-
3

Report No. ACNP- 63002

i

PATHFINDER ATOMIC POWER PLANT
PRESSURE_DROP AND VOID FRACTION

EXPERIMENTS IN_SIMULATED PATHFINDER BOILER .
FUEL ELEMENTS

March 8, 1963

Submitted to

U. 5. ATOMIG ENERGY COMMISSION
NORTHERN STATES POWER COMPANY

an

GENTRAL UTILITIES ATOMIC POWER ASSOGIATES

ALLIS-CHALMERS MANUFACTURING COMPANY
ATOMIC ENERGY DIVISION
Milwaukee 1, Wisconsin

Facsimile Price $ rf é g
2 &7
9. =

Microfilm Price $§ ~—( -

Available from the

Office of Technical Services

Department o f Commerce

Washington 25, D. C. @

Ref: AEC Contract No. AT(11-1)-589

g, ieenndeled giulin alad s



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither
the United States, nor the Commission, nor Allis-Chalmers Manufacturing Company,
nor any person acting on behalf of the Commission or Allis-Chalmers Manufacturing

Company :

A. Makes any warranty or representation to others, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the information contained
in this report, or that the use of any information, apparatus, method, or process dis-

closed in this report may not infringe privately owned rights; or

B. Assumes any liabilities to others with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or process disclosed

in this report.

As used in the above, ‘person acting on behalf of the Commission or Allis-Chalmers
Manufacturing Company’ includes any employe or contractor of the Commission, or
Allis-Chalmers Manufacturing Company or employe of such contractor, to the extent
that such employe or contractor of the Commission, or Allis-Chalmers Manufacturing
Company or employe of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract with the Commission or

Allis-Chalmers Manufacturing Company or his employment with such contractor.




ACNP-63002

PRESSURE DROP AND VOID FRACTION
EXPERIMENTS IN SIMULATED PATHFINDER
BOILER FUEL ELEMENTS
by G. Kangas and K. Neusen

Submitted to ’

U. S. ATOMIC ENERGY' COMMISSION
NORTHERN STATES POWER COMPANY

and

CENTRAL UTILITIES ATOMIC POWER ASSOCIATES

ALLI|S-CHALMERS MANUFACTURING. COMPANY
, Under
Agreement dated 2nd Day of May 1957, as Amended
between
Allis-Chalmers Mfg. Co. & Northern States Power Co.
under

AEC Contract No. AT(11-1)-589

March 8, 1963

Classification - UNCLASSIFIED

"Reviewed By

Avuthorized Classifying Official

C. B, Graham
Manager
Nuclear Power Dept.-Greendale

ALLIS.-CHALMERS MANUFACTURING COMPANY
ATOMIC ENERGY DIVISION
MILWAUKEE 1, WISCONSIN

. . *
poproved: @0l a0 O

Hibbert Hill
Vice President -
Engineering

NORTHERN STATES POWER COMPANY

15 SOUTH FIFTH STREET
MINNEAPOLIS 2, MINNESOTA




PATHF INDER ATOMIC POWER PLANT

ACNP=63002

: PRESSURE DROP AND VOID FRACTION EXPERIMENTS IN
SIMULATED PATHF INDER BOILER FUEL ELEMENTS

Distribution

USAEC, Chicago Operations Office --

9800 South Cass Avenue, Argonne, |llinois . ,

USAEC, Division of Reactor Development --

Washington 25, D. C. . . « + « « + .

USAEC, OTIE ==

Oak Ridge, Tennessee . . . Offset Masfef‘Plus

Northern States Power Company and CUAPA . . .

Allis=Chalmers Madufacfuring Company

20
26

39
01



f

FOREWORD

This report "Pressure Drop and Vdid Fraction Experimenis in Simulated
Pathfinder Boiler Fue! Elements" is one of a series of reporis on research
and development in coanection with the deéign of Pathfinder Atomic Power

Plant.

The Pathfinder Plant wili be located at a site near Sioux Falls, South

'Dako+a, and is scheduled for operafién in 1963, Owners and cperators of

the plant will be the Northern States Power Company of;MinneapoIPs,1Minneso+a.
Allis-Chalmers is performing the research, development, and design as well

as being responsible for plant construction,

The U. S. Atomic Emergy Commission, through Contract Ne. AT(11-1)-589 with
Northern States Power Company, and Central ytilities Atomic Power Associates

(CUAPA) are sponsors of the research and development prégram°
. 'l

The plant's reactor will be of the Centrolled Ricirculation Boi.ling Reactor

type wlth Nuclear Superheater.

it
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|.0  INTRODUCTION

A comprehensive heat transfer research and development program has been
undertaken in support of the Pathfinder boiling water, integral superheating
reactor. To a considerable extent this effort has been directed toward

underéfanding t+he phenomenon of boiling flow in a parallel rod array.

Despite the rather general appIicafiow of the parallel rod Type fuel element
in nuclear reactors, the development of heat transfer and fluid flow technology

for this geometry has not received corresponding attention. Rather, the

\
N

+rend‘has been to treat the parallel rodicase as simply as extension of the
more thoroughly studied geometries of round tube, parallel plate (and/or
rectangular-channel), and annulus, generally by means of the equivalent

diameter concept.. In many cases experimental programs have been restricted

to those which can only confirm this "extension® approach. However, the

results from these programs have generally been affirmative.

In the presenf_program, attention was directed to those features of the
parallel rod flow which either cannot be included in "other geomatry"
considerations or to which extension of results from other geometries

might béfque§+ionable. The most important of these, in the case of the

Pathfinder fuel element, is the reduinemenf for spacing the rods (meéhanically

. fixing to prevent bowing and/or vibration) which was met by the application

of intermittent grid networks within the rod array.

2.0. OBJECTIVE , &

N .
The experiments described im this report were performed to accompiish the

following:



Study the effects of tube-sheet type spacers on the axial pressure
profile in a simulated fuel element .

Measure the effect of bo}ling on the frictional ‘and spacer type
pressure losses in a 6 ft+ long fe§+ section.

Measure the void fraction in a test section.by a fine gamma ray
traversing technique.

Determine if experimental data taken from a 4 x 4 array is appli-

cable to a larger array.

3.0 CONCLUS!ONS

With respect fo the deQelopmenf of the flow field downstream .from
a spacef, the flow quickly becomes establ ished except near fée
bundle entrance. ff is desirable to measure fhe-unesfabliéhed,
single-phase frictional Iosses:in this region, but conventional

two-phase multipliers can be applied. (In Pathfinder boiling

.never occurs in this region.)

With respect %ofTWCﬂﬁase pressure losses in boiling flow over a-
rod array wifﬁ intermittent spacers, existing relations for

single phaée:frfc+{on (3), for two-phase frictional multiplters

(8 and 9), for two-phase form loss multipliers (10), -and for vaids
in.Calculéfing pressure drop components are applicable (except

as noted above in 1).

With respect to the void fractions in boiling flow over a rod
array, the local radial void distribution is non-uniform with a

uniform radial power distribution and the over-all integrated void

fractions tend to support the homogeneous.model.

-2~




There was no. appreciable effect of array size on single-phase
and two-phase friction and form type pressure losses and over-all
integrated steam-water- void fractions in_gofng from a 4 x 4 array

to a 9 x 9 array of rods with the same equivalent diameter.

4.0 GENERAL REVIEW

4.1 Pressure Drops

Single~phase fricf?oﬁal losses for flow in a parallel rod array.
have been studied experimentally (1) and.analyfically (2). The
results of these efforts indicate that isothermal friction factors
(turbulent) for rod bundles will closely follow the Moody (3)
round tube relationship using the equivalent diameter concept
(onily if the pi*ch“fo rod diameter ratio is greater than 1.2

for é'square pitch array accerding to (2). Exit, entrance, and
joint losses~for various types of end fiffinés énd spacing devices
were reported by +he Bettis Atomic Power Laboratory (1 and 4)

for a single-phase flow.

Early studies of two-phase pressure losses were used bnyarfiheIIi
and Nelson (5) to formulate an empirical correlation for two-
phase steam WaTer flows in round tubes at pressures up to the
critical value. Recent experiments at the University of Minnesota
(6) in horizontal round tubes at pressuFés.from 25 to 1415 psia

have indicated a Reynolds number effect different from that in




the Martinelli correlation. A new correlation more accurately

descrlbfng the Minnesota data has been presented (6).

. pata for boiling flows in vertical rectangular ducts at 2000 psi
have been reported in (7) and fhis data also indicates an effect
of flow rate over and aﬁoVeﬁ+ha1'predfbied by Martinelli. A |
family of curves was presented which in a sense could be thought
of as adding‘a mass velocity effect to the Martinelli correlation.
This approach was exf;nded (8 and 9) and compared with data for
boiling flow in vertical rectangular chanmels at pressures from
150 to 600 psig with reasoriable agreement being observed (parti-

dﬁlarly at 600 pslg);

Two-phase form Typellosses have been of interest to several in-
vestigators as entrance, exit and orifice flow phenomena. An
éxfensive seriéé 6f~éfr-wa+er experimenfs;has been performed at
- Argonne National Laboratory, and-a survey.of avallable méthods

for +rea+ing two~phase systems was presented by Lottes (10).

One -of the earliest reports of boiling préssufe dréBan”a parallel
rod array was presented by Bettis Afomi; Power Laboratery (i1).
These -data which were for 2000 psia were generally predic+able

by the family o} curves (7), and it was tentatively concluded

that the equiva]én+ dfame+er concep+ would permit boiling pressuré
drop’in rod arrays and in rectangular ﬁuéf;ﬁfc be +reé+ed by the |

same method at least for net steam boiling (bulk boiling).




4.2

More recently, additlional data have been repor*ed}fdf +w9Pphase
(unheated) pressure losses In a parallel rod arraf including
spacer and exit losses at ldoo}psfa (12). The tricton results
are represenféd by simple empirical equafions.buf are répqr#ed~ g
as being consistent with the Martinelli-Nelson correlafion'(S)"-
at high mags tlow rates, fhe form type losses are compared with
a prediction by lepe+s (12) using the void dafa of Larsoﬁ'(IB),. o

and the agreement |s not good, particularly at the lower mass

fioy rates,

The effect of subcooled nucleats bolling (local bolling) has been

extensively studled at 2000 psia In rectangular channe!s and to

‘a lesser extent at lower pressures in the same geometry. Predictive
hefho¢$ were suggested (14), later studies In-round tubes ot
" from 50 to 4Q0 hslq were reported (15), and an empirical correlation

* based upon boilling length was proposed. However, It was cone

cedsd that reglons close to the entrance must be distinguished

from reglons In fully established flow.

Local bofling in round'fubeS'frgm 1100 to 1300 psia has also

been ext»nslyely'sfudled at Martin (16), and g design equation

depending ubob the heat transfer coefficient has been recommended.

Void Fraction

'COincldon+ with the studies of two-phése pressure |osses, investi="

gations of void fractions (volumetric fraction of duct occupied by

vapor) have been performed. Objectives of these studies have

-5-



been to make available the void data for use in interpreting and
analyzing two-phase pressure drop data, for calculating the
driving head in natural circulating systems, as well as for use

in computing moderator densities in nuclear reactors.

In addition +o.+He two-phase pressure losses, Martinelli and
Nelson formulated an empirical correlation of void fraction és

a function of quality and pressure (5). This correlation indi-
cated that the void fraction was not the same as +ha+.compu+ed
from the wgighf fraction and the assumption of a homogeneous
mixture of liquid énd vapor (homogeneous medel, slip ratio of
hnify). Subsequent experiments and analyses verified the failure
of +h¢ homégeneous mode! in many cases, which in turn prompted

more experiments and analyses. 5

A later review of the Martinelli correlation indicated a siight
inconsisfenéy with respect to the slip ratio interpretation of
void fractjion, and the correlation was adjusted to eliminate

this difficulty (17).

A surve? of the available techniques for measuring void fractions
has been published (i8), and a defailed:discussion of the external
source, gamma ray attenuation method was presented (19) and
reported in ACNP-63004. The results from an -extensive experi-
mental evaluation of this technique were presented (20) for

rectangular channel geometry.



Experiments at the University of Minnesota have yielded void
for unheated steam water flows in horizontal tubes at 400 to
1000 psi (13). fhis volid data generally falls below the
Martinelli curves at steam qualities less than 10 per cent but

appear higher than the curves at higher qualities.

‘The results from an extensive series of experiments performed at

Argonne National Laboratory with boiling watér in vertical rec-
tangular channels have been summarized (9). These exberimeﬁfs
indicate that the void fraction is dependent upon superficial
Iiéuld velocity, quality, and pressure with appreciable interaction

between effects.

5.0 THECRETICAL CONSIDERATIONS

5.1

Pressure Drops

The phenomenon of a single-phase flow pressure drop in a parallel

rod artay can be examined by conventional concepts. The frictional

losses can be expressed by the form:

.62

franhk
I'so

AP+ - 29; Pt De
where Dg is the conventional equivalent diameter.
Single-phase form losses are often expressed In terms of the
velocity head in the constriction.

2
Gc” Kiso
= (2)
AP 29, by




(Where G, is the mass Qelocify based upon the area of the con-

striction;)

If the constriction is accompanied by a net change in area from
the upstream regioni to.the downstream region,-as for an entrance
and/or exit tube sheet, the recoverable part of the form loss

may be separated out; for example, an -expansion would be given

by:

2
APLgc ='Eg§-;; (62 - 1) (3)

where G is based on the area upstream from the constriction and

0 is the ratio of upstream to downstream areas.

Thus, AP = Aprec + APunrec

a2 . 2
AP=—§__(02- ') +kISO GC (4)
2. pf " 2gc pf

1t is convenient to use the same mass velocity in both the re-
coverable and unrecoverable terms; defining £ as the ratio of

the constriction area to the upstream area,

2 .
) - G 2__ ;kiso
&P =35 ot (a I +._§_> &Y

For boiling flow calculations, the vapor weight fraction (quality)
was calculated from the first law of thermodynamics assuming

equilibrium.



The approach to +Qo—phase frictional pressure losses has generally
been to apply a multiplying factor +o'+he single phase p;essurq
drop. Martinelli (5) préposed that two-phase friction losses
could be calculated fro@ single-phase losses by using a multiplier,

wLQZ, in the expression:

2 ¢,

2 '
® (6)
2g; p¢ D, Lo

AP{. '
(The subscript LO on the myltipiier refers to the fact that the
dynamic head and friction factor are calculated as if all the fluid

flowing is flowing as saturated liquid.)

Two-phase form losses are calculated ina variety of ways. Most
commonly, use is made of a homogeneous fluid density (ﬁfP)’ +o_‘
represenfffhe k{ne+ic energy of the fluid. This technique is
really equfvalenf to using a quality and pressure dependent multi-
plier since Brp is only a function of these variables. fhe first
two methods considered in.this paper are ramifications of this
technique and can be expressed for a forﬁ‘loss with expansion- by

the following relations:

2 e
. k-
P=——G:‘—'<'02- |+ 15 . (7)
29. 0 ™ B X ‘ :
and
2 , . ki o
p=—C— (02 - 1)+ kI (8)

2gs PP - 29, p¢




5.2

N

The’firs+ rérainn implieé’+ha+ both the recoverable and unrécover-
abfeﬁfﬁo-phase losses stem from phenomena duplicating singlerhase
effecfs but with a reducéd-density. The second equafiop ascribes
a frictional mechanism to the ubrecoverable loss, buf'handles the

recoverable part the same as in Equation 7.

Another approach is to consider that for small values of quality
all the losses are associated with the fiquid phase. To utilize
This.assumpfion’if is necessary to know The vélume fraction

occupied by the liquid phase. Using a method similar to that of
Lottes (lO),»fhé fol lowing expression (again for a net éxpanSioa)

can be written:

AP = » iso 2 _ : 9
29¢ pf(I-Rg)2< to '> <

Void Fraction
The theoretical basis for the gamma attenuation void measuring
technique has been Treafed In considerable de+a|I by Petrick (2!)
and by Hooker and Popper (19), and only a brlef review will be -
presen+ed{'xThe prfncipal assumptions used are as follows:
| 1. The gaﬁma Eeam consists of parallel rays and is very
thin,
2. The beam is monoenergetic (the source in this case is
Cesium 137). |

3. The attenuation is exponential with distance and material

density.

-]10-



The attenuation of the gamma beam is given by:

N/i* = e PX €10)

where N/N¥* is the fraction of incident radiation penetrating a
distance X in the attenuating materfal. The |inear attenuation
coefficient, B, is assumed to be dependent only upon the nature

of the material, density, and radiation energy.

If the radiation intensity (per unit area) is measured from a
duct containing a given permanent structure and completely filled

~with vapor, Equation 10 becomes:

e-,BVXe-sSXS (I

Nv/N¥ =
A similar measurement obtained at the same position with the duct

filled wi#ﬁ?}iquid would be represented by:
NL/N¥* = e~PLXg-BsXs (12)

Finally, a measurement obtained with the duct filled partly with

Itquid and partly with vapor would be represented by:

N7p/N* m o PLXLe BvXvgmBsXs (13)

Thus, the fraction of fluid present in the thin beam as liquid

becomes;:

XL _ In Ny/N¥ = In NTP/N¥ _ In Ny/NTP
X

T In NG/N¥ = Tn NN Tn N /N (14)




and the fraction of fluid present as vapor becomes:

Xy In NTP/NL
X T In N/N (14a)

if the attenuation coefficienfs‘aﬁe-assumedufb be the same in The
cémplefely filled and partially filled conditions (and the decay
of the source is neglected). Note that with this aséumpfion (and
those preceding), it is possible to measure a local liquid fraction
(and/or void fraction since X,/X =1 - Xy /X) by performing three
radiatien measurements at the location of interest without ever
beihg committed to a certain value or set of values for the

attenuation coefficients.

Although the development of the theory has utilized a radiation
intensity measurement with +he duct’ fGll of vapor; it is often
permissible to substitute a measurement with the duct full of air.
This -is the case in the present experiments wherein the typical
attenuation coefficients for the sa*ura%ed'wafer were found to be
about 0.166 in-l. Assuming that +he coefficient for the same
material is pfopor?i@nal to the density, corresponding coefficients

for saturated steam at 600 psi would be about 0.00432 in~! or a

factor of 38.3 lower.  Thus, substituting an air measurement for
a vaper measurement causes fhe exberimenTal void determinations
to be .low by about 2.6 per cent (relative). This is considered
to be well within the experimental accuracy of the measuring

system,
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With respect to the ultimate application of the veid data, it

is desirable to deferﬁine +he mean void.ffacfi@h in the duct
cross section. This can be accomplished by performing a series
of local measurements a¥ different posifiéhs and then integrating
the results, |

i.e. _ JEQESZ ‘ | | (;5)

% = e

Perhaps the most important assumption in the fékegofng.discussion

is that of a very narrow beam. This assumption was—ifivestigated in
(22) using a digi+a| computer program. Vériafions in the thicknesses
of attenuating materials across the beam width were found to pfoduce
significant errors for an aluminum-Lucite model with a ?huliﬁm
source. FHowever, the use of Cesium.was found to virtually eliminate
such érrors in a _steel, water sysfem‘due to the reduced attenuation
in the wa+er.‘,8a§ed upon the results in (22), the over-all e?ror

of the present void ﬁeasgring system is about t+ 10 per cent relative

void fraction for voids of about 50 per cent.

During the presenf'experimenfs, a discriminator was utilized to
el iminate Tﬁé "noise'., Simple experiments using Lucite blocks
were used to establish the discriminator sefTings‘which_maximized
' the signal=to-noise ratie, and the exponeatial nature of the at--

tenuation was closely verified.
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6.0 AXIAL PRESSURE PROFILE DOWNSTREAM FROM A SPACER, SINGLE-PHASE FLQﬂ‘
EXPER IMENT ' ‘ .

6.1

Equipment
A prototype of the Pathfinder boiler fuel eleﬁénf was used to
examine the axial pressure profile occurring in parallel rod flow

with spacers.

The element was 6 ft long and consisted of a 9 x 9 array of rods

on a 0.535 inch square pitch. The rods comprising the upper half
(3.f+) of the element were 0.367 in. diaméfer (pitch to diameter
ratio of |.46) and the rods in the lower half were 0.409 in. dia-
meter (pitch to diameter ratio of 1.31). The reduction in rod

size in the top half compensates for moderator voiding during

power operation. The rods were fixed at both ends in small grid
plates, and intermittent "tube sheet'" type spacers were used at

I8 in. intervals. |In érdér to faciliTafé flow visualization studies,

the element containment box was fabricated from Lucite.

The element was installed in a low pressure flow loop and heavily

instrumented with pressure taps connected to a bank of manometers.
A schematic of the low pressure loop is shown in Fig. |. Pressure
taps were located every two inches downstream from the first three
spacers to givwe an accurate description of the axial pressure

profile. Fig. 2 shows the test installation.

The experiments were run at approximateiy atmospheric pressure
Y

using room temperature water. Flow rates were varied from |34,000
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6.2

+o 342,000 Ib/hr, which corresponds to mass velocities (G) of
1.3 x 10® t0 3.4 x 10% Ib/hr=f+2. Flow rates were determined

by using a calibrated orifice meter in the recirculation piping.

Because the fuel ‘element corntainment box was made of Lucite, there

was some concern as to the amcunt of‘laferat expansion which would
oeccur éf the higher fiow rates and creats a posiTive pressﬁre
inside the box. However, by using steel supports ir the Lucite
wall every six inches alorng The axial Iéngfh 2f the test séc?ion,

the measured expansion was held to iass tham G.CIC in.

Axial-Pressuré Profiles

Sample pIoTsioffpressure drop vs. lerngth are shown in Fig. 3.

I+ can be seenffhaf AP/AL is riot linear, as i+ should be fer
esfaﬁlished friction, in the first few inches of quadranf i. In
this quadrant, there is littie or no drop in static pressure for
about 10 equivalenf\diamefers. Then the pressure is seen to fail
linearly but at a rate much less ‘than expected for friction. This
phenomenon is.attributed to the hydraufic effects of the fue! support
grid (inlet grid) being dissipated cver the complete length of the
quadrant. It is seen that the pressure less in this grid is nearly
an order of’magnifude larger than the other fube sheet losses;
following these downsfream constrictions; convenfienai_fric+ibn

losses are quickly establiished.

The data for the first quadrant show that application of the cecmmen

mefhod of determining form leosses for ead fitiings by subtracting

-
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6.3

6.4

calculated friction from measurements of over-all pressure drop

would yield unrealistic results.

Friction Factors
Friction factors over the 8| rod array were calculated for the

quédran+s which had taps that were spaced every 2 in. This wés '

_-accomplished by plotting the frictional pressure drop versus

‘length and finding the slope APf/AL. Then the friction factor
(f) was calculated from the equéfion:
B¢ De 2g. P

P T 62

The data from quadrant 4 were not reduced to friction factors

because that quadrant was not heavily instrumented.

In calculating f, APg/AL was taken as the slope which best fit the
downstream boinfs in the quadrant. Equivalent friction factors
were similarly calculated forlfhe linear portion of the firs+“
quadrant. The friction factors are shown graphically in Fig. 4 )

in compafison with the smooth Moody curve (3). The agreement

is good except for the data from quadrant | which range from 15 to

50 per cent below the'Moody curve due to.the distorted profile

which occurred downstream from the first supporting grid.

Form Loss Coefficients
The entrance, exit, and tube sheet pressure drops were converted

+o unrecoverable form loss coefficients by the Equation 4., Mass

-19-
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velocity (Gc) was based .on the area of the constriction forlfhe

-tube sheets, and the flow area among the tubes for the inlet and

exit losses. The form loss P Qas arrived at by extending the
friction pressure drop line back to the tube. sheet (Fig; 3). By
using this procedure, the distorted profile immediately behind

the grids and fube sheets was neglected, [t igghoféd that these
béckward exfrapolafions were based upon the exgérimenfal pressure
profiie data and ﬁof on a calculated frictional gradient. The
entrance, exi*{,and'fubé shee+'unrecoveréble loss coefficients fpr
the final design ceﬁfigurafions are plotted versus Reynolds number
in Figures 5 and 6. , AThe entrance and exit loss coefficients
(Fig. 5) cannot be readily compared with +the Bettis data (4; since
their entrance and exit losses were combined into over-all values.
However, the tube sheet coefficients (Fig. 6) areAin reasonable
agréemen+ with the joint loss ceoefficients reported for the 'egg
crafe" type connection which is similar to that employed in the

present study.

6.5 Conclusions

I. The axial pressure profile was found to be very nearly
linear immediately downstream (! or 2 equivalent diameters)
from all the spacers except at the inlet.

2. Examination of the region downstream from the inlet grid
showed that the flow is not fuiTy establ ished over the

enfireﬁéuadranf length (40 equivalent diameters).

-2|~-
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3, The fully established friction factors are in good agree-
ment with the Moody curve (3), and the tube sheet loss
~coefficients are in reascnable agreement with similar data

presented in (4).

7.0 PRESSURE PROFILE DOWNSTREAM OF A SPACER IN TWO-PHASE FLOW EXPERIMENT

7.1

7.2

7.3

Equipment

The equipment used to perform +hi§ study inéluded +he‘same low
pressure Iqop with the prototype Pathfinder boiler-elemen+ descr ibed
earijer with the addition of an air suppiy. An air line from a‘
rotary type compressor supplied air to the loop piping 3 feet ahead

of the test sectiions lower flange (Fig. 2). Air flow rates were
! v

determined by using a Laminar flow metering device.

Test Conditions

Mass flow rates were varied from 1.37 x 10® to 2.32 x 10® Ib/hr-f12
with an air-water mixture at room temperature. .The mass fraction
of air flowing (quality) was varied from 0.142 per cent.to 0.263
per cent (corresponding to void fractions from 0.37 to 0.69 by

the homegeneous model).

Pressure Profiles

Figures 7 and 8 show two sample axial pressure profiles for air-
water mixtures flowing in the element. As in the case of all water
flow, the profile downstream of the lower grid shows some effects

of the grid for 10 - i2 equivalent diameters  downstream. However,

Y
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7.4

7.5

the air-water data also shows this type of effect behind tube
sheets | and 2.\\Tﬁi§ effect may be due to two-phase effects or
merély the result of having a larger pressure loss through the
tube sheets. In other words, the two-phase flow field may take
longer to become fully established than for single-phase flow al-
though™ the difference is not great. Also the higher pressure losses
encountered with the +wo—phase case implies the existence of a
greater disturbance and ThiS'maylpérTialiy explain +he éowns+ream

effects.

Loss Coefficients '
As expected, the loss coefficients for the two-phase case were greater
than in the single-phase case. The ratic of two-phase to single-
phase Iéss coefficients measured in these experiments was correlated
by using the ratio of single-phase to average two-phase density
(pf/v+P), and the results are shown graphically in FigureSYQ and 10,
The 45 degree lines on these graphé represent Equation 7 so the
agreemenf.of the data wi+5A+he lines is an évalua+ion of the appli- ‘

cability of Equation 7.

Friction Factors

After reducing the pressure drops to friction only, by sub+rac+ing
out the elevation and acceleration portions (using the Hpmogeneous
model), friction facfors were calcula+9d for tThe lengths between
spacers as in the single-phase fests Ey faking fhe.slope of the

pressure drop versus length curve. These friction factors were

-27~
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then converted to two-phase muliipliiers by ratioing them to

the experimental single~phase friction factors. These multipliers

Fison with +he Lockhart-Martinel!

are shown in Figurgﬁll in com
correlation (23). The muitip!iers being reported are generally
considerably lower than t+he Martinelli values. While no quanti-
tative effect of flow can be deduced from Figure il, Thére does seem
to be a trend for increasing flow to cgrrespond +o é reducfian in
mLOZ‘for the same quality. Without further exploring the poési-
bility of this flow dependéncy, it is difficult to assess the

apparent "scatter" exhibited on Figure Ii.

7.6 Cénclusions

I. - The axial pressure profile downstream froﬁ.fhe spacers
was found to be similar to the single-éhase resuj;s, but
the pressure gradients did not seeém To become well
established quite as rapidly. |

2. The two-phase multipliers in the first quadrant, wherein
the flow was found fo be unestablished ever fhelfull
length, are in agrsement with the muffipliers for the
downstream quadrants, wherein the flow quickly became
established. | -

3. The two-phase muitipliers are not in good agreement

" With the Lockhart-Martinel i correlation (23), but the

two-phase form losses are fairiy wel! described by

Equation 7.




8.1 Eqdipmenf»

8.1.1

Heat Tfénsfer Loop

The Heat Trgnsfer Loop lecated at the Greendale Lab was
designed foL Invesflga%ioh of heat transfer and pressure
drop problems in nuclear reactors. The loop is also
instrumented to enable investigation of burnout and void

fracf]on;' Multiple valve arrangements provide for forced

"or natural circulation flow. The use of a steam separator
. : i

éﬁbve Tﬁe boiling test éecfion provides saturated steam for
superheat studies. Nuclear heating is simulated by eleéfrical
resisfancé heating with d-c power available up to 2.25 mw.

The loop is rated at 1500 psi, 1000 F. The recirculation

flow capacity of the loop is 600 gpm. A schematic diagram

-of the loop is shown in Figure 2.

fesT Section

The 16 pin test section was designed to simulg*e a Pathf inder
boi fer fuel element. The test section wés 6 ft long and
consisfe#rof a4x4 afray of stainless steel heater tubes
arrgpgéd'9n a 0.570 in; pitch. The'fube dimeqsions were
0.416 injio.q. (pitch to diameter ratic of 1.37) with a
0.027 in.hwall in the Jo@er half of the bundle and 0.367 in.’
o-d. (pitch o diameter ratio of 1.55) with a 0.065 in. wall

in the upber half. This feature corrésponds to the Pathfinder

design wherein additional flow area is provided in the upper

-3 -
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half Qf the core to offset void effects. The power produced
in the upper half is approximately 35 per cent of +he +o+a|.-
The tube array.was‘enclosed‘Tn a square pressure housing
consisting of a [6 gauge stainless sfeel liner inside a

5/8 in. thick carbon steel box. The flow channel dimension
was 2,399 in. square. Figure I3 is a schema+ic assembly

of the test section: Figure |4 is a cross se¢+ion view of the

bundle array showing the spacer and pressure tap assembly.

Spacing of the heated rods was accomplished by using short
pieces of 0.148 in. o.d. s+afnless steel tube with smallér
diameter rod }nserfed down the center to the tube and through
holes drilled in the heated reds. Figure |5 shows the as-
sembly. The end connections were simply square grids made

of copper bars which were soldered to the stainless rods,
-and:served to center the bundle in The box at each end.

These ¢opper bars were 1/8 in. thick x 1/2 in. deep and
“extended the length of a row or rods. Tﬁe bundle was also
centered in the box at +hé axial mid-point by four smalf,
electrically isolated, steel reds penetrating the box enclesure

and guiding the pin rows adjacent to the bundle center.

Fourteen pressure taps were used to measure the frictional
and spacer pressure drops aIOng'+he length of the test

sections. Figure 13 shows the axial spécing of the pressure

taps in relation to the red bundle.
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Bulk coolant temperatures were measured with bare-wlre

chromel-alume! thermocouples tocated befére and after the

test section,

Slots, 1" x 2™ x 5/16" deep, were milled In the sides of

the box at three axial locations, -®hts was done In order to

reduce the required intensity of the source used for the

vold measurements.

Loop' fnstrumentation

8.1.3.1

8,1.3.2

8.1.3.3

Flow Measurement

Flow rate through the test sectlion was ae$erm1ned by
measuring the pressure drop through a 4 in, Gentile
flow tube, A 50 in, - 2000 psivwell-+ype manometer
was used to measure the pressure drop, The Indicating

fluid was mercury,

System Pressure

‘he system pressure was measured wlth a Helse,

. Bourdon tmbe type gage. W%he gage had 1 psi In-

crements from 0 - 1500 psi, and was callibrated with

a dead-welght tester before and affer the test.

Dlfferential Pressure Drops
Differentiaf pressure drops were measured with a bank
of 12, 60 in., 2000 psi manometers. The indlcating

fluld was Meriam #3 with a spaclfic gravity of 2,95,
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8.1.3.4 Bulk Temperature Measurements
Temperatures were measured with a Wheelcp, }6 point,
recording potentiometer calibrated in millivolts,
The recorder had a 10 in. chart with a ranée of
0 -5 mv d-c in 2.5 mv steps. An ice-water mixture

was used for the reference junctions.

8.1.3.5 Test Section Power
The voltage drop across the test section was measured
with a Wheelco recording voltmeter. The instrument
had a range of O = 75 mv d-c in 25 volit stéps. A
Wheelco recording po+en+i6me+er‘wi+h a raﬁge of -
0 - 75 mv d=c in O - 25 mv steps, and a calibrated

‘50 mv shunt were used to determine the current.

8.1.4 Vvoid Fraction Equipment

The encapsulated Cesium |37 source of 2.5 curies was ‘housed
in a Iéad pig with a 0,25 in. i:..d. aperture, 4 in. long
facing the test section., The pig was 8 in. o.d., 8 in.
long and weighéd about 180 Ib and provided acceptable
Fadiafion levels at contact with the surface. fhe‘Cesfum
has a half-life of 30 yr which el iminated concern over

source decay.

A bleck diagram of +hqzvoid measuring system layout is shown
in Figure 16. Collimation of the gamma Qeam was effected

by using a 2.5 in. long lead cylinder with a 0.035" x 0,625"
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slot lecated on the detector side of the test section,
The photomultiplier tube detector had a 1,25 in, diameter
Sodium lodide crystal which is locafed'agéinsf the col-

| imator slot.

The couﬁ+ rate measured by this system was’assumed te be
directly proportienal -te the incident radiaffon intensity
reaching the detector. Thus; the efficiency and calibration
of +heAins+rumen+a+jon are‘upimporfanf so leng as only
ratios of count rates are used. The assumption of linear
prppor+lona{i+y is acceptable so leng as the count rate

does not exceed the "linear" capacity of the equipment.

Apalysis here and elsewhere indicated a“gensi+ivi+y of void
measurements both to smail changes in high voltage applied
to +hé various stages of the photomultiplier tube and also
© to changes in temperature. These effects became very -
fmpor+an+ to the Greendale program since a single traverse

of a test section required two hours.

Before and after each fraverse, a reference count rate -through
a 5/8 in. steel plate was obtained. Because of the iﬁheren+ -
féndency of the electronic equipment to drift, this reference
count varied slightly (about 4 per cent in 2 hr) over a

period of time. {1t was experimen+ajly de+erminéd that the

assumption of linear drift was valid. Thus all of the data
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were adjusted to a common reference before the void fractions

S

were computed,

‘Thé entire detector Wéé“surrounded by copper cooling coils.
The water supply and exhaust temperatures were experimentally
found to be essentially constant. The manufacturer's
specifications indicated relative InsensiTTviTy to changes

in incoming line voltage and a $+0.05 per cent long term
stability. The incoming line voltage was var}ed between

I00 and 125 volts using a varia; and no significanf-ef%ecf

on counting rate was observed.

The complexity of the test sectionms used and the -manner of
.obtaining data made exacting demands on precise ;nd repro-
ducible positiening of the source and defec+or.. Thus, a
special rack was designed and built. This rack provides
I2 f+ of vertical travel and 8 in. of horizontal travel.
Horfzonfal position could be determined and reproduceé to
within 0.005 in. Test sections up to 10 in. wide cén'be
accommodated between fhe source and the defec;or platform.
Whén iﬁ use, the rack. is jacked up off the floor on four

- screws to maintain its position.

8.2 Void Measuring Procedure
The void data were taken at two locations: 2 in. downstream from the
set of spacers located I8 in. from the test section inlet, aﬁd 2 in.

upstream from the set of spacers located 54 in. from the test section

42~



inlet. The beam path length available for flow varied from 0.736
in. through the pin rows to 2.4 in. between rows of pins. The
corresponding ratios of "empty" to "full" count rate readings

varted from about |.13 to 1.49.

A void measurement was obtained by collecting a series of empty,
hot (saturated) water, and two-phase count rates at each fixed
position on the test section. A hot water reference and an empty
reference consisted of taking a series of count rates at physical
locations 0.020 to 0.040 in. apart, Eighty separate count rate
readings were recorded for each traverse. ‘In order tordefermlne
whether the magné+ic field caused by the current flow In the

test section had any effect on the radiafion measuring system

or caused any unusual;movemenf among +ﬁe rods, a special series
of hot water "with poﬁer? measurements wére obtained. For these
measurements, +he»wafér temperature was malntained at saturation
for 600 psia, the power planned for the two-phase run was ébplied
to the test section, and the sysfem was éver pressurized to 700
psia to prevent any boflingo (The hot water '"no power' runs were
performed in a similar fashion, but no ﬁéwer was apblied to the
Tésf secfiqn.) Once +he.empfy and the hot Qafér references were
establ ished, the count fafe readings for steam-water mixtures
were taken at the same physical locations as were the references

for the empty and hot water data.
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In order to take inte account the change in test section position
due to fhermal expansipn, all the data were plotted on Iarge graph
paper and each‘fraverse'was aligned 50 that the pin center positions

corresponded to those of the empty run.

.8.3 Results
8.3.1 Isothermal Pressure Drops
Before beginning the boiling pressure. drop measurements,
the Tes+.sec+ion wasAoperaTed at isothermal conditions (all
/qugid with no power). These data were taken over the same
range of massvflow rates as were planned for the Two-phase.x

6 Ib/hr-ffz). The data

tests (G = 1.0 x 10% 40 2.5 x 10
were reduced to isothermal friction factors (fiso) for the
flow over t+he rods and form loss coefficients (Kiso) for the

flow through the spacers.

When pIoTTeq versué Reynplds pumber, the isofhermal friction
factors exhibited considerable sca++er.(i§O per cent). The
general magnitude, however, was in agrﬁgmenf with the Moedy -
curve»(B). InspecTion“of the dafa sho&ed fhaf the data
scatter was much smal ler (#20 per cent) when each of the

9 in. lengths were considered separately. [t is believed

that the varying magnitudes of fis among the 9 in. lengths

o
resulted because of the sensitivity to tap location when the
tap is near a spacer. |t is noted that the pressure drops

from which the friction facters were calculated were re~

tatively small, . varying from 0.1 psi te 0.3 psi.

44~



8.3.2

The primary purpose of the iso+hermgl data was to seryghaé
a reference in caICU|a+ing Two-phase mul+iplier§.. $in§e
each length showed a different level, a separafe féofhermal
reference was used for each 9 in. length in reducing the

boiling data.

Bulk Boiling Frictional Pressure Drops

After the isothermal %ric?ion tactors were well gsfab]!shedf
power was applied to the rods, and boiling pressure drop data
were taken. With inlet subcoolfng held at approximately

0 - 15 Btu/lb, it was possible to achieve exit qualities

from O - 5 per cent by varying the .amounts of fgsf séction
power and mass flow rate. All tests were condu§+ed with

the test section’'exit pressure held at 600 psig.

In these tests mass velocity (G) Qés varied from 1,0 x 106
o0 2.5 x 108 Ib/ke=t+2 (in the lower half) and up to 360 kw
were applied to the test section by +5e M-G set. These
conditions resulted in heat ffuxes éé) as high as IS0,0QO
Btu/hr-f+2 in the lower half and 90,000 Btu/hr-f+2 in the

upper half,

Tn reducing the data it was necessary to remove the effects
of elevation and acceleration in order to iselate only the

frictional losses,
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These two items were calculated using the following

relationships:

APele = A? Prp ' ' €16)
where Prp = Rgpg+ (= Rg) L (17)
2 2
(l - X) X
Apaccel = *"{[ TRg ve Eg VS]ou+ (18)

2 y
(I -x)
’ + 5=
[ Rg Vi Rg VsJin}

The magnitude of these calculated quan+i+ies ranged from:
25 to 50 per cent of the measured pressure drops. Values
of Rg used in these calculations were +aken‘from the homo-
geneous model'. The'same calcu|a+ions_w§r§_made using
Marfinelji voids (5), éﬁd éomparison showed that the
dif}erences in the calculated correc%ions,wére less Than

5 per cent for the low quali+y range studied. The
Martinelli volds ylelded slightly larger values for. wLO .

Hence the values of Rg from the homogeneous model were

chosen because of simplicity of calculation.

As noted above, the elevation and acceleration corrections
were of the same order of magnitude as the measured values.
While this was undesirable from the standpoint of studying

" friction effects, it was necessarily included in simulating
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the Pathfinder operation. It is encouraging to note that
even wffh the use of the sfmple homogeneous model for these
calculations, the friction data from the oner ?ng:uppgf“
ha;f of the fesf‘sécfimn é;é in good agreement even though

+he relative contribution of elevation and acceleration

effects was significantly different in these two regions.

All frictional pressure drops were ultimately reduced to
two-phase multipliers (mLoz). The data are presented in
Figﬁre 17 as a function of mass velocity and steam qpali+y

(Takeﬁ at the center of each length increment). Mass velocities
shown on the plot are the mass velocities in the lower half

of the test section. The upper half mass velo;i+ies ére

3.6 per cent ‘fess than in the lower half. The data
representifhe top 6 length increments as_Squ boiling was

not encounfered in the lower 2.

Figure 17 alsonshéws the prediction of mLéz based upon

the Mar+ine||f-Ne;§on ébrrelafion modifiedtby a flow effect
(8 and 9). The aéregmenT of the data with the prediction
'is generally within iZS per cent. The original Martinelli-
Nelson cerréfafion (5) allowed for no flow effects, and it
: woufd appréximafély correspond to the 6 = 1.25 x 10% 1ine.
"The agreement of the data with this line is not perce§+ibly
worse than +25 per cent; however, 'some effect of flow ‘is.

evident. For the particular set of conditions studied, the
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78.3.3

Isbin correla+loﬁ (6) is in close agreement with the modified
Martinelli relationship (8 and 9). The Isbin @ o vs. quality
lines, at coristant flow, have a smaller siope than +h§.‘_
curves shown in Figure |7, and do not appear to be curving

upward as fast as the data at the higher qualities.

1t wés conclu?ed t+hat the modified Martinelli (8 and 9),

the Martinelli-Nelson (5), and the Isbin (6) correlations
all desc}}be the data within about +25 per cent for the
range of conditions studied. While +he data do exhibit some
flow dependency, §+ is impossible to Hefine the extent and

nature of this dependency from the present experiments.

Bulk Boiling Form Pressure Drops

Form loss coefficients (k) were calculated for each spacer
and also for the inlet and exit losses.‘ Since there.was
no signifiéghf boiling occurring at the inlet or spacer |
(numbering from the bottom up) the discussion of boiling
effects on form losses will be confined to spacers 2-and 3

and the exit.

Spacer 3 represented a simple form loss, and the two-phase
loss coefficient was initially reduced from the data by

the ‘equation:

k = Pmeas (|9)
2 G2/ch oF
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Spacer 2 and the exit section ingjuded net flow area
expansions so that the céTEulaT{on of doss cqgfficienfs
in these regions was more complicated. The general
equgfion used was:

k Punrec Pmeas = Prec A . (20)
EZ 6%/29c Pt  G</2gc bt

Evaluating the recoverable pressure drop (APrgc) to use
in this equation is difficult. Two different approaches

were taken to calculate this quantity.

The first assumes that the fluid can be considered to
behave aé if it were homogeneous with a density equai to -
the average density of the two phases. Then,
52 -
BProe = —-9—:7—(02 - £21)
2 ,
9c PP
where 0 is the area ratio of the expansion (as in Eq. 7

and 8).

r

Using this précedure and Equation 20, the unrecoverablé

loss coefficyénfs fk|f were calculated. These loss coefficients
were then cdhpared with the isofhermaf.loss coefficients and

the resulfs are plotted in Figure I8. The pfoéedure of

using pyp To account for the two-phase effects in the

unrecoverable component was examined (Eq. 7).
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This would be valid (i.e. - Eq. 7 would be accurate) if

LI

kiso 3fp
However, the agreement éﬁown in Figure 18 is not good, and
- the points are generally higher than the pf/pTP line. For
2

spacer 2 and exit, the points are closer to the wLO

correlation. See Equation 8.

The second approach used was to assume, asALoffes aid (IQ),,
fha+ all.fhé pressure recovefy is due +§ the liquid phase
expansion (Eq. 9). This results in an expression of the
form:

G2

rec  : TR > (22)

AP

Using Tbese results and Equation 20, the calculated k'g
are higher &han with Equation 21 for spacer 2 and the exit.
These points are plotted in Figure 19 anq compared to a
line which represents Equation 9, k/kjgq = l/fl - Rg)z.
The agreement is good for spacer 2 and the exit but not

for spacer 3.

A third alternative for handling the form losses with net
area changes 1$ to use Equation 19 and éa[culafe a combined
"k. Following this procedure to calculate the k's for all

three. stations gives the results shown in Figure 20. The
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ratios of two-phase 10 single-phase loss coefficients ére
again compared with the Lottes model with fair agreement.
|+ is noted that the comparisons shown in FigureégTQ-and
20 aré really showing pressure recovery in different ways.
. The accﬁracy of the Lottes type model Is ‘better assessed

from Figure 20.

The data from spacer 3 are disfurbing in that the two-
phase losses appear Iowér than the single-phase losses

at low steam qualities. |t is suspected that the original
determination of the single-phase coefficient was faulty
kalfhough an unfortunate test section failure prevented
checking this possibility. The suspicion prévenfs formu-
lation of firm conclusions concerning the pressurée losses

in this region.

I+ was concluded that the two-phase form losses are
fairly well predicted by the Lottes type model (10).
Insufficient data were obtained to permit formulating,

any new relationships.

8.3.4 Local Boiling Pressure Props
When friction data from the boiling runs were compared with
the isothermal data, it was noted that the losses were
significantly hégher than the isothermal case just upstream

from the location of zero quality (as calculated from the



first low). |t is believed that this is due to subcooled
-hucleafe boiling phenomena. In calculating the elevation
and acceleration pressure drops, account was.+akeﬁ.of the
voids in the bulk boiling region but nret in the local

boiling region.

An attempt to correlate the data was made by using an

(N

equation of the forh;

£ [Toutk = Tib\.
Fiso H’( Tsat - TIQ'F (23)

where T|b = Tsa'f +NATJ+L = ¢/h

The local boilfng temperature (T,.) is the lowest bulk
temperature at which local boiling will begin according
to the Jens & Lottes correlation (24). The Jens & Lottes

correlation is given by:

AT 5 = 60 (¢/|o6)9'23/£P/9°° (24)

where @ is the heat flux in Btu/hr-f+2 and P is pressure

~in psi. . _ /

;

To determine the factor F in Equa+ionf23, the data were

plotted with [}/fisogl"]i as an ordinate versus

Toulk = Tib

= and this plot is shown in Figure 2I. The
Tsat = Tib

scatter was found to be quite large (450 per cent). However,
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8.3.5

a trend was present and a line with a slope of 1.7 (i.e.,

F=1,7) will yield conservative pressure drop results.

Over-all Pressure Drops

To test the multiplier method of predicting the boiling
pressure drops, calculations were made to predict the over-
all préssure drop (excluding the entrance and exit) from
t+he available correlations. The frictional losses were
calculated from the Moody friction factor, the modified
Martinelli correlation for qloz, and Equatien 23 for local
boiling. Form losses were determined fr®m +he measured

isothermal values and Equation 9.

The following table gives typical comparisons of calculated

and measured values along with the test conditions.

OVER-ALL PRESSURE DROP COMPAR|SONS

P P Per Cent Exit
Calculated Measured Deviatiocn G Quality
5.13 psi 5.16 psi -Q.6 2.18 x IO6 lb/hr-ffz' 'l.74$
5.50 4.87 +12.9 2.08 2.43
6.04 5,41 1.6 2.08 2.92'

The tabulated comparisons reflect the improved ability to
predict reéulfs with respect to over-all pressure drop as

compared to the separate friction and form type compénen+s.
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8.3.6 Veid Fraction
Follewing completion of the pressure drop experiments, the
void fraction tests were begun. Because these tests were
so time consuming and tedious to perform, only five different
complefé‘ru;s (sets of traverses) were completed. Two
sets of traverses were carried out at the lower measuring
position (see Procedure Section) with mass velocities of
2.18 x 108 and 1.23 x 10% 1b/hr-f+2; and qualities of
0.0053 and 0,0082 respectively. Three sefs of traverses
were carried out at the upper measuring position with mass
velocities of 1.92 x 10%, 1.06 x 105, and 1.08 x 108 Ib/hr-f12,

and qualities of 0.0163, 0.0208, and 0.0354 respectively.

As described earlier, cach set of traverses included a
series of measurements with the test section empty, fall
of saturated water with no power, full of saturated water
-at the test power, and containing the two-phase mixtare
of interest. The measured count rates comprising éach
traverse were plotted versus horizontal position, and the
curves were shifted slightly horizontally to correct for
minor mis-alignment (the largesf shift was 0,060 in;).
This shifting was not due +o.+he }nabilify to reposition
the rack, but rather because of uncontrolled movement of

the loop piéjng.
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The count rates for the hot water "with power" case were
slightly different from the hot wéfer "no power" case and
this was attributed to a minor effect of the magne+jc fjeld
penetrating the photo tube shielding. It was assumed that
the field would affect the two-phase results in the same
manner, so the values for NL in the numerator of

Equation l4a were taken from the "with power" traverses

and the values for Ny in the denominator were taken from

the "no power" fraverses. In many éases the "with power" )

and "no power" water count rates differed imperceptibly while

in no case did the difference exceed 3 -per cent.

Following this final alignment and adjustment of the data,
Iécal void fractions were compuféd from Equation 14a for

each horizontal position at which count rates were measured.
These local void fractions were plotted as a function of
horizontal displacement from the centerline of the nearest
row of pins. When viewed in this fashion, the data exhibited
an appreciable amount of scatter; some of which was be?ieved
to be "honest" scatter, but some of which was believed to |
reflect real differences among the different regions in the
rod érray. This method of illustrating the data is shown
for;b typical run in Figures 22, 23 and 24? Pata representing
+he‘cenfral region of the bundle, includiné regions adjacent

to the centerlines of the two center-most pin rows, are shown

in Figure 22, The solid line represents a mean curve through
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the data. Figure 23 shows the dafa’fepresepfjng the region
jusf;inside the outer-most pin rows,“and these dafg‘ﬁp@éar
+®1be distinctly different from those shown in Figure 22.
Finally Figure 24 shows the dafa'rePresen+ing the region
adjacenf +o +he inner walls of the box enclosure, a@d these
data appear to be different from }he data sﬁown in either
Figure 22 or 23. While no attempt was made to di§+ingpispi
aﬁong the four center-most regioms shown in Eigure 22, the
c@mplefe.+raverse shown in Figure 28 indicates a sligh+;
tendency of “the voids to be highest at the center of the

bundle.

Curves corresponding to the solid lines in Figures 22, 23 and

24 are shown in Figures 25, 26 and 27 for all five runs.
Figure 25 shows the data for the central region of The'bundle.
The lowest quality studied gave no measurable void fraction
in +he_§mall gaps between pins and a monetenic increase in
void as the spaces between pin EQws are approached. The dib
in the void fraction curve for the data shown in Figure 22
is seen +6 occur at about half the pin radius whereas #ﬁe
the dip for the measurements 'in the upper half.ofAfhe;bundle
occurs just outside the pin radius. This may be due to the
fact that the data for the lower half were obtained just
downstream frem a spacer while ?hé data for The uppe}‘half
were 6b+ained just upstream fr;m a spacer. Thus, the upper

half data may be more representative of a better established

Bl
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fl9w”pa++9rn, It is also interesting to note that while
the "spéce" vold~trac+io5 increased frgm 0758 to 037! as
the quality increased from 0.0208 to 0.0354, the void
fraction in the smal | gaps between pins did not increase
appreciably (the flow was hgarly the same). This may

imply a tendency for the void-fraction to reach a "limiting"
value in %he small gaps with further increases tending to

come at the expense of the space between pins.

Data for -the region just inside the outer-most row of pins
are shown in Figure 26. In this region, the curves for the
lower half runs indicate no appreciable dip in void fraction,
whereas.the upper half data shows a dip just beyond half a

pin radius from the pin'cenférlihe.'

Finally the data forlfhe region near the inner wéll are shown
in Figure 27. In.all cases, the void fraction goes te

zero at the wall with the data from the lower half of‘+he
bundle exhibiting a peak outside the pin radius, with no

such peaking appearing in the data from the upper half,

This may be a manifestation of the tendency of the spaégrs »
to force the vapor to the outside of the.bundle; although
there is-no such effect qpparen+ from the spacer geome+ry.
Nevertheless, the effect may be produced by the spacer re-
sistance to flow evening out the vapor disfribufién ana

acting as a diffuser.



The data shown in Figure 28 are typical of the other four

runs with respect to the general shape of the void dis+ri-
bution. fhe data clearly indicate that the void fraction

goeé fo'zero at the inner unheated walls of the enclosure,

and this is not surprising. The data also indicate a 5*?5"9 4
'fendency for the vapor to collect in the regions between
pins, and +his‘is-in agreement with the reshl+s reported

Cin (22) for an unhea+ed(.air-wa+er system. The void dis-
tribution in the small gaps befweeﬁ.pins appeafs to bg

" different in the center of the array "'I‘han it is in the outer
pin rows, Alf is noted that the void disfribu*ion shown in
.Figure 28 is not truly two-dimensional since each pofhf |
represents a mean value along fhe_measﬁremenf path. A more
lucid explanation of the physical significance of the shape
of this distribution must await the completion of a paréllel’
analytical study in which various two-dimensional distributions
will be poéfula+ed attempting to find one which would look

like the curve in Figure 28 when viewed in one dimension,

'l+ is also apparent from Figure 28 that the assﬁmp+f0n of 6 
uniform void distribution in the reacfor neutron diffusion
and/ér'cell calculations mqy be unrealiﬁffc (and even non-
conservative when fhe~arr$y is bofdered by a confrél rbd

water channel). FurThermére, it is likely that the descfip+ion

‘of the void distribution in a rod bundle with a non-uniform
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- radial power distribution may be appreciably mqrg'comp[f§qfed
than previously expected since the disfribﬂfiqnmin_a ?qndlé
with a uniform radial power distribution is already qui+e

intricate.

The gross radial void distribution for the five runs is
showﬁ in Figure 29. |In this representation, each poi9+._
represents a mean value of the void fraction over a fégjoqﬁ
bourided by the centerline of a row of pins and the box wall
or the plane‘equidisfanf betwéen pin rows. The Tendencymof
the void fraction to reach a maximum at Thevcepfer of the

_ bundle, as seen in Figure 28, is not inconsistent with the

- general shape of the curves in Figure 29 (which,wefe fbréed
to be flat in the center by the data reduction +echdiqge).'.
Again the tendency of the gross void distribution to be more
uniform just downstream from a spacer than exists  just up-

- stream from a spacer is apparent.

The over=-all integrated void fractiens for the five runs
are shown in Figure 30 and compared to existing models and
correlations., The data appears to indicate appreciable.
scatter; however, in light of the complicated nature of +he
distributions within +he bundle, this is difficult to assess. -
It is noted that the uncertainty in the quality calculation
is not negligible--an error in inlet feﬁperafure of | F would

cause an error in quality of 0.0016. |t is felt that the
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data tend to support the homogeneocus model more strongly

than any of the other three relations illustrated.

8.4 Conclusions }

l. The fwo-phase.mul+ipliers for boiling at 600 psi-afé des;rjbed
by the Modified Martinelll relationship (8 and 9) to within
325 per cent.

2., The two-phase steam-water form loss multipliers are described
by the Lottes model (10) to within about $30 per cent (not
considering the data for spacer 3).

3. The Qoid distribution within the rod bundle is non*qpiform’w1+h”
vapor collecting in the spaces between pins and Ilguid-col-
lecting in the spaces between pins and liquid collecting ad-
jacent to the unheated enclosure walls,

4, Accurate predictions of the void and power distribution wffh?n
a parallel rod type boiling nuclear fuel element cannot be
achieved until the void distribution for a uniferm (radial)
power distribution is further investigated.

5. The over=-all integrated void fraction in fhe.buadle cross

section was found to be reasonably consistent with the homo=

geneous model,

9.0 EFFECTS OF ARRAY SIZE ON BOILING PHENOMENON

9.1 Description of Test Section
To check the effect of array size on the pressure drop and void

fraction distributions measured in the 4 x 4 array test section,
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transfer loop. This test section was 6 ft long, and had the same
rod sizes, spacing devices, and-end connections as were used in‘
the 4 x 4 test section., The containment box was 5 in. square in

inside dimension.

- The only notable difference between the two fesf'secfiops, other
than array si;e, was fhéf the pitch was 0.570 in. on the 4 5?4
and 0,535 on the 9 x 9. This was done primarily to hold the
equivalent diameters nearly the same on b§+h +es+ secfions? The
actual equivalent diameter of the 9 x 9 test section was 0.456 in.

compared to 0.470 in., for the 4 x 4 test section (calculated for

the bottom half of each).

The experiments were performed in the same system as the 16 Pin
section using similar experimental techniques., The 8l pin section
was instrumented for pressure drop at the same axial posi+ioﬁs as
in the smaller section. However, void measurements were ob*ajned
only at the upper position, i.e.;-\gusf upsfream from the upper

spacer,

|
The larger test section was powered by the Allis-Chalmers unipolar
generater having a capacity of 6@,000 amp at 30 v. Power levels

- \
as high as |.7 mw were utilized., \
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9.2 Results and Conclusions
Although the test progrém on the 9 x 9 arr§9 was not so effensjve.n
as the 4 x 4 test program, enough data were obtained to demon§+ra+e
+h?+ +@e [arge increase in array size did not appreciaply gffecf
the pressure drop or void distribution (i.e. - the same equiya]enf
diameter concept used to analyze the 4 x 4 test secfion-was used

for the 9 x 9 array).

The pressure drop comparison is best illustrated by looking at
the two-phase friction multipliers (¢L02) for the 9 x 9 array as
shown in Figure 31. As in the case of the 4 x 4 aEray the data
are correia+ed by +hé modified Martinelli relationships (8 and 9).
1T+ is apparent that there is more scatter present fn these data
‘(due to some slight pressure tap burrs), but the mean values are

still well described by the modified Martinelli lines.

The void measurements in the 8l pin test section were carried out
in a manner identical to that described for the 16 pin section.

One of the objectives of these tests was to determine whe+heh
there were any differences between the void distributions in the
two array sizes. Interest in this area is further sfimulafedfby
+he curves in Figuresv28 and. 29 and the question as to +he e*fecf
of the larger array. Unforfuna+ely, the 81 pin tests were ac;ually
performed before +he 16 pin +es+é, and before the experimental |
technique had been thoroughly refined. The two over-all average

void points are included in Figure 30, but it has not been possible
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to interpret the local void fractions in a manner equivalent to
that for the 16 pin results. The over-al | integrated void fractions

appear to be in reasonable agreement with the 16 pin data.

10.0 RECOMMENDATIONS FOR FUTURE STUDIES

I. It is suggested that future research and developménf programs
concerned with pressure losses under similar circumsfances utilize
low pressurey cold water experiments with prototype geometry and
high'pressure boiling experiments with scaled-down geomefry;

2, The vapor distribution in a boiling roa array offers some
interesting challenges, particularly with respect to nuclear
reactor apblicafions, which'can be sa+isfac+ori|y‘me+ only'by

continued research ‘and development.

1.0 APPLICATION OF RESULTS TO PATHF INDER

In genera!l the results from the test program reported herein have confirmed

the calculational techniques selected earlier, and thus have not necessitated

any analysis revisions.

The hydraulic analysis of the boiler core was first presented in (25). A
revised analysis, based upon latest design parameters and including the results

from the test program has been completed. The results of the later analysis

_are summarized in Figure 32. The reference nominal recirculation flow is

now 66,100 gpm instead of the 64,300 gpm reported in (25).

flow distribution, burnout margin, efc,)lbased on the test program results is

reported in (26).
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28
26
| NEW PUMP HEAD CURVE
24 — . ‘
a .22
QL
Q
2 20
'D . _
W - '
% : PERCENT POWER
0 18 . — ;
[ T 1O — g
e IOOV
Q. } 90 A
- 16
p
<
_J .
a : _
14 D
12: ~ — —
S _ 50 : 60 : 70
"TOTAL BOILER FLOW, GPM X10°
Fiéure 32 - Pressure Drop-Flow Curves for Various Boiler Powers (43-025-240)

-70~



10.

REFERENCES
LeTourneau, B. W., R. E. Grimble, and J. E. Zerbe, Trans. Am. Soc.
Mech. Engrgs., 79, (1957).
Deissler, R. G., and M. F. Taylor, "Analysis of Axial Turbulent
Flow and Heat Transfer Through Banks of Rods or Tubes, TID 7529,
Reactor Heat Transfer Conference,-Pf. I, Book |, 416 - 461, ‘
Moody, L. F., Trans. Am. Soc. Mech. Engrs., 66, 671, (1944),
LeTourneau, B. W., and R. E. Grimble, "Pressure Drop Tests; Parallel
Rod Subassemblies with Various End Connections", WAPD-TH-19, (1955),
Martinelli, R. C., and D.'B. Nelson, Trans. Am. Soc. Mech. Engrs.,
70, 695, (1948),
Isbin, H. S., et al, Chem. Eng. Prog. Symposium Series No. 23,
Nuclear Engineering - Part VI, 55, 75, (1959).
Sher, N. C., and S. J. Green, Chem. Eng. Prog. Symposium Series,
Nuclear Engineering - Part Vi, 50, 61, (1959),
Lottes, P. A., et al, "Experimental STUdieS‘Qf Natural Circulation
Boiling and Their Application of Boiling Reactor Performance",
Presented at ICPUAE, Geneva, (1958).
Lottes, P. A., et al, "Lecture Notes on Heat Extraction From Boiling
Water Power Reactors", ANL-6063, (1959).
Lottes, P. A., Nuc. Sci. Eng., 9, No. I, 26, (196l).
Maurer, G. W. and A. Weiss, "Results of Vertical Upflow Pressure
Drop Tesfé with Water at 2000 psia for Parallel Flow Through Heated

Rod Bundles", WAPD-TH-437, (1958).

=80~




IZ. Janssen, E. and J. A. Kervinen, "Pressure Orop Along a Fuel Cycle
Fuel Assembly Various Orifice Configurations", GEAP 3655 (1961).
13, 'lsbjn, H. S., et al, A. I. Ch. E. Jr., -3,-427, (1959).
14. Meyer, J. E., et al, "ART - A Program for the Treatment of Reactor
© Thermal Transients on the IBM-704", WAPD-TH-156, (1959). -
I5. Owens, W. L. and V. E. Schrock, "Local Pressure Gradients for Sub-
cooled'Boiling Wa+er in Vertical Tubes", ASME Paper 60-WA-2497
6. Frank, S., J. Jicha, and M. Norin, "Local Boi.ling Heat Transfer
Tests", MND-M-1857 (1961).
I7. Sher, N. C., "Review of Martinelli-Nelson Pressure Drop Correlation®,
WAPD-TH~-219 (July, 1956).
18. Kemp, R. F., "Kinetic Studies of Heterogeneous Water Reactors",
© RWD-RL-167, (1959). |
19, Hooker, H. H. and G. F. Poppér, "A Gamma-Ray Attenuation Method for
Void Fraction Determination in Experimental Bolling Heat Transfer
Test Facilities", ANL;5766, (1958).
20; :Richardson, B. L., "Some Problems in Horizontal Two-Phase Two-
Componen+'FIo@", ANL-5949, (1959),
2l. Petrick, M., "Two-Phase Air-Water Flow Phenomena", ANL;5787, (1958).
.22, éondon, R. A. and N. C. Sher, Trans. of ANS Vol. 4, No. 2, (Noev., 196l).
23. Lockhart, R. W. and R; C. Martinelii, Chem. Eng. Prog. 45, 39 - 46
(1949). -
24. Jens, W. H. and P. A. Lottes, "Analysis of Heat Transfer, Bufnouf,

Pressure Drop and Density Data for High Pressure Water", ANL-4627,

(May, 1951).

-8 -




25.

26.

Sher, N. C., "Hydraulic Analysis of Pathfinder Boiler", ACNP-6104,
(Feb., 1961).
Bezella, W., et al, "Thermal and Hydraulic Analysis, etc.), ACNP-62017,

(Aug., 1962),

=82~






