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SUMMARY

The natural circulation tests performed. and analyzed\in this report were

conducted at 1200 psia on the Bettis Natural Circulation Loop, No, 29, The tests

were run with two different single channel test section (0,101 in. x 1 in. x 27 in.

long and 0.210 in. x 1 in. x 27 in. long)., Heat fluxes ranged from 50,000 Btu/hr«ft2

to-departure from nucleate boiling and inlet subcooling was fixed at lOQFOs
The results show that there is no difference between natural and forced
circulation pressure drop and riser density. (Other tests recently completed but
not reported here show similarly that there is no difference between forced circu-—
o lation and natural circulation DNB providing there are no large deviations of flow due

s to instabilities,) The tests also show that loop cifculating flows in Loop No. 29

can be predicted guite accurately in single phase flow, Circulation rates with two
phase flow can be accurately predicted if two phase entrance and exit losses and steam=
water slip ratios are known, Further, flow instabilities were noted under certain con-
diﬁians and: occurred: before DNB, . With the 0,101 in, x 1 in, x 27 in. long test section
these instabilities were large enough to cause a DNB, However, at the same conditions
no apparent instabllity was noted with the 0,210 in., x 1 in, x 27 in. long test section,
Some data for slip ratios in two phase flow at inlet velocities less than
1 ft/sec were obtained.
Additional tests with other channel sizes and at other pressures have been

completed and data reduction is in progress,
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I. INTRODUGTION

In conjunction with the design of the Natural Circulation Reactor plant
(NCR) a series of experiments have been planned for the natural circulation
loop (Bettis Loop No. 29) of the Bettis Thermal and Hydraulics Laboratory.
Thege experiments are necessary in order to obtain basic information on
this mode of circulating coolant. Table I (Ref. 1) outlines the first of
these investigations for uniform heat flux in a single channel test section.
Heat fluxes range from 50,000 Btu/hr-ftz to departure from nucleate boiling

(DNB point).

TABLE I

Inlet Subcooling

Pressure,
psia 109°F 70°F
800 0.100% 0.100
0.200 0.200
0.250

0.100 0.100
0.200 0.200
0.250 0.250

1600 0.100
0.200 0.200

2000 0.200 0,200

#Nominal channel width in inches.
The results reported here are from the first series of these tests
covering the following parameters.
Pregsure; 1200 psia
Inlet Subcooling: 109°F
Channel Sigze: 0,100 in. and 0.200 in.

Heat Flux: 50,000 Bﬁu/hruftg to departure from nucleate boiling.
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These experimental data have been analyzed in accordance with
following program dbjectives: =
" 1. To compare experimental matursl and forced circulation pressure .
‘drop, DNB, and riser density ‘at the same flow and heat flux.
To ¢ompare experimental and calculated pressure drops across the '
test section.
3. To’camparé"experﬁménﬁal'néﬁural~cireu1éﬁiéﬂ~é001ant?fisﬁVWiﬁn woasnt
predieted flow, i
To examine the effects of varying parameteré on natural circu-
lation coolant flow.
To;examiﬁe flow igstability and departure from nucleate boiling
during natural circulation.

BESCRIPTIOE OF APPARATBS

The tests were ccnducteﬁ in Bettls Loop- Na. 29, the Natural Circulation
Loop, as seen in Fig. 1. The main loop plplng is fabrlcated.from schedule 80
type 304 stalnless steel, and is in the shape of & vertical rectangle 1h. 5 £t
high and 15 £t long. The test;sestlon, as seen in Fig. 1, is mounted at the
bottom of Oﬁe‘ef the vertical legs and diséhéfges into a risef’ﬁade from
2 in. schedule 80 pipe; the other vertical leg is the downcomer which is
1 1/2 in. sehedule 80 pipe. The top horlzental leg consists of a dcnbla pipe
heatl exnhaﬂg@r~and by-pass 11ne in parallel; the bottom hcriz@ntalfleg containg

the orifice flowmeber and preheater; both legs are made from 1 lﬁ?fin,:'**'*

schedule 80 pipe. The flanged commections are sealed with Flexitallic gaskets.

The auxiliary high pressure systems (manometer connéé%ihg'1ines,fdegaSSing
lihes, ion exchanger lines, eto)‘are7ccnstructedkof 1/h in. and 3/8 in.
stainless steel tubing with autoclave fittings and valves. The loop aux-

iliaries consist of a resin-bed ion exchanger and a pressurizer which are
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duplicates of those described in WAPD-188 (Ref. 2). A Westinghouse model

30A, canned-rotor centrifugal pump is connected across a gate valve on the
bottom horizontal leg. This pump is used for degassing and de~ionizing the
water prior to natural circulation testing and also for forced circulation

tests such as isothermal friction factor determination.

Two sizes of rectangular channels were tested. One measured 0.101 in. x
1idin. x 27 in. long and the other 0.210 in. x 1 in., x 27 in. long. The test
sections were fabricated of 30L stainless steel and were electrically

The channels of both test sections had measured surface

resistance heated.

finishes of 20 microinches (rms) or less. . A detailed explanation of test
section fabrication, instrumentation, and its electrical power supply can

be found in Chapter IT of WAPD-188 (Ref., 2). The pressure tap cormections

on the test sectlion were spaced 20 and 22 inches apart and are shown in Fig. 1.

ITT. TEST PROCEDURE

The loop was filled with water, degassed, and de~ionized until the loop
water had an O2 Qontent of lesg -than 0.2 cé/kg and a resisbivity not less
than one megohm~¢m. A series of isothermal pressure drop runs were taken
in order to check outb the loop and test section instrumentation. The average
channel spacing was determined from the isothermal pressure drop data by
selecting a channel spacing that would make the measured fricti§n«faqtor
coincide with the smooth Moody curve;'this is further explained in
WAPDmTH-AQB#(RefQ 3). This spacing was later cénfirmed‘by channel probing.
The'teé%fséction and loop instrumentation are similar o that described in
Ghaptér IT of WAPD~188 (Ref. 2). In addition to the foregoing instrumen-
tation, differential pressure transducers were placed across the test
sectlon and loop flow orifice in order to detect any flow instabilities.

occurring in the loop.
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The natural circulation tests were initiated by setting a specified =
test section j’_nlet‘temperaturé, cold leg'teméerature , and test section heat .
flui'whilé the loopwwas’in‘forced/circulatioh and‘then'stbppiﬁg:and valving
sff ﬁhe pump ffbm‘the 100@o Althcugh'iﬁ‘was demonstrated that natural
 circulation starb-up was possible, the forced circulation start-up was
used to save time”in’reaching'tﬁe spécifiéd loop temperatures. After the
initial start-up the remaining natural ciroulation tests were rin by setting
the desired test section heat flux level and then controlling the heat
eX@haﬁgér to give the specified cold leg and inlet temperatures. For each
data point obtained theyleop was circulated at the specified conditions for
a minimum time of one hour. In order to detect loop instabilities the
transducers were turned on at the end of each run and allowed to operate
unﬁil ﬁhe‘change of test sectién.hea$ flux 1evel‘wés‘completed;' The
following manometer readings were taken at each heat flux level (see
Fig. 1).

TARLE IT

Manometer Readings

Test Section Spacing - Test Section Spacing
0.101 in. 0.210 in. :

122 C1e2  9g-2
10-9a 10-9a o34

10-9b 10-% ' - 10-6

10-9¢ | - 10-9¢ 65
4-5 L-5 |
IV. EXPERIMENTAL DATA | |

The data for these tests are tabulated in Appendix B. Tables B~1 and
B=3 1list ‘the,naxural circulation data and Tabks B-2 and B-l list ﬁthe

forced circulation data. A routine has been added to the low pressure,
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pressure drop code of WAPD-T-663 (Ref. lj) to reduce the data from Loop No. 29.
‘ ‘ The input to the code is the experimental thermocouple and manometer readings.

These readings are reduced to temperature (°F) and pressure drop (PSF). The
output of this code directly compares the calculated and experimentally
megsured test section pressure drops.

All pressure drops shown are negative values, that is, pre33ure losses.
The exit and entrance losses in Tables B-3 and B—h‘are the total pressuré
drop across the exit and entrance flanges, taps 2-9¢ and 3-1 fespectiﬁelyQ

It should be noted that runs 10-1 through 10-6 of Table B~3fwere‘taken
at a much later date than the other O;ZlO in. data.  The increased pressure
drop across the entrance is due to a faulty thermocouple which partially

blocked off the entrance to. the test section in these later runs.

ANALYTTCAL METHODS

This section contains a discussion of the basic pressure drop equablions

used in analyzing the experimental data, a discussion of the two-phase

G-dependency of the bulk boiling frietion factor and the method of pre-

dicting natural ci?culatioﬁ~system flow rate. . It should be noted that
many of these studies were completed before the issuance of WAPD-TH-410
(Ref. 5).

A; Basic Pressure Drop Equations

The'basic pressure drop equations used‘in this report for the calcu-
lations of pressure drop across the test section for single and two-phase
flow are presented in WA?D~T4663. In brief, the equations contained in
this code are:

1. Heating and Local Boiling Range




)

where f/fls o plotted versus teméeratﬁré is de.flned as a fa.xed ramp and
:Lm‘ba,atlon of local bo:t.llng is deisemned "by the D:Lttus Boelﬁer heat
transfer coefflclent us:mg a ccnsta.nt of O 023 and the Jens and Lot’bes e
rela’on.onshlp (i e. ATJ&L TW - Tf) The accelera‘ts.on pressure drop

for local bo:j.ﬁ.ng and heamﬁg is glven by:

gc

20 Bulk Boiling Range ,

APer.B.B = o iso: Sa’b @LO dL ()
whej?@@;{,dz M&N is the Martinelli and Nelson local two-phase pressure drop
ratio. G-dependency ‘Gf‘this"%og term will be examined in the next section.
 Acceleration 4P is calcula‘ted" using = :
: APaCCGB.B r..g;“ f[( =X Ve ?E._ g) i 3"] : : : : (5} :
where ,Rg is the void fraction for the modified Martinelli and Nelson

separated flow model. Equation (5) is based on a saturated inlet condition
and an exit quality = cgrrespondingfbc a void‘ffaction R .

o 3, Elevation

. el
LPerev, it SZ e dz

where ?z Pf - Rg Pfg in the‘bulk boﬁing ?a.nge, a.nd ?‘"’" P B iﬁn{tfhe
heated and local boiling range.
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B. Two-Phase Masg Velogity Dependency

For some time it has been known that there exigis a mass velocity

dependency on the two-phase friction factor. Ref. 6 described adequately

this dependency at 2000 psia. Until recently no similar information has

been made available for lower pressures.

Two methods of describing the two-phase friction factor were congsidered

Initiglly an inberim procedure was used which was found to

in this study.
predict two-phase friction losses 25% too high at the mass velocities of

these tests and this error will become larger at lower mass velocities.

This dependency was determined arbitrarily from Refs, (6) and (7). The

mass velocity dependent Pro° was defined as

@i 2 = §. 2 (@L 2)

0 (G-dependent ) Lo M gg% %{at Py © “at Gy
for Py, Xy, Gy ] (@L 2y

. ¥ o ‘G

where G, = 1 x 10° 1b/nr £t2 (Ref. 6). Thus, the mass velocity deperdent, digﬁ

o From Ref. (6)

at the pressure,flow and quality in question (Pi,x3, G§)7is found by multi-

plying the Martinelli and Nelson Qio (attﬁiaand xl) by a ratio of the ﬁg

Lo
at the mass velocity in question (Gl) to. the ﬁ%b at the referc..:o masgs velécity.
With equation (7) the resultant family of curves at a pressure of 1200 psia

could be represented by

O (G-4d dent b
Cgeppe) @

with A and B as arbitrary constants.

An experimentally verified relation for this mass dependency has been

recently described in Ref. (5). This relation was determined from overall

pressure drop data taken at pressures from LOO to 1600 psia on a 22 in.




length of a 0.097 in. x 1 in, x 27 in. long rectangular channel test section
and across a 60 in. length'of a 0,070 in. x 2.25 in. x 72 in. long test
specimen at a wide range of heat fluxes, mass velocities, and inlet tempera-
tures. The friction pressure drop was determined by subtracting from the
total pressure drop the acceleration and elevation pressure drop which were
determined from the modified Martinelli and Nelson void fractions (Ref.'s).
The achusl two-phase friction factor ratioc @02 was found and the best
estimate of these data is given in the form of a multiplier for the normal
Martinelli and Nelson local two-phase friction factor (Ref. 7).

ot s STt g 0.7 x 108 ib‘/hrwftz , use

: . . . Sl
ﬁio 1.36 + 0. 000; P + O 1 ““g O OO@?lh P 06
@LG‘E{ andN :

amd for mass velec:v.tmee > 0.7 x .LOb 1b/hr»ft2, use

f'e@iagf“'~,i' = 1.26 = 0,000 P + 0.119 (X9 ) + 0.00028 P (10 )
p,
‘;lio e e o S ey

The detailed analysis in this report uses equations(9) and (10) which

have been introduced into the low pressure , pressure drop code previously
mentioned.

C. . Sysbtem Performance

In order to predict the coclant flow mﬁe for a na"bural cj.rculat:x.on :
sys*bem, a kmwledge of ’me pressure dron around the entlre }.oop 1s neceséaryo
For a glven heat :anut and heaﬁ extraemom, the i‘lcw in the 100p mll be ‘bha‘%;
value whet*e 'bhe :E‘rlwlonal and aeceleratmn lesses around the locap are equal

to the difference in elevatlcm head between the hc:t and cold portlon of the

loop.,
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+ J\P A =0 11
ZkPelevloop ék‘aQGlOOP VAN frloop (11)

The following section discusses these pressure drops with respect to Loop
No. 29.

1. Elevation Pressure Drop

The elevation term, or thermal driving head, of equation (11) is

given by

APeleVloep B ,a%cl ?i D7y - %nl eiAZi (12)
L=L =1
The single-phase densities for equation (12) are easily determined
from knowledge of the sysbem pressure and fluid temperature. The densities
in the two-phase regions are more difficult to evaluate because of the
varying slip ratios (vapor velocity to fluid velocity) in these regions.

In the test section and the exit flange, two-phase densities are

calculated using
es Pf - Rg Fi’g (13)

where R_, the void fraction, is obtained from the modified Martinelli and

o)
Nelson curves (Ref. £). This assumption is based on the limited infor-
mation available for slip ratios at the inlet fluid velocities encountered
in the test section (1.5 ft/sec to 3 ft/sec). These can be justified using
the experimental curves of slip ratio vs pressure for various inlet
velocities found on pg 30 of Ref. ( 9)'aﬁd comparing it with the calculated
modified Martinelli and Nelson slip ratio shown on pg 10 of Ref. (4).

Most of the elevation head difference in the loop is due to the
2 in. riser above the test section, and at present few data are avallsble

on the values of slip ratios for the relatively low fluid velocities in

the riser, 0.1 to 0.5 ft/sec. Evaluation of slip ratio vs fluid velocity
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and7qualiﬁy was a necessary step‘in eiamining gystem performancee'fThis
information could be obtained from pressure drop measurements across the
riser for each run. Equating the pressure drops acrogs the riser aﬂdkv
solving for Q results in |

e - APreasured = APy S i (1)
L

if 4the heat losses in the riéer are‘negligible, Calculation of the heat
losses amount to a maximum change in the slip ratio of 1.5% at 15% quality
which is considered negligible to the ‘.oveféll system performance.
Equation (15) is the definmition of void fraction,

‘ ?mef"; Rg Pfg ~ . ' S (s)

and equation (16) shows the void fraction as a function of slip ratio.

Ry = = : | (16)
v | | ‘
8L (x4 1
vg/vi. X

Eguations (1L), (15), and (16) can be rearranged and solved for slip ratio,

resulting in equation (17).

Vel Py o an
g/Vf = & =%
£ ef gAPmeas “OFe
T

The magnitude of the frictional pfessure drép in the riser was
fo@d to be ﬁegligible conﬁpared to the elevation pressure drop.

Experimental slip ratios calculatéd from equation (17) are plotted
on Eig. "2k‘for the natural ,cirq‘ulation and’ forced circulation runs reported

in Appendix B. As the velocities in the riser become smaller, the effect

of quality on the slip ratio in the range tested is apparently small.
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2. Acceleration Pressure Drop

‘ . The acceleration pressure drop due to area and densilty changes was

summed up around the loop and the resulting acceleration loss is |

‘W

2gA A f; ( Z%Aréne pgr pr

This equation is darlved.ln,égpendlx A

3.

Friction Pressure Drops

The four major friction pressure drops, accounting for 99% of the
total friction loss, occur across the orifice, the test section itself and
the entrance and the exit flanges of the test section. These pressure drops
for the 0.101 in. and the 0,210 in. channel are tabulated in Table III for
two runs of approximately the same exit quality.

- a. Orifice

The pressure drop for the orifice in the loop is given by

2 2
= = 0.008 £ (19)
el (1

=

K
AP:.‘M.._‘_?“.
2g A
&%

PN

The experimental results indicate that none of the pressure drop across the
orifice is recovered downstream from the orifice.
TABLE TTT

0,100 in. x 1. O n, x 27 in, Channel

W= 349 1b/ar (G = 0.5 x 10° 1b/hr-rt2)
) = 305,000 Btu/hr-ft2
- Xexit = 0-275
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Loop Losses ;  psf
COrifice 19,0 S | .
Entrance ‘ ' e |
Test Section | 110.4
Exit - 122.8
Loop Friction (Other) 1,0-
Acceleratian”L§SS 2.0
Total k ’ 281§6

0.210 x 1.0 dn, x 27 in, Channel

W = 697 1b/hr (G = 0.5 x 10° 1b/nr-£t2)
Y = 562,000 Btu/hr-rt

Loop quses k pst
Orifice | 75.9
Entrance 25.6
Test Section ; L13.7
Bxit | 90.6
Loop Friction (Other) ‘ 1.0~
Acceleration Loss 15.0
Total ‘ ‘ 251.8

b. Test Section

The friction loss across the test section is calculated from
the low pressure, pressure drop code of WAPD-T-663 combined with the
recent two-phase G-dependency of Ref. (5).

¢. Entrance Flange

The configuration of ‘the entrance flange is shown in Fig. 1.

The loss from taps 1-3 (Fig. 1) is given by




where Ken is defined as

The Ky values of (21) are the single-phase expansion and contraction losses
taken from Ref. (10).

Table IV lists the calculated and measured values of the
entrance K-factor. The 0.210 in. test section measured value was determined
from the isobthermal runs. No measured value was available for the smaller
channel. The large discrepancy between the calculated and measured value
for the large channel is believed due to the faulty thermocouple. The
measured values were used in all the calculations for this report.

TABLE IV
K

entrance

Test Section Calculated Measured

0,101 in. 0.8 ——
0.210 in. 2.1 3.8
d. Exit Flange

Lack of an experimentally wverified relation to calcoulate two-
phase contraction and expansion losses makes the calculation acrogs the
exit flange (taps 2 to 9¢) more difficult. Since ab 1200 psia fog flow has
been determined to be inaccurate, this method of caleculating the two-phase
exit losses is not considered. The friction pressure drop is determined

by subtracting the acceleration and elevation pressure drops, calculated
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using the modified Martinelli and Nelson void fractions, from the tobal
pressure drop across the exit. The resulting ezpériﬁeﬁ%élﬂfrictioﬁ

pressure drop is examined by three methods of calculation.

Method 1 is based on the two-phase fluid density,

. 2 “. . l \‘ 2 :; .
AP = KexitW . (f Iy Kexath™
‘EgeA’cs q’)‘&i\}’ € ch‘&‘ss ?i‘

sy

where the two-phase fluid density is that calculated from the modified
Martinelli-Nelson void fraction curves and Ko,y is the same as that
Used for winsleochase Plews. i |

. " 'Method 2 is based on the Martinelli~Nelson.two~phasevmu1tip1iero :
SinCé tWQéphaSQ frictién¢1osses-are‘adequatelyrdescribed by a multiplier,
it seems logical that two-phase exit losses might also be described using -
a multiplier as shown in (23).

i

¢ Kexit o » (23)
EAGC Pr

Methed‘B'is &éri&éa‘ffom the experimental measurements across the

exit flange,vféééwé~9c, Pig. 1.
 Kgpr | Kexit WP s
Kexit | 28chs?fr

The caleulated single-phase exit K-factor (found from equation 21) and

measured values (from isothermal runs) are shown in Table V for the two
channel sizes. |
' TABIE V-

Test Section 0 “Galéulated . Measured

0.101 in. 1.2

0.210 in. 2.9
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Ce

The calculated valuesof §. %, ana Et0f o a fumction of
e calculated values €ﬁ§§, ST gyt

quality at 1200 psiz are shown on Fig. 3. The experimental factor is

determined from

K AP ;
tEf = fr exit
Kexit Kexit'ﬂﬁl

28 esat

= émeea "Zﬁpelev “éxpace.

P
fr .
Texit Goo

The elevation loss term in equation (26) is given by

APele = eM&N 4rpp 2 + Py Zoeginning (27)
to beginning of “riser
of riser to tap 9¢

- and the acceleration loss i1s given by the relationship derived in

Appendix A, i.e.:

: we 1, 1 1 1 '
ZBPACQ e e T (28)
229¢ 28 | &p K kAr C&&N Ais

Note that the acceleration pressure drop from equation (28) gives a pressure

rige for the exit configuration.

Fig. L also compares the relative magnitudes of these three methods
for various qualities. The experimental method is intermediate to the other
two. Fig. li compares the measured total pressure drop across
the exit with the calculated values. It can be seen that at the higher
qualities the density method calculated total loss up to L0% too low,

while the multiplier method calculates losses up to 30% too high. The
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experimental method as expected predicts the value almost eXactly; It will
be shown later that the method chosen to calculate the exit loss has a large
effect on the accuracy of the flow prediction of thig loop.

DATA ANALYSIS

A. Test Section Pressure Drop

1. Comparison of Forced and Natural Ciréulaﬁisn

Initially, because of the difference of the driving force iﬁ natural
and feorced circulation it was necessary to determine if there was any
difference in the pressure drops for theée‘two mddes of operaﬂiongfar a
given heat flux and system flow. The oscillatory behavior‘of the loop
with the Oololyin, tést sectien<during natufal circulation operation limits
gomparison of data for this test section to heat fluxes 1éss than 320,000
Btu/hrafﬁgc For the 0.210 in; test se@tién comparisons are made up Lo the
DNB heat flux of 890,000 Btu/hr-ft2.

Flg; 5 is a plot of total measured pressure drop across the test
section versus heat flux, For the 0.10l in. channel, a few of the natural
circulation points ﬁere’dupli@ated with forced circulation, while every
0.210 in. natural circulaﬁien run waskduplicated. The plot of these points
indicates thﬁt no significant difference in test section pfessufe dfop is
évident between the two dees of operation up to a point of instability
and/ér dépaftﬁfe from nucleate boiliﬁgo This agreement hélds over wide
ranges of exiﬁ quéiity, from Q ﬁo 30% in.ﬁhe‘Ooloo in, channel and froﬁ

0 to 55% in the 0.210 in. charmel.

A further comparison to substantiate this conclusion can be made

for the riser density. Fig. 6 is a plot of riser density versus heat flux
for the 0.210 in. for the two modes of operation. It is clearly shown
again that no significant difference can be noted between natural and

forced circulation.
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2. Experimental vs Calculated Pressure Drop

Fig. 7 shows a comparison between the experimental and calculated

values of total pressure drop across the two test sections.  The two-phase
friction loss was calculated using the latest relationship as described by
equations (9) and (10). The calculated value is within 10% of the measured
value for all exit qualities.

Figs. 8, 9, 10, and 11 display the comparison between the calculated
and measured friction pressure drops with and withoul the use of a mass

velocity dependent friction factor. Both the calculated and measured values

were determined by subtracting from the toltal pressure drop the calculabed
acceleration and elevation pressure drops using the modified Martinelli-
Nelson void fractions. Figs. 8 and 9 are a comparison without a mass
velocity dependent two-phase friction factor while Figs. 10 and 11 are the
same plots using the mass velocity dependency of equations (9) and (10).

The purpose for showing Figs. 8 and 9 is to emphasize the discrepancy which

can occur if the mass velocity effect is not considered. The experimental
points include no boiling, local boiling, and bulk boiling regions with
exit qualities up to 50%.

The measured values of APg, for the 0.101 in. test section (Fig. 11),
using the mass velocity dependency of equations (9) and (10), are within 10%
of the predicted values in the bulk boiling region. The calculated losses
are slightly higher than the experimental losses. Without the G-dependency,
calculated friction values are predicted as much as 35% too low., In the
local boiling regions, the calculated pressure drops are higher than measured
as would be expected from the local boiling fixed ramp relation used %o

calculate this pressure drop. In the heated range, the friction pressure

i
o4

[
¢
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drop is predicted to within 10%. Equation (8) (the interim G-dependency
correlation) predicts a 25% greater pressure drop than was measured for
the higher qualities and at the mass velocities of these tests. This
difference becomes much greater al’lower mass velocities.-

The 0,210 in. charnel results show more scatter and somewhat larger
errors than the 0.101 in. channel results. The ecalculated losses are con-
sistently lower than the experimental resultis with errors generally less
than 20% for all qualities using the G-dependency relationships. Without
this dependency, the calculated friction loss is as mﬁch7as 50% less than =
the experimental value (see Fig. 9). =

~~The agreement between the experimental and calculated values using
the G-dependency correlation defined in (9) and (10) is very good and within
the quoted accuracy of the empirical equations. An interesting point though
is that the 0.101 in. pressure drop predictions areﬁconsistentlyFCOnservative
while the 0.210 in. are consistently not conservative. The reason for this
is not readily apparent and more data aredesirable to confirm any definite-
trendn k
3. System Flow

Pig, 12 shows the méasured flow rate versus heat flux for both
test sections. The flow-flux curve for each test section follows a similar
pattern, first inereasing in flow up to exit qualities of about 20% and
then decreasing to a point of instability and/or a departure from nucleate
boiling. The flow decrease is 'a result of the large frictional and accele-
‘ration logses at high qualitieé’exmeeding fhe increased driving héad at this
quality.

The comparison of  the predicted and calculated flow-flux curves
(using the three methods for calculating exit losses) is shown in Fig. 13,

These prediction curves were obtained by plotting the thermal head curve
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vs flow rate and the loop loss curve vs flow rabte for various heatl fluxes.
The intersections of these curves indicabe the predicted flow-flux curve.
An example is shown in Fig. 14 for the 0.210 in. channel using G-dependency
and Method 3 (the experimental multiplier) for calculating the exit flange

losses.  The results of this comparison are congistent with the discussion

on the three methods for predicting exit losses.  With single-phase

conditions, the predicted flow is within 5% of the experimental flow and
each calculated curve is identical up to 0% quality and‘diverge with
increasing quality. All three methods predict the trend of the flux~£1ow
curve but vary markedly in accuracy of prediction. Method 1 predicts flows
up to 20% too high and Method 2 predicts flows up to 15% too low. Method 3
gives excellent agreement for both channel sizes with errors less than 5%
for all qualities.

Only the flow prediction using the experimentally determined exit

loss can be considered good. Thege results indicate that neither Method 1
nor’ Method 2 is adequate for use in predicting system flow for qualities
greater than 15%. Also, it can be pointed out that the accuracy in calcu-
lating the system flow is not necessarily an indication that the correlations
employed are accurate. The chance for cancellation of errors is great since
so many components are involved. It is, therefore, the prediction of the
pregsure drop across these individual components that is the true measure

of aecurate prediction. For this reason development of adequate theory and
more experimental verification for predicting two-phase densities and two-~

phase exit and entrance losses are needed for accurate predictions of flow

in a natural circulation system with two-phase losses.




b Natural Cirealation,Loap'Behaviorkforfcolél in, and 0.210 dn. Test
Sections
A remarkable difference in the loop behavior between ihe two: channel
sizes is\apparentsﬂ‘The most obvious differences resulting from replacing the
0.101 in. chamnel with the 0,210 inoawhile'keeping all other parameters -
constant are:

(1) The maximum flow is increased from 400 to 700 lbs/hr.

(2) The heat flux before reaching departure from nucleste boiling
is increased from 300,000 to 900,000 Btu/nr-ft2.

~ (3) The 0.10L in. channel flow oscillated at high qualities while

_the 0.210 in. channel flow did not.

- The iﬂsréase in flow is a direct result of the decreased friction
loss in the wider channel, Table IIT is a‘ccmparison of thé four‘majdr'»
logses for the two channel gizes at 25% exit quality.  Whereas, the test sec-
ti@n‘1@&518h0%:0f‘€hertotal‘friction and cacceleration loss in the small o
channel, this loss is only 18% in the 1argé channel. It should be noted,
however, that in this loop an increase in channel size, to say 0.L00 in.,
will,nat‘result in a similar percentage increase in flow because the orifice
becomes the flow-limiting loop pressure loss. |

The low terminating flux. in the 0,101 in. channel is a- direct
result of the flow oscillations which occurred. These oscillations were
not apparent during the forced circulation runs or during tests with the
large channel. This large amplitude-osciliationvof the flow occurred at a
heat flux lewel of 320,000-Btu/hr»ft2 and‘a floW“ef 330 1b/nr at 1200 psia
and 109°F subcooled. The exit quality at these conditions was 32%. The
type of oscillations are shown in Fig. 15,‘ Ko oscillations were noted at

heat fluxes lower than this. Because of the low value of flow over a portion
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of the cycle, departure from nucleate boiling occurred as soon as oscillation
began. However, the temperature of the surface did not rapidly increase but

only gradually increased.  The increase of flow over part of the cycle is

enough to carry away some of the heat and modify the resulting temperature
rise at the surface.
CONCLUSTIONS
The following conclusions can be drawm from this experimental investi-~

gation of fluid flow in 'a single channel test section with uniform heat flux.

A. Natural versus Forced Circulation Performance

1. If no flow instabilities occur, there is no apparent difference
between forced or natural eirculation pressure drops for identical thermal
fluid conditions.

2. Flow instabilities can occur in two-phase natural circulation flow

which are not apparent during foreced circulation flow at the same conditions.

B. Experimental versus Calculated Pressure Drops

1. The total pressure drop across the 0.101 in, x I in. x 27 in. and
the 0.210 in. x 1 in. x 27 in. long test sections, using the pressure drop
equations in WAPD-T-663, modified by the recommendation of WAPD-TH-L10, is
predicted to be within t;o% for the bulk boiling region up to qualities of
S0%. In the local boiling region the calculated total pressure was 20%

higher than the measured values. The heated region calculated total pressure

drop was within +10% of that measured.

2. The use of the mass velocity dependency correction on the two-phase
friction factor is required to predict adequately two-phase pressure drops.
The G-dependency correlations of WAPD-TH-L10 predict the test section

friction losses within i?O% for the conditions studied.
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3, The use of the Martinelli-Nelson two-phase multiplier to calculate
" two-phase contraction and expansion friction losses predicts pressure drops
up'%e'BO%:too high at 55% quality.

' 'The same losses predicted by using the Martinelli-Nelson two-phase
densities are 30% too low at 55% quality. For qualities less than 10% this
relation ig adequate for these calculations.

" A two-phase multiplier {%EEQ)"has*ﬁeen"calculéﬁedff?éﬁ the experi-
‘mental data which acourately pfediZi;°ﬂhe exit contraction and expansion
losses for Loop No. 29. This multiplier gives friction losses intermediate
to the two methods above as shown in Fig. L

)i, The existence of extremely high slip ratios (up to 16) were observed

with two-phase flow at the very low flow rates occurring in the riser,
Knowledge of slip ratic is essential to the calculation of the elevation
pressure drop and therefore to the prediction of natural circulation
performance. Slip ratio vs saturated inlet velocity for the tests of this
report are shown in Fig. 3.

Q;"st%em“FIOw'

1. Single-phase natural circulation flow can be predicted within 5%

using the methods presented in this report.
2. ' Increasing the channel spacing from 0,10l in. to 0,210 in. without
changing the external loop resulted in an increase of flow from LOO 1b/ar
to 700 1b/hr. This increase, however, is not proportional to the change
in channel size.

3. Two-phase natural circulation flow can be predicted to within +5%
if two-phase contraction and expanéioﬂfiesses can be adequately described

and if the density in the hot leg of the loop can be determined.
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Li.  Accurate prediction of individual component pressure drops is
required in order to assure valid prediction of natural circulation systen
fiow-

D. Flow Instability and Departure from Nucleate Boiling

1. With the 0.101 in, x 1 in. x 27 in. test section the maximum heat
flux obtained before an instability occurred, which in turn caused a
departure from micleate boiling, was 320,000 Btu/hr-ft2.

2. With the 0.210 in. x 1 in. x 27 in. test section no sign of an
instability was noted up to a heat flux of 900,000 Btu/hr-ft2 where departure

from nucleate boiling was observed.
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NOMENCLATURE

area (££2)
~ equivalent diameter (f£t)
: iséﬁhermal ificﬁioﬁ factor

mass velocity (1b/hrwf®2} 5

_ acceleration due to gravity (£t/hr?)

length (ft)
pressure drop (1b/ft?)
system pressure (psi)
void fraction {fﬁg stean
ftg mixture

velocity (ft/hr) '
specific volume (ftB/lb)‘
weight flow (1lb/hr)

; '1b stean
quality (iﬁfﬁi§iﬁfe>
density (1b/ft3)

two-phase friction multiplier

constants in f., equation

Subscrigts

acceleration

exit and entrance flange
bulk

bulk boiling

cold leg

‘elevation

entrance
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NOMENGLATURE
(Contimued)

fr - friction

f - saturated liquid

fg - saturated liguid-saturated gas transition

g - saturated gas

he - heat exchanger

H - heated region

in - in

L - local boiling

MEN - Martinelli and Nelson

P - 1 1/; pipe (hot leg)

r - riser

tpf - two-phage flow

ts - test section

W - wall

ST - small riser
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RISER DENSITY VS HEAT FLUX
FOR NATURAL AND FORCED CIRGULATION

1200 PSIA
109°F INLET SUBCOOLING

O210 IN,X I'IN, CHANNEL
&Q/
36
; ]

M
].__.
[
~N
e8]
-
)_: 32'—
-
w
=
98]
Q 28t
o
Ll
»
[he

24

o NATURAL CIRCULATION
® FORCED CIRCULATION

20+

|6

O{ i | I 1 { { | !

0 | 2 3 4 5 6 8 9

HEAT FLUX X 1072 BTU/HR FT?

FIGURE 6




-  WAPD-AD-TH-470 =

N

COMPARISON OF EXPERIMENTAL
AND GALCULATED PRESSURE DROP

1200 PSIA
109°F INLET SUBCOOLING

0210 IN.XIINX 27 IN® 0% —55% QUALITY
CHANNEL -

0101 INXTIN.X27 IN.0 0% —32% QUALITY
CHANNEL A SINGLE PHASE

e
)
o
&)
a:
@)
w
o
2
(]
w
W
o
a
-
<
b=
)
=
-
<
b=
2
L
=
1
wl
a
>
wJ

i i : | ] L. | |
8 100 120 140 160 180

CALCULATED TOTAL PRESSURE DROP(PSF)
| L FIGURE 7
vio 34 -




o
O

100

EXPERIMENTAL FRICTION PRESSURE DROP(PSF)
o v
©]

WAPD-AD-TH-L70

EXPERIMENTAL AND GALGULATED FRIGTION
PRESSURE DROP WITHOUT 'MASS
VELOCITY DEPENDENGY

P=1200 PSIA
20" BFTWEEN PRESSURE TAPS

109 °F INLET SUBCOOLING
O. 101 IN. X I IN. X 27 IN. CHANNEL

o NATURAL CIRCULATION
e FORCED CIRCUL ATION

UP TO 32 Yo QUALITY

| ‘ I |

50 100 150
CALCULATED FRICTION PRESSURE DROP(PSF)

FIGURE 8




(§e
p)
Qo
o
©)
el
o
wl
G St
:D', i
1¢5)]
e8]
L
o
8%
=
8
e
L
[
L
Cnad
=T
s
Z
L
=
G-
L
o
>4

£

CEXPERIMENTAL VS CALGULATED FRICTION
PRESSURE DROP WITHOUT MASS
. VELOGITY DEPENDENGY

P=1200 PSIA

22"BETWEEN PRESSURE TAPS
109 °F INLET SUBCOOLING.
0.2101IN. X LOIN. X 27 IN. CHANNEL

0 NATURAL CIRCULATION
o FORCED CIRCULATION

-~ UP .TO 55 Y% QUALITY

% i ; l

40 60 80

CALCULATED FRICTION PRESSURE DROP




. WAPD-AD-TH-),70 . . .

 EXPERIMENTAL AND CALCULATED FRICTION
PRESSURE DROP WITH A MASS VELOCITY DEPENDENGCY

P=1200 PSIA
20"BETWEEN PRESSURE TAPS .
I09°F INLET SUBCOOLING
101X 1"X27" "CHANNEL |

$Lo =136 +0005 P+.1-1 -000714p &

7
LOmanN
150k
L
o)
o
<
O
o
k2 o i
W
- ﬁ ,’
)
o K
w K
l&] -
o 00
=z
O
—
©
o
IJ__A
-
<
}..__
=
=
= 50~ 4
w e e © NATURAL CIRCULATION
o ‘ | e FORCED CIRCULATION
Lid

/ UP TO 32%QUALITY
7277

Vs
// LOCAL BOILING

i

f%\HEATED RANGE o l
O e
@ | 50 100 150

CALCULATED FRICTION PRESSURE DROP(PSF)

FIGURE 10




u
1))
a
o
(©)
x
o
L
o:
D
(73]
wm
Ll
@
a
z
o
=
(§)
o
i
R
ot
=
Z
w
=
Y
ul
Q.
v
gy

 WAPD-AD-TE-470

EXPERIMENTAL VS CALCULATED FRICTION
PRESSURE DROPS kaITH_MASS VELOCITY DEPENDENCY

P=1200 PSIA
22" BETWEEN PRESSURE TAPS

109 ° F INLET SUBCOOLING
0.210"x 1"X 27" CHANNEL

G G
b =136 +0.0005 P +0.1-56=.000714P "=

2
LOman

o NATURAL CIRCULATION
e FORCED CIRCULATION

UP TO 55% QUALITY

! ] ]

0 80 100
 CALCULATED FRICTION PRESSURE DROP(PSF)
| | FIGURE 11




HEAT FLUX x 10 °BTU/HR FT.?

e . WAPD-AD-TH-LT0

600

500

400

300

HEAT FLUX VS GOOLANT FLOW RATE
FOR 0.10! IN. AND 0210 IN. CHANNELS

1200 PSIA ,
I09°F INLET SUBCOOLING

DNB POINT.»}
(55% QUALITY) \

0.210 IN. CHANNEL—

FLOW INSTABILITY POINT ‘ /0

(32% OUALlTY)\OOO
O \ : /0

o] e

200 o ®
0.101 IN. CHANNEL ————= .
: o
100
: 038
9] | i 1 | | I |
0 100 200 300 400 500 600 700

FLOW RATE,LBS/HR. " FIGURE 12




o
i
.
o
T
>
o
=
@

M.
®)
>
5
B
A
-
<
w
T

D
@]
®)

W
o
o

O,
o
O

- COMPARISON OF PREDICTED AND
EXPERIMENTAL SYSTEM FLOW
1200 PSIA
109°F INLET SUBCOOLING

e £ XPERIMENTAL

EXIT FLANGE LOSS : . :
CALCULATED BY! ~ DNB POINT
METHOD | - i 5%QUALITY
METHOD 2 = e oo e

METHOD 3

0.210 IN, CHANNEL

32% QUALITY

£k [
B bag o

0.100 IN,CHANNEL

Lo N L o 1 |

100 200 300 400 500 600 700 . 800




390

WAPD-AD-TH-L 70

oo

400

FLOW PREDICTION
FOR 0.210 IN. CHANNEL

~|200PSsIA , o
I09°F INLET SUBCOOLING

2

— = Y APELE

HR. FT2

¢ = 800,000 BTU/
. ! \

800

600,000~
l
: [T
| o /500,000~
& 200k
920
o 400,000~
Lud
1
D
* 300,060
) \ ;
o
a.
00— 200,000
) FLUX~FLOW
~ PREDICTED GCURVE
~_ USING METHOD 3 FOR
EXIT LOSS.
. 0 P ] ]
400 500 | 600 700
FLOW RATE, LBS./HR.
(13 U4l FIGURE 14




OSCILLATORY BEHAVIOUR OBSERVED IN BETTIS
NATURAL iClRCULAﬂON LOOP #29
(PRELIMINARY RUN)

P=1200 PSIA |
¢ =320,000 BTU/HR-FT?

INLET SUBCOOLING =109°F
CHANNEL SIZE=0IOl"x ["x 27"

DROP

ut
@
s
o2
2]
L
o
a
z
o
=
O
Lud
w
e
2
L
|

O ARBITRARY ZERO

i

FHLQY-aavh

ACROSS ORIFICE
ol

PRESSURE DROP —

i ]
O ARBITRARY ZERO e e

TIME — SECONDS




APPENDIX A

Acceleration Pressure Drop

From Newton's second law, a one-dimensional model, and the contimuity

of matter, the acceleration forces are

= d% wév XVS
e[ iz i)

Dividing this into convection and time components

LAz VoW gy
cenvection g, Y% gg,,

CC time g dt 'ﬁ z

d Faec

For steady flow, AV/}, t = 0, and the acceleration pressure drop is

2 2 :
A P = (© dF ¢ W qv
accy .o S A S gk
L L <

But W = AVIO s therefore

2 Qyay
APaec -
S R

For a change in area from 1 to 2 with constant density, equation (A=5)

becomes

APore, 7 fm 52 vav (A-6)
-2 &

i

integrating and substituting V =

- A ?
A Pa@;Q - EL (A“”?)
12 2g P | & af
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For a change of density from 1 to 2 with constant area, equation (A=5)
becomes

o Ry o i S e
.

Ry [
gh ¢ 2 F;L

For both a change in density and in agrea over the same length the
agceleration pressure drop is more difficult to find. This is the case in
the riser because of the variazble slip ratio with velocity. Using W m@VA

equation (A-5) becomes

&

2 (2 | A
‘ =W 1 -
AR "‘”S %d v (4-10)

1

In Fig. 16 the area under the curve represents APaccl )

(a) A = constant (b) Pr constant (¢) Neither = constant
(Equation A-9) (Bquation A-7) (Equation A-11)

Wy 1 .
ot . A
( g’ & Iy

(=

1 1
P e
Fig. 16

For (16¢c) an approximation of the area is made by drawing & sbraight line hetweern
Points 1 and 2. .

AP wel 1., 1 1 1
Oy o = 5= | =t N (A=11)
cel-2  Zgla, A [ | @y (A
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Fig. 17

Summing the acceleration losses around the loop {(Fig. 17),

A Page = ! j;& i *
loop <,§ {9 cLA (7C1Ahe2

1 1
2 FclAtsz @;1 a’
Lot Y _] T P
Ayg2 P a Atsg[%l 2 PaAag s2 J < Ar‘ Aa

Lo~ 1 |+l Llosf| 1 - 1
PPAI“ () aAa 2 ’Ahe Ax: @n he PrAr

{PPA;? “ @ﬁi&] \@1Ahe2 ﬁaﬁhe} gl

Simplifying




APPENDTX B TABLE B-1
NATURAL CIRCULATION TEST DATA

Channel: 0.10L in. x 1.0 in. x 27 in.
.20 in. between Test Secticn Taps

; Tegt Sectn.on Pressure Drop (PSF)
bx105 W A ' Total ot | ‘GafeuThted
Btu/hr-£t2  Ib/hr - OF  Ib/rt3 Meas. Calc.  Meas. . APacc APmev  APEnt OPexit

82.0 -
79.4 - Not Available
78.2 : :
58.5
45.9
57.1
- h6.6
59.9

. 0.50 261 ' v L8.7 92
= 71,00 : , . 16.0 S 99.3 98 1
1. » - hl.2 “106.7

2.50 _ - 35,8 157.9
3.05 : b5y 32.0 - 18).0
2.55 6 35.8 158.8
- 3.01 3kg Lso 32,7 18,9
2.49 3 2. .. h5h , - 157.3
1.99 ; ‘ - 130.9
- 1.49 : 037 LBB U . - 109.5
0.98 . ; : L6, 92.1
0.50 : : 15 Y 9201
2.53 6 O b : ~15h.0
2.9 , . c . 177.5
3.114 ') ’ { g 18708
3.19 0. - 190.9
3.16 ; . : , 191.3
3015 ) : 3 v 191;5
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Run

19-6
19-7
20~1
20-2
20-8
21-1
21-2
21-3
21l
21-5

¢ x 1075 W

Btu/hr-£t2 Lb/hr
2.75 37k
2.9h 355
3.16 312
3.19 335
3.19 343
3.15 343
3.05 333
3.10 330
3.15° 330
3.17 329

”?Tég'z'

1P

0.056
0.250
0.354
0.312
0.303

0,308

0.299
0,31k
0.317
0.329

h62

bl

APPENDIX B TABLE B-2

' FORCED CTRCULATION TEST DATA

=
=
Chamnel: 0.101 in. x 1 in. x 27 in. 18
20 in. between Test Section Taps ‘g
Test Section Pressure Drop (PSF) ’ , ?
fr Total Friction Caleulated S
Ib/es3 Meas. Cale.  Meas. Calc. APy
35.1 169.9 175.7 8L.9 90.7 . 53.6
33k 181.2 186.8 97.0 102.6 . 13.8
31.4 198.7 200.2  120.8  122.3 . 38.8
31.6 195.2 200.5  112.5  117.8 43.0
31.6 201.2 203.3 117.1 119.2 : h3.6
31,8  199.9 206.5 116.5  123.1 . L2
32.1 187.7 195. Lokl 1125 0 h3.7
. 32.0 190.9 197.2  110.0  116.3 : W2y
31.9 195.6 199.1 11L.2 117.7 . he.h
31.6 199.8 - 203.2 118.7 122, ohia

f

o
:
i

3
T

0



 APPENDIX B TABIE B-3

NATURAT, CIRCUIATION TEST DATA

. Channel: 0.210 in, x 1.0 in. x 27 in.
g 22 in. between Test Section Taps

Test Section Pressure Drop (PSF)

A Total _ Frictiom Calculated /  APEnt

ity

o
E;

,be/ft3 ~Meas. = Cale, Meas.

5.7 9.1
.3 glihy
Lh2.a 96,8
39.h 102.0°
107.0
119.1
125.5
“131.0
13k.9
A2k
120.3
116.8
135.5
oo dhhdy
©163.1
172.8

APpec  OPpie 31

87.5  99.9
86.5 102.8
85.5 107.1
80.6 111.0.
77.8 kb

I B7.6 115.9
63.6 117.2
60,2 Ei
56.1
65,1
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7.9
56.5
W6l
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b,l'a
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APPENDIX B TABLE B-L.

FORCED CIRCULATION TEST DA‘I’A'.

mwml 0.230in. % L.0din. % 27 dn.
20 in. between Taps.

“HICGV-GAvA

Test Secticm Pressure Drop (PSF)

oz

¢ x 1075 W Ipap2 T el fe Total Friction Calculated

Bta/nr-£t2  Ib/r X °F  ILb/ftd Meas. Calc. Meas.

1.93 1,88 0.008 : L5k 93.%
2.50 B8l 0:023 41.8 98k
3.02 67 0.047 39:9 103.0
347 680 0.078 36,7 - 106.8
3.95 709 0.100 : 35.0 111.7
L7 709 0.142 32.5 117.54
.97 725 0.16h = 31.1 123.7
5.4 725 0.210 29.2 132.1
6.8 70%L 0.300 25.8 16,5
7.12 727 0.339 ; 23.3 ¢ - 158.2
7.50 666 0.1k G 21.5 167
T+99 653 04180 19.9 169.9
8,30 bha 0.510 : 18,8 183.9
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