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I ntroduction

Perhaps | should start by stating how much effgtihder condensation has on the performance of Ismal
steam engines. | have found in my experimentsahatnsuperheated engine consumes two or three disnes
much steam as would be expected from the dimensibtie cylinders and the engine speed. Condemsatio
can be reduced by superheating the steam, andetée £onsumption will then be halved with little ray
effect on power output. That is fine, but we ddaibw just how much superheat to apply, and how this
depends upon things like steam pressure, engiresl spel cut-off.

Neither is it generally known just how the condeimgaprocess operates. For example, g&uge engine
can consume something like 25 - 30 Ib. of steanmhper, which is equivalent to a heat supply of alidu
kW. If half of the steam is condensed, we havexglain where around 5kW of heat disappears! Gdytai
it cannot be lost by convection and radiation fiitve outside of the cylinders, even if they are ggé&d . As
an illustration of why this is impossible, & @ia.x 6" long cylinder would need to be at about 8D@o get
rid of this amount of heat.

In fact a plausible answer to this conundrum hesnbaround for more than a century. The ideads th
during admission (TDC to cut-off) steam is condehard forms a film on the cooler walls of the cgien
and the latent heat of condensation heats up tiredey wall: as expansion proceeds after cut-oéf sheam
temperature falls to a point when it is cooler thiam cylinder wall, whereupon condensation will sea-or
the rest of the expansion and for the exhaust strible heat deposited in the cylinder is extraetedi used
to evaporate the water film left on the surfacem8amf this evaporation can contribute a little wdmk
raising the steam pressure during expansion, bufabyhe greater part is a hindrance and may iserea
backpressure during the exhaust stroke.

Further study shows that this process of heat adiaiuinto and out of the cylinder only affectshantlayer
beneath the surface - something like a millime®@40) or two, so that its effect is not felt in the bulf

the cylinder material. The nature of this transieabhduction process will be illustrated below, whhba
experimental results are outlined. Much depends upe temperature of the bulk of the cylinder, ifdahis

is above the inlet steam temperature condensatibteveliminated. However, when using unsuperhgate
steam the bulk cylinder temperature lies somewbete/een the inlet steam temperature and the exhaust
steam temperature, and condensation occurs. Sm#veer to the above conundrum is that the latest dfe
the condensing steam is temporarily side trackéal time cylinder wall, and returned too late to lheay
use!

So we are left with much the same work output acdresiderable increase in steam consumption; hance
drastically reduced efficiency.

When these ideas were first introduced they cagsealt controversy. Unambiguous experimental support
was difficult to obtain with the techniques thenadable, and indeed the controversy was never fully
resolved before the introduction of superheat allytremoved the problem. It is also fair to stdtat many
supporters of superheat believed its merit wasmiproved thermodynamic cycle efficiency rather than
reduced condensation; they did the right thingtli@ wrong reason, which is regarded in someesreks
worse than doing the wrong thing for the right ceds

Improvement in instrumentation and the help of cotegs, rather than greater insight, is all thaan claim
for what follows.



An Experimental Approach

It was realised in the late 1800s that measuremainthe temperature fluctuation at the surfacehsf t
cylinder wall would greatly help in understandihg fprocess. Callendar and Nicolson in a paper ds88d

( Ref.1) reported measurements of temperaturbdrcylinder cover at an engine speed of 100 rpreyTh
used thermocouples in holes drilled from the oetsa within 0.01 of the inner surface, and the output of
these was measured on a galvanometer that wasatednga a contact-maker at various positions ef th
piston in its stroke. It was a remarkable achievamaut the number of readings that could be takesne
revolution was limited. Since the aim is to detarenihe temperature of the surface exposed to stame
method had to be devised to extrapolate from teatpers measured at points below the surface. This
involved using a standard theoretical solution tfansient conduction; this is not strictly correbtt is
probably a reasonably good approximation.

Using a computer and modern instruments it is jpbs$0 overcome the limitations faced by Callenalad
Nicolson. Firstly it is possible to measure thefste temperature directly using a very fine theroumte
welded to the inner surface of the cylinder co®acondly the signal from the thermocouple can bd re
very quickly using a computer; in fact, | have bedéte to take measurements every 2 degrees oforotat
an engine running at 1000 rpm - this means reaalioigstoring 3000 measurements per second.

For small engines running at high speed the temyergradient near the surface of the cylindestéep,
and it is essential to measure the temperatutke surface. The technique of using a small thermocouple
bead and attaching this to the surface is notfaat@y because of the difficulty of ensuring thia whole

of the bead is at cylinder surface temperaturaetiealso the possibility that the presence oftibad may
affect heat transfer at just the point where teiapee is to be measured. However, a techniqued bhaed

to measure the surface temperature of nuclearaefl elements seemed appropriate. This is tbwptl

the thermocouple wires to the surface a small degtga few mm) apart, using fine thermocouple wires
0.15 mm dia.). The intervening material does né&afthe thermocouple output, and the fine wirésdy
close to the surface cause minimal interferend¢becsurface temperature.

Given the surface temperature variation aroundaycte it is then possible to deduce the heat flotw and

out of the cylinder surface. This is possible bsesthe temperature wave travels only a short distamto

the cylinder wall, so the wall may be regardedhas mathematically simple object, the ‘semi-infngolid’.

In other words the behaviour is the same as it el if the cylinder wall were infinitely thick, bause
only a thin layer at the surface is affected. Sumformation is crucial to an understanding of the
condensation process, and may enable us to disgosethow much superheat is required to prevent
condensation.

Figure 1

The Apparatus

The engine used was a single cylind
vertical with a 50mm bore and 32m
stroke. It has separate Corliss type in(SSSes
and exhaust valves, the inlet valvdl
being trip operated so that cut-off ca
be regulated without affecting exhau
and compression events, Fig.1. TH}
supporting equipment is very much &
described in an earlier paper (Ref.2
thus the bulk of the measurements, fj
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example steam flow rate, temperatures, speed, fbwakieand indicator diagram are handled by a coemput
In these experiments measurements were also mathe cfurface temperature of a stainless steel plug
(Fig.2) inserted in the top cover. These tempeestwere recorded every 2 degrees of rotation fer on
revolution. The voltage generated by the thermolowas amplified and fed into an analogue-to-digita
converter, and thence into the computer memory.

The computer programme controlling the experimenbrded the following data:

Engine speed

Indicator diagram (i.e cylinder pressure evetyProtation, for 1 rev.)
Cover surface temperature (everpfrotation , for 1 rev.)

Steam flow rate

Steam inlet temperature

At the conclusion of a test the programme thenmatizally computed the following:

Mean Effective Pressure

Indicated Efficiency

Steam Ratio (Ratio of steam actually used todhktulated from cylinder dimensions
and speed

Superheat

Saturation temperature of steam for each poinhditator diagram

Experimental Data.

The tests were at nominally constant speed andamnsteam chest pressure. The superheat was tiyadua
increased over a period of about 2 hours, duringhviime 40 sets of data were obtained. The brake (
motor car disc brake with home made pads!) , tagettith the boiler gas supply was used to contpeksl

and steam pressure. In all the tests cylinder ad fed into the steam pipe leading to the stearstctiehere
appears to be a slight reduction in condensaticenvdil is supplied in the case of unsuperheatezhstéhe

oil supply was of course always maintained whemgisuperheated steam). A test using air rather than
steam (Test No0.40) is also included, since it hlasaing on cylinder and valve leakage

Let us look firstly at the records of temperatund @ressure for one revolution of the engine. Tloasgain

all the information needed to show how much condéas is occurring . Two sets of data, one using
unsuperheated steam (Test No0.8) and the otherreegied steam (Test No.21) are presented.

TEST No. 8 (Unsuperheated)
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The surface temperature loop in Fig.3 is the memsaurface temperature minus the mean of all thefse
surface temperatures. The temperature variationor (8 °C) may not seem very large but, as will be
demonstrated later, it represents a considera¢ ihput to and extraction from the cylinder coasra
result of condensation and evaporation. Such caalem occurs when the saturation temperature ef th
steam exceeds the surface temperature of the caver difference between the saturation temperatnde

the mean surface temperature is shown as a continuousimed(Thesaturation temperature of the steam

is merely the boiling point of water corresponditig steam at a given pressure. The computer is
programmed to calculate the saturation temperadtireach of the pressures recorded on the indicator
diagram, Fig.2) Not surprisingly this loop bearseaemblance to the indicator diagram.. Notice that
surface temperature rises during the period whem ghturation temperature exceeds the surface
temperature, and then declines . This indicateistfigaheat of condensation is passing into the rcdugng
admission, and that shortly after cut-off this hisatemoved and used in evaporating the condetefaten

the surface. This evaporation process continuesigiirout the exhaust stroke.

The continuous line superimposed on the indicaiagrdm, Fig.2, represents a hyperbolic expansion
(Pressurex volume = constant), which is a good approximafmnthe expansion of saturated steam. Notice
that the measured pressures rise above this lieggnsion proceeds. This is due to the evaporafitime
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water layer described above. The effect is to imeeethe area of the indicator diagram slightly,d an
therefore the work output. Thus we reach the ssirmiconclusion that condensation may slightly éase
power, but at the expense of a much reduced aifigieConsequently it would be difficult to detect
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Continuous line:- PV=const expansion

Speed 555 rpm
Superheat 73.9C

IndicatedEfficiency5.25%

Steam Ratio 1.74

Figure5b

Points:-Surface temperature

Continuous line:-

(saturation temp. -

condensation  except by
measuring the steam
consumption, the power
output being little affected.

The evil effects of

condensation are reflected in
the low Indicated Efficiency

of around 3 %, and the
Steam Ratio indicates that
2.62 times as much steam
was admitted than could be
accounted for from the
known dimensions of the
cylinder, cut-off, speed, and
the density of the inlet steam.

TEST No. 21

(Superheated)
Figure 4

Continuous line:- Sat. temp - Mean stefeemp.



mean surface temp.)

In this test the surface temperature is always alto® saturation temperature of the steam; consélguem
condensation can occur, and this is indicated bwttually constant surface temperature. Notic® dhe
change in shape of the indicator diagram; the pressow falls slightly below the ‘PV=const’ linéviost
striking, however, are the values of the Indica#itiency and the steam ratio.

It must be emphasised that the above temperatuasurements refer only to the cylinder cover, wherea
the condensation process will also occur on thendsital surface of the cylinder. The cover is mbly
more important, area for area, and its temperafluetuation seems to be a reliable indicator of
condensation. In the case of the test engine thiks€dype exhaust valve , well cooled by exhatestim but
also exposed to inlet steam, may well make a sagmif additional contribution

TEST No. 40 (Air)
Figure6 (Air, 237 rpm)

It is instructive to test the engine usin
air as the working fluid at conditions Run 40. Indicator Diagram
fairly similar to the steam tests. The

60
indicator diagram from such a test i 50%

shown in Fig.4. In this case the
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expansion falls well below the ‘pv =

Pressure (psig)

const’ line; the greater part of it ig 30 o

close to a ‘ pV* = const’ line, as 2 10 boo%

would be expected for adiabatig 0%\ %%
expansion of air. This result is quite 01

useful in that it confirms that leakage 0 0o0000e0005T peecSeeeea:

past the piston is not significant 0 0.2 0.4 0.6 0.8 1

Fraction of Stroke

Another quite interesting aspect o
Fig.4 is the contrast in shape of the

diagram when compared with the steam indicatorrdiag. The start of the diagram following admisssn
much ‘sharper’, as is that following cut-off. | i that in the case of steam when both liquid aalour
may be present together with a heat source/sirtkénform of the cylinder surface, the mixture isamu
more ‘compressible’ and does not adjust as quitklghanging conditions. There is certainly a natide
difference in the running of the engine - steanegigsmoother running!

Analysis of Results
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Whilst the width of the temperature loop and theaBt Ratio are both good indicators of cylinder
condensation, it is possible to extract more dimdtlence concerning the heat flow into and outhef
cylinder by analysing the surface temperature flatbns. As mentioned above, these fluctuationsi@o
penetrate more than a millimetre or two into théncler wall, and in these circumstances it is passto
calculate the changing temperature profiles incgiender wall. | will not go into the details hersyfficient

to say that they have been calculated using thakaxicholson finite difference method. My computer
programme accepts a disc containing the experihemasurements and applies the surface temperature
fluctuations to a semi-infinite solid; the resuffitemperature profiles corresponding to the datkigé 3

and 5 are shown in Figures 7and 8. Whilst the [@®fare calculated for each 2 degrees of rotatibaye
shown profiles only for every 20 degrees in Figand 8 to improve the clarity of the figures. Thadlic
reduction in both amplitude and penetration asrsequence of superheat are clearly evident
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Figure 7 Figure 8

The programme that calculates the shape of theeatemuperature profiles (Figs 7 & 8) also determithes
rate of flow of heat into or out of the cylinderregsponding to each profile. If all the profilesatlgive a
heat input are added together, we get the amouateit heat that is deposited in the cylinder caltging

the period when condensation is taking place. Tikisn reasonable agreement with the amount of
condensation indicated by the measured Steam R&i@ct agreement would not be expected because
condensation takes place also on the cylinder &oregell as the cover)

Discussion

The experiments have shown very clearly the cycheture of condensation and evaporation that acicur
an unsuperheated steam engine, and the effectvefasiperheat as a remedy. However, there reraains
important factor that is still to be elucidateche trelationship between the temperature of thendgh and
the superheat. Consider firstly unsuperheatedrst€ondensation to and evaporation from a watezrlay
are available as a heat transfer mechanism andlutiations in the inner surface temperature @& th
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cylinder must lie between the saturation tempeeatirthe inlet steam and that of the exhaust stddma.
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heat transfer rates under these conditions arenti@ity very high, and the cylinder temperatureightly
bound between these two temperatures. Becauses#itdlbw into the cylinder must be nearly balanbgd
the heat flow out it is tempting to imagine thasame point when condensation is balanced by eatipor
the cylinder will be dry; however, there is no mashy this should be so, and a water layer, albkit
varying thickness, may be present for the wholdecyi€ superheat is applied condensation is sabgble
during admission provided the surface temperattitheowater layer is below theaturation temperature of
the steam. Presumably less will be condensed beadubke higher enthalpy of the condensing steand,
consequently the layer may be thinner. The crumpigstion is then to determine how much superhdat wi
cause the water layer to disappear. In the abopergrents it appears that around A00s required, but at
the present the problem is too complex to analysketail.

It is interesting to speculate what happens afterdylinder has completely dried out, when thencigr
temperature will then be less tightly coupled te #team temperature by relatively low convectivathe
transfer coefficients. The cylinder surface temperm will at all points around the cycle be abotie t
saturation temperature of the steam, and it seassilge that a reduction in superheat may not cthese
system to revert to one in which condensation a;duarother words, there may be some hysteredisen
process. In fact, such hysteresis was observeldeilbove experiments, and it appeared that revedsib
not occur until the superheat was reduced to arcoadl the value at which it initially prevented
condensation. More data are necessary before ttierman be taken further.

Other factors affecting condensation, in addition superheat, were engine speed and pressure. Data
obtained so far are insufficient to define theseueately, but it became clear that even with ungugeted
steam condensation had less effect as speed asglidncreased. Some of these factors were igassti

in the tests reported in Ref.2.

It was found that even when superheat has remdwesdurface temperature fluctuation, a sudden iserea
steam pressure could cause reversion to condemspassibly a decrease in speed could also haveatine
effect. This has interesting implications for dngi technique with small locomotives. Driving on the
regulator at fixed cut-off clearly involves presswariation, and might be expected to increase exseation
and reduce efficiency. It may well be that the ralé¢ive, i.e. using cut-off rather than regulaiamproves
efficiency more by reducing condensation than bgriowing thermodynamic efficiency. It would theredor
be interesting to fit a locomotive with a surfatermocouple to see what happens with various drivin
techniques. My friend Tom Jones has in fact deveaegortable instrument that continuously displtnes
magnitude of the surface temperature loop wherldthto a surface thermocouple. This works welihen
test engine, and we hope to test it on the traéiréelong.
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