlation is established with sodium,
tests using other materials such as potassium chloride should be con-
ducted to ascertain any physical property effects.

The major variables are droplet size, angle of impingement,
physical properties, flowrate per unit area and impingement velocity.
An outline of the means of obtaining data for each variadble is discussed
below. Results from experiments with liquid sodium at temperatures of
approximately 1100°F indicate that the heat tranafer coefficient wvaried
from about 360 to 530 Btu/hrwftZ—F when the sodium driving pressure
wag varied from 300 to 900 psig. This corresponded to a variation in

flowrate per unit area of about 0.68 to 4.90 1b/sec~ft2.
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EXPERIMENTAL APPARATUS

A schematic flow diagram of the test apparatus is shown in
Figure 1, A photograph of the test chamber is shown in Figure 2. A

2-inch by O.5-inch wide molybdenum - 0,5% titanium plate was used as

the test strip. It was 0.010-inch thick to minimize conduction effects.

Provisions were made for electrically heating the strip to a temperature
above the freezing point of sodium, This was accomplished by silver
soldering the ends of the test strip to copper bus bars. A bank of

de¢ motor-generator sets provided the heating power, The test strip
was mounted vertically in the test chamber and was instrumented with
four thermocouples on the back gide as shown in Figure 3. The tweo
couples on either side of the center were Pt/Pt-10% Rh of 0.00l-inch
wire diameter, and the other two couples were Iron-constantan of 0.01-

inch wire diameter.

All recording of temperatures as a function of time was made
on a Consolidated Electrodynamics Company recording oscilleograph at a
film rate of 12.8 inches/second. Voltage and current measurements
for the electrical pre~heating of the strip were recorded on conventional
Brown Electronik recorders. Test chamber pressure was measured with a
Bordon type vacuum~pressure gage. All tank and valve pressures were
adjusted by standard hand loaders and various sodium feed line tempera-

tures were monitored by Sim-Pyl-Trol gages.
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Hot liquid sodium was sprayed onto the test strip by an
injector directed at and located about two~inches from the center of
the test strip. A study conducted by Burge (Ref. 1) indicated that
single~hole jets are not practical to adequately distribute alkali
metals. His study showed that the hole size would have to be about
0.001~-inch in dismeter, and two holes would be required to adequately
gspray a square inch of surface area. Further, the high surface tension
of the liquid metal would result in a requirement for high starting
pressure in order to force the liquid sodium through the small holes,
He solved the problem by utilizing impinging jets, in doublet fashion,
to form spray fans which covered large areas. This arrangement waa
utilized in this study. To date only a flat-face plate injector with
two 0.0135~inch holes impinging at an included angle of 30 degrees
was tested. Inserted in the manifold of the injector was a shielded

Chromel—-Alumel thermocouple to measure the sodium injection temperature.

EXPERIMENTAL PROCEDURE
Prior to the start of a series of tests, the sodium, sodium
tank, lead lines and manifold were pre~heated to a selected tempera-
ture (usually between 900 and 11000F). Because of the incompatibility
of sodium with air, the test chamber was evacuated by means of a vacuum
punp; then Argon was bled into the chamber and a desired pressure level
was established. Argon was also used to pressure~feed the liquid sodium

from the tank through the injector. Prior to sodium injection, the sodium
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tank pressure was pre~set and the test strip was pre-heated to a
temperature above the freezing point of sodium. The strip was heated
in order to insure that the sodium would not freeze and adhere to the
test strip during the run. The oscillograph was then turned on and
approximately two seconds later (this time varied) the power to the
atrip was turned off and simultaneously the sodium valve was opened,
which allowed sodium to be sprayed on the test strip. After about a
4 second run duration, the sodium flow was terminated. A typical
temperature~time plot for the two Pt/Pt—lO% Rh thermocouples is
shown in Figure 4. The slight temperature decrease seen initislly

is due to plate cooling after shutoff of the electrical heating power.
As seen, a reasonably steady-state condition was reached in less than
0.5 seconds.

The amount of sodium impinging on a selected area of the
plate was measured in separate tests by means of a pre-weighed catch
tank, The placement of the cateh tank in the chamber was such that
its center coincided with the center of the molybdenum strip. Two
thermocouples were placed at different locations on the catch tank,
and were connected to a recording oscillograph. The sodium at a
pre~-selected tank pressure, and heated to the desired temperature, was
then sprayed in the same manner as in previous runs. The catch tank
was then removed and reweighed. The change in weight divided by the
average time indicated by the thermocouples gave the average flow rate

impinging on the area of interest.
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METHOD OF ANALYSIS
A heat balance on the central portion of the test strip

during the transient period yields the following relationship:

mC (ar/ad = na (1 - 1) ~ .y (1)
where:

m = test strip mass corresponding to spray area,lbm
cp = test strip specific heat, Btu/lbm—F

T = +temperature, F

@ = time, bhr

h = heat transfer coefficient, Btu/hr-ft2—F

A = gpray area, ft2
TNa = godium injection temperature, F
Up = convection and radiation losses from back of

strip, Btu/hr

Equation (1) is valid only if the Biot number, (ht/k), is less
than about 0.01 and if conduction from the center outward towards the
bus bar connections is negligible, Based on the tests reported below,
Biot numbers were typically less than 0.0l. The determination of the
possible error introduced by neglecting conduction along the length of
the test strip was determined from the experiments. This was accomplished
by placing thermocouples at two other locations near one end of the length
of the strip as shown in Figure 3. In general, calculations based on the
measured temperature profiles indicated that the conduction loss was
probably no greater than 10 percent during the initial portion of the

transient period. The 0.0l inch thick molybdenum strip was, therefore,
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adequate for the approximation involved in applying Equation 1. A
calibration of the test strip under conditions of no sodium spray
indicated that oy was negligible, The solution for the heat transfer

coefficient then becomes simply:

=
il

Pe e &/ (ry,, - 1) (2)

wheret

]

test strip density, lb/ft3

P

t

]

test strip thickness, ft.

Values of dT/dQ are determined at different points on the temperasure-
time response curve. The sodium temperature, TNa' was assumed to be
that measured at the injector or in the sodium tank. These two tempera-

tures were maintained approximately equal by heating of the line from

the tank to the injector.

TEST RESULTS

Four tests were performed at the following conditions:

Sodium Tank Chamber Sodium
Pressure, Temperature,
Run Pressure, psig R o
in Hg F
1 500 15 1130
2 900 15 1030
3 700 15 1030

4 300 15 930
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For each run, heat transfer coefficients were calculated as a function
of time for the initial portion of the transient periocd from Equation
(2) using the respective transient temperature response curvea., As
noted above, & typical response curve for Run 3 is shown in Figure 4.
As seen, the centrally located thermocouples 3 and 4 measured approxi-
mately the same values. Typical calculated heat transfer coefficients
are plotted in Figure 5.

As seen in Figure 5, heat transfer coefficients on the order
of 400 to 500 Btu/hr~ft2~°F were measured. These coefficients appeared
to decrease with increasing time. More refined weasurements will be re-
quired to ascertain this.

Measurements of the sodium flow rate were not entirely satis-
factory due to some lack of reproducibility of the spray characteristics
with sodium, TFrom the data obtained, sodium flow rates of about 0.68
to 4.90 1b/sec~ft2 corresponded to the driving pressure range of
300 to 900 psig. Check flow rate measurements with water, however,
gave consistent values and indicated that about one-half of the total
injector flow rate impinged on the 0.25 square inch central section

of the test strip.

CONCLUSTIONS
The results reported here are only preliminary and de not
begin to adequately describe the effects of all the variables. More

data must be obtained even for the parameters already tested. The
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other parameters such as droplet diameter and impinging angle must then
be tested. Once these variables are studied an explicit expression
must then be determined which describes the effects. When this is
accomplished the phase of the program using sodium will be terminated.
The correlation should then be tested with higher temperature materials
to check its validity.

The data reported above also indicate that a more refined
measurement technique is desirable to obtain a more detailed tempera-
ture profile. In addition, an improved test strip geometry appears to
be necessary.

In order to determine the variables such as impact velocity,
droplet diameter, and droplet breakup characteristics, various high-

speed photographic methods should be employed.

REFERENCE
1. Burge, H. L., "A Pundamental Study of Spray Cooling Processes,"

Rocketdyne Report R-3746.
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DISCUSSION

MR. LYON: As I understand it, you measured the flow rate per unit
ares by catching the flow in a bucket, and you vere attempting to measure

the velocity of the particals by--
MR. NURICK: ©WNo, we haven't measured the velocity yet.
MR. LYON: I see. But you intend to.
MR. NURICK: Yes.

MR. LYON: It occurs to me this would have a very pronounced effect

on heat transfer, wouldn't it?
MR. NURICK: I would say it has a very great effect.

MR. LYON: I was wondering whether you could do this by either im-
pulse--perhaps by an impulse impinging on a small section.

MR. NURICK: Our flow rates are so low that T think the accuracy that

is involved here would be deleterious to us.
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MEASUREMENT OF THE PRESSURE DROP OF SUPERHEATED
CESIUM VAPOR ACROSS A LAMINAR FLOW DEVICE

By

William A. Samuel
MSA Research Corporation
Callery, Pennsylvania

INTRODUCTION

The work described herein was included in a study sponsored
by the National Aevronautics and Space Administration, the objective
of which was to obtain design information for a zero-gravity mass
flowmeter for cesium in the milligram per second range. In this paper,
only those facets of the study which are pertinent to liquid metals per
se will be discussed,

The problem of how to demonstrate feasibility of an approach
seemed to have one best answer: build and operate a prototype system.
Although the zero-gravity effects could not be duplicated, the questions
of corrosion, mass transfer, and general soundness of principle could at
least be partly resolved by such a demonstration. The program was
directed toward the assembly of a system in which the flow rate of super-
heated cesium vapor would be metered by measuring the pressure drop
across a laminar flow device., An apparatus was built in which cesium
was boiled and the vapor subsequently superheated. The pressure drop
created by the passage of this vapor through a capillary was measured
at various flow rates by means of an attitude insensitive device de-
signed and built at MSAR. The problem of determining the vapor through-
put was resolved by actually condensing the cesium and measuring its
volume.

Throughout this study the emphasis was placed on establish-
ing the feasibility of this approach. Great pains to refine measurements
therefore were not warranted; the main effort was expended rather to
obtain a workable integrated system. The experimental equipment included
the boiler, superheater, control panel, collection apparatus, capillary,
differential pressure device and electronic components to read out the
position of the differential pressure device., A plot was made of flow
rate vs., differential pressure, and this was compared with the theoreti-
cal value, The agreement was quite good and indicated how this principle
might be used as a means of measuring the viscosity of superheated vapors.

APPARATUS

Boiler and Superheater

The dimensions and details of the boilcy are shown in Fig. 1.
Based upon MSAR's past experience, Type 316 stainless steel was chosen
for the principal material of construction. The maximum level of cesium
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was limited to two inches below the demister, which was added as a
precaution against liquid droplets being entrained to the superheater,
The full length of the boiler was heated by a 1600 watt electric
furnace.

During the design stage it was arbitrarily assumed that the
boiler would produce vapor of approximately 90% quality at 1000 F,
The duty of the superheater would have been to heat this material to
1200 F, As it developed, however, during operation the upper portion
of the boiler reached temperatures of 1200 to 1400 F, thus obviating
the need for the superheater. The vapor was superheated by the
demister and the top of the boiler. Illeat losses from the cesium
stream were virtually eliminated through the use of trace heaters
all along the vapor lines,

Condensate Collector

For the measurement of the cesium flow rate, the most direct
approach was taken - that of collecting the material as condensate in
a calibrated glass receiver., Because the tendency for cesium to wet
glass would soon obscure the entry side of the tube, the collection
receiver was made with two legs, as shown in Fig. 2, Although this
resulted in some inaccuracy, it was negligible for the application in-
volved., A connection was provided leading to a trap, bubbler and
vacuum pump to maintain a collection pressure of essentially 40 mm.
For reasons of safety, the tube was placed inside a Pyrex cylinder,
and a blast shield was placed in front of the glassware assembly
when it was operated under vacuum. During operation with cesium,
the cylinder was heated with a nichrome trace heater to insure that the
cesium remain molten,

Capillary Sizing

From the Hagen-Poiseuille law for loss of head with laminar
flow, it was calculated that a six inch capillary one millimeter in
diameter would produce a pressure drop of ahbout 1 psi for the desired
flow rate of 25 cc/sec of cesium vapor at 1200 F and 3 psia. The
equation used was:

- 4
@ = %7%.1_, AP (1)

For a given capillary at constant temperature, this can be
reduced to:

q. = K AP (1a)

C

where K is a constant since viscosity does not vary with small changes
in pressure. (It can be seen here that if gq_. and AP are both
measured, the viscosity can be calculated if the dimensions of the
capillary are known.) Since q. is a volumetric quantity, to get a
mass flow it must be multiplie& by a density factor. Since density at



252

the midpoint of the capillary varies with changes in differential
pressure, 1t is more convenient to compute the mass rate at the
entrance. For this, the volumetric rate must be determined at the
device inlet, and the mass rate will be:

Moo=y 4y (2)

By assuming that the pressure drop from the boiler to the
capillary inlet 1s negligible and that Boyle's Law applies,

o 2
p
B - AP p (3
- P L 4% _ % P
9; = 4. ( )§>~ K AP - 2 "K(APn 5

For the stainless steel capillary used in this study, with the boiler at
1000 F and the superheater at 1200 F, the mass flow equation becomes:

Moo= 064(AP- AP> (2a)

where M is in mg/sec and AP is in inches of water. A plot of this
equation is shown as the theoretical curve of Fig. 10.

Differential Pressure Gage

The purpose of this transducer system was to demonstrate
feasibility of principle at minimum cost. No effort was expended,
therefore, to make the unit compact or light in weight. The device was
designed for operation at 1200 F over a differential range of 1 psi and
for an accuracy of 5%, using principles that would be suitahle for zero-
gravity opevation., Fig. 3 shows a schematic of the apparatus. For low
flow rates, as in this study, a single capillary tube would be used as
the pressure drop element, while for high rates a multi-channel laminar
flow element would be employed.

In operation, the large bellows tends to be displaced to the
right by an increase in differential pressure. The two smaller bellows
permit motion and allow access for the control and corrective forces,
When the large bellows is slightly displaced from the null position,
the differential transformer sends a proportionate signal to the
amplifier. The amplifier output operates the servo motor to displace
the Bellofram (a commercial item) in a corrective direction. For an
increase in differential pressure, the Bellofram rises and compresses
the inert gas to counteract the displacement, When the core of the
differential transformer returns to the null position, the system will
be in balance and motion will cease. The pressure on the indicating
gage is proportional to the pressure differential across the main
bellows. To insure that the differential transformer was at null during
the tests, an oscilloscope was connected in parallel with the amplifier
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output to verify null polarity. Although in this prototype a direct-
reading bourdon tube gage was used to measure the balancing pressure,
in a space application a transducer with electrical output would be
provided,

In constructing the apparatus, all parts which were to be
exposed to hot cesium were made of 300 series stainless steel, These
various components were then assembled into the system shown in Fig.
4, Prior to operation with cesium, calibration tests were made on
the differential pressure transducer using argon gas, Tests were run
both at room temperature and at 1200 F. The calibration of this gage
is shown as a plot relating the readout signal of balance pressure vs,
the differential pressure in inches of water as measured on a manometer
(Fig. S). It is seen that the room temperature points fall within a
fairly narrow band, approximately +5%. When the differential pressure
gage was heated to approximately 1200 F, however, a calibration check
produced the widely deviating points shown as squares in the figure.
It was determined that this was due to temperature transients and
gradients, and since the gage was merely a prototype for principle and
not a model, it was thought that rectifying these problems was not
justified in view of the program schedule. Althouth it was realized
that this calibration shift would tend to cause poor reproducibility,
it was expected that operation at a given setting could still give
good data for a particular run,

EXPERIMENTAL PROCEDURE

Operation

After outgassing the system at the maximum expected opera-
ting temperatures, the vacuum was broken with argon, and MSAR cesium
of 99.9% purity was charged to the boiler. Prior to operation, while
the system was still at room temperature, the apparatus was evacuated
to remove most of the argon. The equipment was then brought up to
operating temperature, the boiler being heated last to eliminate any
tendency to condense cesium in those parts of the system where only
vapor should be present. All parts of the system other than the boiler
were heated to 1200 F, and the boiler was then brought to a temperature
of 1000 F. The autotransformers which supplied power to the boiler
were so0 adjusted that heat losses were nearly equal to the heat input,
thus requiring minimum controller action. The early tests revealed
that the AP apparatus was sensitive to temperature fluctuations and
that the device responded slowly to control valve changes because of
its relatively large volume. The tip of the control valve, a standard
1/4 in. bellows sealed model, was not a true needle, but a parabolic
plug. This configuration, plus the possibility of traces of condensate
in the valve, caused poor control characteristics. At the higher flows
this posed little problem; at lower rates it was more pronounced.
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For the purpose of establishing the feasibility of the
differential pressure device, these limitations were acceptable.
They did, however, make it undesirable to alter the control valve
position unless a major deviation from the desired setting occurred.
In the runs, the valve was adjusted to give approximately the chosen
balancing pressure setting. During the operation the oscilloscope
was checked to insure that the AP gage was at null when readings
were taken. Measurements were recorded of the condensate volume,
boiler temperature, balance pressure and system pressure every two
to five minutes during most runs., Other readings were taken
approximately two or three times per hour.

Results and Discussion

The key data are summarized in Figs. 6, 7 and 8, which
are plots of the cumulative condensate volume vs. the elapsed time
for each of three runs. Although it was intended that each experi-
ment would be carried out at a constant flow rate, the poor
characteristics described earlier made it more feasible to permit
the balancing pressure to drift somewhat rather than to attempt to
adjust it by operating the control valve. In this manner, operation
at fairly constant differential pressures was maintained.

It developed, however, that there appeared to be a
definite point after which the average balancing pressure was some-
what lower than it had been previously. As would be cxpected, this
produced a lower average flow rate over that portion. These breaks
were the basis for the designations A and B of each run. This cannot
be interpreted as merely a calibration drift, because the flow rate
still corresponded to the differential pressure.

A plausible explanation would be that a slight heat leak per-
mitted a small amount of condensation upstream of the valve. When
this condensate coalesced and moved near the valve seat, it could
act as a restriction and a partial throttle on the flow, When the
flow rate was sufficiently high, a dynamic equilibrium would be
reached whereby the effluent vapors would evaporate condensate at
the same rate at which it was formed. If the flow was too low,
eventually a liquid slug would completely block the channel. This
latter case is believed to be the reason for the inability to
maintain very low flow rates.

In the tuns shown, the breaks in the condensate curves are
well marked, and the best straight lines were drawn by sight through
the two portions of each curve. For the purposes of this study, in
consideration of the relatively crude controls and measurement means,
statistical determination of the best lines was not justified. In
order to provide better visualization of the overall results, Run
Summary Charts were plotted. One of these is shown as Fig. 9. A
phantom line showing the average flow rate, as determined from the
condensate accumulation plots, is included so that the relationship
between the other variables and the throughput can be examined. This
rate was calculated using a value of 1.8 for the specific gravity of
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the liquid cesium. The representative summary chart shows that
temperature control was quite good, but that the total system pressure
tended to drop slightly.

From this chart, it is seen that the drop in condensate rate
coincides well with the drop in balance pressure., A visual averaging
of the balance pressure for Part A gives a BP of about 8 psig; for
Part B, 6.2 psig appears about right., Similar procedures were followed
for the other runs, and these data are listed in Table 1 along with the
correlation of balance pressure to differential pressure in inches of
water as taken from Fig. 5. Comparisan of these data points with the
theoretical curve for this capillary, Fig. 10, shows quite good agree-
ment, and it confirms the validity of using differential pressure
measurement across the capillary to measure flow rate in a cesium vapor
system under these conditions. The maximum deviations are within 15%
of the theoretical line,

Examination of Components After Study

Upon completion of the experimental work, the apparatus was
examined for evidence of corrosion, erosion, and metal transport, with
special attention being given to the capillary and the control valve,
Prior to dismantling and washing the apparatus, x-ray photographs were
made of both the capillary and the control valve. Neither item showed
any indication whatever of any change in diameter or any evidence of
build-up of material due to metal transport. The valve was later
sectioned, and although the tip showed a slight scoring due to over-
tightening, all other edges were perfectly sharp with no evidence
whatever of deterioration, It is realized that this was a very short
test, totalling less than 200 hours at temperature, cven allowing some
acceleration for the two dozen or so heating-cooling cycles, It is
indicative, however, that containment should not be a major problem,

CONCLUSIONS

This study verified the feasibility of a vapor system for
metering cesium in the milligram per second range. It also demonstrated
an approach for measuring the viscosity of alkali metal vapors.
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SYMBOLS
mg - milligrams
v} - volumetric flow - fts/sec
D - inside diameter, f*
g - gravity constant, 32,2 ft/sec2
M - viscosity, 1bm/ft-sec
lﬁ p - pressure drop, lbf/ft2
L - capillary length, ft
M - mass flow rate, mg/sec
K - arbitrary constant
d - vapor density, lbm/ft3
T - absolute temperature, °R
P - pressure, lbf/ft2
Subscripts
B - boiler conditions
i - capillary inlet conditions
c - capillary midpoint conditions
0 - base conditions for calculations

X fg - range over which a variable was evaluated



TABLE 1 - EXPERIMENTAL POINTS, FLOW RATE VS. zﬁ_P

Flow BP Zﬁ[’

Run No. mg/sec psig in. H,0
4B 2,23 2.75 3.4
4A 2,69 3.0 3.9
2B 5.4 6.2 9.0
ZA 8.0 8.0 12.0
3B 11.3 13.8 21.4

3A 13.2 14.3 22.2
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FIG. 4 - COMPLETE TEST APPARATUS
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MR. ROHSENOW: You used a density ratioc being proportional to the
pressure ratio. This assumes constant temperature. What was the differ-
ence between the temperature at the inlet and outlet of the capillary?

In the isotropic flow if there weren't a capillary, you would have a pres-
sure ratio of K™! to K. Complete capillary, with slug flow, you would

probably have isothermal.

MR. SAMUEL: We are very, very close, we think, to isothermal flow.
The points read 1200 F; as I have pointed out, refinement of measurement
is not our particular objective at this time. We wanted to find out if
this thing would work, and as far as I could see, we feel that the capil-

lary was at constant temperature throughout.

MR. ROHSENOW: This might e worth checking. Such as changing that

exponent of AP2, putting a different number on it.
MR. SAMUEL: It is something to look at.

MR. LYON: What was the logarithmic decrease in pressure, which would

give an indication, perhaps, of what the change in AT would be?
MR. SAMUEL: The logarithmic decrease in pressure at which point?

MR. LYON: What was the ratio of the drop to the pressure of the

system?

MR. SAMUEL: Somewhere around 50%. The maximum differential pressure
at which we operated was 1 pound. Therefore, it would be one-third at the

most. Tn most cases it was not this high.

MR. LYON: The other guestion that I had: You mentioned that you
found the stainless steel, 300-scries stainless steel, works well with
cesiunm up to 1200. Do you have evidence that above 1200 it doesn't work

well?
MR. SAMUEL: No, we do unot.

MR. BONILLA: Did you merely use the mean pressure, as indicated on
the slide, and pressure difference, in calculating--well, in the operation

of the viscometert? T have mentioned it because we have already worked out



"

269

and published the corrsct equation, and in view of what Dick says there,
or you pointed out, with that large a ratio of pressure drop to ahsolute
pressure, there 1s a very large correction, due to the change in density

as you go along the capillary.

MR. SAMUEL: Are you referring to the change in density caused by the

acceleration of the gas in the capillary?

MR. BONILILA: Thal's merely a correction. It's a change in velocity

in the capillary due to the change of pressure in the capillary.

MR. SAMUEL: The Q¢ in our cquation was the volumetric rate at the
center point of the capillary, and in the preprint we discussed that we
had corrected that volume back to the inlet volume, where we know the
pressure. In other words, we say that the volume here is so much. We can
apply the ideal gas Jlaw which we feel that we can 30 under these circum-
stances, and compute the volume then on the basis of the inlet volume,

becauvse of the change in densities,

MR. BONILTA: Yes. I will send you a reprint, anyway. It has been
studied over years, and it 1s very well established, the right way to
handle the data. You may have done it that way, or you may have over-

looked it.

MR. SAMUEL: Thank you.
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INTRODUCTION

In spite of the considerable interest in boiling and condensing of liquid
metals which has developed in recent years, there are still very little
data available for the determination of two-phase flow characteristics
for liquid metals. The present paper presents selected two-phase
flow parameters for sodium systems. They are based on analytic
techniques which previously have proven useful for water systems.
Thus, flow pattern charts are developed similar to those given for
water in Reference 1, and two-phase pressure drop and vapor-volume
fraction data are presented following an approach used for water in
References 2 and 3. As with the results for water, experimental data
are required to verify the predictions, but judging by the agreement
found for water, one should be able to use the results presented in this
paper for the scoping design of sodium systems with reasonable con-

fidence.

TWO-PHASE FLOW PATTERNS

Fig. 1 shows predicted two-phase flow patterns as a function of quality
and total mass velocity for several pressures. The flow patterns, as
shown, are based on a generalized chart by Baker! and the following

properties for sodium:
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Taple 1 -— Sodium Properties
Pressure, psia 14.7 100 240
Saturation Temperature, °F 1612 2080 2372
Vapor Density, lbm/ft? 0.016 0.081  0.242
Liquid Density, lbm/ft? 46.8 42.8 39.3
Liquid Surface Tension, dyne/cm 113 92 72
Liguid Viscosity, centipoise 0.170 0.153 0.148
For high performance systems, which are probably of greatest interest,

mass velocities are usually higher than 200,000 lbm/hr-ft? It is seen
from Fig. 1 that for such systems, the fliid will take on a dispersed
(fog) flow appearance for any vapor quality larger than a few percent.
This is not surprising in view of the relatively large vapor volumes
corresponding to these qualities at the selected pressures. At mass
velocities between 50,000 and 200,000 1bm/hrwft2, annular flow obtains
depending somewhat on vapor quality and pressure. Although a dis-
tinction is made here between dispersed and annular flow, one should

expect thin liquid films to exist on adiabatic walls exposed to dispersed flow.

It may be concluded from Fig. 1 that other flow patterns such as bubble
flow are almost nonexistent, and slug flow will occur only at very low

qualities and low mass velocities of sodium liquid-vapor mixtures,

TWO-PHASE PRESSURE DROP

1. Fri_ction

The pressure losses resulting from frictional resistance for two~phase

sodium flow have been obtained by extending the methods of Mariinelli
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and Nelzon.® This involves use of the Lockhart and Martinelli param-
ater Xtt’z which is a function of quality and physical properties of the
fluid, and a correlating graph relating this parameter to the ratio of

the local two-phase pressure gradient to the all-liquid pressure gradient.
This graph was established originally from data obtained for two-phase
mixturss at atmospheric pressure. The
oy Martinelli and Nelson to cover pressures up to the critical pres-
sure by forcing a fit with additional experimental data obtained for
low at higher pressures. A graph with pressure as
a parameter resulted, and was used here to generate a dependence of
local two-phase pressure gradient with quality for sodium as shown

in Fig. 2.

The curves of Fig. 2 were then integrated to obtain the overall ratio

of two-phase pressure drop to all-liquid pressure drop for a heated
duct. It was assumed that the heat flux at the wall and, therefore, the
quality gradient along the duct are constant. The resultant curve for
sodium is compared with that of water at 14.7 psia in Fig. 3. Addition-
al curves of the overall two-phase frictional pressure drop factors for
sodium flowing through heated ducts at other pressures are given in
Fig. 4. While the curves represent integrations from zeroquality at the
inlet to any quality at the outlet of a heated duct, the results may be
applied to any quality at the duct inlet by appropriate subtractions.

Of course, they also may be applied to cooling cases, By extrapolating
to the critical pressure, taken as 5032 psia from Reference 5, and
cross piotting, Fig. 5, correspondiag to Fig. 4 of Reference 3, is ob-

tained.
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2. Acceleration

As the sodium evaporates while flowing through a heated duct, it ac-
celerates, i.e., its velocily and momentum increase at the expense of
pressure losses which have to be added to the friction losses to obtain

the total pressure drop.

If it is assumed that the liguid and vapor phases flow at the same vel-
ocity (no slip) at any given cross section, then the acceleration pres-
sure drop can be calculated from
G 2
AP,y = — [ (1-x) +x Vg - 1-! vy = G ry (1)*
g ve | T 8
where G is the total mass velocity in 1bm/hr~ft2, x is the vapor quality,
v is the specific volume in ft*/1bm and subscripts g and £ refer to

vapor and liquid conditions, respectively.

The multiplier r, has been plotted for sodium in Fig. 6. A similar
relation can be derived for flow with slip between the liquid and vapor

phases.

(1-x)> x* v G?
AP, = - — g .. = ey 2
Py = : [1 - 1 vy kL (2)

The multiplier r, has been plotted for sodium in Fig. 7, using vapor-

volume fraction (Rg) data given below.

*The forin of Bq. 1 has been chosen to be coinparable with Eq. 2
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As with the friction loss factors, Figs. 6 and 7 may be used for quality

inlet conditions and condensing by suitable, simple manipulations.

VAPOR-VOLUME FRACTION

The methods outlined in References 2 and 3 have been utilized to cal-
culate vapor volume fractions for sodium flows. The results are given

in Fig. 8. The slip ratio may be calculated from Fig. 8 using

=

g Ve _ x (-Rgpy @
Vy 1-x Rg p

811

where V is the velocity, and Rg is the fraction of cross section of a

duct filled with the vapor phase.

CONCLUSIONS

Selected two-phase flow parameters for sodium are presented in
Figs. 1 through 8 for ready use in the scoping designs of two-phase

sodium systems.
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DISCUSSION
MR. ROHSENOW: Kurt, this is all vased on data which are a pretty far
cxtrapolation from it, but I wonder how thesc two-phase flow regimes com-
pare with some of the other flow regime maps of Peler Griffitn, ard a

ugsian ma an mebo else's?
Rus D, d somecbody else's?

MR. GOLDMAN: The maps really aren't too far different, at least the
ones that had come oul until about two years ago; and at that time when
we looked over various maps, we sort of thought that Baker's map was pro-
bably the most representative one. Of course it allows a very ready extra-
polation to any fluild, because he presents the data in terms of certain

normalized parametzrs.
Admittedly, there is no data for sodiwm, for instance,

MR. RCHSENOW: Another thing we might do here, and it would take Jjust
a minute to try to get a handle on Hexb Hoffman's data. From your knowledge

of properties of potassium, how would the curves change for polassium?

R. GOLDMAN: DNot very much. As a matter of fact they didn't even
change much from water, because the principal parameters are viscosity,

and the surface tension, and specific volume.

MR. ROHSENOW: Don't these dispersed Ilow curves move off to the right

with water?
MR. GOLDMAN: UNo, they look just about like that, for water.

MR. ROHSENOW: What we are trying to get at, here, is Herb's mass
velocities are down in the range of annular flow on this map. They suggest
they go off to higher qualities., That you don't gel the dispersed flow,
but you get annular flow. And Herb's data show the burn-out, the critical
heat flux, and increasing mass flow rate, rather than decreasing out of
the high-quality zone, and I wonder if this is the reason? That with 1i-
quid metals you always have annular flow, and with water it tends to tear

those films off.

MR. GOLDMAN: Well, of course we are now making assumptions as to
what kind of flow you have with heat flux, and I tried to be careful, but

perhaps wasn't careful enough, in pointing out that these flow charts, if
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they are true at all, are certainly true only for adiabatic conditions.
The moment you have heat flux at the wall, then all bets are off! I think,
in general, the lines move to the left. That is, you are getting into
dispersed flow, or anmular flow, out of bubble flow, earlier, and at lower

qualities than what is indicated here.

Wow the argument ag to whether or not Herb has films on the wall or
doesn't have films on the wall: I think that 1s an entirely separate
argument; and he doesn't, T think, know whether or not he has films on the

wall.

MR. HAYS: Can you tell me concerning the Martinelli originsl paper?
Do you believe it to be valid for cases of dispersed flow? It seeus to
me the implicit assumption in his derivation is there is a continuous

liguid vhase and continuous vapor phase.

MR. GOLDMAN: Yes, the derivation is based on continuous phases, bul
T believe that the results are applicable to dispersed flow, An obvious
weakness--and Martinelli was the first one to point it cut--is that the
derivation does not take account of flow patterns. Ancther weakness is
that the pressure drop factors are not a function of mass velocity. I
think one should expect, at otherwise the same conditions, that the

pressure-drop ratio should change with wass velocity.
Now the Martinelli-Nelson approach does not account for this.

A number of years ago Isbin, snd I forgeb the reference now,* pub-
lished a paper showing the effect of mass velocity on the two-vhase pregsure-

drop Tactors, and in effect 1t showed that at lower velocities, h

o]

gets
higher factors than Martinelli-Nelson; and at higher mass velocities, he

gets lower factors.

Now perhaps one explanation for this is that at the lower mass velo-
citigs you have more of a chugging kind of a flow, and therefore get more
pressure loss, wheress at the higher mass velocltles you have a more dis-
persed and more uniform kind of a flow, and therefore the pressure-drop

factor should be lower.

*Tsbin, H. 5., Moen, R. H., Wickey, R. 0., Mosher, D. R. and Larcon,
R. C., Two-Phase Steam-Water Pressure Drops, Chem. Eng. Prog. Symp. Ser.,
Vol. 55, NWo. 23, 1959.
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But it turns out that, at least of all the data that he collected,
which was sort of in the range that one might be interested in, that

Martinelli-Nelson fell right in the middle of the data.

MR. BERENSON: I always felt a little uncomfortable using the
Martinelli-Nelson paper for moderately high qualities, because they base
their two-phase pressure drop on the liquid pressure drop, so you are
using pressure factors that are anywhere from ten to even more than a

thousand.

What we did, in analyzing our twc-phase data, which made me a little
happier, was to switch from basing the two-phase pressure drop on the
liquid pressure drop when the ratio of the liquid to the vapor passed
through 1, and in doing this, the Martinelli multiplier was never greater
than 4.2, And it turned out that we were basing the two-phase pressure
drop on the vapor pressure drop above a quality of 2% over almost the en~-
tire range we were multiplying our vapor pressure drop rather than the
liquid pressure drop. This multiplier was generally very small. We were

happier doing that than multiplying oy thousands.

MR, GOLDMAN: I am not so sure that I would agree with you, Paul. I
believe that the accuracy is the same, that is multiplying by a factor of
a thnousand can be made with the zame number of significant figures as that

of 1, if you like.

If you talk agbout a different model for the derivation, then the rea-
son wny I think that Martinelli-Nelson has a better approach is that on the
wall, where you really have the friction, you have liquid flow, and it is
the shear in the liquid which i1s going to make the major contribution to
what the friction pressure drop is. So I am not so sure that you inherently
ought to get better results by starting off with vapor, because it is the
shear on the wall, or near the wall, which is all liquid. As long as we

are talking about adlabatic walls, I think.

A question was asked from the floor regarding the adequacy of the
homogeneous model coupled with a statement that it gave results within 20%
of Martinelli-Nelson.
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MR. GOLIMAN: I believe there are some regions in which the discre-

pancy between homogeneous and Martinelli-~-Nelson is more than 20%.
MR. DAVIS: Excluding the low-pressure data.

MR. GOLDMAN: There undoubtedly are many regions where the homogeneous
model gives you about the same results. I believe there is some Argonne
data~-~-is anybody here from Argonne who remembers this? They have some data
that showed a large difference between the homogeneous model predictions

and the Martinelli-Nelson predictions.

MR. POPPENDIEK: I thought when Martinelli derived the expression in
normalizing the final, two-phase flow pressure drop, he used a depominator
if only a liquid flow was flowing and if only a gas was flowing, and I

remember the final answer is exactly the same. There is no difference.

MR. GOLDMAN: What Martinelli-Nelson did, it ccmes out to be exactly
the same. I wasn't sure whether Paul was not talking about a different
model. Their model assumed there was liquid film at the wall, and that

mekes some difference.

MR. POPPENDIEK: I think there was one point he pointed out, and I
think that's what you were referring to, but I wasn't quite clear. That
isg, in the originsl derivation, when he talks about the two pressure-drop
termns, he recognizes there is a difference in velocity between the two
phases, and he doesn't account for that, and so that finally is determined
empirically by the constanfts & and g, when he mokes a final fitting of
these data. But I think this is the major weakness which he recognized
and couldn't do anything about. Only if you have separated the flows,

do you know the relative difference exactly, or at least ideally.

MR. GOLDMAN: Well, that is one weakness. T think perhaps the major
weakness is that the whole result is completely Independent of mass velo-
city and, therefore, flow regimes, and you just intuitively expect two-
phase pressure drop factors are to be a Tunction of mass velocity.

MR. BROOKS: TIn most systems it i1s quite easy to measure the liguid

pressure drop of a particular system In which you are measuring two-phase

drops. So this is a reference data as to correlation.
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MR. ROHSENOW: I think we can settle this, because for any given flow
rate, at a given quality, the AP of the liquid, AP of the vapor, in the
Martinelli correlation are fixed numbers; very definite numbers; and the
two-phase flow AP divided by either one of them has the same percentage of
error in it, whether you multiply by a thousand, or . There is the same

percentage of error.

MR. GOLDMAN: T agree. On the other hand, I wasn't sure, perhaps,
what Paul was referring to. I thought he was turning the model inside
out, so to speak, assuming that he has liguid slugs flowing through the
center cof the pipe, and vapor flowing along the outside of the pipe. You
could make such a model, which you might want to call a Martinelli-lNelson

vapor versus liquid, and if he had done that, then--
MR. BERENSCN: I was referring to the standard position.

MR. BONILLA: Since this is such a hot topic, I don't think we ocught
to let Paul down. I mean, after all, there is the work that is included
in the Martinelli-Nelson, and other papers, but thea there is also the fact
that the pressure drops with single phases are much more accurately pre~
dictable than with two phases, and T tend to side with Paul there; that
you can predict the pressure drop for the vapor alone with considerabvle
accuracy, and 1f the liquid is small in amount, it is merely a perturba-
tion, so to speak, on that pressure drop, and I would much prefer to base
a calculation of the perturbation, we will say, on the data thal are more

accurate for the main component.
MR. STEIN: Seme answer, either way.

MR. BONILLA: DNo, you would not get the same answer. You would only
get the same answer i1f the Martinelli-Nelson correlation happened to be a

hundred per cent accurate, which I don't see how it could pessibly be a

hundred per cent accurate over a full quality range.

MR. LYON: During the last few days we have had a number of data pre-
gented on pressure drop, and it is my impression that most of those gave
lower pressure drops than were predicted by the Martinelli correlations,
with, I think, the exception of Randall, who had a higher pressure drop.

Would you care to comment on that?
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MR. GOLIMAN: T am starting to stick my neck out again! I suspect
that some of those data were taken at fairly high velocities. These were
condensing data. And when you condense at high velocities you really
ought to write more equaticns than the eguations which are written by
Martinelli-Nelson, and an imporbant equation or result of the equation is
that when you have a compressible fluid cooled while it is flowing at a
high velocity, you can actually gel a gain in stagnation pressure, because
you are cooling the compressible fluld at a high rate while it was flowing

at a high velocity.

Now I wouldn't be surprised but, as I say, I am sticking my neck way
out, that if the data were looked at carefully, that perhaps this might

explain some of the low pressure losses,

MR. HAYS: The thought had also occurred previously that there might
be scome kind of an effect which was analagous to two~phase boundary layer,
and a mass affected by condensatlon by fluxes, that this might be anala-

gous to reducing the frictional pressure.

MR. GOLDMAN: T don't think this is an assumption as such. It was
Shapiro and Hawthorne who first discovered that when you cool a high-
velocity, compressible Tlow stream, that you get a gain in stagnation

pressure, and I think this is exactly what you would get when you cool.

On the other hand, when you heat a fluid, a compressible fluid, at

high velocities, you get a loss in stagnation pressure.

8o you should take that into consideration if the velocities are high.
This Jjust comes out of all the equations. Intuitively one cannot explain
it.

MR. STEIN: Trying to judge the reasons why the Martinelli~type ap-
proach or predictions fits or doesn't £it data, or is higher or lower, it
seems to me is ancther one of these situations in which there is confusion

because of trying to connect empiricism with theoretical approach.

Certainly the equations that are used are one-dimensional eguations,
which are reasonable with respect to a physical picture. Only when you
have two extreme situations, when you have a perfectly homogeneous flow,

or vhen you have a perfectly stratified flow.



292

Purther, there are computations that--I believe I remember this cor-
rectly, and check me on it--that I think is overlooked sometimes. In the
approach that is used we correlate a frictional pressure drop ratio and a
vapor volume fraction with an empirical-correlating factor, this Xgp OF
Martinelli and Lockhart. There was some physical picture associabted with
this Xyt used by Martinelli and Lockhart which concerns itself with a

stratified flow and with an adiasbatic system.

This required, 1f I remember correctly, making & statement about
equality of pressure drop and, very important to the treatment, was that

the pressure drop only occurred because of the friction, and nothing else,

As a result, one might question The use of this Xet, for the situation

where you have, say, momentum changes.

MR. GOLDMAN: Well, this is certainly another contribution as to why
you really shouldn't expect the results to be absolutely accurate. And
there are the others we mentioned before, as well. They all contribute
to some expected, as one should expect, scatbter in the data. (There was
some further discussion on slip ratios and Mr. Goldman drew a curve on the

blackboard which is reproduced here as Fig. 9.)
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ABSTRACT

The requirements for stable operation of a parallel-tube mercury con-
denser capable of flowing in opposition to 1 "g" were investigated
analytically and experimentally. Included in the analyses were the
effect of geometric and thermodynamic unbalances between tubes,

header pressure loss, magnitude and direction of the gravity vector,
and fluid/wall contact angle. The analytical conclusions were verified
by experiment on a small scsle condensing apparatus and applied to

a full scale prototype condenser. The results of the analyses,the
small scale tests, and the testing of the full scale prototype are
presented.
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Nomenclature

Cy - Drag coefficient
D « Diameter
¥ -~ Force
& - Weight flow per unit area
. - Length

~ Reynolds number

- Froude number
¥ -~ Pressure
AY - Pressure drop
& - Radius
V - Velocity
Wy - Weight
% - Flowing quality
d ~ Diameter
£y - Vapor friction factor
Wi ~ Heat of vaporization
v - Mass flow rate

¢ =~ Gravitational comstant

g;. =~ Local gravitational constant
N -8-/q,

~ Heat rejected per unit length and time
i - Radius
w - Weight
% - Distance
td. - Distance
0C - Angle or deviation from design cuality
@ - Contact angle (liguid-solid)
éh? - Deviation from design heat rejection
&, - Deviation from design dismeter
O+ - Angle
¢ - Surface tension, liquid-solid
T - Interfacial shear
@ -~ Weilght density
AA - Absolute viscosity
§ - OPy/LF

Subscripts

fecApg -z PIPO

Initisl or inlet
Condensing, condensate
Design, drop, drag

- Exit

- Integrated

Header

Interfacial

- Liquid, local

~ Momentum, mean

- Static or local

- Total or tube
- Vapor
- Surface tension



INTRODUCTION

In the operation of any fluid system, stability is often of prime con-
sideration. Generally in single passage, single phase, incompressible
flow, this stability is easily achieved. However, difficulty is
encountered when considering two-phase or parallel tube flow. Even
more troublesome i8 a combination of the above with flow against an
external body force. These were the requirements of the condenser for
the Sunfiower I# space power conversion system employing mercury as the
working fluid in a Rankine cycle. A further characteristic, the high
density of the liquid condensate, also contributed to the difficulty of
defining a stable design.

¥With this combination of adverse requirements, it was felt that extensive
fluid dynamic analyses verified by experiment were necessary prior to
embarking on the design of a full scale condenser.

This paper describes these analytical and experimental investigations and
their application to prototype hardware.

SINGLE TUBE STABILITY

Analyses were conducted to evaluate the restrictions imposed on the
condenser design as a result of the requirement that operation be sus-
tained with a 0 to 1 g body force in any direction. Initially analyzed
were the requirements for stability in a single tube under the various
gravity orientations in which the Sunflower condenser is to operate. The
following enalysis, which assumes dropwise condensation and no agglomera-
tion, will investigate the effect of vapor velocity on drop size, drop
acceleration and drop velocity.

Consider the mercury drop of Figure 1 hanging on a wall under the influ-

ence of gravity and surface tension. At incipient movement the weight
and surface tension forces can be expressed as follows:

Fom Sin®t Q%EB Z 4- 0= Son e %03]2{2:% (N %o)ﬂ( 1)

and:

AFer ¥ e 0 Teas @ {E o3 (R +28) - cos @ \;c@}?

integrating:

Far " 4 TR tes Bi—20) s R i AR (@)

# Contract NAS 5-462 held by Thompson Ramo Wooldridge Inc. with NASA .
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Equating equations (1) and (2) yields the force balance at incipient
movement Q..Tz-b

NS z A~ [\-&'m (@M"%O)] 7’[’2 hsfw.(gv.\*")())]%
T ARY 0S(Rumm0) Sin B San AR (>

Reynolds in Reference 1 showed experimentally that the distortion of the
contact angle with a mercury droplet on a glass plate was T 10° at
incipient movement as the plate was tilted. Usings

BW\' 1,1° (mercury~-glass; approximately the same for mercury-
steel)

N = 10° (from Reference 1)

g = .0326 %t% (mercury-glass surface tension force)

QL = 800 %23 (1iquid mercury density at 600°F)
and plotting R versus sinol yields the curve of Figure 2. Also plotted
is the experimental data of Reference 2 which is in good agreement with
equation (3). Although the temperatures during the experiments of refer-

ence 2 were ambient, it is believed that Q.. and X are fairly insen-
sitive to temperature.

Drop Model Drop Radius at
Incipient Movement
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Next, the drag of the vapor on the condensing drop as it occurs in an
actual condenser will be considered. This term in the force balance can
be expressed as:

AT
Y %%:._ \Bo rein R cofh-90) | (4)

where the bracketed term is an expression for the projected area,
( @u. in degrees)

Here the value of mist be eveluated. Reference 2 suggests that hased
on values of Cp for spheres, drops, and freely rising vapor bubbles, an
average value of 1.0 may be used, especially in the range of drop Reynolds
numbers expected in the Sunflower application (100 -~ 200).

The general equation, then, of a drop in a mercury condenser, about to be
swept or fall off a tube wall may be written:

Drag + weight component T surface tension resultant = O

\)u

[_\go + Soun @z w0\ 0% @m‘%o)}ww'gg QLTTD {4@
Li-Sua (% %C))TLE’Z“R‘& g, R Qg,@)]ijékr Pe. os(gwrgls &M%ém AfB’(}

To evaluate the drop diameters at the extreme cenditions, four cases will
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be assumed as follows: Case I, where flow is in opposition to gravity

and the drop is about to be torn off the wall by the vapor. Case II,

where flow is in the direction of gravity. Case III, O ®g" and case IV where
flow is in opposition to gravity and the drop is about to fall off the

wall back toward the condenser inlet. Case IV is the unstable case.

Using the Sunflower I operating level, plots of the diameter of equivalent
spherical drops versus vapor velocity for the four cases are shown in

Figure 3.

From the figure, it is evident that Cases I and IV are the most sensitive

to vapor velocity, i.e., a vapor velocity of at least LS fit/sec is needed
throughout the condenser to assure that all the condensate will be delivered
to the interface when flow is against gravity. Verification of this velo-
city requirement was obtained experimentally with a glass condensing
apparatus approximating the prototype tube geometry. The data obtained
from this rig (vapor velocity required to transport all condensate against
gravity as a function of vapor density) is plotted in Figure ) with

Case I of equation (5).

PARALLEL TUBE STABILITY

With the characteristics of a single tube condenser defined it is then
necessary to investigate parallel tube interaction.

Maintenance of a stable liquid vapor interface in a parallel tube conden-
ser under the Sunflower I system acceleration requirement posed several
problems.

As an example, assume the following condensers

J@L> COUDBHLNTE

('/a,HwNvm,Mﬂum_",wM‘ {
L Cred s 100 L
< Weners Trracronrion s
- 41
Loy
ot D
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VVO ‘ L_A.;,’—‘ - - M—A/J_ | {
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vy N
A? @\m‘ - % Q‘{]j; + JLQ-"VL

1 - bt
alsos =\WA = L

@-LV \]o\/\fﬁ A C)C;,\\/\&,,k
where: ?L = heat rejection per unit length

Combining equations results in:

‘TG ]/\ "nb __Mak
INARE R 3%3@‘? G’vﬂ¢+(L‘ 5 >?xv\,
differentiatings

cm? DU 26T 65 | i heg fan
Ci)% 8%%&‘»« Qu%c_“r( A—% )

Substltutlng.
wr - L
* G% 655 results ins
c. A “b> (@%‘ by A~ AR ‘&j'jaev ) 36,
%G‘;r Z*ﬂc,.e\l

From reference (3), & necessary and sufficient condition for stability
is that CJ‘(AE.)/C%G is positive, This requires that:

Sl » ¢ Bhlnged ©

Substituting values from the Sunflower condenser into Equation (6)
results in:

2,70 .< L/3 + 66,7

or the condenser would not be stable, Any attempt to satisfy the sta-

bility criterion would result in a higher pressure drop which cannot

be tolerated. The single exception is a decrease in the local gravita-
tion. The equation indicates stability at "g" levels below .02. This,
however, is not consistent with the system acceleration specification.

Furthermore, in parallel tube condensers designed for zero or micro-
gravity environments, the liquid vapor interface(s) may be held in each
individual tube. Consequently, unbalances can be compensated for by
shifting the interface positions in the tube as shown by the following
analysis.
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Consider the two-tube condenser below operating in zero or micro-gravity:

(. . - e \npo,
r Va

L %, /”67,,

L -
N e ,

N e - PR [ S SR O R S

If, for instance, the heat rejection capability per unit length of tube #1
becomes greater than tube #2:

2 79,

an. > mV.‘, (vapor mass flow rates)

and:

This means that the pressure drops are unequals

AP F AV,

However, since the tube inlet pressures are equal (assuming negligible
header pressure drop) the interface pressures are unequal, which is not

a stable condition. Therefore the unbalance is compensated for by adjust-
ment of the interface location until

[_\PI peet A?‘Z,, at which point (Qt>IQ‘¢' and \;\MI\ ">-\/:A\}.‘_

where QQ_ is the respective condensing
length

However, for the Sunflower condenser designed for a lg body force in
any direction, the interface camnot be held in the tubes (as previously
shown) and thermal and geometric unbalances can be compensated for only
by changes in exit quality with the interface being maintained in a
single location downstream of the parallel tube array. Obviously the
design exit quality must be of sufficient magnitude to compensate for
the unbalances without allowing the wvapor velocity to drop below that
value required for drop transport. Nor does one want to have too high
an outlet quality because of the weight penalty involved. The minimum
exit quality to meet the above requirements can be approximated by know-
ing the geometric and thermal unbalances.
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Assuming a tapered condenser tube with & constant vapor velocity and
neglecting the momentum pressure recovery, the following investigates the
necessary outlet guality (based on 100% inlet quality) for parallel tube
stability.

Friction:

(6X) AL
”"”‘MQZ% N n

Thermal Balances
o W
—o ‘—-——-é% mm——— i
Al g i dX (8)

combining equations 7 and 8

- B (- et ) o
a?

%D Ax
where:

1

C, ) (
& ‘&"'T\’\—Sw

Q\ g?\; %g,
The assumption that éﬁUTand f’ are constant will not affect the
answer greatly since two condensing tubes will be compared and these
values will change very little from tube to tube over the qualitv ranges
to be examined, The use of an average I rather than an integrated one
should also have little affect since it is intended that the pressurs drap
of one tube be compared o another rather than the absolute value
obtained.

Integrating equation (9)

(1)

where Cq is previously defined
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Integrating equation (8) and solving for G

‘ Mg T 0 T
bO‘L == 4% SX;lOQX‘
- C’\A*fl 'rrb:& °
) 4.? EXJL.” \‘1
Al 4
= i
_ 7 gy D] o

combining equations (10) and (11)

B, -c, & Rl

SNAREE ()
where _L AL 3

Equation (12) provides an expression for tube exit quality as a function
of tube geometriec and thermal characteristics, This can now be applied
to two parallel operating tubes as shown below,
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it can he seen that:

AT, + Y, = AV, (>

where ‘§£F14 is the header friction loss

Allow tube D to operate at design conditions and tube 2 deviate from
design to the extent that:

?L a&? ?g}
D, = dp/fe, )

A
Ka =0 ¥,

where €. and éh are > le0,0\.< 1.0, and X#.. is the
outlet quility of each tube (all deviations in accumulative
direction)

Then, combining equations (12), (13) and (1l) and cancelling:

2 -3 3
AP;;, "A?ﬁ\_ - L}“@«F&n\ .]D"’” X*ul 6‘% =Y 05)
O A S T T
Equation 15 then, expresses the effect of pressure drop, thermal, geo-
metric, and fluid dynamic unbalances between tubes on the design outlet

quality necessary to maintain the vapor velocity greater or equal to
O¢. times the design exit vapor velocity.

A qualitative verification of this approach was obtained with the glass-
tube mercury-condensing apparatus of Figure 5. All tests were conducted
with the multiple tube flow vertically upward. The condensing tubes
were step-tapered to maintain vapor velocity for operation in opposition
to 1 g.

To operate, the glass tubes were preheated and the boiler heated at
atmospheric pressure until boiling started, The system was then evacuated,
increasing the boiling rate and imitiating vapor flow through the conden-
ser. The flow control valve was then shut and the interface allowed to
proceed upstream in the interface tube. As this occurred, the quality at
the exit of the multiple tubes decreased by the shift in relative conden-
sing heat transfer area upstream and downstream of this junction.

Stability tests were performed by permitting the parallel tube exit
velocity and quality to steadily decrease until slugging and unstable
flow occurred. Interface location at this event then indicates the
stability limit. Six of these runs were performed with an interface
tube diameter of 6 mm. This tube was then replaced with a 10 mm tube
and the tests repeated four times, Comparison of the results of these
tests can thus yield a check on the heat transfer calculations employed
to arrive at the quality and velocity conclusions.
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MULTIPLE TUBE BREADBOARD
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Repeatibility of the stability point was demonsirated with this apparatus.

The qualitative results of this testing, however, were of limited value
due to the difficulty in measuring tube geometric and thermal unbalances
and in obtaining a range of the independent parameters with free convec-
tion heat rejection. The test did, however, demonstrate that the outlet
vapor velocity of the parallel tube test section was the significant
parameter in determining stability.

PROTOTYPE DESIGN AND TESTING

The values of the independent parameters of equation 15 expected in the
Sunflower design are:

A%, = 0.1 LR, - 2.0

551%’- 1.05

é£:> = 1.01

Using these inputs and the fact that:

><Quh. - \/Jb\- —-
XL; vi“—b - %

results in the plot of Figure 6. This curve expresses (with the unbalances
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listed above) the average velocity that must be designed into the con-
denser to assure a "worst" tube minimum velocity above the single tube
minimum. From this curve a design velocity of 90 ft/sec with an outlet
vapor flow of 12% of the inlet vapor flow was chosen to provide the
minimum of LS5 fi/sec (from the single tube analysis) in the ™worst”
tube.

To summarize, with a .1 psi header pressure drop, 2.0 psi condensing

tube drop, unbalances in g and D less than or equal to 5% and 1% respec-
tively, and a 90 fi/sec design vapor velocity, the outlet velocity in the
unbalanced tube will not drop below LS5 ft/sec if the design outlet vapor
flow is 12% of the inlet vapor flow.

The problem arises, of course, as to what to do with the vapor flow from
the parallel tube condenser. This vapor is condensed in a single tube
which, although inefficient, is immune to parallel tube instability. The
complete condenser, then is composed of two parts, the primary, or
parallel-tube condenser, and secondary, or single-tube condenser.

A photograph of the Sunflower I condenser installed in the test booth
is shown in Figure 7., The primary and secondary condensers are clearly
shown.

Successful operation of each portion as well as the complete condenser
wag achieved during the component test. Operation was sustained over a
wide range in welght flow and inlet guality as well as during various
transients. In all cases the incoming mixture was delivered to the
interface as condensate and liguid hold-up did net accumulate.

Before experimental verificaetion of the parallel tube stability analysis
could be obtained, however, a deterioration in cendenser performance
B was detected., This deterioration took the form of an inability to operate
the condenser without experiencing slugging at a velecity level which did
not previously incite slugping. A graphical presentation of this deteriora-
tion is shown in Figure 8. In this figure the minimum average wvelocity
of the vapor (necessary to aveid slugging) leaving the primary condenser
is platted as a function of operating time. (Although the minimum velo-
city experienced on this curve, LS ft/sec, is an apparant contradiction
of the single tube and parallel tube analysis presented herein, due to
an off-design in heat rejection at design flow, this curve is for a
higher temperature and consequently a higher wvapor density than the
earlier curves.)

The cause of this deterioration in performance was 1laid to a progressive
"wetting™ or increase in contact angle between the mercury droplets and
condenser tube walls.

Using the single tube analysis the effect of the contact angle on
condenser stability can be investigated. Allowing @A4._ to vary in
Equation 5, ( & is kept constant since Reynolds, in reference 1,
postulates that surface tension is fairly constant even under changing
contact engles) the curves of Figure 9 are generated for Case I operation.
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Performance Deterioration Effect of Contact Angle
on Maximum Drop Size
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As can be seen, the minimum velocity required to experience Case I
operation and avoid Case IV operation increases with decreasing contact
angle (tendency toward wetting).

Although it is not known whether the tendency toward wetting would progress
to a degree where film condensation would occur with mercury, this limiting
situation can be investigated to determine the limiting stability condi-
tion (that condition being the minimum vapor velocity necessary to trans-
port a liguid film without runback in opposition to 1 g). The first step
is to analyze the conditions at the incipient runback point to differen-
tiate between negligible and predominant factors. Reference L gives

the following film velocity profiles for conditions of a stable film,
incipient runback, and runback.

IO s e e |
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At the incipient runback point it can be seen that the velocity gradient
at the wall is zero and the wall shear stress is therefore zero., It
will also be assumed that there is no velocity in the X-direction and
that the change in velocity in the Y-direction is negligible.

This latter assumption is pessimistic since it neglects the effect of
the liquid momentum gain due to the effect of decreasing liquid velocity
as the incipient runback point is reached. The last assumption is that
the (vapor) pressure gradient is negligible which is also pessimistic
since the pressure gradient would tend to support the film. Consider an
incremental area within the liquid film:

L/
o
\ %
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* %
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Balancing the forces yields:
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which on substitution into equation 16 yields:
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and finally:

V\X‘”CQL
- \Jvk‘- 2)«1

_ and ot y= g U =\ (\75

";{fgﬁ 57 aV; whien 57 Gla hickewss

since the velocity profile is parsbolic the average velocity is 1/3 of
the interfacial veloci‘cy (Vi) and from continuity:

substfﬁlbmg equation 17 into eguation 18 yieldss

but
= L«SQQ&_
and finallys A
. 3
/’t’ - V\'(GJ‘L&.MQPL> (\‘5)
which gives the expression for the interfacial shear at the runback

point., However, the net interfacial shear is made uvp of two components;
the frictional shear 'L'g » and the momentum shear T, ~, where:

‘N e
T‘L"‘/s*‘*
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: S0 Mo
Y& 4 ev Z"Ac (20)

- A&vkv\JV
b TTA-AL%;; where A\MV = vapor condensed. (ZI)

Equating equations 19, 20 and 21 yields:
3 A v Vv
: v -—-————-—.—-ﬂ-—-—-—
( Tedqe *) 4 o3 ?-ac wanly, @)

Since the slugging first occurred in the small dismeter section of the
Sunflower I condenser, equation 22 will be evaluated at this point.

MEQ = 5950
o
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% = 036 (’25)

based on the condenserdesign conditions, equation 22 and 23 yield:

m,(.a'ao} = \.<.8><:o"s\3\,7’+-\ 0% x\0 > \J\,

Solving for \/V yields a minimum vapor velocity of 165 ft/sec for film
condensation. This minimum vapor velocity could be lower, not only for
the reasons previcusly mentioned, but also because the friction factor

is based on a smooth surface between the vapor and liguid. With a tur-
bulent vapor core this may not be the case; however, the effect of the
boundary would have to be investigated experimentally to accurately deter-
mine the vapor-liquid friction factor,

An x-ray of the condenser showed the drop/wall contact angle to be approxi-
mately 90° after 100 hours of running. Referring to Figure 9, the adverse
effect on condenser performance is evident. With a 90° contact angle,

the minimum velocity necessary for amti-gravity operation is 6l ft/sec.
Referring to Figure 6, it can be seen that with this actual velocity
requirement and an outlet vapor flow of 12% inlet vapor, an average

vapor velocity of & 135 ft/sec is required. This compares with the
experienced velocity requirement of 110 ft/sec (again at a higher-than-
design pressure) during the prototype test after 100 hours of operation.

CONCLUSIONS AND RECOMMENDATIONS

Parallel tube stability with two-phase mercury condensing flow in oppo-
sition to gravity is possible without using the normal pressure drop
producing methods of stabilization. This stability can be achieved by
maintaining & high vapor velocity throughout the condersing section.

The magnitude of this velocity is a function of tube geometric and ther-
mal unbalances, header frictional pressure drop, vapor density, and
drop contact angle,

Maintenance of this velocity requires the use of tapered condensing tubes.
In addition, since a multiple tube array with flow against gravity is
statically and dynamically unstable if multiple interfaces are held in
the tubes (unless a high frictional pressure drop is experienced) this
configuration is eliminated, Maintenance of an interface in a single
position downstream of the multiple tubes is one possible approach.

In this configuration the outlet quality of the parallel tubes is

finite and a single tube condenser is used to reject the remaining latent
heat.

The deterioration in performance noted during the condenser component
test (higher vapor velocity required for non-slugging operation as a
function of operating time) has been attributed to some form of wetting
of the tube walls by the mercury. In this case a pseudo-wetting of
mercuric oxide to tube material oxide probably occurred rather than an
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intimate mercury-stainless steel wetting. This problem appears to be of
serious consequence in condensers flowing against gravity, since the
greater degree of wetting, the greater the design compromise to insure
stability. The effect is problematical to a lesser degree in condensers
designed to operate in only zero or micro-gravity.

Determine experimentally the effect of tendency toward wetting on mercury
condenser performance. If serious design compromises are indicated,
investigate methods of promoting or maintaining non-wetting operation.

If non-wetting cannot be insured for mission times, determine analytically
and experimentally the requirements for wetiing film stability.

In space condensers where parallel tube stability is a problem due to
shifting interface positions, low frictional pressure drops, and/or
system internal (flow) and external (vibretion) disturbances, maintenance
of a single interface downstream of the parallel tube array as in the
Sunflower I condenser should be considered. The advantages over a conven-
tional multiple interface-in-condenser tube approach are: less sensitivity
to system acceleration or vibration, less liquid hold-up, less sensitivity
to inventory shifts due to possible boiler osecillations, capability of
predicting the location of and bleeding off non-condensibles, and
capability of operating with flow against gravity with reasonable pressure
drop.
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DISCUSSION

MR. KEYES: I Jjust wanted to emphasize that I think you have to be
careful, in using this criterion, in explaining what you mean by stability.
Actually you have to use the transient energy equation, and T think that
what you are really defining here is a criterion for excursion or transi-
tion from one stable condition to another, rather than instability which
one normslly thinks of as oscillatory, or at least fluctuating, phenomena.
I think a paper by Quandt a few years back brought this point out very
clearly. I just wanted to say that this criterion of positive slope is

not necessarily a sufficient criterion.
MR. VILD: You say the paper was by whom?

MR. KEYES: Quandt, Westinghouse. At a Buffalo conference, several

years ago.
MR. VILD: Does it differ very much from this?

MR. KEYES: Oh, yes; there is no comparison. Because he starts out
with a transient time-dependent equation and uses perturbation theory.
You start out with more or less steady-state equations. I feel that what
you are developing is a transition from one steady-state to another; this
is what you are interested in, I realize. I just wanted to point out you

have to be careful in using this criterion.

MR. VILD: Well, I am sure what you are saying is right. But I want
to make one point: This analysis really wasn't pertinent--well, it was
pertinent; though it really wasn't a sensitive input into the condenser
design-~because you can almost intuitively say, unless you are going to
use a very high pressure drop, that an inverted mercury condenser with
multiple interfaces will not work. T used that as an example to prove it

in numbers.

MR. LYON: I am not sure I understood your last comment. Perhaps that
answers my question. You considered, in your drag considerations only one

drop and not the influence of an adjacent drop; is that correct?

MR. VILD: That's right. ZEach drop singly traveling from the tube

wall, all the way through the tube without collision.
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MR. LYON: There are several cases in the literature, and also some
work we have been doing on the movement of particles on the bottom of a
horizontal tube, which indicate that there is quite a lot of interaction
between adjacent particles, in some cases tending to lump them together

in clumps, which might be beneficial in your case by meking larger drops.

MR. VILD: Well, I think, as you say, this might happen more with
the body force in this direction - with the flow horizontal. Of course,
the requirement of transporting the drops at the interfaces, you could do
it with a very low velocity if you are not worried too much about hold-up.
So it really does help you, because the body Tforce tends to gather the
drops at the bottom of the tube, whereas when flowlng against gravity this

is not true.

MR. KILTACKEY: Does this requirement for 1 gee in any direction

still hold for the SNAP-8 condenser or for the Sunflower?

MR. VILD: Well, as well as any vequirement holds. The only activity
on the program, now, 1s the rotating unit that has been going for a few

thousand hours.

Tnecidentally, T might mention we did integrate this condenser with a
system that employed a rotating unit with a turbine, pump, and alternator
on one chaft, and a boiler heat storage component. It ran fairly stably.
We had some problems with it, of course. We didn't have a collector. We

used an electric heal input for The boiler.

But as far as any requirement exists on the program, it still does:

yes.
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THE APPLICATION OF ALKALI METAL VAPOR SYSTEMS
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ABSTRACT

This report describes a theoretical and applied research program
directed toward prolonging the lifetime of magnetohydrodynamic (MHD)
energy converters by reducing the necessary operating temperatures te
the range 1000° - 2000°k. The process of interest is the use of the
magnetically induced electric field in the MHD generator for electrical
breakdown of appropriate working fluids, Work was directed toward the
use of alkali metals for Rankine (vapor) cycles (although the results are
applicable to Brayton cycles with certain nuclear reacters) and alkali
metal seeded nosle gases for studying the basic parameters of the break-

down,

*The work covered by this report was sponsored by the Aero Propulsion
Laberatory of the Air Force Aeronatical Systems Division under Contract
AF 33(657)-8298,
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1.0 GENERAL INTRODUCTION

As our nation's space program progresses, the electric power require-
ments for both auxiliary systems and propulsion spacecraft will continually
increase, A promising power generation technique for future application to
manned-planetary missions demanding hundreds of kilowatits to megawatts of
electricity for periods of the order of one year or longer is the direct con-
version magnetohydrodynamic (MHD) power generator.

MHD generators do not fit into schemes like the fuel cell, which converts
chemical energy directly into electricity, nor thermionic or thermoelectric
devices, which convert heat directly into electricity, Rather, the MHD
generator serves the combined function of the turbine and alternator in
either the conventional Brayton (gas) cycle or Rankine (vapor) cycle system,

The basic concept of MHD power generation can be seen from Figure 1,
In this representation, when a conductor passes perpendicularly through a
magnetic field of strength B at a velocity v, a voltage will be induced in the
conductor orthogonal to the magnetic and velocity vectors. This voltage
results from the Lorentz force acting on the free electrons in the conductor;
and, if the conductor is any closed configuration (such as a wire loop), a
current will flow, Extension of this single conductor model to many con-
ductors repeatedly cutting the magnetic field yields a direct current Faraday
generator. Furthermore, it is logical to progress to a conducting fluid
conveyed in a duct between the poles of a magnet., In this case, by placing
electrodes in the top and bottom duct walls and connecting the electrodes to
the external load, a current will flow through the conducting fluid. Basically,
then, the MHD generator is a variation of the Faraday generator. The
primary difference between them is that in the MHD generator system the
working fluid is itself an electrical conductor and forces itself through a
magnetic field delivering power directly; while, if the conversion machine
is a turbine, the working fluid causes a turbine wheel to move and thereby
forces a length of conducting wire through a magnetic field,

For the most part, current development programs leading to mission

capability in the tens of kilowatts range utilize the Rankine cycle to convert
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nuclear heat to electrical power via conventional turbogenerators. To
minimize the radiator area {(and, hence, weight of the system) working
fluids which condense at high temperatures are indicated. The alkali metals
meet this criteria and are attractive working fluids because of their heat-~
rernoval properties, thermodynamic properties, and stability in the nuclear
and thermal environment. Unfortunately, higher condensing temperatures
imply higher maximum cycle temperatures,

Although the basic design technology for turboelectric systems is well
established, the use of rotating machinery in high temperature alkali metal
systems has the following basic limitations:

1)  The reduced creep strength of existing construction materials at
high temperatures and the deleterious effect of the slight change in
dimensions in the turbine inlet limit the growth potential of the
turbo-machinery.

2) The attack on known alternator winding insulations by the alkali
metal working fluid is another serious problem area.

3) Since hermetically sealed packages are necessary for space ap-
plications, the required liquid metal-lubricated bearings are a
challenge.

Since it can be completely non-rotating, the utilization of an MHD
generator in place of the turbo-~generator eliminates the above three
problem areas; and, unlike the turbo-generator system the MHD vapor
cycle has growth potential to higher temperatures and powers with a cor-
regponding reduction in specific weight and increase in efficiency.

By utilizing non-thermal ionization techniques, it may be possible to
operate the MHD generator under boiling and condensing temperatures almost
identical to the turboelectric alkali metal vapor cycle. With the use of a
superconducting magnet coil, the weight of a 1 mw(e) MHD power generator
utilizing potassium boiling at 2000°F has been estimated at about 1200
pounds contrasted to an estimated weight of 5300 pounds for a 1 mw  turbo-

(e)

electric rotating package, In addition, the equivalent overall turbogenerator
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cycle efficiency of the MHD vapor cycle is estimated to be of the same order
as that of the turboeclectiric rotating package: 13 percent compared to 16 percent,
The MHD package is at the disadvantage for lacking the design experience
of a turboelectric system. In comparison to the wire-wound generator, the
MHD generator is more complex to analyze because the electrical conductivity
and working fluid velocity are variable properties and the plasma is not
constrained to move in any precise path. In comparison to the analysis of
compressible flow in a duct, the flow in the MHD generator is also more
complex because the Lorentz force and chmic heating vary over a cross-
section.
For practical MHD power generation (that is, power densities from
0.1 to 1} kw/cm3) electrical conductivities in excess of 100 mhos/meter
are required for generator channels of reasonable length, This may be
seen from an approximate momentum equation for a constant velocity MHD
generatorlz

dp , B 2
a—;--ix%—c(l—-K)uB (1. 1)

which may be integrated to yield the generator length Li;

P
2

P, (- 5)
1 P

L = 5 ‘ (1.2)
o(l-K) uB
where
Pl = inlet static pressure
PZ = exit pressure
) = effective electrical conductivity (assumed constrast)
n = gas velocity
B = magnetic field
K = ratio of load voltage to open circuit voltage

From the energy equation, the temperature ratio is given by:

K(y -1)
Y

2 () (-2
1 1
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Since it is desirable to maximize the energy extracted per unit mass of

working fluid, given by CP (Tl-T the temperature ratio TZ/TI should be

s
made as small as possible, For 1-7‘2“/131 < 1, this requires K to be close to

unity. Selecting K = 0,8, @ = 100 mhos/meter, P. = 1 atmosphere, PZ/PI << 1,

u = 103 meters/second, and B = 40 kilogauss, the;
L = 0,33 meters

which is reasonable.
The corresponding power density is

Pay.
vl
which falls in the required range.

E =0 (k) (1-k) r),2 B2 =0,26 kw/cm3

It is quite evident that the key to achieving good power densities is the
electrical conductivity; that is, the higher the conductivity the greater the power
density for a given plasma state, As currently envisioned, the working fluid
must be contained by ordinary physical walls and, hence, the total temperature
of the working fluid cannot exceed about 2000°K (3560°F)#*, At the same time,
most MHD generator designs indicate the necessity for operation at pressures
not too far from atmospheric, With this combination of pressures and tem-
peratures, the working fluid (gas or vapor) would be essentially electrically
non-conducting. The reason is simply that at these conditions the working
fluid will be essentially unionized; that is, insufficient free electrons will
be present in the plasma to carry a current. It is, therefore, apparent
that some '""non-thermal' path for achieving appreciable ionization of the
working fluid must be followed if successful closed~cycle, nuclear-MHD

power generation is to be achieved.

*¥*Even with cooled walls, this temperature probably represents an upper
limit, Presumably the heat source for such a system will be a nuclear
fission reactor and even advanced reactor technology does not envision

higher coolant outlet temperatures.



321

Appreciable non-thermal electrical conductivities in the working fluid
under conditions (impurity level, temperature, pressure, selection of working
fluid, etc.) that are reasonably compatible with foreseeable reactor technology
can be achieved by supplying electrical fields, Of course, from a practical
standpoint, the electrical energy used to create the non-thermal condition
must be less than the electrical energy generated in the MHD generator,
Several methods have been proposed for attaining the non-thermal ionization
with less power than is generated: 1) magnetically induced ionization whereby
the induced Faraday and Hall electric fields in the MHD generator are used

to increase the thermal energy of the working fluid, which should then ionize

a constituent of a carrier fluid having a low ionization potential or the working
fluid itself; and 2) ionization of the working fluid by particulate or electro-
magnetic radiation. The first approach is most appealing from the point of
simplicity since no external electron guns, beam penetrations, or fixing of
irradiation devices along the channel are required, Furthermore, theory

indicates that such a system should be feasible,

2.0 MAGNETICALLY INDUCED NON-EQUILIBRIUM IONIZATION

Magnetic field ionization refers to the method whereby the Faraday and
Hall electric fields induced by the magnetic field in an MHD generator are
used to increase the thermal energy of a gas or vapor. The theoretical
basis is that the magnetic field causes the electrons to drift transverse to
the flow and subsequent collisions with the heavy particles in the flow increase
the electron temperature and decrease the gas temperature,

According to the kinetic theory for electrons, the energy received from
the electric field is the scalar product of the electron current and the electric
field in coordinates moving with the mass average velocity. In these co-
ordinates, energy fed to the electrons from the electric field E* is lost to
the heavy particles during elastic collisions with them, In an elastic
collision, the energy loss is the product of twice the electron to atom mass
ratio and the energy difference between the electron and the heavy particle.
To convert to a volume basis, this must be multiplied by the electron density
and the electron collision frequency. Thus, neglecting net radiation losses

and electron-electron collisions, the energy balance for the electrons is:
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2m_ 6,
P eBk=2 mv J\—3t N3k 37 (2.1
Je F PV el T 2 e "2 N - 1)
i
where
. g - e ~ 3 - i -
j = electron current = —————5 E%¥ ~ — E x B(assuming E* . B =
e 2 v &
L+ w [V e
e e
. . . 2
a = gcalar electrical conductivity = n_ e /meve
-t ~ -
E%* = moving electric field =E +u x B
u = gas velocity
E = static electric field
B = magnetic field induction
n, = number density of electrons
me = electron mass
. .th .
Mi = mass of heavy particle of i” species
we = electron cyclotron frequency = eB/x‘ne
s - . .th :
Vei = the electron collidion frequency with the i species = niQei< c)
e
<C>e: mean thermal electron speed = / 8kTe/17 rnme_
Ve =L Vei
ife
k = Boltzmann's constant
th . s .
oi = elastic electron - i particle collision cross section
m
T = electron temperature = ——— {c) 2
e P 3k e
. .th .
Ti = temperature of heavy particles of i = species
. . . . ... .th .
6 =z correction factor to account for inelastic collisions with i~ species

Since j». ° E¥ is always positivel, the electron temperature exceeds the
gas temper;ture and if the ionization follows the electron temperature extremely
high electrical conductivities may be obtained. To solve Equation 2,1 for
the ratio of electron temperature to gas temperature, the relationship between
? and Ex (which is dependent on generator geometry and loading) must be

specified.
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The three basic linear generator configurations having rectangular
cross-sections are the continuous electrode, segmented electrode and Hall
generator loading configurations (see Figure 2), Comparison of these
configurations by Sut:ton1 has shown that in a linear generator the segmented
electrode geometry yields the highest power density for any given efficiency.

In the segmented electrode arrangement, the current flow is essentially
transverse to the gas flow and no net Hall current exists in the downstream
direction, With the Hall current of equal to zero, an electric field will

develop in the axial direction (in the absence of ion slip} according to:
w

= (Ey - UB) (2.2)
X 1%

e
and the current will be

J'Y = g(ey - UB) (2.3)

The open circuit voltage corresponding to jx = 0is UB., It is common
to express the electric field under load as some fraction K of the open

circuit field. Thus far the segmented electrode geometry:
- By 2.4
K =38 (2.4)

where for generationof electrical power, 0 < K< 1l.% Substitution of

Equation 2.4 in Equation 2,2 yields

[73]
E =-(1-K),/e UB (2. 5)
X
[$]
Since
E*=RE+UxB (2. 6)
E* = -(1-K) UB
y w (2.7
Ex =E = -(1-K) UB
X X e

*Note that jY is always negative for electrical power generation and hence
the Lorentz force 3’ x B acts in the negative flow direction and tends to
retard the flow. On the other hand, if K > 1 (corresponding to the
electrodes being attached to a voltage source), jY is positive and the Lorentz

force accelerates the flow,
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Thus from Equations 2,3 and 2,7

2
§t Ex = (1-K)% o u’B (2. 8)

Thus the energy balance equation (2, 1) yields the following temperature

ratio for the segmented electrode geometry:

T 1+ 2 wn? 23 ol
e 3
T B 1 -2 (2.9)
o 1+ E(‘y =) M
where
Te = electron temperature
Y-l =2

M

= total temperature = '1"i (1 + 5 )

o
M = weighted average Mach Numnber = u/a

1/2
a = speed of sound = (zb-g )
P =pressure=% n, kT, ~nkT
i i i o
n = total number of particles
p =mass density = L n, m,
1 i
Y = ratio of specific heats
-1
T = average time between electron-nm-~electron collisions = Ve
N 1
6 = weighted average correction factor =
Xi Gei Qei
z ——— z Xi m,
ife i ife
z : .
iZe Xi Qel
. th .
X . =number density of i" heavy particle

i
Based upon this thoervy, calculations3 {procedure for which is outlined
in reference 4) were carried out to deterinine the relative performance of
MHD generators utilizing magnetically induced non-equilibrium ionization
in all the pure alkali metal vapors, in helium seeded with lithium, and in
system of hydrogen, argon, and mercury seeded with cesium, The influence

of the total temperature, total pressure, Mach nurnber, ionization potential,
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atomic weight, elastic electron collision cross-section, and magnetic field
strength upon electron temperature, plasma conductivity, and power density
were determined, Due to much smaller elastic electron collision cross=~
sections in hydrogen, helium, argon and mercury, as compared to that of
the alkali metals, the electron temperatures, plasma conductivities and
power deunsities are generally higher in the former group as compared to
the equivalent systems of the latter group. The loss factor {(§) was taken
as unity in all systems except hydrogen, in which case § = 10,

Typical results for the argon, hydrogen, mercury and helium systems
are presented in Table I. A comparison of pure alkali metal vapor systems
is presented in Figure 3., For alkali metal vapors, the decrease in ionization
potential of the heavier elements (Cesium at 3.87 e, v, contrasted to Lithium
at 5.363 c.v.) is greatly overshadowed by the increase in atomic weight
and especially by the increase in electron-~neutral collision cross-section.
Lithium is undesirable because of the high operating temperatures required
due to its low vapor pressure, Rubidium and cesium are undesirable because
of their high atomic weights and large electron~neutral collision cross-
sections, Either potassium or sodium would be acceptable working fluids;
however, the amount of equilibrium dimer in the vapor is much greater in
sodium than in potassium (see Figure 4). Consequently, potassium appears
the best choice among the alkali metals as an MHD working fluid,

Predicted power densities in a potassium vapor MHD generator are
displayed in Figure 5. A comparison between the results for equivalent
potassium and seeded inert gas systems strikingly displays the higher
magnetic field requirements of the pure vapor system; however, at
magnetic field intensities and total temperatures which are currently attainable,
power densities in the range 0,1 to 1,0 kw/(:m3 can still be realized by

drastically reducing the total pressure {see Figure 6).



TABLE I

TOTAL TOTAL MACH MOLE FRACTION MAGNETIC POWER
SYSTEM TEMPERATURE PRESSURE NUMBER OF SEED FIELD DENSITY
ARGON-CESIUM 1600°K 50 psia 0.6 5x 10-'4 20, 000 gauss G.5 kW/Cm3
20 psia 1.0 kw/cm>
HYDROGEN- 2000°K 20 psia 1.5 10-4 19,000 gauss 1.0 kvv/crn3
CESIUM 0.8 1.0 kw/cm?>
MERCURY- 2000°K 20 psia 1.5 10-4 41,000 gauss 1.0 kw,«'cnn3
CESIUM
HELIUM- 1000°K 20 psia 0.6 5x 10-3 42,000 gauss 1.0 kw/c:rn3
LITHIUM 1,0 23,000 gauss
1,5 13,500 gauss

=43
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3.0 EXPERIMENTAL PROGRAM

While theoretical analysis indicated that low temperature conductivity
could be achieved via magnetically induced ionization, the phenomenon
remained to be experimentally verified. Since the possibility of cbtaining
a highly conducting plasma at low temperatures would lead to highly efficient
and compact MHD generators for space power applications, a theoretical
and applied research program was undertaken in this area of non-equilibrium
ionization of plasmas in the temperature range 1000°K to 2000°K.

In the following sections, several items of work being carried out under
the program are described: seeded inert gas system (M-4), short term
potassium vapor blowdown studies {M-5), and a closed cycle potassium
system (M=6).

The M-4 MHD Generator

Although the superiority of the Rankine (vapor) cycle over the Brayton
(gas) cycle for MHD space power generation can be demonstrated as the
basis of relative radiator weights (see reference 5 for a detailed analysis
of various MHD power cvcles), the alkali metal-seeded nobel gas system
is being used for basic research purposes,

The M-4 MHD generator is powered by a high pressure manifold con-
taining twenty-two argon gas cylinders, Test times, with argon flow rates
near 0,15 pounds per second, run near 50 minutes. The basic equipment
is shown in Figures 7 and 8,

The argon flow, monitored by means of a rotameter, is heated to
temperatures around 1200°K by means of a molybdenum mesh heater suspended
by a molybdenum coil which is tightly packed into dense alumina tubes
through which the argon is forced to flow, This design provides approximately
six times the heat transfer area per unit length and twice the heat transfer
coefficient as compared to a conventional resistance heater, Furthermore,
the design has avoided thermal shock damage during heater start-up. Power
input to the heater is accurately controlled by means of a saturable core
reactor feeding a step-down transformer giving low-voltage, high current

power to the heater,



328

After the gas leaves the heater, it passes into a plenum where cesium
is injected by a motor-driven syringe (see Figure 9). All cesium lines
are heat traced to prevent cesium solidification, The dry box is under
continuous argon purge, The seeded gas passes from the plenum chamber
through a molybdenum screen to a nozzle for isentropic expansion into the
MHD channel. The test section is formed from 99. 7% alumina blocks
contained in a rectangular cross~section stainless steel shroud,

A typical segmented electrode MHD test section is shown in Figure 10,
In this particular test section, grooves were cut perpendicular toa l x 3 cm
constant area channel. The electrode probes are positioned in these grooves
and brought out of the channel shroud through Conax pressure glands, Three
electrodes are instrumented with Pt/Pt- 10% Rh thermocouples for measure-
ment of the temperature at the surface of the cathedes, Ten mil thick tungsten,
molybdenum, tantalum and molybdenum-rhenium electrodes have been spot
welded to the electrode probes.

In Figure 10, three groups of electrodes can be distinguished: the first
four electrodes can be used to pass high voltage currents through the plasma
immediately prior to entering the magnetic field region; the next seventeen
electrodes are the power electrodes within the magnetic field region; and
the last four electrodes are available for low voltage current input in order
to measure de-ionization rates downstream of the magnetic field region,

The magnet provides a 2-inch gap between 6' x 13" pole faces in which
the test section is suspended, The copper core magnet is water cooled and
will operate continuously at a field strength of 25 kilogauss.

Current experiments include parametric studies of magnetically induced
non-equilibrium ionization and determination of ionization and de-ionization
rates. Future experiments will incorporate an electron beam in conjunction
with metastable gas mixtures to increase the electron temperature above that

of the neutral particles,
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The M-5 MHD Generator

To demonstrate magnetically induced non-equilibrium ionization in

alkali metal vapors, a potassium vapor blowdown experiment was conceived.

Based on the theoretical MHD generator calculations presented in reference 4,

magnetically induced non-equilibrium ionization should be detectable in a

potassium vapor system at a total gas pressure of 10 psia and a total gas

temperature of 800°C at a Mach Number of only 0,5 in the generator channel.

With such operating parameters in mind, the following criteria were applied

to the design of a blowdown experiment:

(a)

(b)

(c)

(d)

The vapor temperature must not fall below the potassium

vapor pressure line during expansion into the generator channel

in order to prevent agglomeration or condensationof potassium in
the generator,

From the standpoint of materials availability and ease of fabrication,
the blowdown tank would be fabricated from 316 stainless steel, This
would 1limit the maximum operating temperature to somewhat below
900°C.

Without continuous injection of potassium into the heater tank, the
upstream temperature and pressure of the potassium vapor will
continuously decrease with duration of blowdown; therefore, the
volume of the blowdown tank should be sufficiently large to maintain
relatively constant upstream conditions for several seconds,

To enhance the safety aspects of the operation, the total potassium

change should be small.,

A system characterized by the operating line shown on Figure 1] meets

these requirements. If 37.5 grams of potassium are introduced into an

3
evacuated 4 ft  vessel and heated, the pressure~temperature operating line

will follow the vapor pressure line until the last of the potassium is vaporized.
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As the temperature is further increased to superheat the vapor to 9000(3,
the operating line follows the ideal gas line until a pressure of 517 mm Hg
(10 psia) is reached. An isentropic expansion of the vapor through a Mach
0.5 nozzle will reduce the pressure and temperature to 8,19 psia and 810°¢c,
respectively. As can be seen from Figure 11, the vapor temperature after
expansion is still about 100°C above the vapor pressure line; congequently,
no agglomeration or condensation will esccur at the eatrance to the MHD
channel. Furthermore, assuming the potassium to be an ideal gas undergoing
an adiabatic-isentropic expansion, it can be shown that during the initial
1/2~-second blowdown period the total pressure has dropped to about 80% of
its initial value and still exceeds the vapor pressure,

A system capable of achieving the indicated operating conditions and
meeting the functional requirements of the experiment was designed on
the basis of simplicity, high reliability of operation and use of the best
readily available materials of construction. The systern consists essentially
of a heated blowdown tank, a thimble incorporating the nozzle~-MHD generator
channel assembly and a condenser arranged as shown in Figures 12 and 13,

The thimble arrangement (Figure 14) consists of two sub-assemblies:
The nozzle section and the MHD channel section, The nozzle section combines
a pipe~to-nozzle transition joint and a nozzle housing in a single stainless
steel unit. The design of the nozzle housing permits adjustment of flow
characteristics (developed Mach Number) by simple replacement of inserts,
The sub-assembly is coupled to the blow-down line and the MHD channel
section by flanges., The MHD channel assembly consists of a high density
alumina generator channel blocks (Figure 15) arranged within a square
cross~section stainless steel shroud, This sub~assembly is flanged for
coupling to the nozzle section and the condenser section,

Although the M-5 facility, unlike the M-~-4 Experiment, has not yet
attained operational status, a more complex alkali metal vapor facility has

already been designed and fabrication will be started in the very near future,
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The M-6 MHD Generator

To demonstrate continuous Rankine cycle magnethydrodynamic power
generators utilizing non-equilibrium jonization, a prototype closed-cycle
alkali metal vapor system has been designed. The design of the facility
emphasizes long life, reliability and flexibility of the prototype., Fabrication
will carry out these design criteria using the best available materials and
techniques for construction under strict quality control. Operation and
evaluation of the system will be directed towards the development of high
power Rankine cycle MHD power generators for space application,

The operating lines superimposed on the temperature-entropy diagram
shown in Figure 16 depict the alkali metal vapor cycle. From this
diagram it is readily seen that inappropriate selection of the vaporization
pressure {line 2-3-4-5 is an isobar) in combination with expansion to too
high a Mach Number (line 5-6) can result in an MHD generator condition
{point 6) lying below the potassium vapor pressure line. To determine
the possible operating limits, screening calculations of anticipated MHD
generator performance were prepared. For example, a vaporizing 1 gram/
sec of potassium at 0,5 psia, superheating of the vapor to 2500°R andisentropic
expansion to Mach 1.7, the MHD channel pressure will drop to 0,09 psia
which is above the condensation pressure, At these conditions, a plasma
conductivity of 380 mhos/meter could be achieved in a magnetic field of
about 12 kilogauss and the resultant power density, W(1-K)/K, would be
approximately 0,2 K\WcmB. On the other hand, onvaporizing 15 grams/sec
at 6.1 psia, superheating to 2500°R and expansion at M = 1,5, the static
pressure will drop to 1.5 psia (incipient condensation), At these conditions
(and assuming that the vapor does not actually condense), a plasma conductivity
of 35 mhos/meter could be achieved in a magnetic field of about 30 kilogauss,
The resultant power density would be about 0.1 KW/crn3. Operation at
higher vaporization pressures or higher Mach Numbers (or combinations
of the two) would certainly result in vapor condensation. Since the operation

of a wet potassium vapor generator is not a priori in conflict with the
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magnetically induced non-equilibrium ionization, an experimental system
capable of operating in either dry or wet regimes was designed while a
theoretical study of the effect of wet potassium vapor (droplets) on non-
equilibrium electron heating (and, generator performance) was undertaken.

The M~6 facility will be capable of generating as much as 2 pounds/
minute of saturated potassium vapor at temperatures ranging from ap-
proximately 1200°R to 2000°R (0.1 to 29 psia), After superheating to a
maximum of ZSOOOR, the vapor will be expanded through a nozzle to attain
supersonic velocities at the entrance to the MHD generator, The vapor
discharge from the generator channel will be de~superheated and condensed
in nitrogen and air-cooled units, respectively, and the condensate returned
to the boiler by means of an electromagnetic pump. Auxiliary systems
include a by-pass purification system capable of 10 loop volume through-~
puts per hour, a potassium transfer system, and vacuum and cover gas
systems., The system is fully instrumented for both steady~state and
transient operation with minimum operator coverage. A flow and instrumentated
schematic is presented in Figure 17,

To date, detailed construction drawings covering all system compenents
have been prepared., The systemn will be arranged as shown in Figure 18
and positioned in a vapor container 10' x 16' x 8' (not shown)., Electric
power diagrams and instrumentation, alarm and control wiring schematics
have already been prepared, Installation of this facility is scheduled to

begin on or about October 1, 1963,
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SCHEMATIC DIAGRAM-FARADAY GENERATOR

Figure |
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CONTINUOUS ELECTRODES

HALL GENERATOR

Figure 2, Linear Generator Geometries Having
Rectangular Cross Sections
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Figure 10
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Figure 13.
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DISCUSSTON
MR. BERENSON: What are the irreversibilities in MHAD generators?

MR. HOFFMAN: There are a couple. Of course it depends on where you
operate. TIn reading through this paper you probably noticed that the MHD
generator operates in a range between O and 1 for K. This is for power

generation.

New 1f K is greater than 1, you have to add power to the system, and
it acts as an accelerator. Indeed, you can reverse lhe electro-leads and
get K less than 1; and then it is just a brake. The Lorentz force holds
you back. Of course, if what you are talking about is, "What can I get
out: of this thing?" it certainly isn't a perpetual-motion machine. You
have to continue to feed heat to it. This is the whole point. The heat,
of course, would depend upon somebody else's supply from the reactor.

The idea being if somebody can build a reactor to give the right tempera-
ture, then material problems don't exist in MHD generators; because they

have already been solved.

MR. BERENSON: What I actually had in mind would cause the entropy
lncrease.

MR. HOFFMAN: Could I discuss this with you? I think i1t would take
a little too much time to put things on the board. It is due to the fact
that in this particular geometry, there is no net Hall current which is

allowed to flow in the system. I will be happy to discuss it with you.
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ANALYSIS OF THE ACCELERATION OF

LITHIUM IN A TWO-PHASE NOZZLE1

David G. Elliott2

Jet Propulsion Laboratory

Pasadena, California

Abstract
To generate electric power magnetohydrodynamically from a liquid metal in
a closed cycle, the metal must first be accelerated to several hundred feet per
second in a two-phase nozzle. This paper presents results of calculations on
the acceleration of lithium by cesium vapor in a two-phase nozzle. The calcula-
tions indicate that 857% to 907 of isentropic velocity can readily be attained,
and this conclusion is supported by experiments on the acceleration of water by

nitrogen and by Freon,

1This paper presents the results of one phase of research carried out at the Jet
Propulsion Laboratory under contract NAS 7-100, sponsored by the National
Aeronautics and Space Administration.

2Engineering Group Supervisor, Advanced Propulsion Engineering Section.
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Introduction

The long lifetimes required of space powerplants make nonrotating powerplant
cycles attractive, A nonrotating power conversion cycle under investigation at
JPL is the liquid magnetohydrodynamic system shown schematically in Fig. 1. 1In
this system a fluid, such as cesium, circulates in the vapor loop and causes a
liquid metal, such as lithium, to circulate through an MHD genevator in the liquid
loop.

In operation, the cesium leaves the radiator as condensate, flows through an
EM pump to the mixer, vaporizes on contact with the lithium, atomizes and acceler-
ates the lithium in the nozzle, separates from the lithium in the separator, and
returns to the radiator. The lithium leaves the separator at high velocity
(typically 500 ft/sec), decelerates through the production of electric power in
the MHD generator, and leaves the generator with sufficient velocity (typically
300 ft/sec) to return through a diffuser to the nuclear reactor where the lithium
is reheated. Presently estimated flow rates for 300 kw electric output, with
2000°F nozzle inlet temperature and 1400°F radiator temperature, are 20 1b/sec
of cesium and 120 1b/sec of lithium,

An analysis of the liquid MHD system is given in Ref. 1, and initial test
results with water and nitrogen are preseunted in JPL Space Programs Summary
Numbers 37-17 and 37-21, Volume IV,

Single-component cycles (for example, liquid potassium accelerated by its
own vapor) are possible, but preliminary analysis indicates that fluid-friction
losses in the separator and generator would be higher than with the twe-component
cycle. With the latter, potassium or rubidium are possible alternatives to
cesium as the driving vapor, but solubility is presently known only for cesium
(Ref. 2).

A key problem in the cesium-lithium cycle is the efficient acceleration of
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the lithium by the cesium in the two-phase nozzle. It is necessary, first, for

the lithium to vaporize the cesium at the inlet of the nozzle, then for the lithium
to be atomized by the cesium vapor, and finally for the lithium to be accelerated
by the cesium while transferring heat to the cesium vapor to maintain its tempera-
ture, The analysis to be presented here indicates that these processes can be
accomplished sufficiently well in a nozzle of reasonable length to yield an exit
velocity between 85% and 90% of isentropic. It will be shown that the analysis
correctly predicts exit velocities for water accelerated by nitrogen and by Freon

1301, the latter vaporized by the water at the nozzle entrance.

Analysis

Nomenclature and Assumptions

Fig. 2 shows the parameters which describe the two-phase nozzle flow. At
axial distance x from the entrance the gas has flow rate mg, velocity Vg’ tempera-~
ture Tg’ density pg, specific heat Cg’ viscosity “g’ and thermal conductivity kg'
The liquid, assumed to be in the form of spherical droplets all of diameter D,
temperature T

has flow rate ml, velocity V density P15 specific heat ¢ and

1’ 1’ 1’

surface tension o . The pressure is p and the flow area is A.

The main idealization in this model is the assumption of equal droplet dia-
meters. Partial justification is the fact, discussed later, that large droplets
break up and narrow the drop-size distribution, but the main justification is
the good agreement of the model with experiment, Other idealizing assumptions
are that the flow is one-dimensional and that there is no friction or heat trans-
fer at the wall.

Continuity
The nozzle flow area is equal to the gas flow area, mg/;% Vg’ plus the liquid

flow area, m1/pl vy
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. 1 r
A =1 < +--~w> (1)
ey ﬁ% Vg %_Vl
where r is the mixture ratio mllmg.
Momentum
The momentum flux of the mixture is
M= mg Vg + ml V1 €3]
If the nozzle were cut off at the station in question and the mixture
allowed to attain equilibrium with no change in pressure, the velccities would

equalize while maintaining the same momentum flux, The resulting equilibrium

or "mean" velocity of the mixture, designated by V, is, therefore, given by

mg Vg + iy V1 = (mg + ml) v 3)
or,

- V_+ er

V= 1 +r (%)

The momentum flux in terms of V is
M = (mg + ml) v (5)
Since the sum of mg and ml is a constant, regardless of any mass transfer

between phases, the momentum-flux gradient is

o, .y dV
T (mg + ml) i

(6)

[l

. av
mg (1 + 1) o
In the absence of wall friction, the momentum flux gradient is equal to
minus the pressure gradient acting over the flow area. Thus,
. dv dp
Mo 1+ dx = 7 A dx @)

Substituting the value of A from Eq. (1), the momentum equation becomes

av B 1 1 T dp
dx""1+r(pv Y )dx (8)
g g i1

The ratio of relative to mean velocity will be called the slip, s. Thus,
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s .8 1 9)

From Eqs. (4) and (9) it can be shown that

rs —_
Vg“(l'i'1+.r)v

(10)
and

V. = (1 )y v (11)

S
1 T 14r
. Substituting Eqs. (10) and (11) into Eq. (8), and noting that 2VdV = dvz,

the final form of the momentum equation is

- -2
dv - - 2 1 + T dp (12)
dx 1+ (a+ rs 3 (1 - s ) dx
141 pg 1+r pl

In the limit as the slip approaches zero the flow becomes isentropic. From

Eq. (12) the isentropic-velocity gradient is

2
av
r _ .2 (_l_ + WEW,) %E (13)
Pg Py

Slip Gradient

The accelerating drag force on each liquid droplet of diameter D is

2-2
p sV 2
Fa = G ( > )(”Z ) (14)

The accelerating buoyancy force is

3
__.mD" dp
Fp = "7 % ax (15)

The sum of these two forces equals the product of mass and acceleration of

the droplet. Thus,

WD3 Pl dV1
LR
Combining Eqs. (14), (15), and (16), the liquid velocity gradient is
2 =2
dv 3p s V' C
1 g D 1 dp (17)

dx 4p) V; D B py vy dx
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From Eq. (11), dVl/dx can also be written

:i_‘.f_.=1_.__s.__ ﬁ+i_. i dr _ds (18)
dx 1+ dax 1+ 1 +r dx dx

Solving Eq. (18) for ds/dx and evaluating dVlldx from Eq. (17) the slip

(=

gradient is

S

as A -Tyx) A+ oy 14 4
@x - - & tiyr &7 — dx
v PV, (19)
2._
) 3pg s” Vv C, (1 + 1)
4h, V, D

The drag coefficient can be conveniently evaluated from Stonecypher's least-
squares fit (Ref. 3, page 3) to Perry's tabulation (Ref. 4, p. 1018):
1n Cy = 3.271 - 0.8893 (In Re) + 0.03417 (In Re)’

3 4 20)
+ 0.001443 (ln Re)’ 0.1<Re<2 x 10

where the Reynolds number is based on relative velocity:

p sVD
Re = B (21)
P

For small Reynolds numbers Stokes' law holds:

c, = 22

<
o Ra Re<0.1 (22)

For large Reynolds numbers, up to the largest encountered in practical

nozzles, C. can be taken as constant at 0,457, the value given by Eq. 20 for

D

Re = 2 x 104.

Energy

With no heat transfer at the wall, the total enthalpy flux of the mixture

remains constant, Thus



2
. dT av
gﬂ:()zﬁ‘l c——a-l"l"j‘—
dx g\ g dzx 2 dx (23)

2
T av
) 1.1 dp 1 N1
oy (cl dx b, A +3 )

Heat Transfer
The rate of convective heat-transfer from the liquid droplets to the gas is

49 _ o2 ;
= "D Nh(g_-Tg (24)

where h is the heat-transfer coefficient and N is the number flow rate of droplets,

the latter given by

. 6 iy
N ="
7rD3p1 (25)

Due to circulation within the droplets their internal temperature is uniform

so that

dt 11 dt (26)
Combining Eqs. (24), (25), and (26) and noting that dx/dt = Vl’ the liquid-

temperature gradient is

daT 6h (T -T.)
1 g 1 (27)

dx Dp; ¢ Vy

Eqs. (23) and (27) neglect cooling effects due to formation of additional
vapor during expansion, but such cooling has little effect on velocity since it
mainly affects the liquid temperature which decreases little during expansion.

The heat-transfer coefficient can be evaluated from the following relations

(Ref. 5, p. 379):

2 %
h = '“?fi Re < 1.0 (28)
~ (2.2  0.48
h = ¢ 2.2 L 048 4 Re< 25 29
ere T (& \[i_) < @
0.37 k_ReV-®
h = Re > 25 (30)
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Droplet Breakup

The ratio of drag to surface-tension forces for a liquid droplet is propor-

tional to the Weber number defined by
2 =2

p.D sV
We = 5 (€15)
Various analyses and experiments indicate (Ref. 6, page 3) that a droplet

moving relative to a gas stream will break up if the Weber number exceeds 6,

provided the time of exposure to the velocity differential is at least as great
™

as the natural period of oscillation of the droplet, . P1 D3/ ¢ . The latter

condition is met in two-phase nozzles of interest here. Hence, the maximm, or

critical, droplet diameter is

12 ¢

max 2=-2
o sV
g

D

[}

(32)

The droplets are assumed to break up to Dmax whenever Dmax falls below the current

diameter D.

Comparison with Experiment

The preceding equations were used to calculate the theoretical performance
of an experimental two-phase nozzle employing nitrogen gas to accelerate water,
Fig. 3 is a photograph of the nozzle in operation.

The nozzle has an entrance diameter of 14 in., a throat diameter of 3.18
in,, an exit diameter of 5.2 in., and a length of 50 in. The convergent half-
angle is 20 deg, and the divergent half-angle is 2.5 deg. The area change in
the throat region is very gradual so as to limit the slip, s, to about 0.5, The
injector employs 1656 pairs of nitrogen and water jets impinging at right angles,
the former 0.005 in. x 0.13 in., and the latter 0.040 in. x 0.13 in.

The nozzle was tested over a range of mixture ratios from r = 15 (h_ =

g

6.1 1b/sec, ml = 92 1b/sec) to r = 70 (mg = 2.6 1b/sec, = 182 1b/sec). The

0y
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nozzle inlet pressure was held at 150 psia, and the pressure differentials
across the injection orificesranged from 170 psi to 30 psi for the nitrogen and
from 14 psi to 38 psi for the water. The mean exit velocity, V, was determined
by dividing the nozzle thrust by the total flow rate.

Theoretical computations were made for initial droplet diameters ranging
from 0.002 in, to 0.050 in, 1t was found that exit velocities remained constant
for initial diameters greater than 0,010, because of the breakup criterion, Eq,
(32), which caused larger droplets to break up to that size within 16 in. of
the entrance,

Fig. 4 compares the experimental and theoretical exit velocities, the
latter computed for '"large", i.e.,, greater than 0.010 in., initial droplet
diameter. Also shown is the isentropic velocity, corresponding to zero droplet
diameter. The experimental and theoretical velocities agree closely and are
85% of the isentropic velocity.

The same nozzle was tested with Freon 1301 (CBrF3) and water, The Freon
was injected as a liquid at -70°F and the mixture ratio was varied from &4 to 14
with the nozzle inlet pressure held at 150 psia. The water, initially at 60°F,
was cooled 5 to 20°F by the vaporization of the Freon, and the resulting Freon
vapor had 0 to 15°F superheat.

Fig. 5 compares the theoretical and experimental exit velocities with the
Freon. The experimental values are slightly below theoretical, but close enough
to show that substantially all the Freon must have vaporized near the nozzle
entrance. The experimental exit velocities are 917 of isentropic, higher than
with nitrogen because of the higher density of Freon vapor.

The good performance obtained with Freon and water is evidence that lithium
would efficiently vaporize cesium (or potassium or rubidium) in a similar nozzle,
since the heat-transfer properties of the latter systems are at least as favor-

able as those of the Freon-water system,
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Theoretical Cesium-Lithium Performance

Fig. 6 shows the theoretical exit velocity for a cesium-lithium mixture
expanding from 202 psi and 2000°F to 20 psi, based on the property values of
Ref. 7. The concentration of cesium dissolved in the lithium was assumed to
be 6% by weight at the nozzle entrance (the lower of the two values reported
in Ref. 2) and to decrease in proportion to the cesium pressure. The lithium
vapor pressure was assumed constant at 2 psi. A source of uncertainty was the
lithium surface tension which was taken as 230 dyne/cm based on extrapolation
to 2000°F using the EStvds Rule.

Initial droplet diameter was taken as 0.050 in., exit velocity being found
constant with droplet diameter beyond 0,020 in. The nozzle contour assumed was
that of the experimental nozzle of Fig. 3 doubled in length to 100 in. Compu-
tations were made for exit mixture ratios from 3.85 (inlet r = 5) to 14.5 (inlet
r = 100)., Fig. 6 shows that the corresponding theoretical exit velocities
range from 816 ft/sec to 454 ft/sec, values which are 88% of isentropic.

The variations of area, droplet diameter, velocity, and temperature with
axial distance for an exit mixture ratio of 6.3 are presented in Figs. 7, 8, and
9. Changes in flow conditions are small for the first 20 in. of the nozzle,
this section being an essentially constant-pressure transition duct required
by the large diameter of the injector. Beyond 20 in, the droplets break up
within an additional 10 in. distance and velocities rise steadily to their exit
values. The gas temperature drops to 1760°F at the exit, reflecting the heat
transfer from the lithium without which the cesium temperature would follow the
adiabatic curve, shown, to 1320°F. The lithium temperature drops by 8°F due to
heat transfer to the cesium vapor (or by 21°F when cooling due to additional

cesium and lithium vaporization within the nozzle are included),



Conclusions
Based on the Freon-water results, vaporization of cesium (or potassium or
rubidium) by lithium at the entrance of a two-phase nozzle appears feasible.
Based on the analysis, and its good agreement with experiment, it is con-
cluded that lithium can be accelerated to within 85 to 907 of isentropic

velocity in a nozzle of reasonable length.
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Experimental two-phase nozzle in operation.
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DISCUSSION

MR. DWYER: What flow rates and velocities would go with your pro-

posed NaK conversion system?

DR. ELLIOTT: About 150 or 200 pounds a second of NaK would be cir-
culating in the NaK loop, and the velocity entering the generator would be

about 300 feet per second, coming out at about 200.
MR. DWYER: How about vibration problems?

DR. ELLIOTT: With the water tests we have not observed any vibration.
The operation 1s very smooth, like liguid flow, essentially. Slow oscil-

lation due to systems instabilities are, of course, possible.

MR. KEYES: Although the exit velocity is not sensitive to droplet
size, I would think the overall performance would be, including the sepa-
ration phase, and also the drop size distribution probably includes a wide

range of drop sizes. Was that taken into account?

DR. ELLIOTT: In regard to the effect on separator performance, it
turns out that the drop sizes given by the Weber number = 6 rule are about
ten to a hundred times larger than a drop which would be able to appre-
ciably deflect before it hits the separator. That is, it would be necessary
to go down to drop sizes of less than a mill in order for them to deviate,
say, a quarter of an inch as they approach the separator., So it wmay be
fortunate that you do not get small droplet sizes from the nozzle. The

sizes we do get just go straight to the separator with hardly any deviation.

As to the drop-size distribution: due to the breaking up of large
droplets you continually narrow the drop~size spectrum from the top, so
that you end up with a fairly narrow range of droplet sizes. The fact that
the separator separates as well as it does is proof that there cannot be a
very large wass Taction of liquid tied up in droplets smaller than 1 mill,

say. Those droplets are the ones that constltute the half per cent which
is lost.
MR. BALZHISER: I recall on one plot you had nozzle exit velocity ver-

gus the ratio of liquid to vapor which decreased continually and leveled

off to the right. I think I recall hearing some reports that critical
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velocity in two-phase mixtures frequently has a minimum perhaps inuch

lower than the values you showed.

DR. ELLIOTT: Yes, you are thinking of sonic velocities. This is a
supersonic nozzle. The sonic velocity is very low, like a hundred feect
per second. So the Mach number, based on that sonic velocity, is about 3
leaving the nozzle. Mach numbers are even higher leaving the separator.
There is about a one-tc-one volume ratio of gas mixed with liquid coming
out of the separators to the generator. The Mach number there runs about

4 or 5.

MR. BATZHISFR: Could you comment briefly on what experience you might

have had with sonic velocity and two-phase mixture?

DR. ELLIOTT: Yes. We have some rather interesting work going on
that I haven't gone into. There is a Cal-Tech student doing a thesis on
supersonic two-phase flow, for example, measuring bthe pressure ratio across
normal shocks and comparing the pressure rises with the theory. You can
definitely see all of the supersonic flow phencmenon in these two-phase

mixtures.

For instance, in our diffuser you camnot have a contraction ratio be-
tween the diffuser inlet and throat greater than a certain amount, or it

won't start. There will be a shock at the inlet.

MR. STEIN: Do I understand correctly that in the analysis you did
which seemed to work so well, that you included drag between droplets and

vapor, bul none between the fluid and the nozzle wall?

DR. ELLIOTT: Yes. In that analysis, the wall frictlon was neglected.

A rough estimate shows it is perhaps a per cent or two of the thrust.
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MEETING SUMMATTION
R. N. Lyon

Oak Ridge National Laboratory

MR. LYON: T wondered why I was getting such a wonderful introduction,

and he finally pointed out why!

Also, T thought perhaps he was going to say that the position of the
last speaker who presents the summation is more difficult than the rest,
because you don't know what it is you are geing to summarize until the
last, previous speaker has finisghed. Mr. Ellictt presented a number of
interesting points which were not included in his paper, so I will try to

£it them in, but I may not get to them.

I am going to try to do this job in asbout 15 or 20 minutes. BSince
there were 33 technical papers, thls means about 30 seconds aplece. So 1f

I appear to slight you, it is merely because of the pressure of time.

One of the things that interested me in this whole discussion was that
although most of us think of the current applications of nuclear energy

for space power, there were a number of other applications being approached.

In the case of space power, of course, we have a simple Rankine cycle,
using a reactor. There was one paper which described experiments aimed at
developing solar energy systems. The last two papers discussed application

in MHD generators.

Aside Trom space power we had a discussion of the problem of cocoling
rocket nozzles. We had a discussion--one I would never have guessed we
would have--on the problem of igniting rocket fuels. And we had one paper
which was related to reactors, but was involved in part with the problem
of preventing boiling, or the problems that one might get into with boil-

ing in a system which normally should operate in a nonboiling condition.

I divided the discussion into several parts, more or less along the
lines of the breakdown in the program. You will remerber that on Wednes~
day the first series of papers was on physical propesrties, and I have

-

passed out a sheet in which I have listed most of the physical properties
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which were discussed, and an indication of the approximate maximum tem-

peratures Lo which the physical properties have been determined.

Now I think it dis a very impressive list, of course lithium and sodium,
there has already been a great deal of work done on. The fact it is blank
doecsn't mean the data are not available. But in potassium, rubidium and
cesium, the other remaining common ligquid metals--alkall metals--the list
is almost complete, if one includes these values, these properties which I
have checked. The check mark is intended to indicate that work is now in

progress to the extent of having equipment designed or in construction.

In a number of cases I have indicated question marks. These are areas
in which the speaker indicated they were approaching the problem, but the
design was not complete, and perhaps in some cases the actual techniques

which would be used, have not been decided upon.

The little superscripts, of course, refer to the various speakers
who discussed their work. The last three columns refer to electrical re-

sistivity, thermoelectric power, and chemical analysis.

Also, in the course of the program, there were a number of interesting
little side points not directly related to heat transfer, such as scme com-

ments on corrosion and some comments on components.

For example, Professor Bonilla mentioned that he had had difficulty
with A-nickel in potassium at elevated temperatures, that it became porous.
And that with high-purity, low-carbon nickel, he developed a worm hole.
Iater Gene Hoffman suggested this might have been due to nucleation in the

bottom of the hole, which would have increased mass transfer.

For very high temperatures, of course, everybedy thinks largely of
columbium 1l-zirconium. There was some mention of molybdenum-1/2 titanium.
Both of these require protection from the stmosphere, and there was dis-
cussion of the problems of protecting these somewhalt reactive metals from

the atmosphere.

Davis from JPL gave probably the most complete discussion of work on
wrapping the system with layers of titanium, or tantalum, or zirconium, or

molybdenum. From his paper I conclude that he has decided that a layer of
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zirconium on the outside of two layers of tantalwn would probably be best.
In his discussion he also mentioned that they might use molybdenum on the

outside, because of its very rapid scavenging ability, but that the molyb-
denum would have to be at a lower temperature because of the volatility

of molybdenum oxide, and the tendency for the columbium to remove the

oxygen from the molybdenum.

Another comment that was passed on was by Lewis from NASA who said
that his welders, in monitoring the cover gas in welding, preferred to use
stainless steel above anything else, because of its very rapid and apparent

darkening at extremely low concentrations of oxygen.
There were cgeveral other discussions of corrosion.

Kelly of Pratt and Whitney described a number of components which have
been constructed of cclumbium l-zirconium, which demonstrates that almost
any component can be made of columbium l-zirconium. It is expensive, but

it can be done.

Finally, in the line of components, Samuel, from Mine Safety, de-
scribed vapor velocity detection, or measurement equipment, using a capil-
lary tube which he explained this morning could also be used as a vapor

viscometer.

In the area of pressure drop, first of all in single-phase flow,
Lewis of NASA discugsed vapor expansion in nozzles. He has data for sodium,
and he plans to go on and get data with potassium. He will extend this

work very shortly to the test of complete turbines for SNAP systems.

He also is developing pumps for liquid condensate at temperatures near
the Dboiling point, and in connection with that work he has found that they
do get some cavitation, and plans to study various materials for resis-

g 3 L Y

tance to cavitation corrosion.

The field of two-phase flow was discussed by a number of people. In
general it appeared that the Martinelli correlations gave high values.
Randall of Pratt and Whitney found, however, the reverse was true. And of
course this morning you heard Dr. Goldman give a summation in the form of
graphs which will make it easier to predict the pressure drop on the basis

of the Martinelli-Nelson approach.
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Flow stability is also a problem in any kind of multiple-tube sys-
tem, and you heard Mr. Vild this morning, from Thompson~Ramo-Wooldridge
describe a method which apparently enables one to predict what flow con-
ditions and what degrees of quality are required, in order to have a

condenser operating upside down in a lg system.

The last speaker, of course, discussed the problem of two-phase jets
and had remarkahle agreement bvetween his theoretical prediction and the

experimental data which he obtained.

I might say in passing that it is always very satisfactory when one
works out a theory, and has to make a point, that the line thal is drawn
is a theoretical line, not the experimental line. This isn't an expe-

rience that happens to us very often.

There were several sets of data which described pressure drops in

twisted tapes with two~phase flow.

Berenson raised an interesting question of whether, in the Martinelli
correlation, i1f you have a rough pipe, the smooth pipe friction factor
should not be used, and I will qualify this in view of Dr. Goldman's com-
ments and say perhaps this should only apply if we have adiabatic wall
conditions, the argument being that the liquid film which tends to develop

along the wall, tends to smooth out the roughnesses.

In heat transfer in single-phase, Stein presented a very interesting
new approach to the problem of turbulent-flow heat transfer with varying
wall conditions, which appears to explain some of the anomalies that are
now in publiéhed ligquid metal heat transfer data. It is most easily ap-
plied at the present time to co-~current heat exchange conditions, but he

feels it may be capable of extension to counter-current systems.

Desmond, of Hercules, gave dabta on natural circulation in liquid tin
and found that the Eckert relationship applied even up to accelerations of
20g, and in spite of an appreciable incline in the tube. It might be
pointed out that this paper really fits the title of this whole meeting,
which of course, is High Temperature Liquid Metal Heat Transfer. Mr.

Desmond was talking in terms of temperatures of up to 2800° centigrade,



376

whereas most of the rest of the speakers were down in the range of 2,000°

Fahrenhelit or below.

Nurick of Rocketdyne presented preliminary data on the problem of

heating a vertical surface by spraying hot sodium metal on it.

In condensing, Rohsenow of MIT described experiments planned to de-
termine the validity of the usual assumption that the condensing surface
temperature is at the saturation temperature. It is going to be very

interesting to see how that turns out--whether the accommodation factor
(Y

SC On.

Hays of Electro-Optical presented results along with an interesting
short movie strip showing the behavior of a mercury Jjet condenser as a
function of the mass flow ratic, the ratio between the mass flow of ligquia

and vapor.

Heat fluxes of the order of 107 or higher were obtained in this systen
and 1t was noticed that there was an appreciable pressure rise as the Jet
was operatec, which varied with the mass flow ratlo. It was suggested that
perhaps this device, in addition to being a condenser, might be used eilther
for an auxiliary pump or for the main pump in the space system, eliminating

the necessity for a mechanical pump.

Brooks, of G.E., gave some potassium data on condensation which were

roughly in the ares predicted by Seban's correlation.

Gutstein, of NASA presented a drop-growth annular-flow theory of drop-
wise mercury condensation, which appeared to be corroborated by the ex-
periments. This consisted of* the drops bullding up on the walls, the drops
themselves growing, and at the same time the snnular condensate ring in-
creasing in size until it approached an actual interface between the vapor

and the liquid, across the whole tube diameter.

In the field of pocl boiling, studies werc described by Rohsenow of
MIT which appear to confirm an equation relating the size of solid-surface
depressions or holes to the superheat required for maintaining the activity

of that hole as a bubble nucleation site.
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Bonilla of Columbia presented preliminary pool data with potassium,
using equipment which had been used previously, with sodium, and he plans

to continue that work with new equipment which is now under construction.

Balzhiser of Michigan described pool boiling in which, under some
circumstances, he actually got indications of ilm boiling as well., He
mode measurements in the pool, also, which indicated some interesting
temperature variatiops axially up and down the pool, He plans at the

present time to extend the work into fully~film bolling.

Noyes of AT showed recordings of the surface temperature fluctua-
tiong in pool boiling, and he noticed that there was one particular fre-
quency which seemed to be a resonant frequency a2t about 2.4 cycles per
second. There was no attempt made to indicate whether this was a general
phenomenon for other equipment. But it was interesting, with a very sharp
peak, regardless of the heat Tlux which occurred at about 2.4 cycles per
second. He also presented burn-out heat fluxes and actual measured sur-

face superheats.

In forced convection boiling Berenson, AiResearch, presented data on

potassium foreed convection up to about 65% exit quality.

Brooks, in discussing G.BE.'s potassium data, commented on a hump
which occurred in the axial temperature measurements along the boller wall,
this hup ocecurring Just at the polint where the entering potassium reached
the saturation temperature. This was consistent for a variety of fluxes
and inlet temperatures, so that this hump always occurred at that point
on the ligquid temperature scale, rather than at some particular point in
the tube, and therefore was not, apparently, an experimental difficulty

with a bum thermocouple,

Randall of Pratt and Whitney described results of tests on various
configurations of small tubes: tubes which were pushed in in various
spots, tubes which were in a sine wave shape, and so on. His method of
heating was interesting. He heated his tubes by condensing potassium on
the outside. This enabled him to get all the way up to lOO% quality
without any danger of burn-out, since the wall temperature was limited by

the saturation temperature of the condensing potassium on the outslde,
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He actually used this In a subsequent, similar device in the same loop

for producing superheat.

Hoffman of ORNL presented the most recent data on burn-out and heat

transfer of bolling potassium that have been obtained here.

Noyes of AT presented sub-cooled boiling sodium results, and also net

boiling results with qualities up to about 30%.

Fisher of Aerojet described forced convection results with rubidium

with outlet gualities up to about 80%.

In the preliminary, non-boiling tesgts there was a rather unusual
spread in his heat transfer data, and Poppendiek of Geoscience was re-
minded of gimilar results which were obtalned here about ten years ago by
Bill Harrison in sodium, with very short heated lengths of tubes, and in-
dicated perhaps this was not just an experimental difficulty, but might
actually be a real effect. You will remember that in Fisher's apparatus
the heater consisted of a number of relatively short lengths of heaters,

rather than one continuous one, with sonheated gaps in between.

Smith of Allison gave results of forced convection boiling of
potassium-mercury amalgams. He got AT's up as high as 600°, which led

him to believe that perhaps he was in the film-boiling region.

After that paper there was an interesting discussion on the relative
merits of presented boiling data in terms of h as opposed to presenting

Q

them as a plect of 3 versus AT.

Poppendiek and Greene of Geoscience presented a theory of dry-wall
fog-flow evaporation and experimental date which fell fairly close, aboutl

20% below, in a system containing a spiral flow.

Davis of JPL later commented he believes boiling should be carried
on on the ocutside of heated tube banks in order to encourage the lmpinge-

ment of droplets in the fog which develops in the boiling process.

Krakoviak of ORNL described a model which predicted very high super-
heats obtainable in liguid metals containing no vapor, and proposed that

no nucleation at smooth metal walls occurs in liquid alkali metals, heat
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instead being conducted from the smooth wall out through the ligquid metal
to a liquid interface in the interior of the evaporating fluid. Some dis-

cussion followed that paper.

Chen of Brookhaven proposed a model by means of which two interacting
heat-transfer mechanisms operated parallel in forced convection systems.
A macro~- or forced-convection agitation system, and a micro~ or bubble-
growth agitation mechanism. Using this model ne was able to predict the
coefficients close to those obtained by ORNL with potassium, and those

obtained with sodium at G.E.

In looking over the whole program, and in listening to the papers, I
had several reactions. One was that it seems to me we need more analyses
of the type given by Poppendiek and by Chen and by Stein and by Elliott,
vhere we are really trying--either to see what is going on, or at least
to get a handle on predicting the situstion, perhaps at the expense of
some experimental work. There were a great many experimental data pre-
sented, and I recognize that we are all engineers and we are aimed at
pileces of hardware. If we have a piece of equipment and we have to run a
test on it, of course we have to run a test on it, and we might as well
publish the data. But with the data we have now, it occurs to me that it
is time to sit down and attempt to examine what is actually going on, and

in what directions we have to go to develop further understanding.

You will remember that Nick Grossman, in his introduction, pointed
out that liquid metals are difficult, because you can't see then, and you
can't tell whether you are in turbulent or laminar flow, even though the
Reynolds number says perhaps you are in turbulent flow. This, of course,
is even more important in the light of questions Dr. Goldman has raised
as to whether or not there is a film on an evaporating wall, the degree to
which there 1s fog flow as opposed to annular flow, and so on. He has
emphasized this over and over again, and while sometimes the discussion
became lively, I am sure we all agree that what we need to do is to find
some way of locking inside, theoretically or experimentally, to determine

what the situation is inside of this opaque material,
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Finally, T would like to comment that although I once was quite
active in the ligquid-metal field, I haven't been very active personally
for some time, I have found 1t stimulating to come back, as 1t were, and
listen to these papers which were, without exception, well presented, and
well thought out. What was even more stimulating to me, was the fact
that everybody who was presenting a paper, and everyone who was discussing
a paper, seemed to have a real enthusiasm for the field and to be earnest-
ly interested in pushing forward our knowledge of high temperature liguid

metal heat transfer.
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