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Abstract—It is assumed that optimal steam conditions for a Rankine bottoming-cycle are those
that produce the greatest power output. It is then demonstrated that optimal steam conditions are
a function of steam-generator pinch-temperature difference, leading to the assumption that a
designer of bottoming-cycles may begin with a chosen pinch-temperature difference. Further
demonstration is given that the pinch-temperature difference must change in response to primary
engine load changes, so that such load changes upset the optimal bottoming-cycle conditions found
at primary engine-rated power. The consequences to the bottoming-cycle in terms of lost power
capability are demonstrated and are found to be of small magnitude.

NOMENCLATURE
A,,A, heat transfer area of evaporator and preheater, respectively
AA preheater area over which boiling occurs at low load
C numerical coefficient, kW/kJ hr
Cap constant pressure specific heat of primary engine exhaust gas
D diameter
e base of natural logarithms
e e, e, basic efficiency, load correction, temperature correction of turbine generator, respectively
h enthalpy
h heat exchanger film coefficient
k conductivity
L load
m, primary engine exhaust gas mass-flow rate
m bottoming-cycle steam mass-flow rate
Pr Prandtl number
P steam pressure
Re Reynolds number
N entropy
T temperature

Ty, T, exhaust gas temperature at beginning, end of waste heat exchangers
AT, pinch-temperature difference

U,, U, overall heat transfer coefficient of evaporator, preheater, respectively
w power, output of bottoming-cycle

Subscripts on h, T

f saturated liquid at evaporating temperature

b saturated liquid at surroundings and feedwater temperature

fe change during evaporation

g saturated vapor

s “of steam”, either dry saturated or superheated
INTRODUCTION

This paper is concerned with optimizing the Rankine bottoming-cycle that may be used
with a primary gas turbine engine, with optimization implying choice of steam conditions
that lead to the maximum net output of bottoming-cycle power. Optimization often has
a much broader scope, particularly in marine applications, where the consequences to
weight and volume of machinery are certain to be included in the overall measure of merit.
However, the points investigated can be illuminated by considering only maximization of
the output of the bottoming-cycle through choice of steam pressure and temperature.
The optimization is a simple process that can be accomplished with steam tables and a
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pocket calculator. It surely has been done many times by many designers and investigators
to the point where its discussion has become trivial. Here, though, we look at an added
dimension of the optimization question, namely, how optimal conditions may change when
a major change of primary engine load takes place. if, say, a bottoming-cycle is optimized
for 100% primary engine load, will a change in primary load to 50% result in steam
conditions that are optimal for the new bottoming-cycle load? If not, are the consequences
significant enough to command attention in the original optimization process?

The key parameter in establishing steam conditions is the pinch-temperature difference
encountered in preheating, evaporating, and superheating steam, i.e. the smallest difference
in temperature between the gas turbine exhaust and the saturation temperature of the
steam. The value of this parameter largely determines the amount of energy transferred
and the size of the heat transfer surfaces; the smaller this difference, the greater the amount
of energy extracted from engine exhaust, and the greater the size of the necessary heat-
exchange surface.

It is assumed that a designer, working at the rated point of the primary engine, chooses
a reasonable value of pinch-temperature difference and then proceeds to find optimal steam
conditions with this difference fixed. As a corollary, the necessary heat-transfer area is
found. When the primary load changes, the pinch-temperature difference must vary to suit
the unchanging surface area and the circumstances of the load change. It is to be
demonstrated that this change in pinch-temperature difference does occur, and that the
optimal steam conditions are a function of this difference. A change in primary load
therefore must shift bottoming-cycle steam conditions away from the designer’s optimum.
Predictions are made of the magnitudes of possible changes of this nature, and observations
are made as to the significance of the changes.

Optimal steam conditions for a bottoming-cycle are nominally those which produce the
largest product of steam availability and steam mass-flow rate. However, steam-turbine
efficiency is a function of the pressure and temperature at which it operates and may
modify the dictates of that product. This factor is also treated. The effects to be demonstrated
are shown, in part, by means of numerical work. For this purpose, exhaust flows and
temperatures for the General Electric LM2500 gas-turbine engine are used.

EARLIER WORK

Attention in preparation of this paper has been concentrated on the RACER (an acronym)
bottoming-cycle being developed for marine use by the U.S. Navy and Solar Turbines In-
corporated. This development has been widely reported in the engineering literature.!?
However, none of the literature reveals any consideration of primary load-change effects
on optimization, and the more general literature of bottoming-cycles shows the same
deficiency.

Consideration of cogeneration should also be included in a literature review because of
the close kinship of cogeneration to the bottoming-cycle concept. Here one finds that some
authors have incorporated load changes in their work.*®> However, the authors of these
papers do not discuss the question of how optimization may be affected by load changes.

MAXIMAL BOTTOMING-CYCLE OUTPUT AS FUNCTION OF PINCH-
TEMPERATURE DIFFERENCE

Optimal steam conditions are to be chosen for the Rankine bottoming-cycle, with
optimal implying the greatest possible gross output from the cycle. The net output includes
deduction for feedpump work, a factor that we can afford to neglect because optimal steam
pressures are low. From elementary considerations, the electrical gross output of the
bottoming-cycle is the product of steam mass-flow rate, availability of the steam, and
efficiency of the turbine, ie.

w = Cmy[(h, — hff) - Tfj(ss - sff)][eberel]’ (1)



Part-load optima in bottoming-cycles 525

with
my = myC, (T, — T5)/(hy — hyy) (overall), (2)
my = myc, (T, + AT, — T))/(h; — hyy) (in the preheater). (3)

Equations (2) and (3) can be combined to give the steam flow in terms of the pinch-
temperature difference AT,. This relationship may be substituted into Eq. (1) to give
electrical gross output in terms of the chosen steam conditions and chosen pinch-
temperature difference as follows:

w= {C[mgcgpebelel][Tl - T - ATp] [(h, — hff) ~ Tpp(ss — Sff)]/[hs - hf]}‘ (4)

To find the maximum, Eq. (4) is differentiated and set equal to zero. However, if the
task is to find optimal steam pressure, then relationships for T, h, h;, s, and e, must be
supplied. For the first four of these, linear approximations that are accurate on the
saturation line in the neighborhood of 3.5 MPa pressure are used. The relation for e,, the
turbine basic efficiency, is a function of pressure only and is linear over a wide range of
pressures. The data for this factor, as well as for ¢, and ¢, are from Ref. 6. The steam
pressure becomes the independent variable, the pinch-temperature difference remains as
the parameter of interest, and other quantities are treated as constants.

Since the steam properties are to be treated as functions of pressure only, the following
development applies only to saturated steam. This limitation is imposed because the resuits
are affected only slightly by the inclusion of variable amounts of superheat. The validity
of this assertion will be demonstrated. The five relationships to be combined with Eq. (4)
are

T, = 1849 + 16.5P,, (5)

hy = 2813 — 2.8P,, (6)

h;, = 2040 — 81.7P (used in lieu of hy — h, when steam is saturated), (7
s, = 6.5341 — 0.1168P,, (8)

e, = 0.6788 — 0.009135P,, (9)

When these are substituted into Eq. (4) it becomes

w = 1C[0.6788 — 0.009135P.J[T, — AT, — 1849 — 16.5P][2813 — 2.8P5 — h,,
— T;,(6.5341 — 0.1168P, — s,,)]/[2040 — 81.7P,]}. (10)
To demonstrate the effect of steam pressure and pinch-temperature difference on
maximum electrical power production, the derivative of Eq. (10) with respect to pressure
can be set equal to zero. If values for the constants appropriate for a pressure of 3.5 MPa
are used, the process produces
0 = [2040 — 81.7P,][ — 10960 — 8.484AT, + (297.4 — 0.02558AT,) P, — 1.266P 2]
+ 81.7P[ 1.6641 — 489.2AT, — (10960 + 8.484AT,) P,
+ (148.7 — 0.01279AT,)P,> — 0.422P*]. (11)

That the optimal value of steam pressure depends on the choice of pinch-temperature
difference is evident from inspection of Eq. (11). However, the form and degree of the
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dependence is difficult to see. The best expedient is to plot Eq. (10) for a range of pressures
and for a range of pinch-temperature differences, Fig. 1. In constructing Fig. 1, corrections
were made for the inaccuracies of Egs. (5-8) at pressures distant from 3.5 MPa.
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Fig. 1. Electrical power output of Rankine bottoming-cycle as a function of cycle pressure {(saturated
steam) with pinch-temperature difference as a parameter.

The dependency of the bottoming-cycle output on choice of pinch-temperature difference
is quite evident in Fig. 1; the dependence of optimal pressure on the choice is not so clear
because of the flatness of the curves. A crossplot, Fig. 2, constructed with the aid of Eq.
(11), shows more clearly the relationship between the pressure for greatest output and
choice of pinch-temperature difference.
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Fig. 2. Crossplot of Fig. 1, showing optimal steam pressure as a function of pinch-temperature
difference.

THE CHANGE IN PINCH-TEMPERATURE DIFFERENCE WHEN LOAD CHANGES

When the load carried by the primary engine changes, the energy it supplies to the
bottoming-cycle must change in ways dictated by the primary engine characteristics. The
heat transfer area that links the two cycles does not change (unless deliberately changed,
an option that is explored later). The pinch-temperature difference is established at the
value dictated by the unchanging area and by changes in system parameters.

The new pinch-temperature difference can be found by simultaneous solution of the
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energy balance and heat transfer equations using, for example, Egs. (12—15). The following
conditions apply: (1) dry saturated steam is produced; (2) boiling is allowed in the preheater;
so that effectively an area AA is transferred from preheating to boiling functions. We find

mpeg (T, — T, — AT) = U (A, + AAXT, — T, — AT,)/log.[{T; — TYAT,),  (12)
mye, Ty — T, — AT,) = m(h, — h), (13)

myhy — hyp) = myc (T, + AT, — Ty), (14)

myco (T, + AT, — To) = Ug(Ay — AANT, — Ty — AT ) log [(T; — T;)/AT,]. (1)

These equations can be combined to produce an implicit equation for the pinch-temperature
difference in terms of the primary engine exhaust-gas flow rate, gas specific heat, gas
temperature, heat exchanger parameters, and steam states, viz.

my oo H [Ty — T, — AT, Jlog {[HAT, + AT,) — H\ T, — T, J/AT,} = (U,/U,)

X {U Ay = mye, Jog (T, — TYAT,) + Ut A HAT, + AT) — H, T, — T, — AT,]. (16)
where Hy = (hy — h;;)/(hy— hy)and H, = 1 + H, Figure 3 produced from Eq. (16) with
typical numerical values is a plot of pinch-temperature difference as a function of primary

load. It demonstrates the decrease in pinch-temperature difference that occurs when
primary load decreases.
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Fig. 3. Typical variation of pinch-temperature difference as a function of primary cycle load.

CONSEQUENCES OF A CHANGED PINCH-TEMPERATURE DIFFERENCE

Figure 4 demonstrates the results that are developed in the preceding section, namely
that optimal steam pressure for a bottoming-cycle is a function of a chosen pinch-
temperature difference, and that a change in primary load produces a change in the pinch-
temperature difference. Except in fortuitous circumstances, the optimal pressure thus
changes when load changes. The curves of Fig. 4 are plots of Eq. (4) with pinch-temperature
differences of 50 and 20 C for full and half loads, respectively.

Because the flatness of the curves makes reading of the high points difficult to detect at
small scale, these points are marked, and are seen to occur at different pressures.

Perhaps the most significant point to be made from Fig. 4 is the flatness of the curves.
Although keeping pressure constant as the primary load declines does shift the operating
point away from the its optimum, the consequent loss in output at half load is only 0.8%.
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Fig. 4. Bottoming-cycle electric power at 100% and 50% primary cycle load.

The results may be of greater magnitude under different circumstances, for example, if
steps were taken to prevent boiling in the preheater at low loads. Several such alternatives
are examined in following sections.

NO BOILING IN THE PREHEATER

Boiling in the preheater under low loads can be prevented by several expedients such
as bypassing some of the primary engine exhaust gas, or by closing off part of the preheater
tube bank. The effect on Egs. (12-15) is to eliminate AA from these equations, a step that
uncouples Egs. (12) and (13) from the remaining two. From Egs. (12) and (13) the pinch-
temperature difference is readily found to be

AT, = (T, = T)e~Vrtimen, (17
With this, the equation for bottoming-cycle power output, equivalent to Eq. (4) is

w = {Clmgegeree [Ty — TI[1 — e” Vrhimeor][(hy — hyp) — Tpp(s, — s50)1/Lhs — hyl}
(18)

Figure 5 shows the consequences of preventing preheater boiling. This figure is Fig. 4
with an added line to show bottoming-cycle output predicted by Eq. (18). The output is
lower, as expected, but the part-load shift of optimal pressure is imperceptible.

EFFECT OF A CHANGE IN THE OVERALL HEAT-TRANSFER COEFFICIENT

To this point the overall heat transfer coefficients of evaporator and preheater have been
treated as constants in the face of primary load changes. The validity of this restriction is
now examined.

The heat exchangers are likely to consist of finned tubes in cross flow. Overall heat
transfer coefficients of approximately 160kJ/m?hrC appear to be typical.”-® This value
appears to be roughly equal to an estimated value for a film coefficient on the gas side
(outside) of the tubes, so that this discussion can be based on the gas-side coefficient. For
that coefficient, we use the relation

h = fik/D), Re®S, Pro3, (19)
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Fig. 5. A repeat of Fig. 4 with the addition of a curve to show bottoming-cycle output when boiling
in the preheater at low loads is not allowed.

The derivative of film coefficient with respect to load (and hence of overall coefficient with
respect to load) can be found via chain-rule differentiation, starting with

dh/dL= f(ok/oL,06Re/cL,cPr/cL). (20)

With numerical values appropriate to the middle of the pressure range investigated above,
Eq. (20) produces a sensitivity (I/h(dh/dL)) = 0.15 which, as stated, is also to express the
change in overall heat transfer coefficient. When primary engine load declines by 50%,
overall heat transfer coefficient is therefore estimated to decline by 7.5%.

And the consequence? The decline in overall coefficient just mentioned requires the
pinch-temperature difference to rise about 15% above the value it would otherwise have
at 50% primary engine load. The maximum bottoming-cycle output decreases by about
2%. The optimal pressure is slightly lower than otherwise, but the flatness of the bottoming
output vs steam pressure is still evident, so that the consequences of the shift in optimum
are still of no great consequence.

THE EFFECT OF SUPERHEAT

Superheat is to be expected in a Rankine bottoming-cycle. Figure 6 illustrates a major
benefit, namely, a higher output from the same input from the primary cycle, and the same
pinch temperature difference. As an example, the figure shows the increased output provided
by 100 C superheat.

The figure also shows the reduced output at 50% primary cycle load. The pinch-
temperature difference is 25 instead of 45 C, and superheat is about 125 C. As with the
simpler saturated steam case discussed earlier, the pressure for maximum bottoming-cycle
output shifts to a lower pressure, but the flatness of the output vs pressure curve robs this
phenomenon of significance.

CONCLUSIONS

It is demonstrated by means of Eq. (11) and supporting numerical work that the optimal
(highest output) steam conditions for a Rankine bottoming-cycle are a function of the
pinch-temperature difference chosen for the heat-transfer equipment. Using Eq. (16) and
supporting numerical work, it is found that the pinch-temperature difference changes when
the primary engine load changes. These two occurrences taken together point to the
conclusion that the bottoming-cycle will lose its optimality as a consequence of primary
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Fig. 6. A repeat of Fig. 4 with the addition of a curve to show bottoming-cycle output with 100 C
superheat when the primary cycle is at 100% load.

load change. However, the numerical work shows that in all cases studied, the loss in gross
bottoming-cycle output as a consequence of the optimality shift is so small that analysts
of bottoming cycles are justified in treating it as negligible.
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