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Summary

The traditional manner to measure the inlet temperature of a turbine is to use sampling probe
which withdraws a small sample of the water at = 1/7¢ from the liner. This sampling probe
possesses an upstream oriented tap to capture the kinetic velocity as well as the static pressure.
The IEC 41 (1) publication does not impose the use of sampling probe, thus permits to place the
thermometer directly in the main flow. Then arises the question . how the kinetic energy is
converted into temperature and what should be the design of the sensor to do it correctly,

At the first IGHEM seminar in Montréal, Mr. Pederson of SBE presented a paper (2) showing
the importance of the velocity effect. Few vears ago, the author of the present has proposed to
measure the temperature dircetly in the main flow and presented a paper entitled "Mode
opératoire par immersion pour la méthode thermodynamique.” (3). Since industrial thermometer
of high accuracy now exists, the effect of velocity on temperature is of great concern especially
for large machine because these thermometers can now be placed directly in the main flow.

Main Characteristics of the Test

The Mamquam power plant 1s located north of Vancouver, ncar of Squamish community. The
owner (see note at bottom of this page), Northern Utilities Inc., had chosen the thermodyvnamic
method to control the guaranty of Peter Kiewit Sons CO. 1.td.. general contractor of the power
plant. The testing contract has been awarded to Hvdro-Québec *Essais speciaux de production’
department due to their unique experience and excellent accuracy on efficiency measurements.

The power plant includes 2 machines of 30 MW on a 250 metre head and the energy produced 1s
sold to BC Hydro.  The turbines are fed by a =3m excavated tunnel of many kilometres. Before
the power station, an important section of steel lined penstock precedes the bifurcation. A
spherical valve protects the scroll entrance of each turbine. Just upstream of the scroll case, 4
thermometers were placed as illustrated on the next page.

Note : The co-operation of Dr. Alexander unall, president of Northern Utilitics Inc.
i ogrearly acknowledged and appreciated. Mr. Stephen Kallen, Fngineer with NU,
provided all fits assistance as well as Mr. G, Dixon, Fng., PKSL.
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The probes were withdrawing water at some 25 cm from the liner and the two immersed
thermometers were placed at the same distance. The withdrawing probes were at a 22.5 degree
angle from the horizontal and the tmmersed ones at the same angle from the vertical. The

probes and the tips of the sensors of the immersed thermometers were placed in the same
section.

The main reason to used two immersed thermometers was to monitor the temperature
continuously and to increase the test quality. 1t demonstrated to be appropriate since the water
contained a fair amount of deposits. Therefore, the withdrawing probe had a tendency to block
and a constant attention to the withdrawing flow had to be maintained Due to that effect and
few times because of too rapid water temperature changes, few test runs were discarded.

The two thermometers, T5 and T6, were measuring the temperatures in the small flows using
sampling probes while T11 and T12 were the temperatures measured directly in the main flow.
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Figure | - Thermometers locations in the =1 4 metre diameter turbine entrance.
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Figure 2 - Thermometer probe design used to capture the kinetic energy.
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The idea of putting a 20 mm ¢ slceve is to create a flow of negligible velocity and to produce a
stagnation temperature. The two small holes ensure a small flow but probably they are not really
necessary because of the existing turbulence of real flow encountered in penstock.

The flows of withdrawing probes were adjusted around 0.1 litre per second. That flow
correspond to a velocity of 0.6 metre per second and a kinetic energy of less than 0.2 kPa, or a
negligible temperature effect of 0.04 mK. Hence, no correction can really be done on the
temperature measured at the probes.

Results

The thermometers were calibrated before the test and are reputed to possess an accuracy of 0.5
mK. Table T of next page presents the four temperatures measured. This table gives the mean of
the two probe temperatures, TS5 and Té, and also the difference between these two temperatures,
Te - Ts = ATe-5. The same for the temperatures measured directly in the main flow : the mean
of Ti1 and T12 and the difference T12 - T11 = AT12-11.

The two differences, ATe-5 and ATi2-11, give a precious indication about the accuracy of the
measured four temperatures and the homogeneity of the water at the metering section. The
mean difference of ATs-5 is of -0.3 mK while the mean difference AT12-11 is of 0.3 mK. That
demonstrates two facts: the four temperatures are accurate within 0.5 mK and the water
homogeneity is also excellent. An important observation appears from the four temperatures of
table 1: the two temperatures measured at the withdrawing probes are higher than the two
temperatures measured directly i the mam flow by the immersed thermometers.

Table 2 data 15 deducted from table 1. The differences of temperature between the two means of
temperatures, so the mean of Ts & Té minus the mean T12 & T11. are calculated for each run
corresponding to a certain water velocity in the penstock. The difference between the two
means (A between the two Means) varies from =2 mK to =11 mK for water velocities from 1 to 9
metres per second. The water velocity 1s converted into kinetic energy, then into temperature.

Because 11 was clearly apparent that the means of temperature Ts & Ts increased by the kinetic
energy 1s giving the mean of temperature T12 & T11, the calculations were pursued in that
direction. Therefore, the last column of table 2 presents the difference between the two means
but corrected (T11 and T)12) for the equivalent in temperature of the kinetic energy. With that
correction for the kinetic energy, the two means become equal within a difference of 22 mK.

The explanation of that 2 mK is not clearly known but might be due to heat transfer from the
penstock to the withdrawing probes. During the test, the water was 10 to 15 oC colder than the
air at the outside of the penstock. Some other effects are also possible but are outside the scope
of the present paper.
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Table 1 : Inlet Temperatures Measured during the Site Test.

Run _ Probe Temp. Total Temp. Mean of Mean of Difference Difference
15 T6 T11 T12 Ts&Te Ti1&Ti2 AT5-6 AT11-12
oC oC oC oC oC oC mk mK

204 42705 42710 42680 42678 4.2707 42679 -0.5 0.1

205 42751 42750 42725 42718 4.275] 42721 0.2 0.7

206 4.2798 42798 42777 42765 42798 42771 -0.1 1.3

207 4 3051 43054 4.3025 43023 43053 43024 -03 0.1

208 43610 43614 43582 43582 43612 43582 -0.4 0.0

209 4 4549 4.4558 4.4532 44539 44554 4 4536 -0.9 -0.7

211 3.1619 31627 3.1566 3.1556 3.1623 3.1561 -0.8 1.0

212 3.1036 31048 3.0987 3.0984 3.1042 3.0985 -1.3 03

213 3.1276 31278 3.1220 3.1218 3.1277 31219 0.2 03

214 31382 3.1398 3.1316 3.1314 3.1390 31315 -1.6 0.2

216 3.1407 3.1419 3.1306 3.1305 3.1413 3.1306 -1.2 0.1

217 3.1466 3.1459 3.1359 3.1357 3.1462 3.1358 0.7 0.2

218 3.1412 3.1414 31328 3.1328 3.1413 31328 -0.1 -0.1

220 3.1507 3.15006 31433 3.1433 3.1507 3.1433 0.0 0.0

221 31838 31840 31774 31774 3.1839 31774 -0.3 0.0

222 31946 3.1951 3.1897 3.1899 3.1948 3.1898 -0.5 -0.1

223 3.2359 3.2362 3.2313 32313 3.2360 3.2313 -0.2 0.0

224 3.2525 3.2529 32482 3.248] 3.2527 3.2482 0.3 .1

225 32874 3.2830 3.2835 32835 3.2877 3.2835 -0.7 0.0

220 33040 3.3041 3.2998 3.2995 3.3041 3.2997 -0.1 3

227 3.2993 3.2997 3.2956 32954 3.2995 3.2955 -0.4 0.1

228 33016 33016 32977 3.2974 3.3016 32976 -0.1 0.4

229 33012 33011 3.2977 3.2973 33011 3.2973 0.1 3

230 33042 3.3040 33009 3.3003 3.3041 3.30006 02 0.6

231 3.3018 3.3011 3.2982 3.2976 3.3013 3.2979 0.4 0.6

232 3.2992 3.2985 3.2961 3.2954 3.2988 3.2957 0.6 0.7

233 33080 3.3073 3.3052 3.3042 3.3076 3.3047 0.7 1.0

234 3.2657 3.2663 3.2584 3.2583 3.2660 32583 -0.6 0.1

235 32628 3.2640 3.2566 3.2566 3.263 32560 -1.1 0.1

237 32101 3.2109 3.2048 3.2044 32105 3.2046 -0.8 0.4

Mean Difference . mK -0.3 3
Standard deviation ., mk 0.6 04
Uncertainty of the mean . mKk 0.2 0.1

IN/IMLevesque TGHEM Reno
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Table 2 Correlation between Temperatures and Kinetic Energy.

Run  Meanof Meanof Abetween  Water Kinetic K E Diftference of
Ts&Te Ti1 & T12 thetwo Velocity Energy converted Means corr.

Means in Temp. forK. E.

o oC mk m/s kPa mk mk

204 42707 4.2679 28 1.29 0.83 0.20 2.6
205 4.2751 42721 3.0 1.29 0.83 0.20 28
206 4.2798 42771 2.9 1.93 1.86 0.44 2.3
207 4.3053 4.3024 2.8 2.32 2.68 0.64 2.2
208 43612 43582 3.0 3.02 456 1.09 1.9
209 4.4554 44536 1.8 3.66 6.71 1.60 0.2
211 3.1623 31561 6.2 5.21 3.56 3.23 3.0
212 3.1042 3.0985 5.7 585 17.11 4.07 1.6
213 3.1277 31219 58 6.62 21.92 5.22 0.6
214 3.1390 31315 7.5 7.46 27.80 6.62 0.9
216 3.1413 3.1306 10.8 9.06 41.08 9,78 1.0
217 3.1462 3.1358 10.5 8.55 36.55 8.70 1.7
218 31413 3.1328 8.5 7.84 30.76 7.32 1.2
220 3.1507 31433 7.4 7.20 25.92 617 ]2
297 3.1839 3.1774 6.5 6.62 21.92 522 1.2
272 3.1948 3.1898 5.0 6.04 18.26 435 0.7
223 3.2360 32313 4.7 5.59 15.64 372 1.0
224 3.2527 3.2482 4.0 533 14.23 3.39 1.2
225 2.2877 3.2835 4.2 5.14 13.22 3.15 1.1
226 33041 32997 4.4 4.89 11.94 284 1.6
227 3.2995 32955 4.0 4.44 984 2.34 1.6
228 3.3016 3.2976 4.0 4.08 8.20 195 2.1
229 3.3011 3.2975 36 3.28 537 1.28 23
230 3.3041 3.3006 35 263 3.47 0.83 2.7
231 3.3013 3.2979 34 2.19 2.39 0.57 2.8
232 3.2988 3.2957 31 1.54 1.19 0.28 2.8
233 3.3076 3.3047 3.0 0.96 0.46 0.11 29
234 3.2660 32583 7.7 6.88 23,66 5.63 2.1
235 3.2634 3.2566 6.8 6.30 19.84 4.72 2.1
237 3.2105 3.2040 5.9 6.04 18.26 4.35 1.0
Mean Difference . mK 1.8

Standard deviation . mK 0.8

Uncertainty of the Diff. .| mK 0.3

IV IMEevesque/ lGHEM/Reno
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The graph entitled “Temperature Difference in function of the Square of the Velocity” follows
after the table 2. This graph shows clearly the correlation of the velocity upon the temperature.
The scatter of the data from the mean straight is of =1 mK, which is rather good for site test
results. It 1s then possible to deduce without any doubts that the capture kinetic velocity, by the
scheme exposed previously, is not converted into heat and does not heat the thermometers.

The results obtained yield thcoretical studies but also possible application for the
thermodynamic method using thermometers placed directly in the main flow. The specialist in
thermodynamic of water can use these results for his simulation and deducted more general
conclusions. For the experimental engineer, it is important to define calculation yielding correct
results.

The expression giving the turbine efficiency using withdrawing probe is the following :

T ={a °(}in 2 le)f Cpe(Ti-Ty) + V772 -V, 2+ Qe(Zy-2:) )/ (((P)-P:)/ p+
VIi2-Vy 52 v ge(Z-7,) )

where a 1s the 1sothermal coefficient;
Piyand Py are the pressures inside the probes :
Py and P, are the static pressures.
tyand T, are the temperatures measured inside the probes ;
Cp 15 the specific heat of water;
V|72 and Vi, */2 are the kinetic energies inside the probes;
V.72 and V,°/2 are the kinetic cnergies at the metering sections :
g 1s the local gravity, Z;- Z, the levels and p the water density.

If the thermometers are placed directly in the main flow, the kinetic energy will normally not be
measured, so the dynamic pressure will not be known. The measured kinetic energy is very near
to the calculated one and has a negligible effcct on the calculated efficiency. For that reason. it
Is also possible to calculated the pressure inside the probe using the static pressure plus the
calcufated Kinetic energy (P, = P, + V,°/2}. Also, the terms V%2 and V., /2 are usually
negligible. The above equation can be simplified with the classic mode with withdrawing
probes to the followinge :

N = (e (PViT2 P V2 2) = Cpa(Ti-To) + g o dZi- 22) (P - P2}/ p = Vi7T72 - Vo 12+ pa (24 22)

Since it was found that with immersed thermometer, using an outside sleeve to capture the
kinetic cnergy. that the measured temperature is too low by the amount of the kinetic energy,
then the efficiency shall be calculated using the following equation :

N7 (e (Prs Vi -Pa- Vo ?) ~ Cpe (T, - Ty) = golZy-ZaN (P - P2l p+ V72 - Vo 24 g o (Zy- £2))
For the case of the actual site test along with the temperatures measured in the main flow, that

previous equation gives the same results as the classical method using withdrawing probe. to
within better than 0.1%. It is not presently if it would be possible to generalise this case.
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This equation present a simplification since the energy velocity does not need to be measured.
For some power station, the impurities of water can be a source of withdrawing probe blockage,
causing delays and measuring errors.

Conclusion

This subject is of concern for large machines or for machines where provision for
thermodynamic testing has not been made at the design and construction stages of the power
plant. For large and low head machines, many thermometers could be placed directly in the
main flow to permit the application of the thermodynamic method in case too many difficulties
arise with sampling probes.

The use of sampling probe was developed long ago and it is surely a very good way to measure
the entrance temperature. Since the main objcct of the sampling probe was to permit the
measurement of temperature, it can be argue whether it is the best way to measure the velocity
energy.  This second application became normal and logical after a while, because of the
extensive use of the partial expansion mode at the beginning of the thermodvnamic method.

Since industrial thermometers now exist with excellent accuracy, an effort should be made to
use them 1n the same manner at the entrance and the outlet of the machine. The sensor of these
thermometers might not be rugged enough to support safely water turbulence at some points of
operation of the machine. The protector used here is only as example of a possible one. Many
other solutions exit. Laboratory research should be conducted to choose the appropriated design
and to market 1t as a standard and approved component
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