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PHYSICS TEST PROGRAM - PALISADES CYCLE - 3 

I. INTRODUCTION 

The physics test program for cycle - 3 consisted of measurements made at 
zero power and at selected higher power levels. The zero power measure­
~ents included the following: 

. r:. •• 

c. 

D. 

Core symmetry check . 

Highest worth dropped rod measurement. 

All rods out critical boron concentration. 

Isothermal temperature coefficient with essentially all rods out 
and with regulating rods inserted. 

Nonsequential worth of the regulating rods. 

Shutdown rod worth with highest worth rod stuck out. 

Inverse boron worth. 

Sequential worth of the regulating rods. 

~nese measurements were performed under special test procedures listed 
as references 3 through 8. Power testing was done at 50% and 90% of 
rated power (2530 MWt). At each of these power levels, the isothermal 
~emperature coefficient and the power coefficient were measured. 

The zero power testing was performed from 4/12/78 through 4/16/78. Power 
testing at 50% and at 90% were completed on 4/24/78 and 5/1/78, respectively. 
No significant problems were encountered during either the zero power or 
the power test programs. 

II. ZERO POWER TEST PROGRAM 

fa_. Core Synnnetry Check 

The purpose of the core symmetry check is to determine whether a sig­
nificant core reactivity tilt exists at the beginning of the cycle. 
The measurement proceeds as follows: 

1. One control rod of a symmetric group is fully inserted and reac­
tivity is balanced with Gr-4 rods. 

2. The inserted rod is "traded" with a symmetric rod within the group 
and any excess reactivity is noted. 
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3. The procedure is continued with each rod in the symmetric group. 
The first rod in the symmetric group was reinserted after the 
last rod in the group to detect any drift in reactivity which 
may have occurred. The drift is then assumed to be linear and 
reactivity is corrected accordingly. Four symmetric rod groups 
were selected for this measurement (Figure 1). The results of 
the measurement are found in Tables 1 through 4. The tables 
list the control rod number and the percent difference that each 
is from the average worth of a rod in that group. The accept­
ance criteria for this test was that each individual rod should 
be within ± 10% of the symmetric group average. Note that the 
acceptance criteria is met in each case, with the largest per­
cent difference being 3.9% from rod number 36 in Group 3. 
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TABLE 1 

Symmetric Rod Groun No 4 

Difference From Average 
Rod Number (%) 

38 + 2.4 

39 - 2.2 

4o + 3.1 

41 - 3. 5 

A•;e:::-age Group No 4 Rod Worth = 0. 0737% D.p (Corrected to Measured Values) 
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TABLE 2 

Symmetric Rod Group No 3 

Difference From Average 
Rod Number ( % ) 

33 + 2.2 

34 - 0.2 

36 - 8.4 

37 + 6.2 

~·c-~ge Group No 3 Rod Worth= 0.0644% ~P (Corrected to Measured Values) 

4 



TABLE 3 

Symmetric Rod Groun No 1 

Difference From Average 
Rod Number (%) 

21 + 3.5 

22 + 1. 7 

27 + 6.9 

25 + 1.4 

26 - 9.1 

23 + 0.5 

24 - 8.1 

28 + 2.9 

Average Group No 1 Rod Worth = 0.0593% ~P (Corrected to Measured Values) 
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TABLE 4 

Symmetric.Rod Group A (Inner Rods) 

Difference From Average 
Rod Number (%) 

5 - o.4 

6 + 1.2 

7 - 2.1 

8 + 1.2 

Average Group A Rod Worth = 0.146% ~P (Measured) 
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B. Highest Worth Dropped Rod Measurement 

The measured value of· the highest worth dropped rod (HWDR) was ob­
tained by diluting the predicted HWDR to its fully inserted position 
from an essentially all rods out configuration. To insure that the 
predicted HWDR was indeed the actual HWDR, this rod was traded with 
the second highest predicted dropped rod and the reactivity differ­
ence was noted. The results are shown in Table 5. 

The acceptance criteria is that the highest worth dropped rod shall 
be worth less than 0.2% ~p. The measured value of the dropped rod 
falls well within the acceptance criteria. The second predicted 
highest worth dropped rod was found to be worth less than the pre­
dicted highest worth dropped rod. 
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TABLE 5 

Highest Worth Dronped Rod 

Predicted Worth Measured Worth 
Rod Number ( % t.p) ( % t.o ) 

8(1) 0.132 0.146 

35( 2 ) 0.130 0.145 

(l)Rod 8 was the predicted highest worth rod (see Reference 1, Page 24). The 
worth of this rod was obtained by a dilution. 

(2 )Rod 35 was the predicted next highest worth rod. The worth of this rod was 
obtained by a trade with rod 8. 
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C. All Rods Out Critical Boron Concentration 

This measurement is performed to determine the excess reactivity 
available in the new core. The control rods are borated to essen­
tially the full out position and the primary coolant boron concen­
tration is then determined. The control rods are then withdrawn 
from the core in order to determine their residual worth. This 
worth is added to the boron concentration to obtain the all rods 
out excess reactivity •. The all rods out critical boron concentra­
tion determined in this manner was l,124 ppm. The predicted value 
was 1,080 ppm yielding a percent difference of 4.1%. 

The acceptance criteria for this measurement is that the measured 
value be within 10% of the predicted value. The measured value falls 
within the acceptance criteria. The contribution of the residual worth 
of the rods to the measured value was approximately .6 ppm; therefore, 
the measurement is based almost entirely upon the chemical analysis. 
The chemical analysis consisted of five primary coolant samples taken 
over a one-hour period and showing no significant trend. 

D. Isothermal Temperature Coefficient 

The isothermal temperature coefficient (ITC) was measured at two dif­
ferent boron concentrations. The first measurement was at a primary 
coolant boron concentration of 1,124 ppm with control rods in the es­
sentially all rods out configuration and the second was at a boron 
concentration of 856 ppm with the regulating control rod groups (1, 2, 
3, 4) fully inserted. The measurements were carried out by initiating 
a uniform cooldown of the primary coolant system with adjustment of 
the steam flow and/or the feed-water flow to the steam generators. 
When required, the control rods were moved to compensate for reac­
tivity changes. A subsequent heatup to the original temperature pro­
vided additional information for determination of the ITC. The results 
of the ITC measurements are found in Table 6. The MTC values as de­
termined from the measured ITC are given in Table 7. 
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TABLE 6 

Isothermal Temperature Coefficient Measurement 

Control Rod PCS Boron Measured ITC 
Confis;uration Concentration ( % /).o/°F) 

ARO 1,124 ppm -0.06 x 10-2 

4, 3, 2, 1 In 856 ppm -0.83 x 10-2 

TABLE 7 

Moderator Temnerature Coefficient 

r...:::) Boron Predicted MTC Measured MTC(l) Acceptable Range 
"-·-~~:it ration ( % f).p/OF) ( % f).p/OF) (x lo-2% f).p/°F) 

_._c.4 ppm -0.l x 10-2 +0.1 x 10-2 -0.6 ~ MTC < o.4 

. ,. 
-1.0 x 10-2 -0.67 x 10-2 -1. 5 < MTC < -0.5 ~o ppm 

-~ cannot be measured directly due to the inability 
~or ~emperature without effecting the fuel temperature. 
is ~etermined from the ITC using the relation; ITC = MTC 
Dcppler = -1.575 x lo-5 f).p/°F (Reference 1, Page 19). 

10 
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Note that the measured value of the MTC at each of the two control 
rod configurations fall within the acceptable range. 

E. Nonseauential Worth of the Regulating Rods 

The worth of the regulating rod groups (1, 2, 3, 4) were measured 
in the nonsequential mode by a dilution. A constant primary coolant 
dilution rate was established and the groups were inserted to their 
lower electrical limits in the order of 4, 3, 2 and 1. Reactivity 
was maintained within a range of approximately +3¢ to -3¢. The di­
lution rate was not disturbed until Group 1 was fully inserted. The 
results of the measurement are given in Table 8. Integral rod worth 
curves for Groups 1 through 4 are shown in Figures 2 through 5, re­
spectively. 

The acceptance criteria for control rod bank worths is that the mea­
sured values must be within 15% of the predicted value or within 
0.15% ~P of the predicted value, whichever is greater. With the 
exception of Group 1, each rod bank measured falls within the ac­
ceptance criteria limits. Since the measured worth of Group 1 was 
19.7% lower than the predicted worth, a preliminary safety evalua­
tion was performed on the net shutdown margin available before power 
escalation. The evaluation showed that the shutdown margin calculated 
using the measured worth of the control rods is within the present 
Technical Specifications power dependent insertion limits and, there­
fore, power escalation was authorized. A final safety analysis con­
cerning shutdown margin is found in Appendix A. 
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TAELE 8 

Nonsequential Worth of the Regulating Rods 

Rod Predicted Measured Percent 
Group Worth (% !lp) Worth (% !lp) Difference 

4 0.503 o.459 -8.7 

3 0.760 0.693 -8.8 

2 o.684 0.748 +9.4 

1 i.467 1.178 -19.7 

12 



F. Shutdown Worth With Highest Worth Rod Stuck Out 

G. 

This measurement is a.direct method for determining the net shutdown 
worth available in control rods with the highest worth rod withdrawn 
from the core. The initial conditions for this measurement are regu­
lating Groups 1, 2, 3 and 4 fully inserted with partial length rods 
and shutdown Groups A and B fully withdrawn. Group B is then traded 
with the predicted highest worth stuck rod until the highest worth 
stuck rod is fully withdrawn. A constant dilution rate is then 
established and the remainder of Group B and Group A are inserted. 
The dilution is stopped when Group A is approximately 20 inches above 
the fully inserted position. Group A is then fully inserted and with­
drawn; the resulting reactivity trace gives the residual worth of 
Group A. The results of this measurement are found in Table 9. Con­
trol rod number 27 was used as the highest worth stuck rod, as pre­
dicted. 

The acceptance criteria for this measurement is that the net rod worth 
(all rods minus the maximum worth stuck rod) must be within 10% of 
the predicted value. The measured value falls within this acceptance 
criteria with the percent difference being 6.2%. 

Reci~rocal Boron Worth 

The reactivity worth of soluble boron in the core is obtained from the 
rod worth measurements. The two end points are the essentially all­
rods-out configuration and the essentially all-rods-in with stuck rod 
out configuration. These two conditions yield the greatest primary 
coolant boron concentration difference observed during the test pro­
gram. The change in boron concentration and the rod worth between 
these two points give the reciprocal boron worth. The measurement re­
sulted in a reciprocal boron worth of 92.0 ppm/% 6p. The boron con­
centration change between the points was 477 ppm. 

13 
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TABLE 9 

Shutdown Worth With Highest Worth Rod Stuck Out 

Predicted Worth 
Configuration (% bp) 

4 + 3 + 2 + 1 + B + A 5.673 
-27 In 

14 

Measured Worth 
( % bp) 

5.319 

Percent 
Difference 

6.2 
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The acceptance criteria for the value of the reciprocal boron worth 
is that it must not be greater than 125 ppm/% ~p. The measured value 
clearly meets this criteria. 

H. Sequential Worth of the Regulating Grouns 

The sequential worth of the regulating rod groups was measured against 
a boration. A constant boration rate was established and reactivity 
changes were compensated for by withdrawing the regulating groups in 
the sequential mode. When withdrawing Group 1, a control rod with a 
defective synchro was selected as the target rod. Consequently the 
control rods moved out of sequence. The problem was innnediately dis­
covered and no loss of data occurred (Reference 2). The sequential 
integral rod worth curve resulting from this measurement is found in 
Figure 6. 

There was no acceptance criteria on this measurement. 

III. POWER TEST PROGRAM 

A. Moderator Temnerature Coefficient (MTC) 

The isothermal temperature coefficient was determined by varying the 
reactor coolant temperature while maintaining reactor power constant 
with the turbine controller and control rod movements. The reac­
tivity insertion was determined from a calculated integral rod worth 
curve, which was normalized to measured values (Figure 7) (ie, the 

rod worth from Figure 7 is multiplied by ~:~~~7 where o.459 is the 

measured worth of Gr-4 at zero power and 0.5327 is the XTG calculated 
Gr-4 worth at zero power). The MTC is calculated by adding the doppler 
contribution to the measured ITC (see Reference 1, Page 19). 

The results of this measurement are given in Table 10. 

The acceptance criteria is that the MTC must be within 0.5 x l0-
2% ~p/°F 

of the predicted value. 

15 
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TABLE 10 

Moderator Temnerature Coefficient 

Reactor Power Measured ITC Measured MTC Predicted MTC(l) Acceptable Range 
% X l0-2% t.p/°F X 10-2% t.Q[°F x lo-2% t.o/°F X l0-2% t.p/°F 

50 -0.56 -o.42 -0.41 -0.91 ~ MTC ~ 0.09 

90 -0.93 -0.79 -0.61 -1.11 < MTC < -0 .11 - -

(l)See Reference 13. 

16 
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B. Power Coefficient 

The power coefficient.was measured at 50% and 90% of rated power. 
The measurement was made by reducing turbine power by approximately 
5% and maintaining the coolant temperature at the programmed value. 
Temperature was maintained by adjustment of Group 4 control rods. 
Reactivity insertions were determined by control rod position and 
a calculated integral rod worth curve (normalized to measured values, 
Figure 7). The results of this measurement are given in Table 11. 

The acceptance criteria for this measurement is that the average 
power coefficient between 0% and 100% power shall be -1.0 x l0-2% ~p/ 
% Pwr ± 0.3 x lo-2% ~p/% Pwr. The average power coefficient for the 
two measurements is -1.25 x lo-2% ~p/% Pwr. 

C. Power Distribution 

Figure 9 compares the predicted radial power distribution with an 
actual INCA calculated power distribution at high power. Note that 
the comparison shows general agreement; however, power is higher 
near the center of the core than predicted and lower on the outside 
perimeter. This agrees with the trend observed during the rod worth 
measurements, where Group 2 rods (an inner ring of rods) was measured 
to be 9.4% higher than predicted. The worth of all other rod groups 
were overpredicted. 

17 
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TABLE 11 

Power Coefficient 

Reactor Power Predicted Pwr Coef Measured Pwr Coef Acceptable Range 
% % 60/% Pwr % 60/% Pwr x lo-2% 60/% Pwr 

50 -i.1 x io-2 -1.3 x 10 -2 -1.3 < PC < -.1 

90 -1.2 x 10 -2 -1.2 x 10 -2 
-1.3 < PC < -.7 

18 
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IV. CONCLUSIONS 

A. Zero Power Test Program 

With the exception of the Group 1 control rod worth, all of the 
acceptance criteria were met and the test results in general are 
considered valid. It is expected that certain measurements, such 
as the stuck rod worth measurement, will not be repeated during the 
next physics test program since the vendor's calculations of such 
values have been verified. 

B. Power Escalation Testing 

The measured values of the moderator temperature coefficient and 
the power coefficient satisfied the acceptance criteria for both 
the 50% and 90% tests. To increase the accuracy of these measure­
ments, it is expected that, in the future, the central control rod 
will be used to compensate for reactivity changes in place of group 
4 rods, thus making the rod movement much greater. 

19 
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APPENDIX A 

The following is an ~valuation of the available excess shutdown margin for 
Core ~ 3. This evaluation was done because the measured value of Group 1 
rods was 19.7% lower than the predicted value. 

Table Al lists predicted rod worths and various reactivity insertions and 
compares them with measured values. The result shows that the excess shut­
down margin is 17% lower than predicted but still positive. Therefore, even 
though the Group 1 rods were worth less than predicted, adequate shutdown 
margin is available. 

Tables A2., A3 and A4 give comparisons of excess shutdown margin available at 
the beginning of cycle at hot full power (BOC at HFP), end of cycle at hot 
zero power (EOC at HZP) and EOC at HFP, respectively. Since rod worths were 
not measured under those conditions, the predicted values were scaled down 
using the measured zero power values as a normalization factor. Note that, 
in all cases, excess shutdown margin is available. 
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TABLE Al 

Shutdown Margin BOC 

Control Rod Worth ( % AP) 

Total Minus Stuck Rod 

Uncertainty (10%) 

Net Shutdown Rod Worth (1) 

Reactivity Insertion (% Ap) 

Doppler Defect 

;.;ccierator Temperature Defect 

;-.~.:.::.~rs.tor Void Defect 

A:x.i~~ Flux Redistribution 

P 0~·-" :'?d Shutdown Margin 

'.I'c:.a~ Reactivity Allowances (2) 

Available for Maneuvering (1)-(2) 

PDIL Rod Insertion 

Excess Margin 

30 

at HZP 

Predicted 

5.62 

0.57 

5.05 

0 

0 

0 

0 

2.00 

2.00 

3.05 

1.54 

1. 51 

Measured 

5.32 

0.53 

4.79 

0 

0 

0 

0 

2.00 

2.00 

2.79 

1.54 

1.25 



c : , \ 

TABLE A2 

Shutdown Margin BOC 

Control Rod Worth ( % /).p) 

Total Minus Stuck Rod 

Uncertainty (10%) 

Net Shutdown Rod Worth (1) 

Reactivity Insertion (% f).p) 

Doppler Defect 

Moderator Temperature Defect 

Moderator Void Defect 

Axial Flux Redistribution 

Requ~Ted Shutdown Margin 

Tota~ Reactivity Allowances (2) 

Available for Maneuvering (1)-(2) 

PDIL Rod Insertion 

Excess Margin 

31 

at HFP 

Predicted 

5.62 

0.57 

5.05 

0.74 

0.20 

0.1 

0.5 

2.0 

3, 54. 

l.51 

0.15 

1.36 

Estimated 

5.32 

0.53 

4.79 

0.74 

0.20 

0.1 

0.5 

2.0 

3,54 

l.25 

0.15 

1.10 



TABLE A3 

Shutdown Margin EOC at HZP 

Control Rod Worth (% ~p) 

Total Minus Stuck Rod 

Uncertainty (10%) 

Net Shutdown Rod Worth (1) 

Reactivity Insertion (% ~p) 

Doppler Defect 

Moderator Temperature Defect 

Moderator Void Defect 

Axial Flux Redistribution 

Recrt:.'..::ed Shutdown Margin 

Total Reactivity Allowances (2) 

Available for Maneuvering (1)-(2) 

PDIL Rod Insertion 

Excess Margin (% ~p) 

32 

Predicted 

0 

0 

0 

0 

2.00 

2.00 

3.16 

2.00 

1.16 

Estimated 

5.43 

0.55 

4.88 

0 

0 

0 

0 

2.00 

2.00 

2. 89 

2.00 

0.89 



TABLE A4 

Shutdown Margin EOC at HFP 

Control Rod Worth ( % !lp) 

Total Minus Stuck Rod 

Uncertainty (10%) 

Net Shutdown Rod Worth (1) 

Reactivity Insertion (% b.p) 

Dopple.r Defect 

Moderator Temperature Defect 

Moaerator Void Defect 

Axia: ~lux Redistribution 

Re.:...-~- ci Shutdown Margin 

T~t~~ ~eactivity Allowances (2) 

AYailable for Maneuvering (1)-(2) 

PDIL Rod Insertion 

Excess Margin (% b.p) 

33 

Predicted 

0.72 

o.64 

0.1 

0.5 

2.00 

3.96 

1.20 

0.21 

0.99 

Estimated 

5.43 

0.54 

4.89 

0.72 

o.64 

0.1 

0.5 

2.00 

3.96 

0.93 

0.21 

0.72 
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