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ABSTRACT

This paper presents an in-depth analysis of uncertainties in the measurement of the parameters
used in the calculation of turbine efficiency by the Thermodynamic Method. Techniques for the
mstallation and calibration of sensors are presented to minimize systematic errors. The location of
temperature probes is considered in detail, including test results from field investigations of the
temperature and velocity profiles in the discharge from a large Francis turbine.
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INTRODUCTION

The Thermodynamic Test Method is based on an evaluation of the total energy of the turbine and
on the fact that the losses are manifested by a rise in the temperature of the water passing through
the turbine. The test method analyzed in this paper is based on the expansion method in which a
small sample of the turbine flow is extracted at the inlet of the turbine which is expanded under
controlled conditions to cause its temperature to rise to the same temperature as the water at the
discharge of the turbine. By accurately measuring pressures and temperatures in this process, it
is possible to calculate the efficiency of the turbine. A description of test equipment and
procedures was presented at the IGHEM Conference at Montreal, Canada in 1996 (Karlicek,
1996), and the theory and derivation of the basic efficiency equation was given by the author in a
technical paper presented at the ASME International Hydro-Power Symposium at Anaheim,
California in 1986 (Karlicek, 1986).

The accuracy or uncertainty of the efficiency determined by the Thermodynamic Test Method
requires a careful analysis of the errors associated with the measurement of the parameters used in
the efliciency equations, including the analyses of the affect heat transfer from the environment to
the turbine flow and to the test equipment. To facilitate understanding the uncertainties. this
paper 1s divided into the following sections:

1. Parameter Diagram - This section identifies the parameters that must be evaluated in
the thermodynamic model of the turbine and the test equipment.

I. Systematic Errors - This section evaluates the systematic errors that can be anticipated
due to calibration and drift of sensors and their affect on the uncertainty. Also
included is an evaluation of the parameters that influence the Correction Factors
for Secondary Affects due to heat transferred from the environment to the turbine
and to the test cquipment.

[1I. Random Errors - The conditions at the inlet and especially at the discharge of the
turbine are often very dynamic and can produce random errors that require
statistical evaluation.

IV. Overall Uncertainty - The overall uncertainty in efficiency is the combination of the
svstematic errors and the random errors.

1. PARAMETER DIAGRAM

Figure -1 is a parameter diagram showing the parameters such as pressures (P..}. velocities (V.. ).
elevations (Z..), temperatures (T..) which define the thermodynamic model from the inlet to the
discharge of the turbine and the test equipment. Also shown by arrows are the Secondary Affects
from the environment to the turbine and to the test equipment. Please refer to Appendix -A for
the definition of each parameter. which also gives the efficiency equations to show how each
parameter is involved in the calculation.
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II. SYSTEMATIC ERRORS

Each parameter in Figure -1 and its affect in the efficiency equations in Appendix -A is analyzed in
the following paragraphs.

1. Properties of water (Ka and Kv) and Gravity constant (g): Values for these parameters are

based on IEC standards and depend on temperature and pressure. By careful calibration of the
temperature and pressure sensors, the error in absolute temperature is not more than 10 milli-deg
C. and the error in pressure is not more than 0.1%. Based on these sensor errors, the systematic
error in Ka and Kv are insignificant. There is, however, some disagreement between researchers
on exact values to be used, especially the isothermal factor (a). Variations in proposed values of
the isothermal factor (a) range from 0.05 to 0.10%, and variations in proposed values for volume
per unit mass (v) do not exceed 0.01% for pressures and temperatures normally encountered in
tests. To be conservative, these variations will be taken as the systematic error for Ka and Kv as
shown in the summary table at the end of this section.

2. Elevations (ZD. 7ZF. 71. ZJ and ZT): The elevations are always based on some established
reference elevation in the powerhouse. The elevations used in the efficiency are generally
accurate to within 3 mm (less than 1/8 inch); hence. the systematic errors due to these parameters
are insignificant.

3. Pressure at the center of turbine discharge (PD): In our test procedure. we measure the
pressure with a transducer mounted in the discharge flow. The transducer is calibrated at the site
using a water column to an accuracy within 1 mm of water column. To eliminate thermal errors
in the transducer. it is calibrated in a water bath at approximately the same temperature as it will
encounter in the turbine discharge. Systematic errors in PD are therefore negligible.

4. Mean velocity at turbine discharge (VD): This parameter is calculated by dividing the turbine
discharge flow rate (QT) by the area of the discharge. For Francis turbines. the area is the cross-
sectional area of the draft-tube exit. For impulse turbines, the area is a function of the discharge
tunnel width and the height of water in the tunnel, which varies with the power output. By
appropriate calibration of sensor PD with regard to its elevation above the tunnel floor (ZF), the
sensor will give an accurate measurement of the center of the discharge flow above ZF, and
hence, can also be used to calculate the height of water in the tunnel.

In the initial calculation of VD, the discharge flow rate (QT) is based on the manufacturer's data.
which is then re-calculated using a new value of QT based on the calculated turbine efficiency.
This calculation process is repeated several times so that the systematic error in VD is relatively
small and generally less than 2%. For discussion purposes, even it the error in VD is assumed to
be 2%. the resulting error in efficiency is negligible because the velocity head is small compared to
the net head (for example; assuming a net head of 300 m and a typical velocity head of 0.3 m and
a 2% error in VD, the error in efficiency would be only 0.004%). It should be noted that the
velocity at the discharge of Francis turbines is usually non-uniform and dynamic (ie. varies with
time across the draft-tube opening ). which is discussed in the section on random errors.
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5. Mean velocity of extraction flow in test unit after expansion (VT): The extraction flow rate is
usually in the range of 0.1 to 0.3 liters/second and in the test unit, the velocities are relatively low
and the corresponding velocity head is negligible.

6. Pressure at the center of turbine inlet (PI) and in test unit (PTO): To perform the expansion
method, a single probe is inserted in the flow at the inlet to the turbine as shown in Figure -2. The
pressure at the probe port is the static head plus the velocity head. The probe is used to extract a
small sample of the flow for the test unit, and using the single probe in this fashion ensures that
the energy per unit mass in the extracted flow is the same as that in the turbine flow based on the
following conditions:

a. The temperature of the turbine flow is uniform over its cross-section. This condition is
generally met when the penstock is long enough to ensure complete mixing and it 1s not exposed
to external heat sources such a rain and direct sun hght.

b. The turbine inlet flow has a relatively high Reynold’s No. (ie, around 1077) and the velocity
profile follows the power law {(V/Vm)=(Y/R)"n} shown in Figure -2. Based on experience,
most turbine inlet flows have Revnold's No.'s between 1076 to 1077, and most inlets are a
sufficient distance downstream of bends to avoid major distortions in the velocity profile.

c. The depth of penetration of the probe port (YY) is at an optimum point where the velocity
produces a velocity head equal to the turbine average velocity head. The optimum penetration
where this condition is satisfied for various exponents n in the power law is shown below:

Power Law Exponent. n = 1/8 1/9 1/10 1/11
Optimum Penetration Ratio (Y/RYy= 0.256 0.252 0250  0.247

In our test equipment. we have a number of probes of different length. and a probe is selected so
that the penetration distance is near the optimum ratio above, but in the case of a deviation from
the optimum, the computer automatically calculates a velocity head correction that is added to the
measured pressures.

It is recognized that the velocity profile may have some distortion and may not conform exactly to
the profile shown in Figure -2; hence. it is appropriate to analyze the affect of errors in the
velocity head on the efficiency. Referring to the cfficiency equations in Appendix -A. it 1s noted
that the pressure Pto in the numerator and the pressure Pi in the denominator are both derived
from the inlet probe; hence. any error in the velocity head occurs equally in both terms. Using this
fact. we have analyzed the velocity affects in a large number of Francis and impulse turbine tests
and have found that assuming a velocity head error as large as 20% causcs an error in efficiency
of less than 0.05%.

Calibration errors for the pressure sensors are minimized by calibrating them together at the same
pressures using a dead-weight tester with 0.1% accuracy. Any calibration errors would appear
equally in pressure Pto and Pi. and as these terms are in the numerator and denominator,
respectivelv. in the efliciency equations. the effect of an crror of 0.1% calibration error would
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result in an error in efficiency of only 0.01%. Errors due to temperature conditions are minimized
by calibrating the sensors at a temperature near that at which they will operate during testing.
Experience with the pressure sensors in a large number of tests has shown that they are very
stable and have negligible drifi by comparing the pre-test and post-test calibrations.

In summary, systematic errors in pressures Pto and Pi contribute a relatively small error in
effictency; but to be conservative, an error of 0.05% is assumed for the combined affects of
distortion in the velocity profile, calibration errors and sensor drift,

7. Temperatures TD and TT: Although these parameters do not appear in the efficiency
equations, they are critical determining the pressure Pto at which the temperature difference
(TT-TD) =0. The basic relationship between (TT - TD) and pressure Pto is that a 1 milli-deg C
change in the temperature difference corresponds to approximately 0.44 m of head. We use
quartz temperature probes that can measure temperature differences as low as 0.1 milli-deg C. By
using careful calibration procedures and making sure that the test equipment is at a stable
ternperature near that at which they will operate during the tests, the measurement of temperature
differences can be calibrated to within 0.2 milli-deg C. Experience from many tests has shown
that variations between pre-test and post-test calibrations of the temperature difference (TT - TD)
are often less than 2 milli-deg C, which means that error in (TT - TD) could be plus or minus 1
milli-deg C. and the resulting error in pressure Pto would be 0.44 m of head. The table below
shows how this error translates into the systematic error in efficiency for various net heads.

Net Head. m = 100 200 300 400 500 600
Efficiency Error, % = 044 022 0.5 0.1t 0.09 0.08

8. Heat transfer to the Test Unit (CF1): This Correction Factor is determined by calibration tests
described in IEC and is a function of the parameters listed below. It is generally a negative
correction to efficiency.

CE - Coeflicient of heat transfer from the air to the extraction flow

QF - Extraction flow rate

{TA-TT) - Temperature difference of the air surrounding the test equipment and the
temperature of the extraction flow in the test unit

With (TA-TT) = 10 deg C. typical values of CF1 may range from 0.3 to 1.0%, with the upper
value applicable to lower head plants. The values of CF1 can be reduced by well insulating the
test equipment to reduce the coefficient of heat transfer. The value of (TA-TT) will depend on
site conditions and if the temperature difference is small. the values of CF1 will also be small. The
uncertainty in CF1 depends on the accuracy of the measurements of QF and TA which are
typicaliy 3% for QL and 0.3 deg C for TA, resulting in a typical total error of 6%. Therefore, the
range of uncertainty in efficiency due to systematic error in CF1 would be in the order of 0.02 to
0.06%. depending on the head.

9. Heal transfer to the turbine flow (CF2): This Correction Factor is estimated by engineering
cajculations and is a function of the parameters listed below and is generally a positive correction:
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CT - Coeflicient of heat transfer from the surrounding air to the turbine

QT - Turbine flow rate (based on manufacturer’s data)

(TA-TD) - Temperature difference of the air surrounding the turbine structure and the
temperature of the turbine discharge (note: TD is sufficiently close to the
temperature along the flow path for these calculations)

The calculations involve determining the coeflicients of heat transfer from the air to the inlet pipe.
to structural surfaces and through the mass concrete of the turbine flow path from the inlet probe
to the location of the discharge probe. Experience from a large number of tests of both Francis
and impulse turbines indicates that the Correction Factor CF2 is typically in the range of 0.01 to
0.02%. with the upper value applicable to lower head plants. The calculations usually require a
number of simplifying assumptions, but even if the results are in error by an assumed factor of 2,
the uncertainty in CF2 would range from 0.01 to 0.02%.

10. Alr admission to the turbine (CF3): If atmospheric air is admitted to the turbine runner, the
heat transferred to the turbine can be computed by engineering calculations using psychrometric
relationships. This correction factor can be either + or - depending on the sensible heat in the air
which is a function of the parameters shown below:

PA - Pressure of the atmospheric air

QA - Flow rate of the air

RH - Relative humidity of the air

TA - Temperature of the air

D - Temperature of the turbine discharge

In Francis turbines. air may be admitted to the runner to mitigate the affects of cavitation and does
have an affect on the turbine efliciency. Generally. the amount of air is small relative to the
turbine flow and the affect of the heat in the air is small so that the value CF3 is usually negligible.
However for impulse turbines, the affect of air admission is complicated by the facts that: 1) the
amount of air may be significant and difficult to accurately measure, and 2) not all of the heat is
transferred to the water and some of it escapes in the space above the water. Experience in
testing impulse turbines with air admission indicates that the Correction Factor (CF3) to efhciency
can be as much as 0.3 to 0.4% if the air temperature (TA) and the relative humidity (RH) are
high: however, the uncertainty will be difficult to determine because of the facts listed in the
previous sentence, To eliminate CF3 and its uncertainty, it is suggested that impulse turbines be
tested with no air admission.

1t Unaccounted windage loss for Impuise Turbines (CF4): The windage loss for impulse turbines
can be estimated using standard formulae based on speed and runner dimensions. Generally, these
losses are small and may be in the order 0f 0.15 to 0.20% of the turbine rating. The portion of
these losses that are transferred to and absorbed in the turbine flow raises the temperature and are
thus accounted for in the efficiency. However, some of these losses are not transferred to the
turbine flow and some of the air escapes above the water, and because of this, they do not raise
the water temperature and thus are not accounted for in the efficiency. These unaccounted
windage losses are a negative correction to efficiency; however, the windage losses are relatively
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small to begin with and the unaccounted portion is only a small portion thereof , and therefore,
this correction is usually considered negligible.

The table below summarizes the typical systematic errors (%) in turbine efficiency at rated output.
Figure -4 is a plot of the total systematic error in efficiency (%) vs the net head from the table.

- Net Head (m) -

Parameter 100 200 300 400 500 600
Ka, Kv .05 .06 07 .08 09 10
ZD.7ZF.Z1. Z). 7T * * * * * *
PD * % * % * *
VD * * * * % *
VT * * * * * *
Pi/ Pto .05 05 .05 05 .05 .05
TT-TD .44 22 15 1 .09 .08
CF1 .06 .05 .04 .03 .03 .02
CF2 02 02 .02 ¥ * *
(‘F3 X * * * * *
(‘F4 * * % * * *
Total *# 45 24 18 15 g4 14

* Negligible or less than 0.02%
** Based on square root of the sum of the squares

[lI. RANDOM ERRORS

Another factor which contributes to the uncertainty in the calculation of turbine efficiency is the
presence of random errors in the measurement of parameters. Random errors occur in repeated
measurements which do not and are not expected to agree exactly due mainly to random
variations in the parameters themselves. To reduce random errors, several measurements are
taken of each parameter and the average value is used instead of the individual measurements. In
our procedures, we use a computer controlled data acquisition system to take measurements of
the parameters in a 20-second time interval which we call a “scan”. A number of scans are taken
from which the turbine efficiency at one operating point is calculated. The large data base of
measurements allows the use of statistical methods to compute the standard deviation which is a
measure of the random error in the calculated efficiency. If stable conditions exist during the
tests. the standard deviations and the random errors will be small. The term “stable’ conditions is.
however. subjective and merits further discussion of conditions at the turbine inlet and discharge.

I. Conditions al the turbine inlet: Random errors caused by variations of conditions at the
turbine intet are analyzed in the following paragraphs.
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a. Velocity Affects: The velocity profile at the inlet of the turbine was analyzed in the preceding
section and the affect of distortion in the profile was included in the systematic error. Random
variations in the velocity arc sensed by the inlet probe and are included in the data base; however,
1t should be noted that as shown in the preceding section, a large change in velocity head
produces a very small change in efficiency. [t was also shown that the optimum penetration
distance Y of the inlet probe port was approximately 0.25 times the internal radius R of the pipe
as this ensured that the probe pressure included the most accurate measurement of the velocity
head. This penetration distance has an additional benefit in that it removes the probe port from
the random temperature rise due to friction and from heat transferred to the water at the interior
surface of the pipe. Although the IEC Code permits penetration distances as small as 0.05 m, it
is our judgement that this distance is too small and can cause random errors in velocity head and
temperatures that could otherwise be avoided by using a penetration distance of 0.25R.

b. Pressure Affects: The pressure at the turbine inlet is also subject to random variations that can
be due to pressure transients and changes in head loss due to changes in turbine flow of other
units that share the same water conduit as the unit being tested. Experience from a large number
of tests indicates that the average pressure at the inlet during the test runs performed for each
efliciency point does not vary by more than 0.2% of the rated head. and since changes in pressure
at the inlet will appear equally in the pressure terms P1and Pto in the efhiciency equations, the
affect on the efficicncy will be less than 0.02%. Thus, random variations in pressure at the inlet
have a negligible effect on the efficiency.

¢. Temperature Affects: The temperature of the turbine flow at the inlet over its cross-section is
generally uniform when the penstock is long enough to ensure complete mixing and 1t 1s not
exposed to external heat sources such as rain and direct sun light. However, the temperature of
the turbine inlet flow will change depending on the source of the water. If the source of the water
is a large reservoir. changes in water temperature are usually gradual and due to temperature
stratification in the reservoir. If the source of water is directly from a river, the changes in water
temperature can be relatively large.

The water transit times for turbine water and for the extraction water (see Figure -1) are not
important if the temperature changes are gradual. However. if the water temperature changes are
large, the water transit times should be approximately equal to minimize random errors in the
temperature difference (TT - TD): that is, the transit time for the turbine water from the inlet
probe location to the temperature sensor TD in the discharge should be the same as the transit
time for the extraction flow to the temperature sensor TT in the test unit. Also. the design of the
temperature probes should be identical so that they have the same thermal response time.

The water transit time of the extraction flow can be accurately determined by the computer which
gives the optimum extraction flow rate QE for equal transit times: however, the water transit time
for the turbine flow rate QTcan have substantial random variations especially for Francis turbines
with split draft-tubes since the total turbine discharge often does not divide equally and
consistently. resulting in different discharge velocitics and variable transit times. The random
error caused by these variations can be evaluated by analysis of a typical situation. For example.
assume the turbine water transit time at rated output 1s 5-seconds and that the extraction flow is
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adjusted to achieve the same transit time. Also, assume that the temperature of the turbine water
changes at a rate of 10 milli-deg C/ minute (twice the IEC recommended limit). and that the
turbine water transit time has a random change of 2-seconds (ie, the turbine water can arrive at
the discharge temperature sensor TD as much as 2-seconds earlier or 2-seconds later than
anticipated). Since the computer controlled data acquisition system takes measurements over a
20-second scan time interval and averages the values, the effect of this random change on the
average temperature difference (TT - TD) would be 0.17 milli-deg C, and the resulting random
error in efficiency for a 300 m head would be only 0.025%.

To further ensure that random errors due to changes in the temperature of the turbine water at the
inlet are negligible, the instrumentation makes it possible to readily compare temperature
differences (TT - TD) at the beginning and end of each scan interval so that large changes can be
identified and the scan data for such conditions can be disregarded. Experience has shown that
although this technique takes more test time (more scans are required). it is very effective in
minimizing random errors due to temperature changes.

2. Conditions at the Turbine Discharge: Random errors caused by variations in the temperature
TD and the velocity VD of the turbine discharge, and by the environment of the water into which
the turbine discharges are analyzed in the following paragraphs:

a. Velocity Affects: The velocity of the water at the turbine discharge is influenced by the type
of turbine. For impulse turbines that discharge into a pit below the runner from which the water
flows into a discharge tunnel. the discharge velocity is fairly uniform and random errors in the
calculation of velocity head are negligible. For Francis turbines, the velocity of the water
discharged at the draft-tube opening is ofien very dynamic (varies with time) and unpredictable.
For Francis turbines with a split drafi-tube. the total discharge does not divide equally and the
velocity profile across the openings varies randomly. In 1987, the author conducted special tests
to investigate the temperature and velocity profiles in the draft-tube opening of a large Francis
turbine that had previously been tested. An array of seven quartz temperature probes and velocity
probes was assembled and lowered in each drafi-tube opening and measurements were made over
arange of turbinc power outputs. The conclusions from these tests concerning velocity are
summarized below:

o The velocity profiles varied considerably and rapidly even when the output of the turbine
was held constant. Sometimes the flow would concentrate in one corner of the opening
and suddcnly shift to another region. The only point with a consistent flow velocity was
at the center.

0 The total discharge based on the velocity at the center of the openings showed good
agreement with the total discharge determined from the previous tests.

0 The ratio of the discharge from the openings can be approximated by the ratio of the
relative velocities measured at the center of each opening. and this relationship can be
used to calculate the overall efficiency by weighting the efficiency for each opening by
ratio of the refative velocities at the center.
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A very comprehensive study of the energy distribution at the draft-tube outlet of a Francis turbine
was conducted by Dahlhaug, O.G. and Brekke, H., the results of which were presented at the
1996 IGHEM Seminar in Montreal, Canada. Their study showed that the velocity profiles across
the draft-tube opening were dynamic and varied considerably, which basically agreed with what
the Author observed in his earlier investigations. Fortunately, for Francis turbines the discharge
velocity head is relatively small and appears in both the numerator and denominator of the
efficiency equation so that random errors in the velocity term VD have a negligible affect on the
calculated efticiency.

b. Temperature Affects: Random variations in the distribution of temperature of the water in the
discharge can be caused by two factors; namely:

1. Incomplete mixing of the discharge flow wherein portions of the flow can have slightly
different temperatures. Since the water from the turbine runner to the measuring
location downstream is dynamic and continuously changing, these temperature
variations will be random and can be minimized by taking the average of measurements
over time. The paper by Dahlhaug and Brekke, 1996, showed only small variations in
average temperatures in the discharge.

2. The affect of the environment surrounding the discharge. This is perhaps one of the
most important factors influencing the temperature measurements at the discharge. In
the case of impulse turbines, the temperature can be influenced by heat transfer from the
air above the water in the discharge tunnel. so it is important that the temperature probe
be located well submerged in the flow to minimize this factor. Also, in many cases the
discharge exit from the tunnel is sufficiently far from the measuring location that
backflow is not a serious problem.

In the case of Francis turbines, the draft-tube length is limited and the measuring
location is usually at the point where the draft-tube discharges into an open channel or
river. [t is at this point that temperature measurements in the discharge from the turbine
are subject to influence from the backflow of water at the top. bottom and sides of the
drafi-tube as shown in Figure -3.  The tests made by the Author in 1987 10 investigate
the temperature and velocity profiles in the drafi-tube opening of a large Francis turbine
showed that the backflow at the top, bottom and sides of the opening definitely affected
the temperature measurements. Other papers presented the 1996 IGHEM Seminar in
Montreal also addressed these problems; for exampie, the paper by Alming. K. and
Bokko. E. described backflow problems, and the paper by Mayr, W. described temp-
crature measurements at the discharge showing substantial temperature deviations
around the peripheral regions of the draft-tube.

It would appear that making temperature measurements across the discharge opening
could actually introduce errors, and that the best location for measuring the
temperature of the discharge water is at the center of the drafi-tube as it is the least
subject to influence from the surrounding environment.
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In summary, random errors can best be minimized by making a large number of measurements of
the parameters that are used in the calculation of efficiency, and by analyzing the data using
statistical methods to determine the standard deviation as a measure of the random error. Based
on the Author’s experience from a large number of tests on both impulse and Francis turbines, the
standard deviation seldom exceeds 0.1%. It is interesting that the random errors appear to be
independent of the type of turbine or the head.

The Author also strongly recommends that the discharge temperature be obtained from a single
temperature sensor located near the center of the discharge in order to minimize the influence of
the environment surrounding the discharge. It is suggested that caution be used in interpreting
multiple temperature measurements taken across the discharge opening as the temperatures in the
peripheral regions can be subject to error due to the environment surrounding the discharge.

IV. OVERALL UNCERTAINTY

The overali uncertainty in turbine efficiency can be calculated by combining the systematic errors
with the random errors as shown below:

Overall Uncenainty % — SQR{(Systematic Lrrors %)*2 + (Random Errors %)"2}
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APPENDIX -A: Efficicncy Equations and Parameters *

{(Ka/g)(Pto - PD) - (VD"2/2g) + (ZT - (ZF + PD))}
I. Impulse Turbines. ET = x 100 + CF
{Kv/g)(Pi - PD) +(Z1 - ZD)}

{(Ka/g)(Pto - PD) - (VD"272g) + (ZT - ZD)}
2. Reaction Turbines, ET = x 100 + CF
UKV/g)(Pi - PD) - (VD"2/2g) + (Z1 - ZD)}

3. Definition of Terms:

ET - Hydraulic efficiency of the turbine (%)

Ka. Kv - Properties of water based on isothermal factor (a) and volume per unit mass (v) in IEC
KG - Kilowatt output of turbine shaft (Used in the calculation of turbine flow rate)

PD - Pressure at the center of turbine discharge

PI - Pressure at the center of turbine inlet

PTO - Pressure in test unit after expansion at which the temperature difference (TT-TD) = 0
Pi - Pressure Pl including velocity head {Pi= PI + (VIN2/2g)} **

Pto - Pressure P10 including velocity head {Pto = PTO + (VT7272¢)}

QE - Extraction flow rate (Used in calculation of Correction Factor CE1)

QT - Turbine flow rate (Used in calculation of velocity VD and in Correction Factors)
VD - Mean velocity at turbine discharge

VT - Mean velocity of extraction flow in test unit after expansion

D - Temperature of turbine discharge

TT - Temperature of extraction flow in test unit after expansion

ZD - Elevation at center of turbine discharge

ZF¥ - Elevation at floor of turbine discharge tunnel (impulse turbines only)

71 - Elevation at center of turbine inlet

Zl - Elevation at turbine jet (impulse turbines only)

£l - Elevation at center of test unit

CF - Correction Factor for Secondary Effects (see Figure -1)

CF1 - Heat transfer to test equipment

CF2 - Heat transfer to turbine flow

CF3 - Air admission to turbine

CF4 - Unaccounted windage loss for impulse turbines
i - Acceleration of gravity at the site

*  Based on the extraction flow (QF) adjusted to make its transit time the same as the transit

time for the main turbine flow (QT).

** The pressures including velocity head are used in the cfliciency equation because the probe

used to measure the pressures includes the velocity head

106



