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R-CMAfl.AOrY POSITION-
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WCAVI-SI7.'4.
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ABSTRACT

Hign pressure water tests were carried out to measure the DNB heat flux

using an electrically heated rod bundle in which three adjacent rods had

20" heat flux spikes at the axial location where DNB is most likely to

occur. This test series was run at the same conditions as those of two

earlier test series which had unspiked rods, so that spiked and unspiked

run; cnuld be paired and spike effects could thus be isolated.

The results of this test series indicate that, for rod bundles with

Westinghouse mixinq vane grids, the spike effect is smaller than had

been predicted (with the non-unifor"m:heat fluxfactor F) for DNB. Further-

more, the measured spike effect is so small that it lies within the re-

peatability of DNB measurements and is thus statistically Insignificant.

Therefore the conservative DNB design criterion (minimum DNBR-l.30) is

sufficient to allow for spike effects and no special additional allowance

for spike effects need be imposed.
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1.0 INTRODUCTION

BecdusC. of recent concern about-local fuel power spikes associated with

fuel densification, a series of tests were conducted to determine the
effect of spikes on DIIB heat flux. These tests utilized a 16 rod bundle

in which three interior rods each incorporated a heat flux spike - a hot

spot having a local heat flux about 201 higher than that in the immediate
v4,;Lnity. These spikes were located at the axial positions where DB most
-ift,:n occurs based on test observation.

THINC analyses were also carried out for this test configuration using
the "R" grid correlation of Reference I (the W-3 correlation with
modified spacer factor) which also incorporates the non-uniform heat
flux "F" factor of Reference 2. The "F" factor, originally based on
short closed tube test data, has been checked against test data for

large flux spikes (%100'/) in References 3 and 4. For the present study,

the pre-test analysis indicated a performance penalty of % 6% to 8% of
DNBR would result from the presence of the spikes. The DNB tests were
carried out to determine if this prediction could be verified experimen-
tally for a rod bundle-configuration which simulates, as closely as
possible, real reactor conditions.

The purpose of this report is to present the results of these rod bundle
tests and to evaluate these test results.
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2.0 TEST SECTION" DESCRIPTION

The test section used in this test was a.4x4 rod bundle using Westinghouse

mixing vane "R" grids on a 26" spacing. The test section was of the same

design as those described in Reference- 5, with the following exceptions:

three of the four hot interior rods each had a heat flux spike - a hot

spot having a local heat flux about 20% higher than that in the same

position on the unspiked rod. These spikes were placed at the same axial

position on all three rods and this position corresponds to that where

DNB most often occurs in the unspiked tests of Reference 5. Figure, 1

shows the relative positions of the three spiked rods. Figure 2 shows

the heat flux profile of the spiked rods.

I
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3.0 TEST FACILITIES

Tio test facil.ities in w.hich these tests were carried out have been

described in Reference 5 and in greater detail in Reference 6. Basically

these facilities consist of a hiqh pressure loop capable of supplying

water at pressures up to 2400 psia,,with flow rates up to 400 GPM and inlet

temperatures in excess of 600*F. JThe power supply is caoable of deliverinq

up to 4.5 • W.

Usinq these test facilities, a 14 ft. 16 rod test section can be operated

over a wide range of test parameters.. For the present test, these ranges

were:

Pressure 1500 2400 psla

Inlet temperature 401 - 569*F

Mass velocity 1.5 - 3.5 x 106 lb/hr-ft 5

3-1
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4,0 RESULTS

Table Iqives a tabulation of the flow conditions of 38 spiked rod runs to-

qether with 38 matching unspiked rod runs taken from the data of Refer-

ences 1 and 5.* The run conditionsý for the spiked rod test were deliberately

selected so as to match, as nearly as oossible, those of the previous unspiked

runs. This vias done to facilitate the data analysis, as described in the

next section. The mean values of the ratios of measured-to-predicted !)eat

flux qiven in Table 2 were based on two types of predictions, one of which

took the heat flux spikes into account., The other type prediction treated

the rods as if there were no flux spike. To avoid confusion, the following

nomenclature wil.l- be used in this report to distinguish between measured-

to-predicted heat flux ratios, q"DNB ,M , based on spiked
qW-3 x F P

and unspiked predicted ONB heat fluxes:

M is used when the predicted,DNB heat flux is based on a SPIKEDPs
model.

M- is used when the predicted DNB heat flux is based on an UNSPIKED
model.

t-3 x Fý is the DNB heat flux predicted by the "R" grid correlation

of Reference 1 with the local fluid conditions computed
from a THINC code subchannel analysis of the test bundle.

In Table 2, note that the average value of the measured-to-predicted ratio
for the spiked rod data (with SPIKED prediction) is (a ) = 1.057, a value

which is considerably higher than the value of -.1.00 r sulting from other
unspiked "R" grid tests conducted at the same test inlet conditions. This
:iigh value of M/P means that either the measured DNB heat fluxes for the

spiked Lrods are high (an unlikely possibility since logically the effect .

Some of the computed values in Table 1 differ slightly from what was
originally reported in Reference 1. For the present study these data
were reduc2d usinq the revised value of TDC given in Reference 7.
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of the snike should be to dearade rather than enhance DNB) or the oredicted

DNB heat fluxes are low (i.e., the predictions of the spike effect are overly

conservative).

A comparison of the measured spiked rod DNB heat flux to that for unspiked

rods reveals little or no difference between the two sets.' This indicates

that the high value of ( ) is most probably due to over prediction of the

soike effect by the non-Aiform heat flux factor, as detailed in Reference 2,

and that analysis of these spiked data 'is best carried out by a more

detailed statistical evaluation of the differences between the spiked and

unspiked data based on the same UNSPIKED prediction.
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5.0 ANALYSIS OF DATA

The analvsis of these data was accomplished by examining the differences of
,ach siI:ed run from the results of an unspiked run carried out at the same

flow conditions. But before this could be done, it was necessary to first
determine the extent to which DNB measurements are repeatable.

5.1 DETEMITINATION OF REPEATABILITY

Reference 5 describes the analysis of two sets of unspiked "R" grid data
and evaluates DNB repeatability on the basis of 27 matched pairs of runs.
Th2 two test sections of Reference 5 were both 16-rod bundles havinq a
u Sin u ieat flux distribution, both utilized "R" grids and were identical
to each other u:ithin tolerances.

The second unspiked test series of Reference 5 was carried out in such a
t.iay that flow conditions matched tho:,e of the first unspiked test series.
Thus each of 27 runs fr-:"- tr.. secori6 test series can be matched with a
corresponding run from the first to give 27 matched pairs. Pairing the
runs in this manner permits the evaluation of the repeatability of DNB
heat flux measurements by analyzing the differences of heat fluxes.

As a practical matter, however, it was not possible to match flow conditions
exactly, hence comparisons are made not between heat fluxes, q" but
between the ratios (T ) in order to remove residual differences due to
mismotches of flow conditions and small differences in inlet temperature.

A repeatability parameter, 6 R, was defined as:

(rU )Orig" (Fu )Repeat

IR =
I' [(Fu)Orig (MRpet•- + P~u)Repeat]

The mean value of 6R is given in Table 3. This unspiked-unspiked 6 will
be used for comparison with the spiked-unspiked 6 described in the next

U

5-1



section. Included in Table 2 are (M, ) values.from the two sets of

unspiked "R" grid data of Referenceý1 :which yielded the 27 matched

pairs of runs. The (M valuesare1.060 and.1.0

U

Note that the difference between them (0.012) is small. -It will be shown

in a subsequent section that this difference is well within expected limits.
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5.2 COMPARISON OF SPIKED TO UNSPIKED DATA

Table 2 gives the average measured-to-predicted DNB heat flux ratio

for the spiked test section runs, together with the corresponding ratio

for the t¶,,'o sets of unspiked rod bundle data (combined into one set;

for those cases where two unspiked runs are paired with a spiked run,

the average value of t was used).''
Pu

For comparison with the unspiked,-unnspiked R 'described above, a spike

difference parameter, 6S, is defined as follows:

d!.)
6 Unspiked Spiked

P Unspiked

A total of 38 spiked runs can be matched with at least one run from the

two sets of unspiked data. For cases in which a spiked run could be

matched with runs from both unspiked sets, the average of the two unspiked

.-runs was used for (t) .. The principal advantage of computing
Unspiked

6S for each matched data pair is that such a procedure effectively normal-

izes out any trends in the data except those due to the presence of the

spike and random scatter.
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5.3 ANALYSIS OF SPIKED UNSPIKED*DIFFERENCE

The analysis of the spiked-unspiked :data was carried out by examining the

spike difference parameter 6 and using'statistical tests to show that

essentially all the scatter is randomin nature. there is no demonstrable

bias between the spiked and the.u0spiked data.•.-

Table 3 summarizes the means of 6 R (for.the-unspiked-unspiked) and 6
.(for the spiked-unspiked) comparisons. Note that, for the two comparisons,

the means and standard deviations are quite similar. This is a clear

indication that the two sets of data are from the same population.

Figures 3 through 5 show 6S for matched pairs of spiked (no spike prediction)

and unspiked runs plotted against flow, quality and pressure parameters.

Note that these plots do not display any discernable trend but appear to

be a random scatter about zero, indicating that the two populations (spiked

and unspiked) are. the same.

To determine the validity of this assertion, the Student t test was

-applied to. the 27 unspiked-unspiked. data pairs given in Table 3. At

the 95% confidence level the value 'of the Student t is: t = 2.056.26,95
The significance of this is that, .with 95% confidence, any other unspiked

data is predicted to have a mean repeatability parameter TR of:

t 695
-0.0097 + 0.0401 L

6R = -0.0097 + 0.0162

or -0.0259 < -R < 0.0065

Note that the expected value -R = 0 is included in these limits indicating

that the two sets are from the same population, i.e., DNB tests are

repeatable within the 95% confidence level. Note also that the mean of

the difference between the spiked-unspiked data, Ts -0.0153, falls well

within the above limits of test repeatability, which indicates the spiked

data is of the same population as the unspiked.

I
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In the same way as above, the results of .applying the Student t to the

38 unspiked-spiked (based on no-spike- prediction) data pairs results

in:

-- -0.0153 + 0.0153

or: -0.0306 < " 0 (with 95% confidence)

This indicates that the hypothesis of no spike effect ( iked = 0)

cannot be rejected.

It should be noted, from Table 2, that:

( Unspiked <. (F• Spiked••:!L.;::::L

--nike ( Unspiked )Spiked

which is equivalent to LS < 0

(Pr)Unspiked

This says, in effect, that the presence of the spike is slightly beneficial

to DNB performance. However the magnitude of this benefit is well within

the uncertainty limits of the tests, hence it can be ascribed to random

error. This leads to the conclusion that the expected value of the spike

effect is either zero or is negligibly small.

A more detailed examination of these statistics is given in the appendix.
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5.4 COMPARISON OF SPIKED "R"GRID DATA TO OTHER "R" GRID DATA

Figure 6 shows the measured vsthe.predicted DNB heat flux of the spiked

data plotted with the other "R" grid data of Reference 1. This other

"R" grid dat a was taken with various test sections for which a number of

important parameters were varied.

Note that most of the data of i-the ,'.presen't. study fall closely to the equality

line on Figure 6 and that no data point falls below the -23% line. This

-23V line corresponds to an M/P 0.77, i.e., DNBR = 1.30, the design

criterion which (with 95,V probability) assures that DNB heat flux will
not exceed the "R" grid correlation prediction. In fact, these spiked

dota show a somewhat better distribution than does the whole body of the

"R grid data.
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6.0 COMPARISON WITH OTHER SPIKE DATA

References 3 and 4 presented the resultso6f two similar experimental evalua-

tions of spike effects. Both of these-studies found substantial spike

effects but both used test sections which had larger spikes than was the

case in the present study; both studies used single, closed channels. Ref-

erence 3 utilized a rectangular channel with a short 98% spike at the exit

while Reference 4 reported a study which employed small single tubes with

100 spikes of several lengths near the exit of the test sections. Reference

4 did not present data points and thus cannot be'accurately assessed except

to observe that its results seemed to be in substantial agreement with the

other evaluation.

The other evaluation, Reference 3, was from a test program carried out at

Bettis in 1958 which used a 27 inch rectangular channel having a 98% heat

flux spike on the last 1-3/8 inches ofi, the test section length. Results

from this 98% spike test section were then compared to matching runs from

an unspiked (uniform) test section of the same geometry.

This comparison reveals that there was a substantial degradation of DNB

heat flux due to the presence of the spike - as much as 28% and averaging

about 16'V. These data lead to F factors which are in fairly good agreement

with predicted F factors.

The following differences between the Bettis test section and that of the

present ztudy should be noted:

1. The spike employed in the Bettis test was much greater in magnitude

than the one used in the present study (98% compared to 20%).

2. The Bettis test section was a rectangular channel whereas the test

section of the present study was a rod bundle.

3. The Bettis test section had a uniform heat flux (except for the

discontinuity at the spike) - the test section of the present study

had a non-uniform (u Sin u) heat flux distribution.

a



4. In addition, the test section of the present study incorporated

Westinghouse mixing vane grids, which are known to have a major

influence on the rod bundle DNB performance.

Since the present test is for a rod bundle with an axial power distribution

similar to an actual reactor shape with the Westinghouse reactor type grids

("R" grids) and a 14 foot length, it is much more representative of an

actual reactor case. Note also that the relative magnitude of the spike in

the present study is only about 1/5 that of the Bettis study and that the

'Bettis study found only about a 16% effect on DNB (even though the Bettis

spike was almost 10061). It is therefore not inconsistent that the measured

spike effects in this study were not statistically significant.
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7.0 CONCLUSIONS

This study shows that the effect of a conservative but realistic spike on

DUB heat flux is negligibly small, and allows the following conclusions:

1. The measured effect of the spikes is smaller than that predicted

by the non-uniform heat flux F... actor for DNB.

2. Statistical analysis of the difference between spiked and unspiked

data shows that, with a 95t'confidenc6 level the hypothesis that the

spike effect is zero cannot be rejected. A

3. Since the repeatability limits found in this test series are well

within those accounted for in the present minimum DNBP - 1.30 design

criteria, no additional allowance need be included to account for

spike effects (for spikes up to •20%).

4. The spike case modeled in this experiment was more conservative than

the usually ascribed to fuel. densification effects, hence the absence

of a spike effect indicates that a special spike penalty need not be

incorporated into reactor designs which utilize Westinghouse mixing

vane grids.
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w
TABLE I

SPIKED TEST SECTION DATA WITH MATCHING UNSPIKED RUNS

Spiked Test Section Unspiked Test Sections

Run
No.

Pin T
In

M/PS M/Pu Run
No.

M/P Run
No.

M/P
(~)

s S (b.c)

1 1 4-

1249

1250

1251

1252

1253

1254

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1.0713

1.0641

1.0360

1.2888

1.0842

1.0997

1.2759

1.0895

1.2804

1.0595

1.0441

1.1007

1.0588

0.9850

1.0230

1.0290

0.9981

0.9909

1.0493

1.0395

1.0101

1.2500

1.0593

1.0741

1.2345

1.0626

1.2376

1.0341

1.0183

1.0752

1.0330

0.9615

1.0050

0.9970

0.9784

0.9633

1209
1210

1221

1181

1182

1219

1179

1218

1190

1191

1192

1185

1186

1187

1214

1215

1222

1225

1.0293

0.9781

0.9703

1.2651

::. 1171

1.0323

640
642

622
i~l••;..:639

1. 2373 .
S
1 17 59  i/
1.11861 628

1.1280 629

1.1061
0.9916

1.2707

1 .1085

1.o984

1.1103

1.0608

1.0159

0.9879

0.9664

0.9501

1.0677

0.9848

0.9703

1.2679
1 .1128

1.0323

1 .2373:

1. 1759

1.1085

1.1191

1.0210

1.0541

1.0311

1.0078

1.0038

0.91546

0.9616

0.9633

0.0172
-0.0555

-0.0410
0.0141

0.048 1.

0.0023

-0. 165. -
0.0760

0.0026

-0.0200
-0.0018

0.0459.

-0.0012

-0.0336

-0.0175

0

1.0210
1.0474

1.0463

1.0078

1.0198

0.9628

0.9616

0.9765

637

636

644

645

650

* See footnote, page 4-1 I



rT \RM• (Continued)

SPIKED TEST SECTIONI DATA WITH MATCHING UNSPIKED RUNlS

Spiked Test Section Unspiked Test Sections

Pin Gin M/PS M/PU Run
No.

M/P Run
,No.

M/P * 6 S (b,c

a- a L

1268

1269

1270

1271

1272:ý"ý

1273 .

127 4

1275:'''

1216

1271

1278

1279:.--

1280

1281

1282

1283

1284

1285

1286

1287

1.0213
0.9824

0.8795

0.9283

0.9960

1.0745

.1 .0206,

0.9871

1. 2043

1.0710

.1.0028

1.0402

0.9155

0. 9647

0.9594

0.9870

1.0179

0.9416

0.9425

0.9765

0.9842
0.9442

0.8635

0.9049

0.9727

1.0493

0.9976

0.9708

1 1614

1.0427

0.9775

1.0050

0.8976

0.9487

0.9398

0 .,9680

0.9950

0.9190
0.8984

0.9256

1226

1227

1229

1230

1231

1200

1201

1202

1195

1196

1197

1235

1236

1202

1238

1239

1187

1236

1243

1244

0.9608
0.9330

0. 8847

0.9018

0.9039

0.9998

0.9647

0.9658

1.0060

0.9907

1.0074

0.9481

0.9020

0.9658

0.8912

0.8858

1.0078

0.9020

0. 8729

0.8953

646 0.9384 0.9496

- - 0.9330

651 0.8448 0.8647

652 :',0.8856 0.8937

S . .0.9039

633 1:.0032 1.00 15
635 ,''1 .0316 0.9981

- - '' 0.9658

ý631 1 .0559 -:1 .0309

634 -l.05,- 1.0243.8 -

- - 1.0074
- - 0.9481

0.9020

- - 0.9658

- - 0.8912

0 - 0.8858-

- a 1.0078

- - 0.9020
0.8729

0.8953

• See footnote, page 4-1

-0.0364
-0.0120

0.0014

-0.0125

-0.0761

.-0.0477..

0.0005

-0.01052:

-0.1266

-0.0180

0.0297-
-0.0600
• 0.0049

0.0177
-0.0545

-0.0928

0.0127
-0. 0190
-0.0292

-0.0338



TABLE 2

COMPARISON OF MEAN MEASURED-TO-PREDICTED DNB'

HEAT FLUX RATIO OF SPIKED AND UNSPIKED DATA

Meas. to
Pred. Ratio*

Number
Runs

of

Grid (unspiked) original data which matches.- ) 1.060 27

Grid repeat data . U

Grid (unspiked) repeat data which matches

Grid original data

1 .072 27

Pu

"R" Grid, original & repeat data which matches 0.998 38

spiked rod runs
U.

!Spiked rod data with NO-SPIKE prediction 1.012 38

PU

Spiked rod data with SPIKED prediction 1.057 38
(Ms)•

M

M
PS

used when predicted heat flux is for UNSPIKED model

used•'when predicted heat 'flux is ffor SPIKED model

NOTE: (*)
l

K
r
n=l



4,4,

<7?'
~

,<
4
y 44,4*

TABLE 3

COMPARISON' OF MEAN

OF SPIKED

DIFFERENCE OF MATCHED PAIRS

AND UNSP I KED DATA Stan......

''6

Comparison of two sets of unspiked `,,.,•,,•",,:. .

"R" grid data to each other, 6R "". . -0.0097

Comparison of spiked "R" grid to

Stan. Dev.
of 6

0.0401

Number of
Pts.

2,.
.47.4.44

avg. of unspiked "R" gird data, 6S -0.0153 0.0459 38

!I

''<44

4 44,



MAMMUMN

APPENDIX A"

STATISTICAL COMPARISON OF. SPIKED AND UNSPIKED DNB DATA

Experimental rod bundle DNB data have been obtained under corresponding
system operating conditions with and without power spikes. A statistical
analysis of the data indicates that the observed deviations due to power
spikes are no greater than are obtained when'test runs are repeated with
no power spike. The conclusion is that no penalty due to power spike
need be applied.

Analysis

DNB data were obtained for 27 sets of operating conditions which wererepea ted. The q " /q"
measured predicted [(M/P) values] were determined for

the first tests and the repeated tests. The differences in the M/P
values were found to have a mean value (ts) of -0.0097 and a standard
deviation (SR) of 0.0401. This data, referred to as thc R data, indicate
the repeatability in the experimental procedure.,

A separate-set of 38 test data points were obtained with a power spike
at the same system operating conditions as a corresponding set obtained
with no power spike. The differences in the M/P values for this case
were found to have a TR of -0.0153 and an Ss of 0.0459. This data,
referred to as the S data, indicates the effect of the power spike on
DNB behavior.

Consider the hypothesis

H0: oR 0S

against the alternative hypothesis-

H1 .. ORA-1

...A-i



wnrier the -'s represent the population standard deviations corresponding
to the S values given above. The F test~1  may be' applied by obtaining
the ratio

MS~/!¶l (38)(0.0459) /37 -13

MRSR/(MR-1) (27)(0.0401)./26

Comparing this value to the 50. critical value of 1.87 (2), for 38-1 and 27-1
degrees of freedom, it is seen that the sample F value of 1.30 is not
significant, i.e., the hypothesis ai cannot be rejected.

Consider now the hypothesis

H 0: 'R tS S

against the alternative hypothesis

H1: wR li

where the L's represent the population means corresponding to the values
given above. The t test (3) may be applied by obtaining the value

6 n RnS(n R nS-2)

Substituting the numerical values gives

t 0.503

T. P. Gs Ho, fre nt, iroduction to Mathematical Statistics", John Wiley.&Sons, Inc., 3rd Ed., 1962, p. 285ff.
2. Ibid., pp. 404ff
3. Ibid., pp. 276ff
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The 5' critical value for 38-4+ 27.1 63 degrees of freedom is 2.00(4).

Consequently the sample t value of 0.503 is not significant and the

hypothesis "R 2' "S cannot be rejected.

Thus the F and t tests indicate that the hypothesis cannot be rejected and

that for these data the spike effectissno different than the repeatability

effect.

A further test can be applied to.substantiate this hypothesis by noting

that the values of ii, and WSsýould~bd 0 if repeatability is the only
criterion bein measured. A 95% confidence interval for OR is given by
theexpression 5

R tsR /Ff7l < R TR + tsR rn R÷T

where the t value, is determined(6) for 27-1 : 26 degrees of freedom.
Substituting the numerical values gives

-0.0259 < OR < 0.0065

Similarly for the B data

-0.0306 < Ps < 0

Thus, the expected mean value of 0 falls inside the 95% confidence limits
for the mean for both the R and S dataia.,'."

It is noteworthy that Tong(7) assigns a 10% uncertainty in the DNB data

used in obtaining the W-3 correlation due to "random and systematic instru-
mentation errors and various loop system characteristics". If this is
considered to be a-2o value, a a value of 0.05 would be obtained with which
the observed values of sR 0.0401 and s S 0.0459 compare favorably.

4. Ibid.. p. 402
5. Ibid., p. 276
6. Ibid., p. 402
7. L. S. Tong, "An Evaluation of the Departure from Nucleate Boiling

in Bundle, of Reactor Fuel. Rods"',',-Nu. Sc. & Eng. 33, p. 9 (1968)
A-3
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