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The inverted Brayton cycle, which can be simply defined as one in which hot gas
| is first expanded through a turbine to low pressure, is then cooled at constant
‘ pressure, and lastly, is recompressed to the initial pressure, has been shown to
| give attractive incremental gains in thermal efficiency, and large returns on in-

vestment, when added to a conventional shaft-power gas turbine exhausting into

a waste-heat boiler. When the inverted Brayton cycle is applied by itself as a

method of obtaining shaft power from the hot waste gas stream, there appears

to be range of temperature and pressure ratios at which the cycle is competitive
with other methods of waste-heat utilization.
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The Inverted Brayton Cyc|e for Waste-Heat

Utilization

D. G. WILSON

TINTRODUCTION

The ideal Brayton cycle 1nvolves an enclosed
working fluld belng taken through a succession
of processes consisting of isentropic compression,
constant-pressure heat addition, lsentropic ex-
pansion, and constant-pressure heat rejection,
Fig. 1l(a). Although there are some closed-cycle
gas turbines whilch operate on an approximation
to this cycle, most gas turbines use a so=-called
"open cycle'" in which the atmosphere substitutes
for the constant-pressure cooling process, Fig.
1(b). (The atmosphere also regenerates the ex-
haust gases so that internal combustion can be
used.)

The closed cycle can be "opened" to the
atmosphere at any point. 1In the usual open
cycle, the turbine exhausts to, and the compressor
draws from, the atmosphere. The 1lnverted cycle
1s simply the name given to the gas turbine proc-
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Fig. 1(b) Ideal open cycle
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ess in which the pressure (but not necessarily
the temperature) at inlet to the turbine expander
1s approximately atmospheric. The inverted Bray-
ton cycle as an independent prime mover consists
of atmospheric alr being drawn through a source
of heat, such as a combustor; being expanded from
high temperature and approximately atmospheric
pressure to subatmospheric pressure; being cooled
at approximately constant,
finally being recompressed to atmospherlc pressure
and being discharged (Filg. 2).

The thermal efficiency and specific power
output of inverted cycles were evaluated as func-
tlons of temperature and pressure ratios by Hodge.2
So far as Wwe have been able to determlne, no in-
verted-cycle gas turbine on this principle has
ever been built and run. The reasons are obvious.
All the components, and partlcularly the turbine
and compressor, are much larger than those of a
gas turbine working on the dlrect open cycle with
high-pressure combustion.
a given compressor-turbine combination will pro-
duce many times the power operating with compres-
sion from atmospheric pressure than can be achieved
when expanding from atmospheric pressure. More-
over, although the thermal efficiency for the
given combination of temperature and pressure
ratio should be identical in the two cases, the
Inverted cycle adds a component, the cooler, which
1s not necessary in the simple, direct, cycle and
which adds a penalizing pressure drop; therefore,

low, pressure; and

Expressed another way,

2 Hodge, James, Gas Turblne Cycles and Per-
formance Estimation, Butterworths, London, 1955.

ATMOSPHERIC
AR —=

Filg. 2 Simple inverted cycle
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Fig. 3 Effect of back pressure on turbine
power output
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Fig. 4 Use of induced-draft fan with waste-heat
boller

the inverted-cycle thermal efficiency 1is lower.

The unattractiveness of the inverted cycle
would seem to have been firmly established, and
there would seem to be no reason to give 1t any
further conslderation.

There are, however, two mitigating factors
of some importance. First, the inverted gas-tur-
bine should be consldered for use only when the
heat Input 1s free. 1In other words, 1t can be
considered when there is a flow of gas at atmos-
pheric pressure which 1s going to waste, or which
might be incurring a thermal-pollution penalty.

A conventional way of using waste heat in this
form 1s to lead the gas to a waste-heat boiler
and, if power is desired, to incorporate this
boller in a steam-power cycle. The purpose of
this present study 1is to determine whether or not
there are cilrcumstances in which the inverted-
cycle gas turblne offers advantages over the use
of a steam ecyecle.

The second mitigating factor is that the
inverted cycle can be considered to be a candldate
for adding to an arrangement for waste-heat uti-
lization,
ticularly, where the waste heat from a conven-

such as the one Just described or, par-

COMPRESSOR

~=— WASTE ~HEAT
BOILER

AIR PREHEATER ™

AIR STEAM WATER
Flg. 5 Generallzed inverted cycle

tional gas turbine 1s utilized. The attractive
potential of this form of the Inverted cycle was
brought to light in the following way.

Many conventional gas turblnes are sold in
a so-called "total-energy" package in which a
waste-heat boiler is lncorporated to remove sen-
sible heat from the turblne exhaust.

A performance penalty must normally be
accepted when one adds an exhaust-heated boiler
to a gas turbine. The penalty is usually glven
in the form shown in Fig. 3, which 1s for an
early version of the Ruston and Hornsby TA 1250
kw gas turbine.3
to the turbine exhaust produces power-output re-

The addition of a pressure drop

duction which 1s llnear in the reglon of interest.

A Canadian purchaser of a TA turblne wrote
to Ruston and Hornsby to inform them that their
performance penalty seemed to be 1n error. The
reason for his statement was that he had declded
to add a waste-heat boller to his exlsting TA
turbine, but he could not allow the turbine power
output to decrease by the 100 hp which was pre=-
dicted. He, therefore, declded to install an
electrically driven induced draft fan after the
waste-heat boller so that the pressure at the
turbine-exhaust flange would be restored to at-
mospheric (Fig. 4). He found that he could do
this with a fan absorbing approximately 60 hp.
How could he obtain a power increase of 100 hp
with the expenditure of 60 hp?

One way of answering this question 1s to
state that the fan had to compress a smaller
volume of gas, since it had been cooled, than
had been expanded in the turblne. Therefore,
1ts power absorption was less than the restored
Another way of de=-
scribilng the same phenomenon is that an inverted
cycle had been added to the exlstlng gas turbilne.

Some further questions of 1nterest immec-

power gain of the turbine.

> Forbes, S. M., TA Turbine Performance Data,
T. D. report 125, Ruston & Hornsby Ltd., Lincoln,
England, Nov. 1956.
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Table 1 Comparative Results of Cycle-Calculation
Methods

Thermal Specific
Method efficlency, power,
percent hp/lbm/sec
Constant-specific-
heat methods
2
Method of Hodge 7.0 28.0
True mean speclfic heat 5D 27.2
Gas-table methods
Pure air 7.59 27.62
400% theoretical air 7.63 27.90

diately arise. If restoring the turbine-exhaust
pressure to atmospheric produces a net power galn
over the case where the boiler has no induced-
draft fan, does decreasing the turbine-exhaust
pressure to below atmospheric produce a greater
galn? Assuming that 1t does (as will be shown
later), by how much must the waste-heat boller
be increased in size to meet the same design-
point conditions? Can the added induced-draft
fan pay for itself in different clrcumstances?
These questions, and similar questions
addressed to the case of the lnverted cycle oper-
ating 1lndependently of a gas turbine, are
examined in this paper. The results of economic
optimizations show that, in certain circumstances,
the inverted cycle shows very attractive rates
of return (Fig. 5).

THERMODYNAMIC PERFORMANCE STUDIES

Specific Heat

Hand calculations were filrst made to deter-
mine the effect of various simplifications to
the cycle analyses. For the test case, a cycle
was chosen with a pressure ratio of 3.42 and a
hot-gas inlet temperature of 1570 Rankine (873.2
X) was chosen. Calculations were made based:
(a) on the method of Hodge ; (b) using a true
mean specific heat; and (c¢) using tables for
pure alr and for combustion products of a hydro-
carbon with 400 percent theoretical air.u The

Keenan, J. H., and Kaye, Joseph, Gas Tables,
Wiley, New York, 1948.

Table 2 Values used in Cycle Calculations

Pressure drop =-=—--=—-ecemmecoccnmeeoao 7.5 percent
Leakage ~=memcmccmmcenc e camm e a e aaa- varlable
Turbine polytroplc efficlency =------ 85 percent

Compressor polytropilc efficiency ---- 87 percent
Heat-exchanger effectiveness --=--=-- 90 percent

Amblent temperature -=---ececmmcmcccmmma——aa 276

results of these calculations are summarized in
Table 1.

The substantial discrepancy in the method
of Hodge occurred because of the assumptlon that
the compressor pumps air, which 1s not the case
for thils 1nverted cycle. With the correct value
of speclific heat for the compressor, good agree-
ment with the method of true mean specific heats
was found.

For thils cycle, the gas properties should
have been those of 500 percent theoretical air
50 that some interpolation between the results
for 400 percent theoretical air and for pure
alr should be made for maximum accuracy. How-
ever, the results are close for these two cases.

For the computer calculatlons, the method
of true mean specific heats was used for simplic-
ity, with apparent errors of up to 0.3 percent-
age polnts, or 4 percent, in thermal efficilency,
and 2.5 percent in specific power. An additional
simplification in the computer calculations was
that pure ailr propertles with mean specific heats
for mean temperatures, together wilth the poly=-
tropic’ exponent associated with that mean tem-
perature, were used. In practice, a wide variety
of different gas compositions might be expected,
s0 that recalculatlon on an exact basis uslng
the present results as a gulde would normally
be correct procedure.

Combustion Efficilency

The combustion efficlency was assumed to
be 100 percent in cycles where fuel was assumed
to be burned.

Pressure Drops

The component pressure drops expressed as
fractions of the inlet total pressures to each
component were added together as a single pres-
sure drop for the purposes for calculation. It
1s shown 1s footnote 2 that an acceptable accu=-
racy 1is given by thils procedure for total pressure
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Fig. 6(f) Effect of shaft speed on compressor
and turbine cost

drops of up to 25 percent, which 1s substantially
higher than was used in any of the present cases.
A standard value of 7.5 percent was employed.

Component Effilclencles

Polytroplc total-to-static efficienciles
were used for the compressor and turbine. Con-
servatively low values of 85 percent for the tur-
bine and 87 percent for the compressor were em-
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Fig. 7(a)

Base cost of compressors

ployed. Industrial turbines and compressors are
running with polytropic efficlenciles of well over
90 percent, but the present low values were re-
tained to incorporate accessory power losses and
other incldentals which were not evaluated sepa-
rately,

A leakage coefficlent, which was a func-

tlon of blade length and diameter, was used.

Heat-Exchanger Effectlveness
An overall effectiveness of 90 percent was
used for all cases.

Ambient Conditions

The ambilent conditlons were assumed to be
l-atm pressure with a temperature of 27 Celsius
(300 K; 540 R).

COST STUDIES

Because a fundamental assumption about the
value of using an inverted cycle 1s that the hot-
gas inlet for this cycle would be free (in other
words, 1t would be a normally waste gas stream),
the only reasonable criterlon which can be used
to evaluate the usefulness of this cycle is the
net sum of the cost incurred and the benefits
to be realized.

Costs are notorlously difficult to esti-
mate. It 1s easy to find examples where two
experienced cost engineers have produced estimates
which differ one from the other by a factor of
ten, even for established and readlly avallable
eng ineering components.
of new forms of machinery, the ranges can be

When one enters the realm
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COMPRESSOR PRESSURE RATIO

COST-MULTIPLYING FACTOR
n
AN

Pilg. 7(b) Effect of pressure ratio on com=

pressor cost

even wider.

Our cost estimates, therefore, had to be
crude and are open to question. We believe them
to be conservative in most respects and to give
useful guidance as a starting point to more
thorough evaluatlon of the economlc viability of
these arrangements. As will be shown, our most
favorable arrangement showed a return on invest-
ment of 34 percent, which would presumably mark
it as worthy of further study however skeptical
one was about the basis for the estimate.

Caplital costs of the turbine, heat exchapgers,

and compressor in each cycle were estimated. The
value of the power sent out was considered to be
the gross income for the plant. The present net
worth was then evaluated simply as the present
value of the power produced less the total capi-
tal costs.

The average return on investment was also
calculated as the value of the power produced for
one year less the depreciation of the total capi-
tal costs, all divided by the capital costs.

The capital costs were assumed o include
the costs of foundations and buildings and the
maintenance costs for the life of the plant. We
did not 1nclude the costs of supervision. We
assumed that these plants would run either with
remote supervision as do standby power plants
and industrial units of many types, or would re=-
quire no additional supervision when added to an
existing plant.

Capital costs were estimated by using a
known cost for an average-size and average-duty
component and by then estimating the varlation of
cost with size and duty. Fig. 6(a) shows the
assumed cost curve for single-stage, moderate-
temperature axlal turbines, expressed as a func-
tion of the inlet-annulus area. Fig. 6(b) shows
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an assumed cost-multiplying factor for higher
Fig. 6(c) shows as-
sumed cost-multiplying factors for the effects of
constructing a turbine to withstand a vacuum. For
given annulus areas, Flg. 6(d) shows the increase
in costs which was assumed to result from using

a hub-tlp ratioc at turbine outlet (or compressor
inlet) which differs from 0.75. Fig. 6(e) covers
the multiplying factor for the number of turbine
stages, and Filg. 6(f) shows an assumed curve for
increases in cost resulting from shafts speeds
above 10,000 rpm.

The assumed base costs for axlal compressors
are shown in Flg. 7(a) with the effects of pres-
sure ratlo indicated in Filg. 7(b). Other multi-
plylng factors for the costs of axial compressors,
such as the effects of vacuum, hub-tip ratlo, and
rpm are assumed to be the same as for turbines.

turbine-1nlet temperatures.
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Flg. 9(a) Return on investment for generalized
inverted cycle (Power: 5000 hp, gas inlet tem-
perature: 3500 R)

Heat Exchangers

The heat exchangers are assumed to be plain-
tube multi-pass cross-counter-flow units. The
base heat exchanger 1s assumed to have 1/U4-in.
tubes in a close staggered array, and a base cost
of $500/cu £t was assumed. A heat exchanger in
the form of a cube 1s assumed to have a minimum
cost at thils value, and heat exchangers of other
sizes and shapes are assumed to be more expensive
according to the cost-multiplying factors shown
in Fig. 8(a).

Cost-multiplyling factors for tube length
and for number of passes are shown in Figs. 8(b)
and 8(c).

Value of Mechanical Energy
It is assumed that the shaft power would
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Fig. 9(b) Return on investment for generallzed
inverted cycle (Power: 2000 hp, gas-inlet tem-
perature: 3500 R)
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used for purposes which would normally require
electric motor, and, accordingly, the value

power is taken on the low side of the average
industrial electric-power rates at $0.005/kw-

A continuous duty cycle is assumed.

Return on investment for generalilzed
1000 hp, gas-inlet tem=-

Capital-Cost Depreciation

A straight-line depreclatlon rate 1s assumed

based on a life time of 15 years.

Interest Rate

An interest rate of 8 percent is used.
When coupled with the assumed 1life time of 15
years, the present net worth of the mechanical
power produced during 15 years becomes 8.53 times

AVERAGE RETURN ON INVESTMENT -PERCENT
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the value of the power durilng one year.

Profitability

The profltability 1s defilned simply as the

following.
Profitability =

present value of power produced - capital costs.

Return on Invcotment

The average retur™m on investment (ROI) is

defined as follows.
RO

value of power for one year - depreclation for one year

capltal costs of plant
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Add-On to Total-Energy Plant

The costs for the conversion of a standard
total-energy plant, consisting of a gas turbilne
exhausting Into a waste-~heat boiler,
sidered to be simply the cost of having a compres-
sor downstream of the boiler. The boiler would
then operate under vacuum instead of under slight
positive pressure, and the turblne would have an
increased, rather than a decreased, pressure
drop. It is assumed that no changes would be re-
quired to the turblne or boller deslgn.

comments are made on the economic comparisons.

The pressure ratios for all cycles, at
which most favorable economics were found, were
at pressure ratlos nearer unity than to those
values giving optimum thermodynamic efficiency.
Smaller-than-optimum pressure ratios lead to
higher pressures for the vacuum part of the cycle
and, therefore, to smaller components.

With the cost relations used here, the com-
pressor and turblne costs were found to grcatly
outwelgh the costs of the heat exchangers in all
the Independent inverted cycle of interest. This
was not the case, however, with the inverted cycle
as an add-on devlce for a gas turblne, when no

are con=-

Results
The results are shown in Fig. 9. Before
the specific results are discussed, some general
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additional costs for the turbine were assumed.

Based on the limited number of design points
consldered, and wlthout a careful choosing of
pressure ratios to find the optimum designs.
the cost calculations for the inverted-cycle
gas turbine with hot-gas inlet 1ndicate that it
1s capable of ylelding an average return on in-
vestment of between 6 and 10 percent for inlet
gas-stream temperatures between 2000 and 3000 F
and for power outputs between 1000 and 5000 hp.
It appears that the return on investment increas-
es wlth both horsepower output and inlet gas-
stream temperatures. In each case, the best de-
sign occurs at a turblne-inlet temperature below
that of the gas-stream 1inlet.

For the inverted cycle consldered as an
add-on device (waste-heat boller and induced-
draft fan) for a standard power-producing gas
turbine, the return on investment seems to be of
the order of 30 percent because of the signifi-
cant power increase brought about 1n the gas=-
turbine plant with only the addltion of the in-
duced-draft fan. This large return on invest-
ment is calculated on the assumptions that the
gas turblne would be exhausting Into the waste=-
heat boller in any event, and would suffer a
power loss as a result of the back pressure.
Accordingly, the only capital Investment neces-

sary 1s for the induced-draft fan or compressor
and 1ts assoclated drive. We have not calculated
cost curves, because costs and beneflts 1n each
individual case would obviously be very dependent
on the particular plant, the primary duty of
which 1s to produce shaft power and steam. Two
falrly typical cases whilch were calculated were
as follows.

Case 1 Case 2
Gas=-turbine exhaust temperature 1,500 R 1,200 R
Net Power gain 1,000 hp 500 hp
Compressor temperature rise 264 R ISR

Return on investment
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