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AN ANALYSIS OF THE REHEAT CYCLE FOR STEAM

Some text-books on heat engines iake the sweeping
statement that effioiensy is appreciably improved by
rOhoacin.g th@ steam r.fter it has IloTwed partially through
the engine in the usual manner, and then having the vapour
returned to the prime mover, but with a high superheat, to

complete its work.

The statement is made to apply whether the reheatei
is incorporated within the main boiler walls, whether it is
a separate unit having its own furnace or whether the
reheater uses high pressure and high temperature steam to

supply the reheat.

As far as the author is aware no attempt has been
made to fully substantiate such a statement, hence the
following analysis lias been made to gain further information
regarding the possible gains with respect to the Rankine

cycle.

The use of a reheater involves the installation
of plant whose cost will be a fair proportion of the total
cost of the plant, hence it is essential, to reheat under
conditions of maximum possible gain In order to cover tne

extiw. cost of plant.

In practice only one reheater has been used up to
the present date, that Is, expansion of the steam 1s split
up into two stages with reheating between the two stages.
Hence the author has considered the question of reheating

at one point only of the steam flow through the prime mover.



Mo information la available as reoarda the beat point

of the expansion to be selected ter reheating and the poaaible

gain to be derived, henoe mis thesis la devoid to the

determination of the point at which reheating should take

plaoe in order to obtain the maximum efficiency of the

theoretical cycle and the possible gain ahlch can be obtained.

The mklne cycle la considered with reheating

performed at Intermediate points of the expansion, expulsion

in the second stage being taken right down to exhaust or

back pressure. It all cases reheating is considered at

constant pressure.

SUPERMATSD STExJt

The preeeure-Volume diagram and the temperatare

eStropy diagram, for a .Ingle reheat are given in figure.

1, 2, 3 and 4 (see attached blue prints).

In all oases the steam Is reheated up to the

same temperature a. that of the steam Initial!) led to the

prime mover.
nmisllRE-ynma DL.Ohnl, (F16. 1)

The steam is allowed to expand Initially from »o»

t0 as in the Rankin, cycle, .it "d- the .team Is led to

the reheater where It Is heated at constant pressure (P3),

L volume increasing from Vd to Ve. The steam Is then led

oack to the prim, mover and allowed to expand from "e" to "f

at the end of the first expansion the steam may be signer

just dry saturated, slightly superheated or sUahtly wet

according to the amount of expansion allowed In the first

stage.



The three condi tlom will be considered by meats of

the temperature-entropy diagram.

STE/U1 J"3T DRY 3A'"URMEX) /. T 1D OF FIRST EXPANSIONjF i” A1
Fla, * is the feod-water state point and "c¢" is the
state point of the aunerheated steam as initiellv led to the
prime move". "ccT represents the first stage expansion.

’de” represents reheating up to the initial temperature at
constant pressure. "ef" represents the second stage expansion

down to back pressure with temperature T2

Work done in the rehe.it cycle is proportional to
thearea "m 0 cic 4 m' in the first stage and t the area
"a md ef a" in the second stage. Total work done is

proportional to the area "k b ¢ ¢ d e f a".

Work done : n 0 cled+ *r.d e f A A
-{(VT,)(1 h*1-t-VT.-Tp-T, (1=6, + ?2?2'>
T Tg'l
+ AjT3-T2)(1+Tj) + Kpg(Tg-'%)- 1'aVloge £2'*'Sp2J0g« (1)
meat. Supplied . r b ¢*c d+ kamd e f h " n

- -{(T*"Tg) (1-hf*) "hhp1(T8T1)-T3(loge fJ'fRplloge
+ /13 +T3 -To f Xp2(T3-TS5))-werererrererreresseses (2)
Cycle Kfflclenay = T2T

{(T1-T3) (1 +ki)-»"'Kpi(T8-Ti)-T3(loge *+4*Rpll0ge f
+ ((T2-T2) (1't'7;J> hp2('ra-T3)-T2 (1 0<8 T+ Rmglog,

{(T1.TS) (17T =Kpi(Te‘nl)-T3(log'*?3 +Kr 11 + -T2+Kn ;
..nern»t,SV . loj"LJmj = ab ¢ cdr+ d e f
= {Ti_ Tjd+?D)+Kpl(Ts"T1),-T2(1°Z« 22+ W S }

{ Ko 2 (T 8-T5) ~12 kP logs T ; J = s (4)
A.suJBBllod = |1~ Tf!4 + H”iTa-n)} + {Kp,(Ts-T3J,,,.-(6)
Jycla - {(Ti-T2)(14-TDH)**P1*3 -T1)-T2(10g,7p>K0]10ge™">
S£1IS19BJi

Wiip (T,-T3) -T. 1y 10grv}

-(e)



Jtaaa atlll auparheatftd, at, jpd of fjtgt _gsfangion (Fir.¢t)

"ed" ri'oresents the first stage expansion, the steam :eing
at a superheat tempezsture Tgl '/lien led to the reheater.

Reheating takes place from "p" 1o "e"

*ork done - abccdg+ *rdef
= {("-TgXI1+71) -T2 (10ga” piloge®)J
+ {KP3/rs" 8B * r2KP310Se ~RI oo, (7)

Heat 1 y .
duoolled » kabo cdj-hjdeh

=fLi >Ti -12'hEplxD»*Ti!i4'fKP3"r8 3{le--(e)

ffitasx - -T2)il + TV 1"hPI(Ts
+(*pgn. - t3» - Vm 10> W M
- T2 -rp} + ftp~T, -Tg )}

"cd" represents expansion in the first stage, the steam

p..in; r dryness fr.stlor. *h«'* to t'e r.he.t.r,

iijjpl” the first reheat effect when the steam ic made dry

saturated, the steam is then superheated from "el" to "e"

with temperature g
V/iork done - mbcl cd-haraelLef
- -H'p1(Ts-T1)-T3 (logeijv- -h Kpi loggTt')}

-h {(T5-T;) (1 +~ )-haDi(Te-T3)- T2 (1ogef3 +-%I1<>6e %)} —

hftat 3unrlied m mb c*¢c d 4"k a me e i h



+ {13+73 -T,

M 1i»SSS - fITI-T,)( 1+7)+Kp1(Te-71)-13(10M T K p1Los. 1J)f

{ t 3 -7 .j) (1 + T3 ) '«+"kp4 IT8" T3 "' "T21108=T"* + I'p4d41°le T A0

--(12)
((TLT3)(1-hTi)>KPI(Ts-Tl)-T3(1°e A)]

ofAL3 > '3 -Tg +mKp IT3- ~

1, th. oduatlonff Ki»,n, Tj .111 h,v. diff.r.nt v.inl.. ! np1 ke2

K- and 1D
K
different ranges of pressure and superneating.

.111 htvs different valuee since they refer to

The PanHlne cycle efficiency for the same limiting temperatures

T8, 7T/ and T2 Is >-

£(?21-T2)(3 +/J"> mhKpl (T8-Ti)-T2(loge T~ KPllo6e 7%)]

ALi+Ti - T2 > tipl(Ta - Ti)]

It is impossible to directly determine the conditions amongst the

given cases for a maximum cycle efficiency because several

variables are involved.

The method adopted Is that of determine the cycle efficiency for

various values of P3 with corresponding saturation temperature

T, and plotting the efficiency against, the pressure P3. The

pressure at which reheating should take place for maximum

efficiency can then be obtained from the curves as well as the

maximum efficiency of the cycle.

Determining the efficiency for various values of Tj with

consequent varying values of Kpi Kp2 Kp3 art Lp4 from



equations (») or (6)/L to)
hen,, .mow»=i.. -v, the 10**1' hea-
entr opy ch.rt for -te- (»" ?1l«- 5)"

..0,.

.Ol.r.uo h..t drop fro- Pl to P, totur.Uon

t,T.p.r.tur, I,) - «<*" r.pr.so-ts r.h..ttn, »t oon.t.nt

ppoooor, P3 to bring tb. t.-por.tor. b.oK to tbo In .1

W o teo».r.tU. T,. -of"

.m .b.tl, boot drop fro. P5(r.b..t.d) to b.ok pr.oour, P2
= 0d+-o f
A . Total heat & "o reheat aupnlJled from
' " to "e" sensible hea* In water at Tg.

sensible heat

In water at Tg)
(Total heat at "c"

- A
Ranklre
Cycle.

A

Therefore, Heat supplied

_ Heat supplied on Rankine cycle
“+-haRt cupniied durlnr reheating.

(L4;
Heat supplied on Ranklne cycle
-fheat supplied by reheatar

l, *.0 =..00 n m.y b. po.olbl. to p.rfor. th, r.h..tln, b,

nynl.. 5. Both =,=10. .r. fully ooneld.rod In thl. th..

Oisla-S .fflolonoj =

rn K If* S 1161

(RS 111 »l«»y» h.«. . blEh.r «fflol.ncy than Ovol. »J

e00°Fi m » K — «
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the inltl& 1l steam temnerature has been assumed.

3t.«. ... 400 1b=. =1 t— *‘b... 350 15,. per . In,.

300 lbs. per sq. ins. abe., 250 lba.,rer sq. inn. abs nd

200 Ibs. per sq. ins. aba. each with the temperatures 750, 700,
650, 600, 550 aid 500°F.

The back or exhaust pressure has been taken at 1 lb. oer sq.

Ins. abs. in all cases.
art ghown in tables 'os. 1 to >]6m

Table Nos. 1 to 6 refer to steam at 500 lb3. per sq. ins. abs.
Table Nos. 7 to 12 refer to steam at 400 lbs. per sq.ins abs.

Table Nos. 13to 16 refer to steam at 350 lbs. ne- sq. ins.abs.

Table Nos. 15to 24 refer to steam at 300 Ibe. per acmlIns.abn.

Table Nos. 25to 30 refer to steam at 250 lbs. per sq. ins,abs.

Table Nos. 31to36 refer toste m at 200 lbs. per sq. ins.abs.

The cycle efficiency curves are shown In Plates "os. 1A to 0g

Initial steam Initial Beck Working
Plate No. Pressure lbs. Steam Te:n-0~  Pressure Cyele
per sq.Ins.abs.  peratures F Ibs.per

sq.ins.abs.

1A 500 500 to 750 1 A
IB TOO do. 1 B
2 A 400 do. 1 A
23 400 do. 1 B
3A 350 do. 1 A
B 350 do. 1 B
4A 300 do. 1 A
43 300 do. 1 B
5A 250 do. ! A

21i0 do. 1 B
iB



Plate Ho. initial Steam initial Sack forking

Pressure 1bs. Steam Tem- Pressure Cycle
per sq.ins.'Jbs. peratures E Ibe.oer sq.
ins. aba,
6A 200 600 to 750 1 A
6E 200 do. 1 B

The efficiency of the Ranklne cycle Is shown for each initial

temperature hy means of dotted lines on plates referring to
Cycle A.

Efficiency curves for Cycle A lie partially above and oartlally

below the hai.kine efficiency line. Hence for Cycle A, It Is

important to choose the reneat point carefully if the greatest

gain is desir*d.
Tables 1 to 36 also give the

ercenta&e gain over the Rsnkine

cycle. If it Im assured that the -atlo of actual thermal

efficiency of plant to theoretical cycle efficiency is not

affected by the adoption of reheating then the gains shown will

represent the percentage saving in fue,. ugsd.

When the Rankine cycle is followed the steam contains a fair

amount of moisture at the lower stages of expansion, but when
a reheat cycle is adopted tho amount of moisture at the la*er

stages is reduced, the eduction being inversely proportional

l.o the pressure ,*t which re) eating takes place, or, proportional

to the amount of expansion in the first stage.

In practice the efficiency ratio of a Prime mover increases
slightly as the quality of the steam is higher at the end <f

expansion, this is particularly the case in the steam turbine .

Hence, in practice, it may be exrected that the fair* will be

slightly hi-her than the theoretical values.

Plater 1A to 65 have been used to obtain the maximum cycle

efficiencies, reheat pressure for maximum efficiency 't4

percentage gains over the Rankine cycle. The results are



Lai il Ion between »iixlmum Bfl'iclanM jGve-J.g A.' jmd Initial Staam

/ampsr&tnra (Reheating to In Wapei:atur ,)

Table Ko. ?7 has been used ii plotting the maximum affloiency
agairr t the initial steam temperature. The result is shewn
in Plate No. 7A. The relationship in the case of each
pressure follows the straight line lae of the form

haximum Cycle efficiency a a cone ant + a constant (steam
temperature - 500)

The actual equations for the Uniting conditions considered
in this investigation are

For 500 lbs.per sq.Ins.abs., Max.efficiency = .34317.000108

i .no " 1 " "o Max.Jfficif'nc,/ - .3341 +m.00C1CC4
1 (t - 300)
| S « " Max.efficiency = .3285 + .000108 *

'#% BE”’ (t - 500)
" rno " " " " Max.efficiency = .3212 +.000113
(t - 500)
rcn " " " "o Max, efficiency: .3144 + .0001136
(t - 500)
200 L Max.efficiency : .3050 + .000115
(t - 500)

Where t r initial steam temperature (reheating up to initial

temperature).

The lines are almost parallel md if the average value tif the
coefficient of "t" is used no great error will be involved.
The average value is .0001107 and the greatest error occurs
with 200 lbs. per sq. ins. aba. and 750°F, the error being

.00108 in efficiency which represents an error of omnly *324£

The constants, for the equations given, vhen plotted again*
pressure give* a curve which has the followin eqnation

Gonstint m .305 +' .0002 (P-hOO) -- . 154 x 10 Hp)



Hence If the average coefficient of the temperature is used

the folloring general equation can be used to determine the

maximum oossible efficiency for any pressure from 200 to 500

lbs. per sq. ins. abs. and for any temnerature from 500 to

750°F

Max. efficiency - .305 + .0002 (P-.00)—2154 x 10 )
f.0001107 it - 600)

Where P = abs. steam pressure

t * steam temperature (initial and after reheating).

Cycle B. The curves are similar to thos e for Cycle A and are
shem in Plats No. 73.

The equations to the lines are

For 500 lbs.per sq.ins.abs. Lax.efficiency - .4002 7 .000160
(t - 500)

" 400 " T Max .cfficiency % .3864 + .000171
(t - 500)

no350 M0 Max .cfficiency % .3805 -n .000176
(t - 500)

" 300 " T Max .efficiency : .3720 -f 000172
(t - 600)

" 260 1 I 1 . I Max.efficiency '20 -h .000178
(t - SCO)

"200 “on ' Max.cefficiency - .3507 -h .000168
(t - 500)

Again, the lines are almost parallel. The rein value of the
coefficient of "t" is .000172 which gives the greatest error
in the case of 250 lbs. ner sq. ins. abs., the error being
only .OOIf welch is an error of only .369/
A similar treatment for the equations for maximum efficiency
gives the fo._ neral formula for Cycle B
;ax.Efficiency * .3607 wm .C0026i;P-200)-.316 x 10°13(P)4,4y
-K 000172 (t-500)

In order to dispense with the use of formulae and variable

constants, the curves shown in Plates 8A and 8B ht,ve been



constructed from those in Plates 7A and 7B respectively.

Maximum efficiency is slotted gainst initial steam oressure
for various temperatures in steps of 10°F. Plate 8A refers
to Cycle A «nd Plate 65 refers to Cycle B. These plates
enable the greatest possible cycle efficiency being retd off
directly for any initial steam pressure from 200 to 500 lbs.
pei jq. ins. abs. with any initial temperature from 500 to

750 °F, repeating taking place up to the initial steam

tempe nature.

£l*ie._9£ gives the oresaur, at which reheating must take
place to give maximum efficiency on Cycle A. The curves
are irregular but tne general trend is that reheating should
take place at Progressively lower pressures as the initial

stBam temperature is higher and higher. At pressures <t 500,
250 and 300 lbs. per sq. ins. abs. there is , wlde cholee at
the lexer temperatures, this is dae tc the efficiency curves

being flat as seen in Plates Noa. 1A, ZL and tA.

1-1&te_9B. The curves are similar to those of 9A but refer
to “ycle 3. In this case the general trend ja that
reheating should take nlace at progressively higher Pressures

as thp initial steam temperature is higher and higher.

Plates 8A. 6R, 9A and 9B represent a summary of this
investigation and can he used to solve any givencase within

tne limits considered, that is, any pressure from 200 to 500

Ibs. per sq. ins. abs. with any temperature from 500 to 750°F.

iilS-1Q-Uowlng pon&luslon&_aje_dfawn_from _the various table*

And-fl.UTYOa obtained i-

Cxsle_A

(1) Peheating must take pi oe after a moderate amount <f
expansion has taken place in the first stage if maximum

rain is d'sired. The resulting advantage of reheating the



i#

(2)

(o)

(4)

(5)

(6/

(D

12.

ateam when still *t * moderately high pressure Is that
the reheater need not be of exceptionally large volumetric
capacity.

Percentage gain over the Rankine cycle for a given
pressure increases with increase of steam temrereture
Mid tenoenature of reheating.

As the degree of initial superheat decreases the
permissible amount of expansion in the first stage
decreases in order to obtain maximum efficiency.
Reheating is of doubtful commercial advantage unless

a high degree of supernoat is employ'd with reheating
up to the Initial steam temoerature. This involve,-,

the use of a reheater incorporated with a boiler or tie
use of a separately fired reheater. Hence extra capital
and running costs must be carefully considered in

con ectlon with the saving in fuel rosultinr from the
higher thermal efficiency of the prime mover.

Reheating with live boiler steam will raise the

reheat temperature only upto the saturation temmrature
of the live steam. Hence, fro par. (2), the thermal
efficiency will be lower than in the case cf reheating
to initial steam temoerature. Therefore reheating with
live boiler stoam it; of doubtful advantage exeeot that a
simpler and cheaper apparatus can be installed near the
prime mover instead of in the boiler house.

The gain lo of such a small order that reheating can
only be Justified in the case of power plants of

large output.

Cycle B

The maximum gains are very larre and approximately

constant for a given steam and equal reheat terwe rature

- 13. -

*



(2)

(3)

for any Initial pressure from 200 to 500 Iba. per eg.
Ina. tba. Thuo for a temre rature cf 7507? the maximum
gain varies from 23.2A to 23.63% tor pressures varying
from 200 to 600 lbs. per nq. Ins. abs. respectively.
The maximum gain increases with increase cf initial
and equal reheat temperature.
Reheating must take place when the steam has expanded
in the first stage almost down to atmospheric pressure
in order to obtain maximum gain. The resulting
sadvantage is that the reheater must have a large
volumetric capacity if the steam velocity has to b-

kept within reasonable limits.
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