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Abstract. For a reheat-regenerative cycle steam turbine, the increased superheat of extraction steam
after reheating causes the regenerative effect to weaken. Steam cooler can make rational use of the
superheat of the extraction steam to improve the thermal efficiency of steam turbine. Based on the
heat balance calculation of steam turbine, the mathematical models of the influence of steam cooler
on steam turbine thermal efficiency was established. With the models, calculated the influence of
external series steam cooler and external parallel steam cooler on thermal efficiency. The calculation
result shows that the thermal efficiency of the cycle with external steam cooler is higher than the
cycle with integral type, and in the case of reasonable design, the efficiency of the cycle with external
parallel steam cooler is higher than the cycle with series type. The analysis provides a theoretical
basis for the optimization and remolding of the regenerative system.

Introduction

For a reheat-regenerative cycle turbine, the superheat of the reheated steam is increased, so that the
heat transfer temperature difference of the regenerative heater after reheating is raised, resulting in an
increase in entropy increase and exergy loss, thus the regenerative effect is weakened [1]. Modern
steam turbine units are equipped with steam coolers to solve this problem.

The steam cooler is a device which can reasonably utilize the superheat of extraction steam and
improve the thermal efficiency. It can raise the outlet water temperature of the heater or the final feed
water temperature so that to reduce the negative effect of reheat.

There are two kinds of steam cooler, integral type and external type. The integral type has the
advantages of simple structure, less steel consumption and lower cost; however, it can only increase
the outlet water temperature of the heater corresponding to the extraction stage [2, 3].

As for the external steam cooler, because of the independent shell, although which leads to more
cost in steel, makes its arrangement is more flexible, and can be set at the most suitable position
according to extraction steam superheat degree, thus obtaining a higher economic benefit. The
external steam cooler can make more use of the superheat of the extraction steam than integral type
through cross-level utilization of energy [4].

According to the different arrangements, the external steam cooler can be divided into series type
and parallel type. The series type is stable but uses less superheat, and the parallel type can use more
superheat, but its operation is more complex.

Based on the heat balance calculation of steam turbine cycle [5], the thermal efficiency models of
the external steam cooler under different arrangement was established. Taking the
N328-16.7/538/538 unit as an example, the influence of different arrangements of external steam
cooler was analyzed. According to the analysis results, the arrangement and operation mode of the
external steam cooler can be optimized to get the best unit thermal efficiency.
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Thermal Efficiency Analysis Model of External Steam Cooler
External Series Steam Cooler.

The external series steam cooler uses the superheat of the extraction steam to heat the outlet water of
the last heater, improving the thermal efficiency of the unit by raising the final feedwater temperature.

When arranged in series, all feedwater passes through the steam cooler, as shown in Fig. 1.
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Fig. 1 External series steam cooler

The enthalpy of the final feedwater hy, is given by
he = hwj+1+aj—1(hj—1_h}—1) (1)

where hyj+1 is the enthalpy of the outlet water of the last heater, ¢;.1 is the ratio of mass flows
between the extracting steam of j-1 stage and main steam, h;.; is the enthalpy of the extracting steam
of j-1 stage, and h’,—-l is the exhausting steam of the steam cooler which is determined by the press of
the exhausting steam p’,--l and the temperature of the exhausting steam t’,--l. The t’,--l is given by

t,, =ty +6 (2)
where ty;+1 is the outlet water temperature of the last heater, and 6 is the terminal temperature
difference of the steam cooler. Usually, the & is set at 10 to 25 degrees [6].
External Parallel Steam Cooler.

The system of external parallel steam cooler divides parts of the heater outlet water to the steam
cooler, as shown in Fig. 2. The ratio of the dividing water flow and main steam flow is expressed in X.
The determination of X is based on the criterion that the dividing water cannot be vaporized in the
steam cooler. Because the temperature of the inlet water of the steam cooler is relatively low, the
superheat of extraction steam can be fully utilized. This arrangement realizes the cascade utilization
of energy, so that to obtain a better thermal efficiency.
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Fig. 2 External parallel steam cooler

The enthalpy of the final feedwater hy, is given by
hfw = hwj+l+aj—1(hj—l_h}—l)_X(hwj+1_hwj—1) (3)
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Different from the series arrangement, the temperature of the exhaust steam of the parallel steam
cooler is given by

Uy =ty +y (4)

where tg;.1 is the saturation temperature corresponding to the press of the extraction steam, and v is
the superheat degree of the exhaust steam of the steam cooler.

Example Calculation

Taking N328-16.7/538/538 unit as an example (Fig. 3), the influence of different arrangements of
steam coolers on thermal efficiency is analyzed as below. There are eight stages of feedwater heating,
including three HP heaters, four LP heaters, and a deaerator. Generator efficiency 7, = 0.987,
mechanical efficiency nn = 0.99, extraction line pressure drops 4p = 0.08, and the heat losses of the
unit is not considered in the calculation.
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Fig. 3 N328—16.7/538/538 Steam turbine cycle

The Thermal Efficiency of the Original Cycle.

The thermal economic indicators are shown in Table 1, and the profit analysis of external steam
coolers is based on the thermal efficiency of the original cycle.

Table 1 Economic indicators of the original cycle

Indicators Symbol Units Values

Net heat to the cycle q0 kJ/kg 2551.28

Discharge heat of the cycle qc kJ/kg 1388.15

Shaft power of the cycle Wi kl/kg 1163.13
Cycle efficiency ni % 45.59

Heat rate HR kJ/kg 8097.69

Profit Analysis of the External Series Steam Cooler.

The third extraction stage of the unit is the first stage after reheating; the superheat of the third
extraction steam is larger than any other stage. Therefore, profit of setting the steam cooler at the third
extraction stage will be analyzed in the following article. For external series steam cooler, the
temperature of the exhaust steam is calculated by Eq. 2, set the terminal temperature difference of the
steam cooler 6 as 25 degrees and the press loss at steam cooler as 2%. The thermal economic
indicators for the cycle with external series steam cooler are shown in Table 2.
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Table 2 Economic indicators of the cycle with external series steam cooler

Indicators Symbol Units Values

Net heat to the cycle q0 kJ/kg 2533.78
Discharge heat of the cycle qe kJ/kg 1376.1

Shaft power of the cycle w; kJ/kg 1157.68
Cycle efficiency ni % 45.69

Heat rate HR kJ/kg 8079.97

Profit Analysis of the External Parallel Steam Cooler.

For external parallel steam cooler, the temperature of the exhaust steam is calculated by Eq. 4, set the
superheat degree y as 25 degrees and the press loss at steam cooler as 2%. The thermal economic
indicators for the cycle with external parallel steam cooler are shown in Table 3.

Table 3 Economic indicators of the cycle with external parallel steam cooler

Indicators Symbol Units Values

Net heat to the cycle q0 kJ/kg 2539.13

Discharge heat of the cycle qc kJ/kg 1374.43
Shaft power of the cycle Wi kJ/kg 1164.7
Cycle efficiency ni % 45.87

Heat rate HR kJ/kg 8048.26

Analysis.

As shown in Fig. 4, the cycle efficiency of the original cycle with integral steam cooler is 45.59%, the
cycle efficiency of the cycle with external series steam cooler is 45.69, and the cycle efficiency of the
cycle with external parallel steam cooler is 45.87%. Compared with external series steam cooler or
integral steam cooler, the cycle efficiency of the steam turbine unit has been significantly improved
by using external parallel steam cooler.
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Fig. 4 Cycle efficiency of different unit systems

Conclusions

The external steam cooler can realize the cascade utilization of energy, which can not only reduce the
terminal temperature difference of the heater, but also raise the temperature of the final feedwater,
thus the utilization of the superheat of the extraction steam is sufficient, while the integral steam
cooler can just reduce the outlet temperature difference of the current heater, so the cycle efficiency of
the external steam cooler is higher than integral type.

Under the condition of the same overheat; the cycle efficiency of the external parallel steam cooler
is higher than the external series steam cooler. The rational selection of the arrangement of the steam
cooler is of great significance to the energy saving optimization for the thermal steam turbine unit.
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