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ABSTRACT

In this experiment, measurements of subchannel static
pressure for an interior and edge subchannel were taken at
two elevations in two wire-wrapped 61l-pin bundles. One of
the bundles has geometric characteristics of P/D = 1.067
and H/D = 8.0 (4 inch lead length and 0.501 inch rod diameter)
and the other bundle has geometric characteristics of P/D =
1.067 and H/D = 4,0 (2 inch lead length and 0.501 inch rod
diameter). ‘ -

The bundle average friction factors as well as the local
subchannel. friction factors for both interior and edge sub-
channels were determined from the experimental statlc pres-
sure data. The average subchannle flow rates for both edge
and interior subchannels were determined in a separate
experiment. Results show that two correlations suggested
. by Rehme and Novendstern for the bundle average friction
factor cannot predict the data within the range of experi-
mental error. The bundle average friction factors for both
pundles under test were underestimated by Rehme's correlation
and overestimated by Novendstern's correlation. '

The results of the local subchannel friction factors
indicate the effect of the wire wrap lead length is more
pronounced in the interior subchannel friction factor than
in the edge subchannel friction factor. As the wire wrap
lead length decreases, both interlor and edge subchannel
friction factors increase.

ii
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NOMENCLATURE
D Fuel pin diameter, (ft)
D Average bundle equi&alent hydraulic diameter,

defined as the ratio of four times the total bun-
dle area to the total bundle wetted perimeter, (ft).

S

Des - Subchannel equivalent hydraulic diameter.
De2 %%g%valent hydraulic diameter of edge subchannéls,
Del Equivalent hydraulic diameter of interior
subchannels, (ft)
fb Bundle average friction factor, defined by Eq. (4<1)
fs | Local subchannel friction factor, defined by
Eq. (4-8)
g2 | Local edge subchannel friction factor
s1 Local interior subchannel'fription factor
Wire wrap lead (or.pitch), (ft)
Bundle or subchannel léngth over which the
pressure drop is measured, (ft)
Total numbef of subchannels in test bundles
Nl Total number of inter}or subchannels in test bundles
N2 " Total number of edge subchannels in test bundles
N3 | Total number of corner subchannels in test bundles
NR Total number of rods in te;t bundles
P Fuel rod pitch (ft)
Re Average bundle Reynolds‘number characterized by the
bundle average equivalent hydraulic diameter and
the bundle average velocity
Re, Edge subchannel Reynolds number, defined by Eq. (4=12)

e e ——

e e T
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AP
AP
)

APsy

AP

sl

AP82

Interior subchannel Reynolds number, defined by
Eq. (4-9).

Bundle average velocity, (ft/hr).

Interior subchannel average velocity (over a lead
length), (ft/hr).

Subchannel average velocity (over one lead length),
(ft/hr).

Edge . subchannel average veloclty (over a lead
length), (ft/hr)

Interior subchannel flow split parameter, defined

as the ratio of interior subchannel velocity
(averaged over a lead) to the bundle average
velocity.

Edge subchannel flow split parameter, defined as the
ratio of the edge subchannel velocity (averaged over
a lead) to the bundle average velocity

Fluid viscocity (1lbm/hr - ft)

Fluid density (1lbm/cu. ft)

Average bundle pressure drop (1lbf/sq. ft)

Subchannel pressure drop (1bf/sq.ft)

" Interior subchannel pressure drop (1bf/sq. ft)

Average interior subchannel pressure drop, defined
by Eq. (B-4), (1bf/sq. ft)

Edge subchannel pressure drop (1lbf/sq.ft)
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CHAPTER 1

INTRODUCTION

The pressure drop experimentlwas performed in two LMFBR
blanket bundles. One of the bundles has the geometric
characteristics of % = 1.067 and % = 8.0 which are similar
to thosé of the,blanket‘aséemblies currently designed for the
Clinch River Breeder Reactor. The second bundle has'identical
geohtric characteristics; except that its % ratio is 4.0.

The pressure drop data were taken in two subchannels:
one, a center interior subchannel and the other, a typical
edge subchannel. The subchannel friction factors of the in-
terior and edge subchannels and the bundle average friction
factor are determined from the corresponding pressure drop
data.

The mainvpurpose of this experiment 1s to obtain
information for the following hydraulic characteristics:

1) The pumping power required for the current CRBR

blanket assemblies.

2) The lead length effect on the blanket bundle pres--
sure drop. ‘

3) The lead length effect on the local subchannel
friction factors for both interior and edge sub-
channels. |

To date, there has been no data available to aid in the .

understanding of the aformentioned hydraulic charactefistics

for the blanket assemblies. The local subchannel friction-

-1-



factors for the wire wrapped hexagonal bundle are very impor-
tant in determining the subchannel flow rate pattern. These
parameters have not yet‘been introduced into the study of the
hydraulic behavior of a wire-wrapped bundle. For these reasons,
the experiment performed here yields fundamental information

for LMFBR design practice.



CHAPTER 2

EXPERIMENTAL APPARATUS

To obtain the pressure drop data, two static pressure
measurements are taken at two‘separate elevations by either
pressure taps or instrumentation rods. The pressure taps are
located in the centers of the six faces of the hexagonal
bundle (as illustrated in Fig. (2-1)) to measure the edge
subchannel static pressures. The Instrumentation rods are
made up éf two parts: a hollow tube with consecutive holes of
1/32 inch diameter, and an injector which can slide inside
this hollow tube and align its end hole with the tube holes.
The local pressure signal 1is transmitted thfough the tube
holes and the end hole located at the end of the sliding in-
jector to a pressure gauge where the subchannel static pres-
sure. can be quantitatively determined. The design configura-
tion of this instrumentation rod is illustrated in Fig. (2-2).
Notice that two pairs of o-rings are used in the end part of
the sliding rod to prevent the disturbance of the chal static
pressure signal from upstream or downstream static pressures.
Recirculation of the subchannel fluid in the gap between the
sliding rod and the tube is prevented by enclosing this gap 1in
neoprene tubing (as shown in Fig. (2-2)). The sliding rod can
be aligned with the hole (on the tube) at which the static
pressure will be measured. With the aid of this instrumentation
rdd, the static pressure at different elevations can be deter-

mined.



The geometric characteristics of the test bundle are listed
~in Table (2-1). Detailed bundle design configurations and the

flow loop design scheme are given in Ref. (1).



CHAPTER 3

EXPERIMENTAL RESULTS

A preliminary test is made to compare the static pressure
drop data taken by two different types of instruments: pres-
sﬁre taps and instrumentation rods- located in the assembly
peripheral region (as shown in Fig. (3-1)). The results show
that there is practically no difference between'fhese two sets
of data (Table (3-1) lists these two sets of data for compari-
son). For this reason, the edge subchannel pressure drop data
are obtained in this experiment with the edge instrumentation
rod. For the static pressure drop data of the interior sub-
channels, an instrumentatlon rod is placed.at the center of the
bundle to measure the static pressure at two different eleva-
tions. These measurements are taken at 15 inches and 27
inches below the bundle exit plane,Afor both interior and edge
subchannels of the four Ynch lead length bundle. The results
are illustrated in Figs. (3-1) and (3-2). For the two inch
lead length bundle the static pressure data for both interior
and edge subchannels are obtained at 16.1 inches and 3i.1
inches below the bundle exit plane. The results are illus-
trated in Figs. (3-3) and (3-4)»respective1y. The raw data for
the abQVe four figures are doCuhented in Appendix A.

The pressure drop data, as a function of .the Reynolds
number, can be determined for the interior and edge subchannéls
of the four and two inch lead length bundles from the above

data. The pressure drop data of the two inch lead length

-5~



bundle are illustrated in Figures (3—5) and (3-6) for interior
‘and edge subchannels respectively. The pressﬁre drop data of
the four inch lead length bundle'are illustrated in Figures
(3-7) and (3-8) for interior and edge. subchannels respecti&ely.
It should beAnoted that the pressure drop.data obtained
in this experiment taken on different-days or by different
laboratory assistants under the same nominal operating con-
ditions are found always within the error bars presented

together with the data.

e



CHAPTER 4

DISCUSSION OF RESULTS

The three parameters which are calculated from the
experimental static preséupe data will be discussed below.
First, the average bundle friction factors are calculated and
discussed in Sect. (4-1). Secondly, the local friction
facfors for the interior subchannels of both bundles aré
calculated and discussed in Sect. (4-2). Finally, the local
friction factors for the edge subchannels of both bundles are

calculated and discussed in Sect. (4=3).

4.1 Bundle Average Friction Factors

The relationship between the bundle static pressure drop

and the bundle average friction factor 1is as follows:

=2
L PV
APb = fb De EEE (4-1)
where APb = pundle average pressure drop over subchannel
length L
fb = bundle average friction factor

De = bundle average equivalent hydraulic
diameter
= fluid density

Vb = pundle average veloclty.

From the above formula, the bundle average friction
factor can be reduced provided that APb is known. In this

experiment, APb is simply determined by averaging the



the pressure drop data for interior and edge subchannel as

follows:

AP A=4N1A1AP.l + APgAzN2 (i)
b _ »NlAl + N2A2 .
where N1 = number of interior subchannels
N2 = number of edge subchannels.

It should be noted that the APb can be determined by a force

balance in the following way:
N

AP, A, _
i=subchannel i ' (4-3)

Ay

APb =

where APi pressure drop for subchannel 1

Ai = area for subchannel i
Ab = total bundle area
N = total number of subchannels

provided'the pressure drop data are available for all the sub-
channels over a certain subchannel'iength. The simplification
made in Eq. (4-2) is based on the assumption of constant static
pressure drops for all the interior subchannels and constant
static pressure drops for all the edge subchannels. However,
since the static pressure drop for an interior subchannel 1is
very close in magnitude to that for an edge subchannel (within
+6% difference as can be observed by comparing Figs. (3-5) with
(3-6), and (3-7) with (3-8)), the simplification made in Eq. (4-2)
will not involve a large error in the determination of APb.
From Egs.(4-1) and (U-2){ the bundle average friction

factor can be calculated from the data presented in Chapter 3.



Figure (4-1) shows the calculated bundle average frictilon
factor for the four inch lead length bundle. Figure (4-2)
shows the calculated bundle average friction factor for the .
two inch lead length bundle. 1In these two figures, Rehme's
correlation (Ref. 2) and Novendstern's correlation (Ref. 3) are
plotted against the data for comparison.

It can be concluded from these two figures‘that

1) In the high turbﬁlent flow regime, i.e., Re > 7000,

the bundle average friction factors are proportional to

Re—o‘25 for both two and four inch lead bundles. These

two bundle average friction factors are characterized by

the following two formulas:

0.48

£ = —_2__ for the four inch lead bundle (44)
b Re0.25 , .
_ 0.9 - .
fb = =975 for the two inch lead bundle (4-5)
. e . : .

R

2) The friction factors become inversely proportional to
the Reynolds number .in the flow regime below Re = 500 for
both bundles. These laminar bundle average friction

.factors are characterized as:

£ 90 for the four inch lead bundle (4-6)
. _ 160 . '
fy = gg- for the two inch lead bundle (4-7)

3) In the flow regime with Re between 500 and 7000 the
bundle average friction factors possess the characteristics

of both the high turbulent and the pure laminar flow

-0~



regime bundle avérage friction factors. In other Qords,
the bundle average friction factors are proportional to
Re-n, where n is a number between 0.25 and 1.0.

4) Novendstern's correlation predicts bundle average
friction factors which are higher than those obtained
experimentally for both two and four inch lead bundles.
The difference in Novendstern's‘fesults and the experi-

1 ment results is explained by noting the applicable range
for Novendstern's correlation with the experimental geo-
metric condition. Since the geometric conditions for the
two inch lead bundle are outside the applicable range of
rod diameter and the % ratio,and for the four inch lead
bundle, are outside the applicable range of rod diameter,
a difference in resﬁlts should be expected.

5) Rehme's correlation predicts the bundle‘average
friction factors which are lower than those obtained in
this experiment for both two and four inch lead bundles.
The reason for the difference between the predictions of
the correlation and the experimental results 1s that the
- correlation was determined for the‘g ratios of 1.125 to
1.417.  The error bar illustrated in Figs. (4-1) and
(4-2) 1s the maximum expected error inherent in the deter-
mination of the bundle average friction factors. The

deviation of this maximum expected error is given in

Appendix B,

-10-



b,2 Local Friction Factors of Interior Subchannels
The local- friction factor is related to the subchannel

- pressure drop as follows:

S (4=8)

subchannel pressure drop for either interior

=
oy
]
s
o
>
av)
0

1]

or edge subchannel

= local subchannel friction factor

]
|

Des= subchannel equivalent hydraulic diameter
V_ = subchannel average velocity (over one lead
length) |
The parameter APs is measured in this experiment'and the
parameter Vs is determined by the flow split parameters X4 and
X5 (Ref. U), defined as the ratios of the average interior sub-
channel velocity to the bundle average velocity, measured in
both two -inch and four inch lead bundles. By using the above
equation and the measured parameters APsl (interior subchannell
pressure drop) and Xq5 we.can calculate the local subchannel
friction factors of the interior subchannels for both two and
four inch lead bundles: The calculation results are illustraéed
in Figs. (4-3) and (4-4) for the four and two inch lead bundles
respectively.) It should be noted that in these two figures
the local interior subchannel friction factors are plotted

against the local interior subchannel Reynolds number, which

is defined as:

pV ,De

- 1- 1 .
Re, = — (4-9)



where -Vl

4De

interior subchannel average velocity = leb

interior subchannel equivalent hydraulic

diameter.
From the above two figures, the following hydraulic
characteristics are observed for the local interior subchannel

friction factors:
1) In the high turbulent flow regime, i.e., Re; > 7000,

the local interior subchannellfriction factors are

1 .
bundles. These two interior subchannel turbulent friction

proportional to Re 0.25 for both two and four inch

factors are characterized by the following formulas:

¢ =0:593  ror the four inch lead bundle (4-10)
sl 0.25

Re,
1

_ o 1l.27 . .

f = — <L _ for the two inch lead bundle (4-11)

si Re 0.25 :

1

2) The local interior subchannel friction factor for the
two inch lead bundle is larger than that for the four
inch- lead bundle throughout the Reynolds number range

under investigation.

4,3 Local Friction Factors of Edge Subchannels

The local friction factors of the edge subchannels are
calculated according to Eq. (4-8) by employing the edge
subchannel pressure drop data obtained in this experiment and
the edge subchannel flow split parameters X5 reported in

Ref. (U4) for both two and four inch lead bundles. The results

~12-



are illustrated in Figs. (4-5) and (4-6) for the four and

two inch lead bundles. In these two figures, f (local edge

S2

subchannel friction factot) is plotted against the local edge

subchannel Reynolds number which is defined as: |
pV,. De

Re, = —2u——2 . R (4-12)

The maximum eéxpected errors illustrated in the above figures
- as errof bars are derived in Appendix B.

From the above two figures, we can observe the following
hydraulic characteristics:

1) In the high turbulent fldw regime, i.e., Re2>.7OOO,

the local edge subchannel friction factors are propor-

tional to Rego°25 for both two and four inch lead bundles.

These two sets of the local edge subchannel friction

factor results are correlated:

f = —J%:%%-for the four inch lead bundle (4-13)
Re" .

f = '"8.25 for the two inch lead bundle - (bl

se Re2

Comparing these two formulas with Egs. (4-10) and (4- 1D,

we c¢an conélude that the wire wrap lead length has a
stronger effect on the interior subchannel friction factor
than on the edge subchannel friction facfor.

2) The 1local edge subchannel friction factor for the

two incﬁ lead bundle is always larger than that for ﬁhe

four inch lead bundle.

-13-



CHAPTER 5

CONCLUSION

The experiment results in thils report has shown the

following general characteristics concerning the bundle and

subchannel friction factors of the test ‘blanket mock—upé:

1.

The turbulent friction factors either for two
types of subchannels, i.e., edge and intgrior,
or for the bundle as a whole are proportional
to Re—0.25'

The edge subchannel friction factors are consider-
ably 1lower than the interior subchannel friction
factors over the Réynoldslnumbér range from laminar
flow to turbulent flow.

Current bundle friction factor correlations deve-
loped either by Novendstern or by Rheme be

extended to the experimental results within the

experimental error bar.

A subchannel pressure drop model which explain the above

general characteristic (2) has been developed by C. Chiu et

al,

in Reference 5. This model considers the effect of the

form drag, induced by the wire, and the transverse velocity

between subchannels in the determination of the subchannel

friction factor. Further work to extend this model to pre-

dict the bundle average friction factor is under way by

C.

Chiu and Kerry Basehore.
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FIGURE 3-2 Static Pressures at 15" and 27" Below the Exit
Plane of the 4" Lead Bundle (Edge Subchannel)

-17-



FIGURE 3-3
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I'IGURE 3-4 Statis Pressures at 16.1" and 30.1" Below the Exit Plane
of the 2" Lead Bundle (Edge Subchannel)
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FIGURE 3-5 Pressure Drop Data of an Interior Subchannel in
the 4" Lead Bundle

-20-



AP

5 (psia)

o

10

= \n O 3 OO\ O

= JI O N OO

. P/D = 1.067
e H/D = 8 é?
L = 12 inches ® -
— ®
Edge Subchannel ®@
®
— )
®
@
®
| ®
®
®
®
%9
)
L ®
[ ®
.
- ®
- ® @ Experimental Data
— ® . I Typical Error Bar
— ®
| N I S B 1
1 2 3 4y 5 6 78 9103 2 3x10
Re

FIGURE 3-6 Pressure Drop Data of Edge Subchannel in

the 4" Lead Bundle

-21-

4



APS1 (psia)

-22_

2 4
®
@
®
<$
10t L ®
— @
- P/D = 1.067 . ®
B H/D = 4.0 ©
51 _ . ®
1k | L = 14 inches | ®
Interior Subchannel ®
3 poe
®
2 - @
®
10° | 8}
_ ®e
@
5 ®
Y = ' C
@
3 (G}
@
2 g
%L
Fb @ Experimental Data
®
10'1: ©® ' i Error Bar
5 ®
4 b
0®
3 - %
2 NN S N T
100 > 3 4 5 10° > 3 4 5 103 2 3
Re
FIGURE 3-7 Pressure Drop Data of an Interior Subchannel in
the 2" Lead Bundle '



Pressure (psia)

&
4
1 5§
lO : @
= 0}
= P/D = 1.067 4 ®
[~ ‘H/D = 4.0 @
5 I L = 14 inches ®
- @
4 Edge Subchannel
3 = ; ®
R)
2 r ®
®
o}
10 ~ ®
= @
- @
— éég
» @
®
3 ®
@.
®
2 o
éza @ Experimental Data
1071 °© ©
: ® 1 Err'o_r' Bar
— @ ©°
N o
O]
B e ©
3 i %
2 1 I N O | F R N
1 3 4 5 10° > 3 4 5 107 2
Re
Pressure Drop Data of an Edge Subchannel in the

FIGURE 3-8

2" Lead Bundle

-23-



-qe-

3 P/D = 1.067
H/D = 8.0
D = 0.501 inch
2 -6
1.51
: Novendstern's
-1 Correlation
10 -
9..._..
8_
7_
6 - - Rehme's
Correlation
5 e
u——
3—-
® Experimental Data
2 "
}: Error Bar.
=2. -
10 | I WA N B N B O I R I I B I
10° 2 3 4 5 6 78910 2 3 4 5 6 78910
Re
FIGURE U4-1 Bundle Average Friction Factor for the 4" Lead Bundle



=Ge-

10

10°

O = W0

()

LB

P/D = 1.067
H/D = 4.0
D = 0.501"
N_= 61
R
Novendstern's
- / Correlation
éj@cb T ——
©® \\\\\
oc ) T~~~
@Q@
_ Rehme's

® Experimental Data Correlation

-
B I Errer Bar

: i : 1 1 1111 |
1 2 3 4 5 6 789103 2 3

L : - Re
FIGURE U4-2 Bundle Average Friction Factor for the 2" Lead Bundle




_98-

3x 10"t
P/D = 1.067
2 I | H/D = 8.0
Interior
'® . Subchannel
| e e
-2 ) @
1077 — -
o ‘ ®
®
@® .
8 ® 0.593
©oe- L
®
6 ;_ ® ELExperimental Data
5 - {
Error Bar
S \ | | l l I
10° 1.5 2 | 3 4 5 6 7 % 9 103
Re1

FIGURE 4-3 ILocal Interior Subchannel PFriction lfactor for the 4" Lead Fur-dle



—LZ_

st

10

10~

P/D 1.067
H/D = 4.0
Interior Subchannel

1

® Experimental Error

}'Error Bar

| | N W T I O B

;
1

10

2 3 4 5 6 789103

2 3 4

Re

FIGURE U4=4 TLocal Interior Subchénnel Friction PFactor for the

2" Lead Bundle

]

5 6 7891




10~

fsg

4

P/D = 1.067
H/D = 8.0
Edge Subchannel

® ® 0.39
® —_—
® Re 0-25

©‘ / 2
[ ©% ®

o ®e® %\
@® Experimental Data

:{ Error Bar

| I | I I I N | | |

3 ¥ s 6 7 8 .9 103 2

FIGURE 4-5 Local Edge Subchannel Friction Factor for the 4" Lead Bundle

3x10



_68—

fs2

Vi O 3 o W

P/D = 1,067

! o CH/D = 4.0

3 - Edge Subchannel

2 ®

® ®
]
e ©

1074 ®

9

8._

Z B @ Experimental Data

5 — 'I. Error Bar

by

3 N I I T | l | !

4 5 6 7 8 9102 2 5 103 2
Reé

FIGURE 4-6

Local Edge Subchannel

Friction Factor for the 2" Lead Bundl«

wJ



TABLE 2-1

As-Built Test Bundle Geometric Parameters

Bundle Length 60 inches

Flat-to-Flat Distance

(three directions) 4.275 inches

Rod Diameter 0.5011 inch

Wire Diameter 0.0314
Wire Wrap Lead 4,0 inch
. Pace Width

(six faces) . 2.468 inches

Average F-Factor 0.820
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TABLE 3-1

List of Préssure Drop Data of Pressure Taps
and Instrumentation Rod (4" Wire Lead Bundle)

- SPeap 4P Inst.Rod
Re (inch of H20) (inch of HZO) Difference %
rLLu7o R 3.87 3,80 | 1.8%

1100 7.92 8,15 2,849
1900 : 16.2 . 16.0 "1,25%
3300 ’ uo.é 41.0 0.5%
4600 64.9 65.1 0.37%
5600 85,17 . 86.7 1,764
6300 ~ 101,8 | 102.1 0.3%
7300 131,9 133.1 1.0%
8300 163.7 163.0 0.4%
9300 196.,7 197.0 0.1%
10000 | 220,45 222.3 1.85%

liote : all the static. Pressure data are measured in
inch of water '

APta = Average Pressure Drop of Six Faces Measured
P by Pressure Taps

IAP'cap -,APInst.Rod

8P Ihst.Rod

Difference =

-31-




APPENDIX A

- LIST OF DATA
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TABLE A-1

?

STATIC PRESSURE DATA FOR THE TWO
INCH LEAD BUNDLE (INTERIOR SUBCHANNEL)

GPM RE Pstatic(30-1") | P i .. (16.1")
3.70 197 1.69 1.66
5.18 322 1.71 1,68
5.55 362 1.72 1.69
7,40 517 1.7? 1,71
7.40 528 1,77. 1,71
9.25 693 1.82 1.73
10.0 T44 1,86 1.77
1.1 - 858 1.89 1.77
12.6 972 1,95 '1.80
13.0 1030 1.95 1.81
- 14.8 ' 117ov 2.66 1.88
14.8 11190 2,02 1.85
16.7 1360 2.11 1.90
17.4 11390 2.17 1.93
18.5 1520 2,20 1.95
20.0 1630 2.29 2.00
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TABLE. A-1 (cont'd)

GPM RE Porario(30-1") | Poioiq,(16.1")
20. 4 1690 2,28 1.98
22.2 1810 2. 42 2.08
22,2 1850 2.39 2,05
25.2 2080 - 2.60 2.18
27.8 2300 2.76 2,27
30 2400 3.07 2,42
30.0 2500 2,92 2,35
32,2 2690 3.07 2,42
34.8 2880 3.25 2.54
37.0 3110 3,43 2.65
40 3200 3,84 2,84
50 4200 M.85' 3.39
60 5000 6.01 L.06
70 5800 7.36 4,76
80 6700 8. 81 5.59
90 . 7500 10.5 6.42 -
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TABLE A=1 (cont'd)

GPM RE Praric(30.1M) Popapio(16.1™)
100 8340 12.3 7.36
110 9190 14,5 8.55
120 10000 16.7 9,65
130 10800 19.0 11,1
140 11500 21,7 12.5
150 12400 24,4 14,1
160 13200 27,2 15.6
170 14100 30,2 17.2
180 14900 33.1 18,8
190 15800 36,4 20.6
200 16600 39,4

22,3

-35-




STATIC PRESSURE DATA FOR THE TWO

TABLE A-2

INCH LEAD BUNDLE (EDGE SUBCHANNEL)

1170

GPM RE P (30-1") .Ps‘tatic(ls,i"')_‘
3.70 197 - 1,69 1.66
b.uy 227 1,61 1,59
5.55 313 1,73 1,70
5,55 362 1,72 1,68
7.03 428 1,71 177
7.40 528 1,77 1,71
8.14 591 1,80 1.73
10, 36 685 1,88 1,77
9.25 693 1,81 1,73
10'.07' 7144 1,84 1.77
11.1 858 1,88 1,77
12.95 885 1,96 1,81
12.6 972A 1.95 | 1,80
13,0 1030 1,94 1,80
15,51 1086 2.08 1,88
14.8 2,04 1,86

-36-




TABLE A-2 (cont'd)

GPM RE Pstatic(3o.1") Poirario(16:1™)
14.8 1190 2,01 1.84
18.00 1276 2,21 1.95
16.7 1360 2,09 1.88
17.4 i390 2,17 1,91
18.5 1520 2,18 1,93
20.0 1630 2,27 1.98
20. 4 1690 2,27 1.98

o 22.2 1810 2.u24 2,06
22,2 1850 2.36 2.02
25.2 2080° 2.58 2.15
27.8 2300 2,74 2,24
30 2400 2.85 S 2,31
30.0 2500 2,89 2,31
32.2 2690 3,05 2, b2
3“.8 288Q 3.23 '2.53

| 37. 3110 3.“3 2.62
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TABLE &2 (cont'd)

GPM RE Pstatic(30’l") Ps'tatic(ls'l")
40 3200 3,64 2,71
50 4200 4,55 3,25
60 L
| 5000 5,77 3,86
70 5800Q 7.11 4,58
90 7500 10,2 6,21
1100 8310 12,0 7,22
110 9190 14,1 816
120 10000 16,3 9,20
130 10800 18,6 10,4
140 11500 21,0 11,7
150 12400 23.4 13,1
160 13200 26,3 14,7
170 114100 29,2 16,3
180 14900 32,3 17,8
190 15800 35,1 19,4
200 16600 37,5 20.'6
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TABLE A -3

¥

STATIC PRESSURE DATA FOR THE FOUR
INCH LEAD BUNDLE (INTERIOR SUBCHANNEL)

GPM RE Pstatié(;7")  Prapic(15™)
30 2000 2,67 2,24
35 2300 2.85 2.35
40 2600 3,07 2.19
45 3000 3,36 2.63
50 3300 3,64 2,74
55 3600 3.93 2. 89
60 4000 4,22 3.07
65 4300 4.51 -3.25
70 1600 4,76 3.39
75 5000 5.12 3.61
80 5300 5.49 3.79

85 5600 »5.88 3.97
90 6000 6.32 4.19
95 6300 6.68 b,

100 6600 7.15 b.62
'105V 7000 7.69 h,91
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TABLE A-3 (cont'd)

1"
static(ls )

GPM 'RE Poratic(27"Y | P
110 7300 8,19 5.16
115 7600 8,66 5,45
120 8000 9,20 5.77 .
125. 83oov 9,74 6,06
130 8600 10,29 6,32
135 9000 10,83 6.57
140 »9300 11,48 6.89
145 ‘9600 11.95 7.22
150 - 10000 12:63‘ 7.58
155 - 10300 13.35 7.87
| 160 10600 1u.15' 8,34
165 11000 18,81

15.45
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TABLE A-14

STATIC PRESSURE DATA FOR THE FOUR
INCH LEAD BUNDLE (EDGE SUBCHANNEL)

GPM - RE | Pstatic @7 Pstatic(13™)
30 2000 ) 2.53 2.20
35 2300 2,74 2.35
4o 2600 1 3.00 _ 2,49
45 3000 3.28 | 2.63
50 3300 3,57 2.78
55 3600 - 3,86 ' 2.92
60 - 4ooo 4,15 7 3,10
65 4300 . 4,“7_ 3.28
70 1600 476 3.54
75 5000 5.20 3,72
80 5300 5,52 3.97
85 5600 5.92 4,15
90 6000 - 6,35 : b, 37
95 6300 6.68 | 4,62
100 | 6600 | 7.00 4.84
105 7000 7,47 ' 5.09
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TABLE A-4 (cont'd)

GPM RE Pstatic(27") Pstatic(lsn)
110 | 7300 8,01 5.38
115 7600 8.4l 5.70
120 8000 8.95 5.95

125 8300 .9.u9 6.24
130 8600 10.10 6.50
135 9000 10.61 - 6.82
140 9300 11,12 7.15'
145 9600 11.73 7.54
150 10000 12,27 7.90
155\ 10300 12,88 8.26
160 10600 13.53 8.55
165 11000 14,22 8.91
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TABLE A'=5

SUBCHANNEL PRESSURE DRdP DATA FOR THE
TWO INCH LEAD BUNDLE (INTERIOR SUBCHANNEL)

GPM -~ RE ‘ AP
3.70 197 T o 0om
5.18 32'2 .0361
5.55 | 362 | . 0361
7.50 517 L0541
7,40 508 L0632
9.25 693 B .0902
10.0 ThY ' .0902
11.1 | 858 117
12.6 972 14y
13.0 1030 .135
14,8 1170 .180
14,8 1190 171
16.7 1360 .208
1 1390 235
18.5 | 1520 253
20.0 1630 ° .289
20.4 1690 .298
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TABLE A-5 (cont'd)

GPM " RE APgq
22,2 _ 1810 . 343
22,2 1850 L343
25,2 2080 115
27.8 2300 . L87
30 A 2400 . .65
30.0 2500 .559
32,2 2690 - . 632
34, 8 2880 .704
37.0 3110 LT776
40 3200 1.00
50 4200 1,46
60 5000 - 1.95
70 . 5800 " 2.60
80 6700 3,22
90 - 7500 b
100 8340 : 4,9
110 - '9190 6.0
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TABLE A-5 (cont'd)

GPM

RE

ST
120 10000 7.1
130 10800 7.9
140 11500 9,2

150 12400 10,3
160 13200 11,6
170 14100 13,0
180 14900 14,3

190 15800 15.8
200" 17.1

16600
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TABLE A-6

SUBCHANNEL PRESSURE DROP DATA FOR THE
TWO INCH LEAD BUNDLE (EDGE SUBCHANNEL)

GPM RE APgp
3.70 197 .0271
bl 227 0361
5.55 313 ,0361
5.55 362 L0451
7.03 428 L0541
7.40 528 L0541
8,14 591 L0722
10,36 685 .108
9.25 - 693 ,0812 .
10.0 Thy .0722
11.1 858 ,108
12.95 885 144
12.6 972 . 1h4
13.0 1030 135
15.54 1086 .198
14,8 1170 .180
14,8 1190 - L171
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TABLE A—6 (cont'd)

RE

AP

GPM SE
18.00 1é76_ 262
16.7 1360 - L, 217
17.“ 1390 .253
18,5 1520 ,253
go.o' 1630 ,289
20,4 1690 ,298
22,2 1810 ,361
22,2 1850 343
25,2 2080 433
27.8 2300 . 505
30 2400 .54
30.0 2500 STT
32,2 2690 .632
34,8 2880 704
37.0 3110 .812
40 3200 .93
50 4200 1.30
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TABLE A-6 (cont'd)

GPM RE APSE
60 5000 1.91
70 " 5800 2,53

80 6700 3.17
90 7500 4,0
100 8340 4,8
110 9190 5.9
120 10000 7.1
130 10800 8,2
140 11500 9,3
150 12400 10.3
16Q 13200 11,6
170 14100 12.9
180 14900 14,5

- 190 15800 15.7
200 16600 16.9
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TABLE A-7

SUBCHANNEL PRESSURE DROP DATA FOR THE FOUR

INCH LEAD BUNDLE (INTERIOR SUBCHANNEL)
GPM ‘ | RE 8Pgr
30 | 2000 0.397
35 . 2300 C o .u96
o 2600 | .61l

l 45 | 3000 . 758
50 3300 .938
55 3600 | 1,010
60 | 4000 | 1.155
65 4300 I 1,263
70 4600 , 1.371
75 : 5000 | 1.516
80 5300 1.696
85 _ 5600 1.913
90. - | 6000 é§129
95 | 6300 | 2,238
100 | 6600 2.526
105 . 7000 2.779
110 7300 3,031
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TABLE A7 (cont'd)

GPM RE 2P,
115 7600 3,212
120 8000 3.428
125 8300 3,681
130 8600 3.970
135 9000 4,258
140 9300 4,583
145 9600 4,728
150 10000 5,052
155 110300 5,485
160 10600 5.918
165 11000 5,991
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TABLE A'-8

SUBCHANNEL PRESSURE DROP DATA FOR THE
FOUR INCH LEAD BUNDLE (EDGE SUBCHANNEL) -

GPM RE Pog

30 2000 0.397
35 ‘ 2300 LU96

| 4o ' 2600 541
45 | 3000 | 722
so | 3300 | 866
55 3600 | 1.010
60 4000 | 1.191
65 | 4300 1,299
70 | 4600 1.407
75 5000 1.552
80 | 5300 1,660 .
85 5600 1,840
90 6000 | 2.093
95 6300 2,201

, 100 | 6600 2,346

- 105 7000 2.670
110 | 7300 | 2,851
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TABLE A-8 (cont'd)

GPM RE bPgp
115 7600 3.068
120 8000 3.320
125 : 8300 3.537
130 8600 3.825
135 - 9000 4,078
140 9300 4,258
145 . 9600 4,403
150 10000 » 4,764
155 10300 5,088
160 10600 5,413
165 11000 5.738
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APPENDIX B

Error Analysis

The error involved in the determination of the friction
factor is composed of two pafts: the experimental error in the
subchannel pressure drop measurement and in the subchannel

flow rate measurement, and the data reduction error. The data

~reduction error is- mainly due to the simplification made in

Eq. (4-2) to determine the bundle average pressure drop.
Section (B-1) evaluates the maximum expected error involved in
the subchannel pressure drop measurement and Sect. (B-2)
evaluates the data reductioﬁ error. Section (B-3) relates
these two errors and the experimental error involved in the
determination of the average subchannel flow rate, to the
errors involved in the determination of the bundle a&erage

friction factors and the local subchanhel friction factors.

B-1 Experimental Error in Subchannel Pressure Drop Measurement

The experimental error is usually comprised of two types
of errors: random error and systematié error. In this experi-
ment, the random error results from the following factors:

1) fluctuation of the loop flow rate

2) misjudgement of the reaaing on the static pressure

gauge

‘3) fluctuation of thé subchannel local static pressure.
The systematic error is mainly due to the deficiency of the

static .pressure gauge. In what follows, we will evaluate all

the errors corresponding to the aforementioned causes.
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In the évaluation of the random érror, the component due
to the fluctuation of the subchannel local static pressure can
be omitted because of its high frequency nature (usually about
10 to 100 hz). The strain gauge used in this experiment does
not respond to this high frequenqy fluctuation and in fact
gives a very stable reading corresponding to the mean value of
the subchannel static pressure. The fluctuation of the loop
flow rate is not high frequency in nature. It usually takes
about five seconds to go through a fluctﬁation cycle. This
may cause errors in the determination of the static preséure
from the strain gauge. The maximum expected error in the loop
flow due to this fluctuation is estimated to be 3% by visuallyb
observing the fluctuation in the float of the loop flow rota-
meter. This error in turn may cause an error in the Qeter—
mination of the subchannel static pressure of about 5%

(1.03)2 since the static pressure is proportional to the
square of the velocity.

The random error involved in the reading of the static
pressure gauge is about +0.1 inch of water. Therefore, this
leads to about ilS% error in the determination of the static
pressure drop at the bundle Reynolds number of 200. However,
this error will decrease as the bundle flow rate increases
since the static pressure drop increases as the bundle flow
rate increases, and since this error is determined by the

ratio of the observation error to the total subchannel pres-
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sure drop. For example, at a Reynolds number of'SOO, this

error can only cause +7.5% uncertainty in the determination

- of the pressure‘drop, and at bundle Reynolds number 1000, this

error will induce only +3% uncertainty in the determination of

- the subchannel pressure drop. For reasons of conservatism, a

3% error is imposed on_the.static pressure drop determination
for a bundle Reynolds number larger than 1000.

The systematic error due to the accuracy of the pressure

- gauge is estimated to be +1%. The gauges were calibrated to

this accuracy by the manufacturer before this experiment was
performed.

From'the above discussion, we can evaluated the total
experimental error as the sum of the total random error from
the statisfical combination of the loop flow fluctuation and
the experimenter's misjudgement in reading the static pressure.
gauge plus the systematic error due to accuracy of the pres-

sure gauge. Thus, the total errors are:

106.062 + 0.032 + 0.01)

Experimental total error

= +7.7% for Re > 1000 (B-1)

and .
+(0.06° + 0.075° + 0.01)

Experimental‘total error

= +9.6% at Re = 500 (B=2)
and
‘ = +(h.06° 2 4+ 0.01)
Experimental total error = +(0.06" + 0.15° + 0.
—_ . +17.2% at Re = 200 (B-3)
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B-2 Error in Data Reduction

The simplification-made in Eq. (4-2) to determine the
bundle average pressure is based on the assumption that the
pressure drops for all the interior subchannels ovér a-certainl
subchannelllength'aréktﬁe éaﬁe'andlthat the pressure droém};;
all the edge subdhannels4over a certain subchannel length are
also the same. This assumption 1is deducea from the experimental
fact that the subchannel flow rates for all the interior sub-
channels are not affected by the existence of thebedge'sub-
channels even for those interior subchannels located near the
edge subchannels (Ref. M){, This feature implles that the
hydraulic characteristics of the interior subchannels depend
only on their own geometric parameters. Since the geometric
characteristics for all the interior subchannels are the same,
it is expected that the interior subchannel pressure drops
will be the same over . a certain subchannel length.

However, if the above deduction is wrong, i.e., if the
interior subchannel pressure drop is not the same for every

interior subchannel, an error will result from the use of

Eq.(4-2) in the determination of Pb' For the sake -of conser-

— e - T ——

. - - --—"‘/’—_—“\" e e ——— e - ]
vatism, we assume that the pressure drop of the average interior

channel i1s midway between that of our measured center interior

channel and edge channel, i.e.:

Psi = ( Psl

+ PS2') / 2.0 | (B-4)
where PSI is the subchannel pressure drop for the

center interior subchannel.
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Thus, the total data reduction error in Pb becomes

AP N.+AP__A__N

s1hs1 M1t AF Ao N _
NiAg * NoAg,

AP

APS AslNl+APs2A82N2
N

181 * Vol

Data Reduction Error =

b
(B-5)

Inserting Eq. (B-4) into the above equation, we obtain:
0.5(4P __ -~ AP

- sl 52)
0.5 8P, + AP (AN, /A N, +0.5)

Data Reduction Error

(B-6)
In this experiment, (AS2N2 / ASlNl) = 0.545, therefore
Eq. (B-6) becomes: '
O.S(APsl - APS2)
Data Reduction Error = 05" %D T 005 AP
sl s2
(B=7)

»Inserting the experimental data of APSI and AP82 into the
above equation, we find the maximum data reduction error in

AP, to be equal to 3.8% which corresponds to a bundle flow of

b
165GPM in the four inch lead bundle.

B-3 Total Error in the Determination of the Friction Factors
From the following relationship between friction factors
.and the pressure drop:
5
av_ | (B-8)

8, °

AP = T

UIL"
[t
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we can relate the error in the determination of AP and V to the
. error in the friction factor by changing the above equation into

its differential form, i.e.,

2 .
VT s 4 £ 2L (8V). (B-9)

§(AP) = 9
28, e

Olt‘
®

Rearranging the above equation, we obtain

—~
On
|5
~—
i

6AP v : (B-10)
st 2y

where ;T = relative error in the determination of the

friction factor

7 = relative error in the determination of the

pressure drop

9Y = relative error in hte determination of the
~velocity .

The Eq.(B-10) is a general equafion to detérmine the
relative error in the determination of the friction factor.
Therefore, to determine the error in the bundle average
fricﬁion factor, the errors in the determination of the bundle
average pressure drop and the bundle average velocity should be
taken into account. For the error in the subchannel friction
factor, the errors-in the determination of the subchannel
pressure drop and the suﬁchannel average velocity should be
taken'into account. Section (B-3-1) eValuates the error in-
volved in the determination of the bundle average'friction

factor and Sect. (B-3—2) evaluates the error involved in the

e T T T T

—— .
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determination of the 1qcal subchannel friction factors for both

interior and edge subchannels.

B-3-1 Error in Bundle Average Friction Factors

TheAefngplin the bundle a&erage friction factor is.induced
by the‘erréfé iﬁ&élvéd'ih'the determinations of APb and of the
bunale average velocity. The error in'APs is comprised:of two
components: tﬁe data reduction érror and the subchannel
pressure drop measﬁrement error. Thus, the error involved in

the determination(of AP, is equal to

S AP,
b _ : 4
—E?g = data redu?tion error + measurement error
11.5% for Re > 1000
= 13.4% at Re = 500
21.0% at Re = 200 . (B-11)

At the same time, we know that Q% is equal to the error in

the determination of the loop flow, evaluated in Sect. (B-1)

to be *3%. Therefore, the error inherent in the bundle average
friction factor can be evaluated from Eq. (B-11). The results
are stated as follows: |

17.5% for Re > 1000

8f
f

= 19.4% at Re 500

27.0% at Re 200 . (B-12)



B-3-1 Error in Local Subchannel Friction Factor

The error involved in the determinatioﬁ of fhe local
subchannel friction factor is induced from the errors involved
in the determinations of the subchannel pressure drop and of

the subchannel average velocities. In Ref. (4), the error of
Q% is evaluated to be #5%. The error of the subchannel
SAP

pressure measurement, i.e., _K?E , 1s estimated in Sect. (B-1)

to be

1+

7.7% for Re > 1000
§4P - 9.6% at Re
APS

+17.2% _at Re

I+

500

200 . (B-13)

From Eq. (B-10) and the above information, the relative

error in the local subchannel error 1is evaluated as:

£17.7% for Re 1000
é% - +19.69% ~ at Re = 500
+27.2% " at Re = 200 . (B-1U4)
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