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A PARAMETRIC STUDY OF TURBINE SYSTEMS
FOR COMPRESSED AIR ENERGY STORAGE PLANTS

Final Report for FY 1977
by
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and
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ABSTRACT

A parametric study of possible turbine systems for
compressed air energy storage (CAES) plants is made. The
plant considered is divided into four subsystems: a tur-
bine system, compressor system, reversible motor/generator,
and an underground air storage reservoir. The turbine sys- .
tem comprises a high-pressure gas turbine, a low-pressure
gas turbine, two combustors, and a recuperator. The com-
pressor system consists of a low-pressure compressor, a
booster compressor, an intercooler, and an aftercooler.

A water-compensated mined cavern is the underground reser-
voir.

Thermodynamic analyses of subsystem components are .
made, and plant performance is evaluated. The results are
given in terms of the five parameters: specific air flow
rate, specific storage volume, specific heat rate, specific
compression rate, and overall plant efficiency. The effects
on plant performance of design parameters such as inlet gas
temperature and pressure to each turbine were analyzed.

Also considered is the effect of using cooling air for tur-
bine blades and vanes.

SUMMARY =

Effects of four turbine system design parameters on the performance of
a CAES plant were determined: inlet pressures and inlet gas temperatures to
the high-pressure gas turbine (HGT) and the low-pressure gas turbine (LGT).
Also studied was the effect on plant performance of turbine cooling air,
which is required for higher inlet gas temperature to the turbines. - The re-
-sults are given in terms of five performance parameters: specific air flow
rate (1b/kWh5, specific storage volume (ft3/kwh), specific heat rate (Btu/kWh),
specific compression rate (Btu/kWh), and overall plant efficiency. The four

specific parameters are based on a kilowatt of power generated by the turbine



system. Overall plant efficiency is defined as the total power output of the
turbines divided by the sum of the fuel energy input rate to the combustors

and off-peak power input to the compressors.

For turbines that do not require cooling air, the following performance

trends were observed in terms of the specific parameters and overall plant’

I3

efficiency:

1. As the inlet gas temperatures increase, the heat rate and
overall efficiency also increase, and the air flow rate,
storage volume, and compression rate decrease.

2., The heat rate is influenced strongly by the inlet tempera-
ture to the low-pressure turbine and only weakly by the
temperature to the high-pressure turbine.

3. As the inlet pressure to the high-pressure turbine increases,
the compression rate increases slightly and the specific air
flow and heat rates as well as the overall efficiency decrease
slightly, whereas the storage volume decreases significantly.

4, The outlet pressure from the high-pressure turbine has a
minor effect on performance.
Thus, the highest inlet gas temperatures possible, without requiring
cooling air, should be used. The inlet pressure to the high-pressure turbine,

which is determined by the storage pressure, should be as high as possible.

For turbines that require cooling air, the performance trends observed

were as follows:

1. Uncooled high-pressure turbine and cooled low-pressure turbine:

* As the flow rate of cooling air increases, the specific
air flow rate, storage volume, and compression rate
-increase. These values are less than for equivalent
uncooled turbines when the ratio of LGY cooling-air
flow to main-air flow (cm) is less than 0.2.

* The specific heat rate is always greater than for the
equivalent uncooled turbine.

* The overall efficiency decreases with cooling-air flow.
For r., < ~0.1, it is greater than for uncooled turbines;
but fofr Tcy > ~0.1, it is less.

2. Both turbines air-cooled:

* As the ratio of HGT cooling-air flow to main-air flow
(rc,) increases, the specific air flow, storage volume,
and compression rate decrease when the ratio of LGT

cooling-air flow to main-air flow (rcz) is greater than
~0.2. ”



These values increase for rg, < ~0.2 but are less than
for an equivalent uncooled turbine for most ratios con-
sidered.

* As 1., increases, the heat rate increases for rc, .< ~0.45
but decreases for re, > ~0.45. This rate is always
greater than for the"equivalent uncooled turbine.

* As r., increases, the overall efficiency. decreases for
Te, < ~0.3 but increases for r., > ~0.3. For most cooling-
air ratios, the overall efficienicy is greater than the
equivalent uncooled turbine when T3 = T5 = 2400°F, but it
is less when T3 =Tg = 2000°F.

The above trends indicate that the amount of cooling air has a major
effect on the performance parameters. Cooling air can either increase or
decrease the performance parameters as compared to equivalent uncooled tur-
bines. However, using-high inlet gas temperatures, which require cooling air,

always increases the use of premium fuel.



1 BACKGROUND

Compressed air energy storage (CAES) is a near-term!technology for the
load leveling and peak shaving strategies being considered by electric utili-
ties. Asseséments of the_technical and économic feasibility of this storage
sysﬁem indicate that- it is economically compétitive with conventional gas-

turbine peaker units.

A CAES plant comprises four subsystems (see Fig. 1.1): a turbine sys-
tem, compressor system, reversible motor/generator, and an underground air-
storage reservoir. The CAES concept is based on a split Brayton cycle with
an accompanying underground air reservoir. During periods of off-peak power
demand, air is compressed with base-plant power and stored in the underground
reservoir. The air is discharged, for power generation, through a combustion
turbine dufing the peak demand period. '

.

1.1 AIR STORAGE RESERVOIR

Because the storage reservoir is usually the most costly single compo-
nent in a CAES plant, its volume is a sensitive design parameter. The volume
required is affected by storage pressure and temperature, power level, and
generation time; and (less obviously) by the reservoir type, air quantity
required by the turbine system, and pressure ranges permitted by the turbo-

machinery (turbines and compressors).

Compressed air can be stored underground in caverns (natural or mined)
or in the pore space of porous rock formations. Caverns may be mined by con-
ventional mining, nuclear explosives, or solution—mining; as for salt struc-
tureé. Many of the porous rock formations are aquifers (i.e., they contain
water). To use an aquifer for gas storage, as has Been done for many years

in the natural gas industry, the water must be displaced.

1.2 COMPRESSOR SYSTEM

The compressor system comprises an axial compressor, centrifugal boos-
ter compressors, intercoolers, and an aftercooler (see Fig. 1.2). Intercooling
is required to operate the compressors within temperature limits tolerable for
standard materials (about 600°F maximum air temperature). An aftercooler is

used to cool the air to avoid possible thermal-stress damage to the storage
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Fig. 1.3. Turbine System in a CAES Plant
reservoir. The axial compressors are units modified from éonventional gas-—
turbine peakers. Several commercially available axigl compressors have a
nominal pressure ratio of 11:1, and a 16:1 unit isfavailable that coﬁprises
two 4:1 éoﬁﬁreééorsvwiﬁh intermediate intercooling. One or more centrifugal
booster compressofs; in series or in parallel, are used to raise the pressure
to the desired storage level. These compressors are directly connected or

geared to the main’' shaft of the axial compressor.

1.3 TURBINE SYSTEM

The turbine system consists of a low-pressure turbine (LGT), a high-
pressure turbine (HGT), two combustors, and a recuperator (see Fig. 1.3).

The LGT is a turbine modified from a conventional gas-turbine peaker unit.



Several commercially avdilable turbines have a nominal pressure ratio of 11l:1,
and one manufacturer sells a 16:1 unit. For the LGT, two different designs
are available: one, with internal air cooling, to operate:at inlet gas tem-
peratures of 1600°-2400°F; and the other is for a simpler, uncooled turbine,

for gas temperatures below about 1600°F. -

For proposed CAES plants, the HGT is a modified steam turbine operating
at gas temperatures of about 1000°F. Optimized designs for compressed-air
turbines, which operate at high temperatures, are being investigated. The
required pressure ratio across the HGT is determined by the reservoir storage

pressure and the inlet pressure to the LGT.

The combustors can be designs modified from conventional gas-turbine
peaker units. Preliminary studies indicate that recuperators can be designed
that are economically feasible for CAES application; they will differ from a
conventional gas-turbine peaker unit because of the high-pressure air leaving
the reservoir. Reéuperators for conventional peakers are designed and built-
on a one-of-a-kind bésis, and application of recuperators to large-scale
peaking units (having the papacity of proposed CAES plants) is relatively
recent. In the summer of 1974, Philadelphia Electric Company put into ser-
vice the first large-scale installation of recuperators to be subjected to

many starting cycles, as is expected in CAES plants‘.1

1.4 MOTOR/GENERATOR

The motor/generators in most CAES plants do not require special design -
features. Seyeral U.S. and foreign manufacturers market synchronous units,
operating at 3600 rpm, which could be used. For example, the Brown Boveri
Corporation sells a nominal 200-MW motor/generator rated at 225 MVA, 17 kv,

with hydrogen cooling and static excitation.

1.5 PERFORMANCE PARAMETERS

The performance of a CAES plant can be characterized in terms of five
parameters: specific air flow, specific heat rate, specific storage volume,

specific compression rate, and overall plant efficiency.

Specific air flow is the mass flow rate of air supplied to the turbine

system per kilowatt power generated (1lb of air/kWh). It is the major factor



in determining the size of the turbines, compressors, and air-storage reser-

voir.

- Specific heat rate is directly proportional to fuel consumption and is
.equal to the product of specific fuel consumption and the lower heating value
of the fuel (Btu/kWh). It therefore affects the operating cost of the tur-

bines.

Specific storage volume, the volume of reservoir required per kilowatt
of power generated (fts/kWh), is dependent on the specific air flow rate and

the temperature and pressure of stored air.

Specific compression rate is the energy equivalent of the power sup-
plied to the compressors per kilowatt of power generated (Btu/kWh). This

parameter is the amount of off-peak energy required to opérate the compressors.

The overall plant efficiency is equal to the total energy output from
the turbines divided by the sum of the energy input from the fuel and off-peak
energy to the compressor system. This efficiency defines the ability of a
CAES plant to store off-peak energy and return energy to the power grid during

peak hours.

1.6 DESIGN PARAMETERS

A CAES plant can be designed with many combinations of surface equip-
ment. The design of the compressor system using commercial equipment is
straightforward and depends on the required reservoir pressure and flqw rate
needed for the turbine system for which a variety of equipment options are

possible.

Since the objective of a CAES plant is to generate peak power, the tur-
bine system represents the heart of the plant; and studies of CAES plants have

focused on this system.2

The performance of the turbine system, and of the
complete plant, is a function of the inlet pressure to the HGT (the reservoir
pressure), the intermediate pressure between the turbines, and the inlet gas
temperature to each turbine. In addition, the selected inlet gas temperatures

dictate whether internal air cooling is necessary.



1.7 SCOPE OF REPORT

The results of a parametric study of turbine systems for CAES plants
are présented. The effect of the design parameters on overall plant perfor-
mancé were considered, with'particular emphasis on theAeffect of turbine
cooling air required for high inlet gas temperatures to the turbines on plant

performance.

The report is divided into three chapters and an appendix. 1In Chapter
2, a thermodynamic analysis of each subsystem and the complete plant is pre-
sented. The appendix contains the detailed development df the equations.
Chapter 3 presents and discusses the results of the study. Given first is
the performance of the plant without the use -of turbine cooling air and next
the effect of turbine cooling air. The conclusioné and recommendations re-

sulting from this study are given in Chapter 4.



10
2 THERMODYNAMIC ANALYSIS

A thermodynamic analysis was carried out on each of the four systems of
a CAES plant, and the results were combined to evaluate the performance.of the
plant. Parameters considered include: inlet gas temperature to the high-
preésure gas turbine (HGT) and low-pressure gas turbine (LGT); inlet and out-

let gas pressures of the HGT; and the amount of cooling air.
The following assumptions were made:
» The gas flow is steady and the state at each point in the

control volume does not vary with time.

* Difference in kinetic energy and potential energy across
each component are negligible.

* Heat loss to the ambient from each component is negligi-
ble (adiabatic control volume).

* The gas mixture behaves as a perfect gas.

* Natural gas is the fuel.

2.1 TURBINE SYSTEM

The turbine system chosen consists of two turbines (HGT and LGT), two
combustors, and a recuperator (Fig. 1.3). The selection of the turbine system
evolved from the results of a previous study,2 which included comparison of

several possible turbine systems for CAES.

In analyzing the performance of the turbine system, the following val-

ues of system parameters were considered:

It

Turbine efficiencies: 1 = 7 0.85,

LGT HGT

Combustor efficiencies: nCl = nCz = 1.0,

Recuperator effectiveness: ¢ = 0.8,

Temperatures: Tl = LU
T3 = 1000°, 1600°, 2000°, 2400°T
T5 = 1600°, 2000°, 2400°F
Pressures: P3 = 50, 70, 100 atm,
P4 = 11, 16, 30 atm, and
Power output of LGT: W = 200 MW.

LGT



11

Subscripts given in the above parametefs correspond to the components or sta-
tions in Fig. 1.3. The efficiencies of turbines and combustors are based on
the state-of-the-art values of available equipment. Recuperator effectiveness
is a function of the heat exchanger specifications. Because the temperature
of the inlet gas to the turbines must be'kept low enough to avoid thermal dam-
age‘to the turbine blades and vanes, cooling air is required for higher inlet
gas temperatures. Temperature T1 is fixed by the condition of the underground
air-storage cavern; and pressure p, depends on the pressure drops across the
recuperator and the first combustor, and pressure 6f the cavern air. The
thermodynamic analysis of the turbine system\is given in detail in the Appeﬁ-

dix.

Governing equations were written for each component. Mass-balance
equations were formulated by considering addition of fuel to the combustors
and cooling air to the turbines. Instead of momentum equations, equations
that represent the pressure variations across each component were used.
Energy-balance equations were written for the recuperator, the turbines, and
the combustors. The definitions of recuperator effectiveness and thermal

efficiency of turbines were also used.

The equations for mass, momentum, and energy balances were solved by
use of a simulation computer program with which the following were calculated:
turbine outlet temperaturés, T4Aand T6; recuperator outlet temperatures, T2
and T7; and fuel-air ratios for the combustors, fl and f2. Ihe rate of air
flow from the underground storage reservoir is then obtained from the energy-
balance equation for the LGT. From these results, the power output of HGT is
calculated. Finally, the total power output of the turbine system, specific

air flow rate, and specific heat rate are calculated.

2.2 UNDERGROUND AIR STORAGE SYSTEM

The underground air storage reservoir considered is a water-compensated
cavern. Therefore, the pressure variation in the cavern during the operating
cycle is negligible. Two factors influence the pressure variation in the air
shaft: static head and friction. Variation in static-head pressure is a
function of the-air pressure in the cavern, and variation in frictional pres-

sure is a function of air flow rate.
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Air pfessure in the storage cavern was calculated from the outlet air
pressure of the cavern, with pressure variation due to the change in the sta-
tic head and that due to friction being considered. The specific storage
volume could then be obtained from the cavern pressure and the specific.air

flow rate. (See .Appendix for the calculétional procedures.)

2.3 COMPRESSOR SYSTEM

The study was extended to the compressor system in order to complete
the analysis of the CAES plant. The compressor system selected is composed
of two compressors (low-pressure, LPC, and booster, BC), and intercooler and
an aftercooler, as shown in Fig. 1.2, The following parameters were assumed

to be known or specified:

Adiabatic efficiency of compressors:

‘ Npe = Mpe = 0.85;
Temperaturesz Tll = 77°F, T13 = 100°F, Tl5 = 120°F; and
Pressures: Py = Patm’ Py 16 atm.

The required output includes the compressor outlet temperatures (Tl and Tlé)’

2
from which the power input to the compressors may be obtained. (See Appendix

for the detailed analysis.)

The rate of air flow into the compressér system was based on flow from
the storage cavern into the turbine system, with the following being consi-
dered: 1loss of air in the cavern; pressure drops across the intercooler and
aftercooler; and the frictional loss in the cavern shaft. The compressor out-
let temperatures could then be calculated by use of the adiabatic efficien-
cies of the compressors. By using these results, the power inputs to the com-
pressors could be calculated with the energy-balance equations., Specific com-
pression energy was then evaluated from the input of the compressor system and

the output of the turbine system.

2.4 COMPRESSED AIR ENERGY STORAGE PLANT

By using the results from the analysis of the turbine system, under-
ground storage cavern, and compressor system, the overall performance of the
CAES plant was evaluated. The overall plant efficiency (noverall) was defined

as,
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W ‘ ‘
out _ s (2.1)

n =
ovgrall 0 +
comp fuel

where: 4
J,Aﬁ;ut ~= power qgﬁp#t of thelturbihe'system,
?comp % power inpu; to tﬁg compre;sor sysﬁem?
rate of fuellsupply to the combustors,
'isl_

. .. fuel =
In the rate form of this equation, the charging time of the reservoir

assumed to equal the power-generation time of the turbine system.
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3 RESULTS AND DISCUSSION

Results of this parametric study are presented in terms of thé five
performance parameters: specific air flow (1b/kWh), specific storage volume
(ft3/kWh), specific heat rate (Btu/kWh),Aspecific compression rate (Btu/kWh);
and overall plant efficiency;landAare given as a function of turbine inlet
temperatures (T3 and TS) and‘inlet and bﬁtlet pressures of HGT (p3 and pA).
Given first are a set of results for which turbine-blade cooling is not con-

sidered. The effect of cooling air on results is.discussed in-Sec. 3.2.

3.1 PERFORMANCE WITHOUT CONSIDERING COOLING AIR

Specific air flow, the flow rate (1b/hr) of air coming out of the stor-
age cavern per unit output of the system (kW), is directly proportional to the
turbine and compressor sizes. Thus, it is important in determining the cost

of the above-ground facility.

Specific storége volume, the required storage cavern volume per unit
work output, is directly related to the cost of the underground facility for
a CAES plant. This storage volume depends on the required specific air flow
rate as well as on cavern conditions, such as.pressure and temperature of
stored air. Consequently, results for the storage volume show a trend simi-
lar to those for air flow. A plot of specific air flow and specific storage
volume against HGT inlet temperatures at different LGT inlet temperatures
(Fig. 3.1) shows that the air flow and volume decrease as inlet temperature
of either HGT or LGT increases. Shown in Figs. 3.2 and 3.3 are the effects
of HGT inlet pressure and outlet pressure, respectively, on the specific air
flow and the specific storage volume. Smaller air flow and storage volume
are required for a higher HGT inlet pressure, and the effect of HGT outlet

pressure is almost negligible.

Specific heat rate is a measure of premium-fuel usage for the combus-
tors per unit power output of the system. The effect of turbine inlet tem-
peratures on the specific.heat rate is given in Fig. 3.4: higher LGT inlet
temperature requires more fuel and the heat rate decreases and then increases
as the HGT inlet temperature increases. Figure 3.5 shows that the specific

heat rate slowly decreases as the HGT inlet pressure increases. Figure 3.6
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shows that the specific heat rate decreases monotonically as HGT outlet pres-

sure increases.
.

Specific compression rate, the fuel equivalent of the energy inpu; to
the compressors as.defined in Eq. (C.11) .of the Appendi#, depends on thé'air.
flow and inlet and gutlet tempefatures of both ‘compressors. 'Figuré 3.7 shows
that the comﬁression}réte dec;eases with increasing turbine inlet temperatures
in a pattern simiiar to that for the air flow (Fig. 3.1). This similarity
results because the cdmpreséioh rate is directly proportidnal to the air flow.
A higher compression rate is required for higher HGT inlet pressure (Fig. 3.8).
This trend is opposite to the relationship between specific air flow and HGT.’
inlet pressure. The higher stéfage pressure induces higher compressor outlet
temperatures, which.reqpire a higher compression rate. The HGT outlet pres-
sure, as shown in Fig. 3.9, does not affect the specific compression rate

appreciably.

The overall plant efficiency, the ratio of turbine power output to the
sum of the power inpﬁt to fhe compfessors and the power equivalent of fuel
energy, ranges from 0.48 to 0.58 for the conditions specified in this study.
The effects on the overall plant efficiency are given in Figs. 3.10-3.12.
Higher turbine inlet temperatures iﬁcrease efficiencies (Fig. 3.10).,:ﬁowever,
for this set of resﬁlts, the effect of cooling air, which will be required for
high turbine inlet temperétures is neglected. The overall efficiency decreases
with increasing HGT inlet pressure (Fig. 3.,11), but the variation is considered
insignificant. Figure. 3.12 shéws the effect of HGT outlet pressure on overall:
plant efficiency; the variation in plant éfficiency differs from case to case
according to turbine inlet temperatures, but the effectvof HGT outlet ﬁfessuré

is insignificant.

3.2 EFFECT OF COOLING AIR

Turbine blades and vanes must be cooled to keep them within a tempera-
ture range to accomﬁodaté metallurgical limitations when high turbine inlet
temperatures are to be used. Air cooling is the most common and practical
method, although little detailed information on it appears in the open litera-
ture. Two data points were available. Giramonti et al.? considered a case
for an inlet gas temperature to the turbine of 2000°F and a cooling-air tur-

bine air ratio of 0.21 for the turbine pressure ratio of 14.2. Ayers and
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Hoover" used a ratio of cooling air to turbine air of 0.085 for a turbine in-

let gas temperature of 1850°F and a turbine pressure ratio of 10.

We assumed that cooling éir is required for turbine inlet air tempera-
tures above 1600°F and that mixing of cooling air with the main turbine flow
is completed in the early stages. The second assumption may not be true in
practical applications, since cooling air was found to be needed for more
stages for such higher gas temperatures as 2400°F.° However, this simple
cooling model predicts the performance of turbines with reasonable accuracy;
e.g., it predicts a turbine outlet temperature of 821°F for a case in the

UTRC report,® where the stage-by-stage model in the reference gave 774°F.

Before the study of effect of cooling air on the system performance,
a case from Ref. 3 was examined to compare with results of the analysis in
this report. The case was based on an input parameter different from the
others cited in the report; power input to the cbmpressor system was speci-
fied as 200 MW, »Iﬁ Table 3.1,vin which results from the present analysis
are compared with those in Ref. 3, specific turbine flow does not include the
cooling air. The table shows that the present analysis predicts the perfor-
mance of the CAES plant with acceptable accuracy, even though a yery'simple

air-cooling model was used.

Table 3.1, Comparison of Results on a Casea

Present
Analysis Ref. 3
Specific Turbine Flow (1b/kWh) 8.47 8.46
' Specific Sforage Volume (ft3/kwh) 1.87 o 1.86
Specific Heat Rate (Btu/kWh) 4,040 ' 4,130
Power Output (MW) 258 ' 254

Overall Plant Efficiency 0.51 0.50

aCaverh pressure = 70 atm;
HGT inlet temperature = 1000°; LGT inlet temperaturc = 2000°F;
Cooling air-turbine air ratio (LGT) = 0.23; and

Power input to compressors = 200 MW.
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Because the cooling air is supplied from the underground air-storage
cavern, it increases the éir flow rate and affects the results. The study
includes the effect of cooling air on the following specific parameters: air .
flow, storage volume, heat rate, compression rate, and on overall plant effic-

iency. Four cases were examined:

HGT Inlet LGT Inlet
Case  Temperature, °F Temperature, °F
(a) 1000 12000
(b) 1600 2000
() 2000 2000
(d) 2400 2400

For cases (a) and (b), cooling air is needed for the LGT only, while both tur-
bines require cooling in cases (¢) and (d). Since there is little informa—
tion on the amount of cooling air required as a function of turbine inlet
temperature, a study was made by using the ratio of cooling-air flow to main-

turbine flow as a parameter. Results were obtained for flow ratios of .0-0.5.

The effect of cooling air on the air flow and storage volume is given
in Figs. 3.13a (cases a and b) and 3.13b (casés ¢ and d). For all cases, air
flow and storage volume increase by as much as 35% as the ratio of cooling air
fb turbine air increases from 0 to 0.5. Also shown in the figures are refer-
ence points representing the cases in thch the highest allowable turbinetin—
let temperatures without blade cooling (1600°F) are used. Comparison wi;hl
these reference data gives the limits on the ratio of cooling air to turbiée
air within which lower specific air flow and storage volume than the refer-
ence cases would.be, required: Ic, < 0.22 for case (a), re, < 0.18 for case
(b), re, < 0.29 ~ 0.45 depending on e,y for case (c), and cm < 0.6 for all

Teq for case (d)

The effects of cooling air on specific heat rate are given in Figs.
3.14a (cases a and b) and 3.14b (cases c and d): the specific heat rate in-
creases for all cases regardless of the cooling air rate. The increases in
specific heat rate are greater for the reference case by no wore than 6, 14,

and 17% for cases (a) and (b), (c), and (d), respectively.
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' Effects of cooling air on specific compression rate (Figs. 3.15a and
3.15b) resemble those of specific air flow: compression energy increases mono-
tonically as cooling air-turbine air ratio becomes larger. Comparison with

the reference cases shows ﬁhe limits 6n»the cooling air-turbine air ratio
within which less compression energy is fequired for higher turbine inlet
temﬁeratures. The limits are very clbse to those for air flow and storage

volume.

Shown in Figs. 3.16a and 3.16b are the effects of cooling air on over-
all'plgnt efficiency: 1in general, overall plant efficiency decreases with
increasing ratio of cooling air to turbine air. Data for the reference cases
are also shown for comparison. It is found that plant efficiency can be in-
creased over that in the-reference cases by using higher turbine inlet tem~
peratures under the following conditions: re, < 0.1 for cases (a? and (b);
Tey < 0.27 and e, < 0.17 for case (c¢); and Tey < 0.48 and re, < 0.34 for

case (d).
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4 CONCLUSIONS AND RECOMMENDATIONS

For uncooled turBines, the following performance trends were observed:

1. As inlet gas temperatures to the turbine increase, specific
air flow, storage volume, and compression rate decrease;
specific heat rate and overall efficiency increase.

2. Specific heat rate 1s strongly influenced by inlet tempera-
- ture to the low-pressure turbine (Tg5 in Fig. 1.3), but only
weakly affected by the inlet temperature to the high-pressure
. turbine.

3. As inlet pressure to the high-pressure turbine (p3) in-
' creases, specific storage volume significantly decreases; .
. specific air flow, heat rate, and overall efficiency slightly
décrease; and specific compression rate slightly increases.

4. Outlet pressure from the high pressure turbine (pa) affects
' performance only sllghtly

‘ Thus, it is recommended that the highest possible inlet gas tempera-
tures without tequiriﬁg cooling air should be used. The inlet presshré to
the high-pressure turbine, which determines the storage pressure should be
as high as possible. Since the outlet pressure from the high-pressure tur-
bine has a minor effect on performance, conventional low-pressure turbines .
(from gas-turbine peaker units) having a nominal pressure ratio. of 10-16:1

can be used.

For turbines that require cooling air, the following performance

trends were observed:

1. Uncooled High-Pressure Turbine and Cooled Low-Pressure Turbine

a) As r., increases, specific air flow, storage volume,
and cOmpression rate increase. They are less than
for equivalent uncooled turbines for ey < ~0.2.

b) The specific heat rate is always greater than that
for equivalent uncooled turbines.

c¢) The overall efficiency decreases with fc,. For rc
< ~0.1, the efficiency is greater than for uncoolea
turbines; but, for e, > ~0.1, 1t is 1less.

2. Both Turbines Air-Cooled

a) As r., increases, specific air flow, storage volume,
and compression rate decrease for r., > ~0.2, but
they increase for r., < ~0.2. These"values are less
than for an equivalent uncooled turbine for most
cooling air ratios considered.
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b) There is an inflection point at e, * 0.45 for the
specific heat rate: as r., increaSes, the heat rate
increases for r,, < 0.45 but decreases for r., > 0.45.
This rate is always greater than for the equivalent
uncooled turbines.

c¢) There is an inflection point at r., = 0.3 for the
overall efficiency: as r., increaSes, the overall
efficiency decreases for r,, < 0.3 but increases for
re, > 0.3, The overall efficiency is greater than
for equivalent uncooled turbines for most cooling-air
ratios when T3 = Tg = 2400°F, but it 'is less for most
cooling-air ratios when T4 = Tg = 2000°F. '

"The above trends indicate that the amount of cooling air has a signifi-.
cant effect on the performance parameters; cooling air can either increase or
decrease performance parameters compared with equivalent uncooled turbines.
However, using high inlet gas temperatures; which require cooling air, always‘
increases premium fuel usage. Detailed information on' turbine cooling is

therefore essential to accurately evaluate different turbine systems.

The United Technologies Research Center is completing a subcontract
with ANL (the expected completion date is November 1, 1977) to evaluate the'
performance and cost of selected turbomachinery cbmponents for CAES plants.
This work will provide the necessary data on turbine cooling. Completing the

evaluation‘given here in this report is planned for FY 1978.
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5 APPENDIX

A. ANALYSIS OF TURBINE SYSTEM

Governing equations were written for each component. Mass-balance.-"

equations were formulated first as follows:

i, = iy : (A1)
ﬁ3 = by + g - (A.2)
f, = By * e, T (AL )
i = iy + e, &)
g = g * b, | | ' (A.5)
=m7 —a . . A -~ (A.6)

In the above equations, m is mass flow rate énd subscripts 1-7 denote the sta-
tions shown in Fig. 1.3. The symbols ﬁfl and ﬁfz represent the rates of fuel
gas supply to combustor 1 and combustor 2, respectively. Also, mél and icZ,

respectively, denote the mass flow rates of cooling air into the HGT and LGT.

The fuel-air ratios are: -

f - .
fl = —— and ‘ (A.7)
o
l .
o, : . .
f2 = ;;4: . ‘ (A.8)
R | |

Ratios of cooling air to turbine-air are defined as follows:

: ﬁcl - :
fe; =z and (A.9)
oy :
mcz
Te, = =2 . (A.10)
2 my

Then Egqs. (A.2)-(A.5) can be written as, .

. = & . 1
?3 m, + mlfl , a.2")
. . 1
m4 = m3 + mlrcl N (A-3 )
. e . . '
me = + mlf2 , and | (A.4")
m. = m. + 0 (A.5")

6 5 1fep -



30

Pressure losses through the piping were not considered separately but
were included in those across the components. The decrease in gas pressure
was assumed to be 5% across the recuperator and 6% across the combustors.
‘These values were based on data in Ref. 3. The following equations, which
represent the pressure variations across‘each component, represent the momen-

tum equations.

p, =0.95p, | (A.11)
Py = 0.94p, , (A.12)
Pg = 0.94 P, , and (A.13)
P, = 0.95p, . (A.14)

Equations for energy balance were then written for each component.
From the definition of recuperator effectiveness,
h, - b’ :
£ = ——————hz — hl s : (A.15)
6 1
where € is the>recuperator effectiveness and h is the enthalpy at different
states. Eq. (A.15) can be rewritten, with the use of the approximate method
described in Ref. 2, as
py (Ty = Ty)

c = Cp6 (T6 - Tl) . (A.l6)

where ¢ and T are the specific heats at constant pressure and temperature at

different states. The energy balance is formulated for the recuperator -as:

m, (h, - hy) =

p By - by (hy = b)) . (A.17)

6 6 7

With use of the approximate method of analysis,? Eq. (A.17) becomes:
m

(T, - T)) =, cpg (Tg - T) . (A.18)

1 P2 ‘42

Thermal efficiencies of the turbines are defined as:

n = th_ ; and : (A.19)

HGT h3 - hQS

Ner ~ Eé_:_ié_ . } (A.20)
h. - h



31

In Eqs. (A.19) and (A.20), n and et are the thermal efficiencies of high-

HGT

pressure and low-pressure gas turbines; respectively. Symbols h4s and h6s are

the enthalpies at the turbine outlets when expansion through the turbines is

isentropic. By using the approximate method, Eqs. (A.19) ‘and (A.20) become:

o 37 %4 ) L
nHGT = 2 ; and B . (A.21)
P
P3
T. - T
5 6
* Mgt T a; s (A.22)
p,
o)
Pg /.
where a = k - 1 and
k
c
k=%
c
-y

In the above equations, c, is the specific heat at constant volume; the sub-

scripts correspond to the stations illustrated in Fig. 1.3.

An energy—balancé equation is written for HGT as follows:

Mgt = M3 (B3 = By) + ey (B, = By
~ m3 Cp3 (T3 - T4) + Iljlcl Cp4 (TC - T4) ’ . A (A.»23)
where ﬁHGT is the power output of the HGT and subsc¢ript ¢ represents the

cooling air. Similarly, for the LGT:.

L]

Wpgp = M5 (hg = hg ) e, (B, = Ry)
* Mg Cpe (T5 - T6) + Mme, Cpg (TC - T6) s (A.24)
where ﬁLGT is the power output of LGT.

The ﬁollowingvéquations represent energy balances based on the combus-

tors. For combustor 1l:

mzh2 + mey (hf1 + nClAHL) = m3h3 s (A.25)
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where ncy is the efficiency of combustor 1 and AHL is the lower heating value

of fuel. Equation (A.25) can be reduced to:

Cpy (T3 - T2) = fl [°p3 (Tf1 —'T3) + nClAHL] . : (A.26)
Similarly, for combustor 2:
— = ' '— /
cps (T5 = T,) = £, [epg (Tgy - Tg) + n,ti | (A.27)
f2
where f,' = .
2 1+ fl + ey

The equations for mass, momentum, and energy balances were solved
simultaneously with a simulation computer program written for this purpose.
The following results were calculated: turbine outlet temperatures, T4 and
T6; recuperator outlet temperatures, T
and £

5 and T7; and fuel-air ratios for the

combustors, f The rate of air flow from the underground storage

1 2°
cavern is then obtained from:

s wLGT

m =
1 (1i+ fl + f2 + rcl) Cps (T5 - T6) + Tc, Cpg (Tc - T6) .

(A.28)

From these results, the power output of HGT can be calculated as follows:

Woop = 0 [(l + fl) Cpj (T3 - T4) + rey cp, (T6 - T4)] . (A.29)

The total power output of the turbine system is then:

Yout T Mot * Mot (4.30)
Specific air flow rate and heat rate are obtained from

L = * § : . . )

mo= by (1 + feq + rc2)/wout ; and (A.3D)

hd ] = . ‘ : ' .

Q my (fl + fz) AHL/Wout . (A.32)

B. ANALYSIS OF UNDERGROUND AIR STORAGE SYSTEM

Pressure variation in the air shaft of an underground storage cavern
is due to changes in static head and friction. The variation in static-head

pressure is a function of the cavern pressure. From Ref. 3:

bp_ =P, [l—exp (-0.00111 pca)] , (B.1)
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where Aps and Poa® respectively, denote variation in static-head pressure and
the cavern pressure in atmospheres. The pressure loss due to friction is
known‘as a function of air flow rate, but it is considered insignificant com-
pared with the variation in static-head pressure. - Variation in frictional
pressure (Apf) is about 0.07 ~ 0.20 atm ét air flows of 500 ~ 1000 1b/s.
Based on this fact, a pressure drop of 0.15 atm was taken for the frictional
loss in the present study. The air pressure in the cavern iélrelatgd_to that

at the cavern outlet (pl) as follows:

Peg = Pp ~ B  + 8. . (B.2)

Specific storage volume (V;) is obtained from:

@' RT ‘
v! = -8 ca A , (B.3)

pca

where R is the gas.constant and TCa is the air’ temperature in the cavern.

c. ANALYSIS OF COMPRESSOR SYSTEM

The rate of air flow into the compressor system should match that from
the storage cavern into the turbine system. A loss. of 4% of the air flow in
the cavern was assumed.’® The rate of air flow into the compressor system

(m,,) can therefore be related to the turbine flow rate (ﬁl) as:

11

?ll = 1.042 m, (1 + rey + rCZ) . : : - (c.)

If a negligible loss of air in the compressor system is assumed:

B0 7 M2 T M3 T Mg T M5 . | .2}

The subscripts represent the stations given in Fig. 1.2.

The pressure drops across the intercooler and aftercooler were assumed

to be 7.3% and 2%, respectively, based on Ref. 3. Therefore:

P13 = 0.927 P1y ; and (C.3).

Pys = 0.98 P14 . (C.4)

Since the pressure of air entering the cavern is higher than that leaving by
about 0.3 atm because of the frictional loss in the shaft, then:

Pis = pl + 0.3 . | v (C.5)
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Adiabatic efficiencies of the compressors are defined as:

212

P
o [[22)] -1
n = ; and’ . C.6)
LPC Ty, - Tqg e | .
. %14 )
T _14 -1}
13 {\p :
N = 13 - .7
BC T14 - T13 .
whare a = k £~l , and
k = .

<nFon

Figure 1.2 gives the subscripts in the above equatiomns.

The compressor outlet temperatures, T and T14, can be calculated

12
from Eqs. C.6 and C.7. . The power inputs into the compressors, WLPC and ch’
can be obtained as follows:
Vrpc = Py op1p (Fyp = Tpy) 5 and ~ « (c.8)
o = yp cpyg (Tyq ~ 1y (€.9)
The total power ihput to the compressors is then:
) =W+ W . ) (C.10)

wcomp ~ LpC BC

Specific compression energy (éé) is defined as the fuel energy equivalent of

compressor input per unit total power output, i.e.,’
_ Yeomp © %, (c.11)
wout

ol
e

where AHH is the off-peak heat rate of the power plant, including electrical

and mechanical losses.
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