Investigations On

\

_ SUPERSATURATION IN NOZZLE FLOW
W

by

MAHMOUD AHMED SOROUR, B.8G., A.R.T.C.

#



ProQuest Number: 13870141

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13870141

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



iy CONTENTS

Synopsis ©8 0808080000000 0000000000000000009000000008000000
. s

PART I = REVIEW

A. The Exgerimental Bvidenee - .
The excesslve Discharge & the flow eurve POrm oeessooco
The cloud chamber pPhENOMENA coeocevws0000000000000000600
The Optical ﬁ&momtra?:iﬁm 00000000000 0000A0080002000000
Attempte at temperatures MEABUramEeNnYy coscecocccssssssco

Be Varioug Hynothesss
M

he . :
ertin’'s In’@erpre‘tﬁéion 0890830000000 0000060803000000300
Oallema!‘ 8 Aﬁﬁmpti@nﬁ 5006000000000C000000C0000DS000
Keenan's axplanaticn C8 000000 EO000ED0000ADO30000000000
Stodola's con@@ption 00606090000 0000GD0DYOC0COEO000000D
The Mellanby and Kerr fractional reversion 14@8 c.ecvo
Powell's Meﬁh@d 0090.090050°°°G°°.°OQO‘°°°°°.¢°.°°°°00
Varlation of the S.8. R8H10 cceecococoecoscconssosccoa
Temperature Distribution Along the N032Le ccsscesssscs

PART II -~ BEXPERIMENTAL INVEST;GATIONB

A. Pressure & Flow hxgerim@nta
Apparatﬂa and Progedars 000306820 20606000000000000080000
N0221€8 USOA cecne000000000000000000000000006060000506000
Gonvargen‘b Nozzle R@BULES cocscocovocccosscenoccccccanoaon
Tepts With Varying Surfage RABTLO ocococcovsocesccccscnsono
Divergan'ﬁ NQZ&],@ Regul ts 38:‘1@@ E 0000 MPE0COC0O000OR
’ ® Seriaﬁ I BANOOTOODOOOQDODO
® w w Seriles III tcon0000000OROESQ

- Bo Temperature Investigatlmnﬁ : -
The hidden thermo junstion Oeacoeaoaoooonocoeoonoooaooa

¥First Th@rmjun@'&?ﬁ.@n Pype 0200000000000 00000008000000a
Second Thermo junciion TY¥P@ ccsceovoseconssconsesccnososo
Biverg@n't N-OaZl@ Regults Series I 600000 DCG00ROOODO
‘ w Series II 0000800068000 050

® u ‘" Seriecs III_oooooeooeococeoao

" PART III - DISCUSSION OF RE&ULEQ |

A, The £low Curves

Pariisl Reversion Before the S.S. Limit 0e000es0000000 |

Gradual Reversion After the S.S5. LIMit cccecsecossrvocso
Sudden Reversion At the S.8. Limld ccevceocecseccosscss
Influence of Surfece Ratio PO P0O000BRC00O0D0COCOBOBRODE
Limitationg of Flow Gm’ve DaBB covencoccocosoosscnsssce

(411)

o

<©

AN -
EBEERE



B.

The Temperature Curvee =

Readings Before Raversion sceecscsesoncecocossssscnco
hxpl&nﬂtion of High Reaﬁings ©00000000000000000030000C
Th@ temperat\we Diﬂcrepamy 2900000000000000030a08000
anditiona at RGVﬂrﬂion oooeoaucoueoooooooooeoooooooo
Rﬁversion at ﬁhe Shock Waves éeoeeoooaoooooooaooooooc

Goncluﬁionﬂ-_.ooo-ooo.oooceoooeoo'eoeoaooooaeooouoooeoo
e e P

Bibliograg!g oo’;-‘e'oé;ao’ooo'-o.oco»--oaooooooeooooooo;ooo

27
62

6ho
67

Ty



SYNOPSIS

Phis thesis is concerned with attempits to exawmine the
problem of the supersaturated condition in the expansion of stean
through simple nozzles. In particular two of the recpgnised
difficulties of the subject are explored. One 1ls ths peculiar
form of the flow curve originally established by liellanby and Kerwr.
The other is the’ failure of direct temperature measurements in the
Jet. .

. Pert I of the thesis endeavours o pressnt the scmswias
conflicting factz and opinloms of the varicus aubthorities om the
subject and reviews briefly the experimenial evidence and the iduas
that have been expounded. I% emphasiges the imporiange given, in
all hypotheses, %o the suparsaturation ratic aund the wide and
ungartain variations that would appser 0 have been ghown In this
Ya L€ o

Part I1 isg wholly devoited 10 the axperimenial work which
.18 in two sections, dealing respectively with flow and tewmperatura
neagurements, In both two types of nozzls were used ~ convergend
and divergent. In the flow and pressure tesis the main objlecd
was 1o check the Mellanby and Kerr type of resulits over = wider
rangs and with variable surface raitio as an additional faciore

The temperature tests were based on o new method which gave very
striking resulito.

In Part III, the main features of the Hests are discussed.
The flow curves are analysed by ithe different methods smployed by
Mellanby and Kerr and by Powell. It is shown that neither method
is satlpfactory and that a better agrecment is obisined on the
apsumpiion of suddsn reversion. The results of the tempsraturs
investigations are then advanced as proof of sudden reversion and
an explanation is given of why, before raversion, the temperaturse
readings are high, The reason for failure in the measurement of
underconled temperature is thus wede clgar. The supersaturation
ratios and velocltles at the point of reversion are examined bub
1% is finelly ooncluded that the sudden change to the aguilibrium
state is really caused by the shoek wave in high speed flow.




CBARS I - RuvisW

A. THE EXPERTMENTAL KVIDENCE

An acourate knowledge of the expansion}of ateam through a
nozzle ia of outstanding practical importance and of great theorat-
leal interest. It has been the subjeet of various analytical
efforts and a multltude of experimental researches, and yet there
8t1ll remain discreopancies beiween thecory and experiment.

One of the most interesting is the well known experlmental
rasult, that the rate of flow of inltislly dry or slightly super-
heated steam through & nozzle is in excess of that caloulated on the
assumption of expansion in thermodynomic equilibriume.

This excessive discharge hes so often boen confirmed that
the fact 1s well established. A resuls of this kind casts doubt en
the soundness or adeguacy of the underlyling theory. The usgual
explanation rests on the sssumpiion thet rapidly expanding stesm
may lis in a state of superseturation i.e. condensation ls, for the
time being, suspended and the stean 1z expanding as & dry gas.

Supareaturati@n i® based upon the fact that thes vapour
pressure of a liquid at a given temperature is greater abeove a
surved asurface than over & plang ong. Thus sufficlently small
droplets of water wlll evaporate 1f they are pleced in a space of
saturated steam. Thos epacép therefore, becomes supersaturated and

the fluid density will be higher.



2o
Equilibrium can exist between the steam and the droplste
only if the vapour pressure of the droplets is 'equal to the pressure
of the steam. Thie condition has baen considered by Lprd Kalvin(gl}
and by Von-Helmholtz(15) and leads %o the well known equation:

P - 28 ‘
loge 7, = Ripe (2)

where Pg is the saturation vapour pressure corresponding to the
temperature T while G is the surface tension of water of density D
and R is the usual gas constant. This relation gives the ratio of
the actual pressure to the saturation pressure corresponding to the
existing temperature if a droplet of ceriain redius (r) is %o be in
equilibriuvm with the wvapour about it. If this ratio is lowerzd,
the droplet will cvaporate and if it is raised, %the droplet will
grows This ratic between the two pressures le generally raeferrad
%0 as the supersaturation (S.85.) ratlo.

Since surface tension decreanes with incressing tomperaibura:r
until it reaches mero velue at the oridical condition, it follows |
that the 8.8. ratio at low temperaturss is high@r and degrenses
gradually o unity at the critical condlibicn. On the other bhand,
if the droplets are very minute, the 8.8, ratio will accordingly be
very large, and finally in the limiting cace where {r = zero) no
droplets ere present at all, 1% will be theoreﬁiaally poasible 0
obtain infinite supersaturstion. Thus for a pure stecam to condense,

there must be some nuclai of finlte dimensions.



The flow of‘au@eraaﬁurated steam, or steam which would
normally become wat during expansion, in & nozzle is cpnsidereﬁ pie
be flow in & thermally unstable cendition. ue te the high speed
of flow it is unable %o condense within the time 1imits available.
Condensation requires mnuclel of suitable size and a certein mevgln
of time; 1in the sbsance of the first or th@vinﬁuffici@ngy of the
second, the stesm Tailsg o ﬂ@valep it normeld thermal chenges and
acta vepry nearly as 8 gas. Thus the relations for expangion oFf
aupemhcétaﬁ steem can be applied to this condition of supsrasstoratie

Under these circumstances, the steam atisins lower tem-
perature. Twg 1ts Aenszlty is greatar and 1t followa that the
Tflow so determined is in excesz of that glven by the ordinary thecyy
of wet ozpension.

The theoretical mazximun dlssharge can be expressed Por

this condition of supersaturation by Hths squation:

n -1
£ = (339;)% e I e i (2)
. ‘fl 00 Z’.i,. Pg‘l"’ﬁ:"é" )

o
bl
=1

where J = thaoretical flow im lb./sec./sq.ineh, Py and Vy are the
initial conditiocns, v = radtio of exp&n@i@ma%i where P is the
prasgure 8t the position where A lpg massured. n ig the imﬁ@x of
axpansion in PV = ¢ and in this easa = lo3.

Using eguation (2) for Py = 65.9 1bs/Bg.inch Abs. and
r = 0,527, the eurve AB Tig.{l) is cbiained showing the varciaiion

of {low rate with initial tsmperature and indleates a continuous
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arop #1th higher superheats.

In order to establish the corresponding ourve for siable
gxpangion, the law of adiabatie expansion is taken as approximatin:
$0 P.V" = Const. where m = 1.035 + O.lg where q is the dryness
fraction and equal to unlidty in this case. Thus the curve CD is
derived, the shape of which depends on the variation of the
grltical pressure ratio and it can be asssumed a s8t. line. The
point D marking fhe limiting amount of superheat that gives sn
expansion entirely within the superheat region is obtained by ithe

Adiebatic relation

T3 i
¥, ° FE=i T (3)

where Tg is the absolute itemperature of saturated pteam at the
throat pregsure.
A curve representing the flow in whioh losses ars taken

inte conslderation is cobitalned by employing the equation

W Py E {1 =K E"ﬁ"’l}
& = .,.1;, ?-"’ = =
A (Vl) 0. 718 %+ ook (4)

where XK is the loss factor. With a constant K value, eauation (L)
gives sush & curve as EF. It i3 nearly parallel 1o AB but in-
dicates lower values of flowe. It is found by expariment that
nozzle efficiency decreases gradualiy with nighEr guperheats end
this could result in a curve such as EBHG.

Any departure of the actual flow curve from this theoret-

leal curve would appear 40 indicate a sertain failure o achieve



the ﬁzll degree of undercooling. Such actual curves have been
obtained by Mellanby and Kerr(26s@):  These are of the form in-
dicated by KHG and show at one and the same tlme high dilscharge
rates - presumably due to supersaturated flow -~ and a flat top
characteristic that seems %o be in agreement with flow in thermal
equilibrium. ) |
This double feature of these flow curves has never been
fully explained. It hae to be emphasized that these flow exper~
iments, establishing the fact of excaselve disoharge, give e ourve
form not apparently in keeping with the idea of ocomplete super-

saturation.

The Cloud Chamber Phenomena

The cloud chamber method, well known to physists was
first used by wuaon(u’sa) in 1897 to invastigate the nature of
this phenomenon by expanding air saturated with water vapour
adiabaticelly in a glass oylinder provided ﬁith a light glass
piston. 7

He observed, on expanding from an initial temperature
of 20°%, that a persistent oloud was formed on sudden expansion
when the vapour pressure was sbout 8 times the saturation value
oorx'esponding to the pressure. Thus steam can exist in a super~
saturated oondltion until this limit is reached. After this
condensation takes the form of a thick fog of very fine partioles



as if the vapour itself contained innumerable muclei. = If this
value of 8 is substituted in the Kelvin-Helmholtz equation (1),
‘and ueing an appropriate value for the surface tension, ths
effective radius of the nuclei is found to be of the opder of

5,0 x 107 om. which is a valus approaching molecular dimensions.

At Wilson's suggestion, the cloud chamber method has
also been used b& Powe11(31’a) in 1928 to make an acourate uset
of the phenomenon at different initiel temperatures. With an
1mproved apparatus Powell investigated the limiting S.8. ratio at
four temperatures and obitained the values of 7.8, 5.07, 3.74 and
2,87 at =160k, 3.2, 19.1 and 47°C respsctively.

To extend his resuvlts to higher temperatures, he made
uge of the two facts that the e¢loud limit S.8. ratio is unity ab
the critical temperature and that the 5.S. ratio approsches 4this
limit steadily. It follows then that the 8.8. ratic is a funeticn
of the initial temperaturs.

Powell's caloulations resulied in a droplet radius of

6.4 x,10”8 em. assocliated with condensation at these limilting
conditions.

The Optical Demonstirations
Stodola(ul) seems 40 have bheen the first to vtilize the

optical method for the study of flow in transparent nozzles. He
found that condensation tock place immediately beyond the throat
and it retained its position no matter how high the initial pressure,



go long @8 the pteam was initially dry and saturated. With
initial superheat this position was found 40 move inio the conlaal
part of the nozzle to & small extent, noticesble only in vory
slender nozzles.

He recorded some tests with a high velocity jet, showing
thet there was not any visible sign of condemsatlion untll the
steam had aleared the mnozzle by & consldersble digtance. Thesa
tdats, however, seem %o be difficult to reoconcile with others.

, He concluded that in & nozzle, condensation takes place
efen bafére the throat though to a very slight extent, but that
expansion %0 a prassure somewhat beiow the oritical is the imme-~
dlate cause of an almest sudden inorease in cordensation. Hae
also eésiimated the time taken by the droplats to Torm to be of
the‘order of 1 x 10"& of & second.

The flow of low pressure stazm through nozzles simiisr
to those used in turbines has 2lsoc bsan studied opiically by
Yellaﬁia?) agsisted by pressure meaguranent alomng the nozzle. He
found that the fall in pressure along the axis was pot comblmacus
but waz mowentarily srrested at a ceriain point In -the expansion
}with vhich the begimning of condensation, as deternined visuwally,
soincided. He found that the Limidtiong S8.8. ratio varies from
5.3.8% 82.4°F %o about 3.0k at 198.4°F. The droplets radius ab
thege limiting conditicns veries from (5.9 %o 7.0) x 10™° om.
respaectively. These flgurss would have %0 be aslbtersd if allow-

ance were made for flow lossea.
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Yellot assisted by'Holiand“” carried out:further tests

with improved apparatus aha under different ooﬁditions of expan-
sion. These tegts'ahow higher S.8. ratlios than those menﬁiengﬁ
above, which led them to conclude thai the veleelty of the siean
in the condensation region is the controlling factor. ‘
Using the sama apparatus as Yellot, Rett&li&ta(3h}
showed that wall rovghnsss ceused t@@ @0n@9nsation poi#t 0 geaur
&t higher pressure and fsrther é&%ﬁégfgém‘than in 8 snooth NoBZLG.
He suggested that the S.5. ratio depends on the rate of cnengs of
veloclity along the nozzie and that it cannot be fixed for all
sonditions. |

The optical asthed appsars therefore to lead 4o varioug
conclussons dependling on apparatus and conditions. Thera ig
hotning very conclusive exoept the fact that the start of condense-
tion can be observed. Put there are diffarences gs to where and

how 1t staris and as regerds the main deciding influences.

Abtempte AY Tawpavaiure Measuvemend
(64}

Gallendar and Wicholson agem %0 bhave been Tirsit o
aviempt the messurement of the tempersivre of steem expanding in
an engine leindero Thsy ueed o delicate pletimum bhermonsber
congtructed of 0. 001 inﬁh.wira, The tempﬁratureg.r@ccrd@@ shovwad
a départure from the saturation veluesg. Under favonrebile con=

ditionz this was o5 much as 109,



Stodola endeavoured to measure the temperature aleng &
noézle by a copper constantan element sirsetohed along the axis.

This failed to record any degree of undersooling. On the contrary
the results wers rather in excess of the saturation values.

Martin(23°b) has recorded temperature measuremnents with
an ordinsry mnrduéy thermometer shielded with hygroscoplic subsiances
ritted at the exhaust flange of a steam turbine. Thepe temperaiuree
wore lower than the saturation values, in some cases by as mich a8
10%.

Batho(z), by arranging a thermojunction in a wire
stretohed along ths axis of a nozzle in sush a way that 1t coulé
be moved freely along the nozzle has obtained recorde of temperature
along the length. ~Thesa showad about L €o 6% departure from ¢he
saturation values.

Mnller(ag) hag used a measuring device made of magnesia
tube coniaining the thermocouple wires in exploring the temperature
along the nozgzle. He obtained a temperaturs curve which was lower
than the saturation curve at soms points by as much as 10°%F.

It is generally supposed thet the fallure %o record %he
actual temperaturs is due to the formation of a Pilm of moisiure
on the aurface of the measuring devioe. The temperature of this
film depends upon the rate of interchangs of its moleouies with
the undercooled vapour, If more molecul@a condense than evaporate,

the film will thicken and rise in tempersture owing %o the libera-

tion of latent heat. In a quiet space, the film will soon surround



iteelf with a jacket of molecules not differing much in temperature
from itself, while if exposed tc the full rush of undersoocled
steem, this Jacket will be swept away ard a larger number of low
temperature molecules will reach the surface of the Tilm.

The £ilm will eontinue to inorsage in thicknese and risge
in temperature until & stage is reachsd at which the nusber of
molacules evaporated in unit time is equal to the numbér eondengedo
The number condensed depends enitirely upon the pressure of the
gurrounding vapour., o that the temparature indicated by a ther-
mome ter immersed in a svupersaturated steam cor@eaponﬁg rathar 4o
the preasure of the surrounding a%aam than o 148 tempsratura.

The presence of a thermojunction, however delicats it
mey be, in a sirean of undercocled stsam, is thus supposed e
upset the condition of ﬁuperﬂatura%ion, at least in ide violnddy,
and all %temperaturss reoorded by it sre thoss corresponding to the
pPressure. This is the reason advanced io explalin why Stodols wse
unable %o detoet any undercooling in his attempis. The same
appliea 0 ths observations of Batho who has svggestsd thas the
impinging of the streem againet the Junotion would cause %oo high
a temperature ¢ bs registersd.

It 18, however, clear that nc experimental attempt ab
temperature measurement hasm succesded in cobtaining direct evidenocs
either of undercocling %o the degres consldered possible or of

reve:sion 0 the saturated condition.



B. THE VARIOUS HYPOTHESES

Martin's Interpretation
Martin was the first to bring the nhenomenon of guper~

saturation to the attention of engineers by his well known
payers( 350 )o He assumed that condensation alwaya commuences with
droplets of certain size, newmely 5 % 1078 cm. as found from the
classical experiments of Wilson. He sllowed for the veriaticn of
surface itension with temperature and applylng the K@lV&nPH@imhﬁlau
equation he found that the §.S5. ratio varies from 11l at O % 1o

4.3 at 100°%C, |

With the aild of Callendar's eguations, he was able %o
caleulate the properties of steam at the limiting comndition of
supaergaturation, and his results where plotted on the 1?‘95 Ghert
give a s8%. line which he called the "Wilson lime%. This Wilson
line replaces the gaturation line in the chart if Martin'e theory
is accepted, and divides it into two fields of dry and wet shesiie
This Wilson line lies between the 3 and L per cent moisture lLines
on the usual chaprt.

He demonstrated that sleam zs finally diﬁ@h&?@é@ fron g
modern atesm turbine was still undercooled. He asgunmsd the vepouyr
itself premains at the temperature corresponding to the 8.8, limit
80 that fresh nuclel can be formed continually ithrovghout the whole
expansion, but the temperature of the droplets rises very rapldly
to that corresponding %o the normal equilibrium condition and is

maintained in the neighbourhood of this terperature by evaporation



with further expansion.

He slso pointed out that the occurence of condensation
or even its cumpletion dcas not necessarily imply the aimultanacua
astablisment of thermal equilibrium, and he advanced étrong
reagons in favour of the view thﬁt thera ﬁuét be a sensible leg

between the two.

To apply the concspilon of spupersaturation to the thermo-
dynamiec theory of the steam turbine Gallendar(ﬁ’b) assumed that:~
. 8o The time interval of the flow through & mozzle is %o
small %o allowroondensation to occur.
bo ™he S.8. ratic at the cloud limit i equal to 8 at all
timseso
Go The co-sggregeted molecules -~ required for ezplaining the
deviation of the vapour from the laws of gases - act as sultable
sentres of condensation when this 1limit is reached.
do At this limit, the droplets size is 5 x 1078 am. as
slready svuggested by Maprbtine
‘ GCallendar was also of the ldea that some degree of super-
saturstion must persist throughout the whole remge of expansion,
gince -~ as he belleved ~ the tran@foématiwn cannot be inmﬁaﬁ%anaw&&o
Using the rscovds of prassurs dletribution in the sieanm
turbines of the Soso Meurltania, Callandar showed that the Limitdng

condlition might be presented by the 3 per cent molsturs 11n@ on ths



chart, which agrees very closely with the Wilson line at low
pressureso. ‘

He realized that the application of Wilson's result at
high pressures gives undercooling much in excess of wéat is really
possible, and also gives results obviously impossible in the
neighbourhood of the coritical pressure. Thus whilé'%e adopted
the new Wilson line, he suggested the revision of thﬂ:SoSo ratio
than commoniy accepted.

Keenan's Explanation
eenan'20*®) gefined the supersaturated condition of
- steam in two classes:-

a. Supersaturated steam of the first class is any steam
entirely free from water droplets, but at a temperature lower then
the steam table satﬁratien temperature corraesponding to ite pressure.

b. Supersaturated steam of the second clasg iz stesm in
thermal squilibrium with smell droplets of watber. In this casg,
despite the presence of water droplets, the steam is undercooled
relative to the conventional saturation tempsraiure which corregsponds
to a mixture of steam and relatively large droplets of waisr in
equilibrium.

In his discusesion on Yellot's paper, Kennan demonsirvated

that, 1f csrtein assumptions are made, ihe commencement of condensa-
tion must be accompanied by a sudden rise in pressure. Ir

subseripis § and € refer to sections above and helow the condensatlocwn



point in a nozzle, then the equations of

continuity, energy and momentum can be
written euccessively as:-
v Ve
73 = o — (5) since Ag = A,
B
H VBZ H v@2 . é W
8 Y g THe ¥ oz ——(6)
wv | wv
—s 5 2 4P Noz2le L.ewak
= + Paaa = + Paa (7 o22/¢ 79¢h

%here v = stream vaelocity, V = apecifié volume, a = cross sectional
arsa of the atreem, w = rate of flow and H = enthélpyo

Keenan sssumed that at e the weter droplets are relailvely
large, larger them 1 x 1072 inch diemeter, and thus the ordinary
steam tables provide a fourth relation and offer the possibility of
golution by a “cut and try" process. For more gxact calculations
the slze of ths water dropletz at e has 4o be asauméd; then
applying the Kelvin-=Helmholtz squation for mixitures of wapour and
droplets in squilibrium, with the Stodola's equation for capillary
enargy of the dropleta, and uaing the adiabatlc expansion squation
P30, congiant; the relation between Pg» H and V_ can be
found, and the sudden preasure rise can be calculated.

He coneluded that steam expanding in & nozzle involves
complete supersaturaticn until a vapour state ig reached which
would exist in stable equilibrium with droplets of about 0.4 x 10"&
om, radius - based on Yellot's deﬁucti@ﬁg, = but which is still

underesoled compered with steam in @quilihbium with larger droplstzo



8todola's concegtion
Stodola assumed that superaaturatea pteam always contaln:

droglets of water of certain sizZe which could exist in thermo-
dynamic equilibrium according t0 the Kelvin-~Helmholtz equa&ioao
If in the accidental play of $he molecular impacis, a smaller
droplet im formad 1t wlll vaporizZe very rapidly. On the other
hand, if as a resuli of tke collisiona, & lavger dfcplet is formed,
though it hae the seme jemperature as the slieam the droplet is
below its boiling point and thus forme a nucleus of condenmation.
‘Thie processg contimues uvuntil the droplet hes become sufficiently
large to render ithe eapillary pregsurg negligible end thus upssis
the superssturated condition of siesm with the complete trang-
formatlion into the normal saturated condiition.

This case is entirely differsnt from the casze when a
large nmumber of droplets of equel size are formed simultbansously
and all of which grow uniformly. As long as the slze doues 1ot
- exceed the limiting size necessary for thermodynamic eguilibrium
with the vapour, the steam remaing undergooled.

Stodola found mathematically that the time unecessary for
equalizing the temperature in both uﬂﬂ droplaeta and the prerounding
steam 13 a swall fraciion of the duration of the flow im the noszle
and the temperature may be regarded as uniforemly disitribuitad. The
temperature of the droplets, if they exceed the limiting slze, will
rige raplidly towsrds the saturation value end the coryresponding

duration of time is praciically infinitesimal. On the other hand,



wi'es Sonuensation Beu%ing in aﬁ.ag im@r@aﬁing rate as Hne expansion
progeeds. rhcy 8ls0 abﬂbted the posslibillty éf eny sudden con-
densation such as 13 usually asgsumed @ek%ak@ place at the limliting
condition. | |

Powell's Method

Puwell(Blzb) hag attempied, ayplying his new data on the
S.8. ratio and ite variation with the inltial tempsrature, %0
explein the form of the flow curve disclosed by iHellanby and Kerr's
experiments. He apsumed that:= {(a) The steem remalins dry and
expands acoording %o Callendar’s oquation for dry snd supersaturabed
gteam up te the point at whieh the cloud cendensetion begins.
(o) After the cloud limit is passed, the steam reverts gradually
%0 ite wet gondliion. The vapour is at the cloud 1limlt Semperaiuro,
while the dreopleits formed as the expanslon proceeds rise suddenly
%0 the normzl saturation tsmperatur@9

Hie anaslysis ig in falr agreement with the flow cupve foxw
the neszle in whiebh the friciticnal lossss were least, bud it has
not been applisd to the othsrs. It smet be admitted heres thal
Powell's analysis gives a tendensy in the righi dirsction and leads
%0 & better cstimats of the flow.

But the results of such an enalysis depend on the
assumptions made and unless there iz complete agr@emﬁnﬁ with
ezperingnial faaﬁa there is no resl proof thaet the aspumpbieons are

corract. It doer not follow from the agreement established thé%
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the idea of gradual reversion aftér the cloud limit is passed,
which is introduced in Powell's method, is conclusive. It tendse
to meet a peculierity in ocurve form and that is iis main justifi-

cation.

Veriation of the S.S. Ratio

Wilpon afforded no ovidence of the constancy of his
limiting S;Sq ratio bf 8, although it ie mathematically possible
that it might ﬁold throughout ths praciical range of pressures, bub
it appears mors llkely that there is a continuous diminution in “hiy
ratio with higher pressures unitil it reaches unity at the sritical
point.

Martin, assuming the effeciive radius of the condensation

nuclei to be comstant end equel to 5 x 1078

em, , hag found the
limiting S.S. ratio to vary from 11 at 0°C to abous L.3 at 100,

| Callendar hes assumed that the S.8. ratioc at the cloud
limit 1e equal to 8 at all times, but he has admitted that further
experiments were desirable espesially at highsv Progeurgs.

Stodola, in his acecount of the subjset, has shown thad =
axpansion %0 & pressure scmewhet below the eritical is the lumedimtie
cause of an elmost instantansous reversion %o the wet coﬁditiona
In his tests the highest S.S5. ratioc atisined was about (3.1 ~ 3.3)
8o long as the steam was initially dry and saturated.

Powell has found that the S.8. ratio is a funoction of the
initiel temperature of steam, reaching a value of 7.8 at 2059F9
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decreasing gradually to 2,87 at 116°% and finally reaching unity
at the critical temperature where naturaliy no condensation can
exist. A |

Yellot.by direct measurement® in & nozzle hae found that
the 5.8, ratio at the commencement of condensation variles from |
5.3 at 82.4°F to 3.05 at 198.4°%. His results are slightly
higher than Powell's ratios but lower than Martin's values.

Binnie and Ymods(ﬁ) in the course of their prssesure
measureménts along a nozzle, have datected a sudden pressure rize
agsociated with the reversion of steam at its limiting condition;
en observation first demonsirated mathematically by Keenen. They
analysed_theaa presasure " Jjumps® and deduced S.8. ratios varying ‘
from 5.0 at 24,0°F to about 4.l at 320°F, |

These various and rather widely different valuss for the
3.8, ratio are brought together in fig.(2) from whieh it will ba
c¢lear that the authorities are by no means in agreement sbout the
all important limiting values supposed $¢ govern the start of

soendensation in nozzle f£Low.

the Nozzle
The temperatura of supersaturated steam at the different

Zemperature Distribution Alo

stages of expansion along the nozzle can be calculatsd from ;

nel
Gallendar's relation for dry expansion thus: Tp = T; x (r) T

where Ty = Absol., temp. of steem at inlet condition, To that at a |
sectlon where the pressure ratio is r and n is the index of expanﬁimmé
= 1033 ‘\‘

|
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Accordingly, the ateam temperature along the nozzle ocan
be calculated on the assumption of complete supersaturation. The
saturation values can be obtained from the pressure distributicn
curve and thus tﬁe degree of undercocling at the varioﬁs sgcetions
of the nozzle can be easily found as seen in £ig.(3).

Using %he temperature curve as a meang to interpret the
various ideas on the subject, the point of reversion %o the web
condition asccording to Stodocla appears 6 be at a pressure ratlio
of 0.5l where the steam temperature rises suddenly torth@ saturation
valug, Callendar’'s idea means a partial reversion only at aAbowb
0.35 pressure ratio where the S.5. ratic 1ls about & Therealter
the temperature rises gradually. Marsin's theory would indicete
different degrees of undercooling depending on the inliéial Yom-
perature of steam and thus the point of reversion would appear
between Stodola's and Callender'’s. Again the tempevatyre would
rige gradually. Acocording %o Yellot and{@ia cclleaguaép RBimnia
and ¥Woods, the reversion point talss place before Callendar’s
limit and the steam temporature rises very rapidly to the saturation
valug.

The ideas and experimental investigations brisefly swmay: -
lzed and illusirated have falled %o show consistent and definite
results regarding the degree of supersaturation %o be expected in
nozzle flow. The evidence in favour ¢f tha theory is convineinag
ag regards the existencs of supersaturation, but it does nmﬁ provide

Gefinlte views about the posiitive limitations and consequenaes. The



important experimental evidence on flow quantities is not fully
met, while the evidence on the tempsrature measurements along
the nozzle is entirely inconclusive. .

The investigations which are deseribed in tﬁé next pert
of this thesis were undertaken to confirm and extend the evidence
on flows and pressure digtributions, and to attempt a further
etudy of the temperature ohanges along the jet in the hope that
these and thelr correlation would provide posiﬁive information of

value in this sub jeoto
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PART II.
EXPERIMENTAL INVESTIGATIONS

A. PRESSURE AND FLOW EXPERIMENTS

Apparstus and Procedure

The main features of the plant used are shown i fig.(L).

The steam from the boiler pesses through the two superheaters.

The firgt i A double helieal coil dirsctly heated by gas Jjotws

from a twe ring burner; each can he ocontrelled separately. There
ig a gylindrical stesl sheet between the two ¢oils to comtrol the
dravght, The second supsrheater is slactrigally hested. With

the gas Jjots fully opened, a superhsat of about 300°F ai 75 in/2g. in.
absolute can be atteined.

The receiver, directly supplying %he nozzle, ie fitted
with a pressure gauge and s thermomeder. Thase allow of %the
determination of the supply values of prepsure and volume. The
control of the pressure is by the stop valve (A) while the temperaturs
is conirolled by the adjustment of the gas Jjeis. The guperheaters
and the receiver are provided with drains so that the estoblishment
of superheat is mot hindered by eny collaction of waters

The nozzle is serewed into the noszle plate (B) and

sarrieS also, on the inlet side, a stirrup for ceniring the search
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tube. This tube is of'copﬁer, cloged at the free end and fixed
to the pipe (C) which passes out through the stuffing box (F) to
the fixed head which is sorewed on the pipe. | By means of the
handwhsel, the relative ﬁotion betﬁeeﬁ the tubs and this fixed
head results in moving the tube out. At one point near the free
end of the search tube, & small hole 1/32" dismeter iz drilled
diametrically through the walls, consequently the pressure at any
position can be determined, the tube being set in the desired
posltion by wmeans of the handwheal. The pieesure is indigated
on the gauge (8). |

The position of the hole is altereé by the handwheel
oparating the tube and ite exact locationr is obtained by the read-
ing of the micromster (M) which is centrally fixed %o ihis hasnd-
wheel. The zero reading is determined by setiing the apparatus
with the hole in the search tube in 1line with the inlet edgs of
the nozgle.

The pressure in the cexhaust chamber is controlled by itha
valve (X). The steem from this chamber passes through s small
atmospheric condenser and the issuing condeunsate is led 4o the
tank on the platform balance. An alternetive arrangement allows
the exhaust chamber o be counnected to a relmtivelyylarge eondensar,
80 that vacuum can be @stablished. In this case the condensate i
led to &a measuring tank. 1

In carrying out a flow test, the required degree of supar-

heat was approsched slowly and stesm allowed to pass freely through



the aystem‘for gome time., This continued until it was certain

that the inlet steam temperature could mot vary more than % 3°F
with dry end slightly superheat tests and Z 1% with higher supsr-
heats. In vermhfew cases Aid the average differ fro@ the exitremes
by as much as 1l.5°F. The search tube was set g0 that the exploving
hole was in a poaition gbout % inch behind the inlet edge. Onee o
steady conditiog was established, the flow test comms@ceé, he periad
of which was determined b& the time necessary to paesrabeuﬁ 70 1bge
of condensate which varied of course with the different conditions.

| Jet presoures were read at axiel intervals varying with
the rapidity of the expansion. Theee were as low as 0,005 of an
inch in the convergent part where the pressure gradlent o the
throat is steep and 0.025 of an inch in the parallel or divsrgent
part where the expansion i2 slcower, when the search tube wag movad
%0 & new pogition, the gauge needle F£ell slowly then ross wiih &
Jerk, then fell agein and rose with a jerk. It wag the cusiom whon
exploring the convergent parallel nozzle 40 consider the readings
meanway betweon the extremitics, but at ceritain positions slong the
divergent nozZzle the needles vibratlons were so vicleat that an ample

time had %0 be given until the needle became more stsady.

Nozzieg Usad

Phree rozzles have been used in these investigations, as
follows:=
2. Convergent Parallel nozzle - I -, made of brass, has &

throat diameter of 11/32 inch, an entry curve of 5/16 inch and the



length of the parallel tasil was egual to the throat diameber.
| After eptablishing the flow and pressure ourves for this
nozzle,'it was eltered to provide a different tall length, this
being reduced to 11/64 inch, thus giving a’}mzzle of p?rallal length
to throat ratio % to 1. After experimeniting with this sscond form
1% was again aligred %o provide a purely convergent Bype. ‘
All three forme were tssted without search Wubez Por fiow
results and with en § inch diam. search tube for combined flow and
prepgsurs data. This gives 6 flow ocurves and 3 pressure Curves iy
the seriaes.
Po donvexgant Parallel nozzle -~ II -, made of Henel mabtal,
of the convergeni parallel typevhaQing the same dimengions as the
firgt nezzle. This nozzle was operated Lirsd with the full hore
open to £low then with & brass search tube of % inch dismeter wncow
the asema condlitlons. The nozzle was also explored with a 3716 .oh
diemeter search tube and finally with a 4 inch diameiser geavoh twhd.
In this way different hydraulic mean depths were obiained so Hhas

the effect of surface ratlic on flow and pressure cculd ba determinei.

Co Convergent Divergent Vozzle ~ III ~, onr whioh only prennure

- and temperature meagurementa were made, is of brass having the sang
throat diameter of 11/32 inch aand entry curve of 5710 ilmeh. Borsnd
the throat the nozzle profile has a divergent angle of 6%,  The
overall length is 1-1/32 inch.

Convergent Nogzle Resulis

d

The inlet pressure was kept constant at 45.5 1b/sg.ins ﬁhaa#

H
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and the back pressurs was kept alwaye at 22.7 ib/s8g.in Abs. Tae
inlet temperature was raiaed to give the raquired degree and kept
steady at that throughout tha period of the test. The condenser
supply was also pontrolled to give a ateady condensatq temperature
which was maintaeined constant for all teatao changaa in supply
pressure during'p test were very slight and easily co%trolled by
the valve. |
The Convergent Parallel 1/1 Nozzle with Search tube:

The flow curve for this nozzle with verying initial {temperature and
with the flow guantities reduced to the standard preasure of
U5.5 1b/8q.in. Abs. are shown in fig.(7). The pressure distribublion
along the nozzle 18 shown in £ig. (8) where the value indicated a%
any point represents the ratio of the pressure at that point 4o the
s8tandard pressureé. This pressure curve repregents the average of
three explorations at 440, 360 and 3509? initial $emperature;
although there is a tendency to rise with fall of superheat bub 460
elight to affect the curve. The pressure ratic recorded at thz
outlet section viz. 0,54 is used later with discussion of theoraetical
flow curves.

The curve of theorstical flow rate on the assumption of
stable expansion is indicated on Fig.(7) and the fact that the
actual flow is8 in excess of this ls clearly 1in evidense. The
theoretics) supersaturated flow rate at the different initial

temperatures is alsc indicated and & curve parallel to it and

tangent to the actusl flow curve will indicate a constant 1ess S.S5.

flow rate. The point of tangency is aboub 32093 initial tempeveburs
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and the actual flow ocurve departs from thia congtant loss ocurve
both above and below this temperature. This departure will be
dealt with fully in the discussion.

The cgévergentkParallgl 4/1 Ratio nogzle with Search Tuba:
The flow curve for this nozzle is shown in fig.(9) whnfe the flow
quantities are rgduced to the standard pressure. Thip nozzle glvep
flow rates rether higher than thoss in the previous gase and shows
mors clesarly the excessive discharge eondition.

The pressure curva Ffig.{10) indicates a higher pressure
ratio at the outlet section of the nozzle. This ratio 0.555 18
upged later in determining the theoretical flow curves for this
cage, The congiant loss curve based on the assumption of complete
supersaturation is tangent to the actual curve at an initial tem~
perature of about 320°F, and the actual curve departs in the seme
menner as in the previous case but with larger discrepancies
espacially at the low temperafure side.

The Convergent Nozzlg with Search Tube: The flow curves
Tor this form are shovn in fig.(1l) and the pressure curve in
Pig.(12),

In this nozzle, the flow losses will be low, but it does
| not follew that the Plow quantities measured with it are maximum.
8ince the pressure curve indicates a ratio of 0.606 at the exit
seotion, slightly higher than the eritical ratio with which the fiow
is maximum, the theoretical flow curve based on complete super-
saturation showa lower values then the ooréeaponding curves in the

two previous cases.
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The constant loss ourve is tangeni to the actual curve
‘at an initial temperature, e1so of about 320%F, but 1% is nearer
to the theoretical ocurve than in the previous ceses. The actual
curve departs iﬁ:the same way from the consitant loss Qérve and its
shape on the low temperature'side is'definitely more convex in
form. | |

The Convergent Parallel 1/l Ratio Nozzle Without Search

Iube: When this nozzle is operated with the full bore open %o
the flow, no pressure readings are availsble to provide an outled
preasure ratic, but the theoreticsl flow eurves are determined by
assuming a ratio slightly lower than ihat oblained with the search
tube, This ratio ig tsken as 0,52, gnd the flow curves are as
shown in £ig.{(13).

The most noticeable difference with the previcus resulis
i3 the more definite flattening of the curve near the imdtially dvy
condition. The experimenial poinis sre ss regular as in the
previous cases and the ocurve form is well in line with the general
type showing closely similar feétur@ao

The Convergent Parallel 5/1 Ratio Nozzle Without Segrch

Tube: The actusl flow curve is given on £lg.{1L} along with the
theoretical curves based on the critical ratio of 0.5h4. The
excessive discharge condition in this nozzle is more noticsable then
in the previcus cases. At the time when this nozzle was tested,
the boiler conditions were such as to make it difficult o eatablish
the flow ourve for initial conditions close %o the dry staie.

The actual flow curve is tangent to the constant leas
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#2855
carve at about 320%F and 1%t departs from this in the usual way, and
it is closely in line with the general type.

Ihe Convergent Nozzle Without Search Tube: The {leow

ourve for this noszle is shown in fig.(15) and the velue of 0.58 for
the pressure ratge at exit section is agsumed to detsrming the

theore tlcal flow}eurvasa The actual flow ocurve is btangeni we Haa
conatant loss curve at the temperature of 32099 and it a%ill
maintaing the genersl type, but the obvious differense with the

previcus resuwits lies in the much pronounced curvature of the top

pard.

L ¥ ying Surface Ratlo |

To study the variatlion of flow quantities with diflferont
surface ratio, the convergent parallsl nogzle = II -~ ip used wiib
search tubesz of warious diameters. Care was taken to ansure Lhas
the conditione were the same in ell tesis. The inlst pressure wnp
constant at 65.9 1bs/sg.in Abs. and the back pressurs &t 3.7 1bs/’
Bl.in. Abs, As in othser tesés the condensate outlet was maintalned
at 140%. The nozzle was first used without a search tube aud
thereafter with tubes of %, 316 and 4 inch dlemeter acd thus
broviding four caesas reslly corresgpond 0 hydraulic mean depbthe o
0.0861, 0.0548, 0,03915 end 0,0236 inch respaectively. The rasulin
for the different cases are presented below. ’

- Without Search Tube: The flow curve for thie case i3

Bhown in fig.{L6) for the standard pressure of 659 1bs/sq.in. Ads.

The value op 0,82 for the pressure ratic at the outlet sectlon hap
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been teken for the esteblishment of the theoretical flow curves as
shown in the aame figuré, The condition of exceasife dimoharge
is very clearly ghown.

The aq@ugl_curve,ia tangsnt to the conatant‘hoss curve at
about 5&09?. In general, the features are similar to those alrsady
presented for other cases but the much more sitrongly defined
curvature in the lower temperature field will be noticed.

®ith § Inch Diemeter Search Tube: The flow curve for

this case i3 shown in fig.(17) and is similer to the last except
that the top part is more nearly horizontal and the flow raie is of
lower value due to the increaped losses. The value of 0.50 is usad
in establishing the}thaoratical flow curves as before, and the actual
curve is tangent to the comstant lcss curve at about 3&09@ initial
temperature.

Both above and below this temperature, the actual curve
departs in the same way and is well in line with the general type.

With 3/16 Inch Diameter Search Tuba: The flow gquantitics
for this case are drawn for the same standard preseurs as above in
£ig.(18). The pressure ratio curve for this nozzle has been
obtained and is shown in £igs.(19). I% indicates a value of 0,48
8t exit section vhich is used to establish the theoretical flow
curves. The actual flow curve is tangent to the constant loss
curve ait sbout 340°F.

‘This curve, although well in line with the general type,
510933 upwarde in the low superheat region insitead of being

(o
horizontal or curvex as in the previous two cases.
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friction losses are highest and the [low quantities are naturally
the lowest of the series. The higher loss tends to cbacure the
effect of excessﬁ.ve dlscharge and in £ig.(20), in whie}x the theorat~
ieal flow curves are drawn on a pressure ratic of Q.46 ab oxit
gection, the top points of the actual flow curve are wegll below ke
thecpetical curve on the agsumption of wet expansion.

The actusl curve is tangent to the oconatant loss curve &b
a temperature of about 324.001? and '.i.iwlq.uite eclose %o it, showing
that the amsumpition of congient loss 13. pérhapa more nearly correat
the higher the surface ratio.

Divergent Nozzle Results - Series I

The injet praaéure was kept comstant at 33.4 lbs/Bg.in At s.
and the steam was Just dry or oniy very slightly superheaied, P
back pressure was varied to give lh.T, 17.7, 20,7, 23.7 and 26.7
1be/8g.in. Abg. thus providing five dirferent retios of expansion
under which the nozzle was tested. Thess gifferent csses are
distinguished by eymbols A, B, C, D and & respectively.

Thig series of testa consizmts of pressure neapurementa
along the nozzls under these different cases of expansioi. Awmple
time was given %o the search tube gresswe gauge to read the BeMLrE R
final values especially in the divergent part of the noazle. in
these cmmes the temperature was &leo explored as is explained labere

The presgure curves are presented in £ig.(22) in which tle

vélue indicated at any seotion in any case iz the ratio of Lhe
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e dal

prosguse 6% vhet polnt 60 the sbantard pressure of 33.4 1lbes/sg.in.
Abs. The curves are of the usuel type and show the recompression
pointes very clearly. This sudden rise in preasure is nearaest the
outlet in cass (A) where the expansion raitio is the 1d%est, ang
vapproaches\tha nozzle threat with higher back pressures until
Tinally in cage (B) 1% is within the throat sectlon. '

:

Divergent Nozzle Resulis - Serles II

Tests almilar to those already described wers carried muf
but with constant back pressure and varying initial pressures. With
the former kept at atmosphere, the supply conditionas were controlled
tc give variations between 3L.7 and 22.7 lbes/sq.in. Abs. In the
five different tests made (cases A to B, geries II) the inlet
preasurs was reduced by steps of 3 1lbs/sq.in. The same procaedure
¥ag followed end the same precauitions taken. Temperature measur@m
ments were aloo made and these are considered latere.

The pressurse ratio curves are shown in fig.(23) frou which
it can be seaen that thsy have the same characteristlc as in seriss I.
In fact they do little more than provide a verification of the

Practlca of basing pressure studies in nozzle flow on pregsure raitlos

ingtead of gbsolute values.

Divergent Nozzle Results - Series II1

In this series, the apperatus was comnected dirscily to a
relatively large surface condanseb where vacuum could be maintsined

%o any @egree. Chosing e pressure ratio allowing full expansion
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2L0UE Vile NVZZle, e 1DLev anu DSk pressures were detvermined fop
five different cases.

The regulting pressure curves are shown in fig.(2h4). The
pressure drops sfeepl;y in the convergeni part in the u;ual way end
then gradually at}cng the divergence, but near the outlet a pressure
"Jump® is recorded in all cases. Although in actual émmure_ berme
this digturbance is slight - about % 1b/8qein. =~ it is clearly
discloged. These curves have been plotited in actusl pressures =0
as to show up the features clearly. IT pressuyre raitios had been |
uged here the curves would nearly coincide.

Temperature exploration was a;so carried out in these
cages and the recerds of temperature diegrams have 4o be ezamined

in order to ahow the significance of the ¥jump".

B, TEMPERATURE INVESTIGATIONS

The "Hidden® Thermojunction

The fact that all experimental temperature determinations

in bigh speed mbeam jets had failed to give results of value or
oer'«;ain'@sy segemed to make any farther esmampta ox} same lineg rathor
hopeless, The common ergument that condengetion came down on
Sxposed surfaces was ooavincing in view of the general fact that all.

thermocouples inserted in the stream read either the saturation

“emperature or semething close to thabe



Av BuE LeElaaing Of “hRese luveseagations avtontion was
concentrated on the flow curve type‘and its variations. It was
. early eatablisheg that the MNellanby and Kerr Lform of ourve aould be
fully substantiated. It was in fact found that the péeuliarity of
the original form wag even more pronounced than had heen supPpPOSEd.
The assumpition made by the original suthors that the curve shape
implied early andéd paertial condensaition was et least plousidle in
view of this shspe. 1t waz in fact supposed that the “Craetbionsl
reversion” apparenily shown by the curves represented the condensaiticr
on the gurface baundiné the £low. In the small elementery typs oL
nozzle, the surface ratic ls, of courss, high.

When, however, surfsce ratic was maede a mein variable -
Convergent parallel nozzle series II - the resulis obiained, when
analysed, upset this line of reasoning. The results of the analysirc
are glven later and wmeantime 1% is sufficient to may that they showed.
8 very marked reduction of the mo called “"frastional reversion” with
increase of surfaces vatlo. This 4id wmore then make t&g idea dovhie-
fuls, It mesnd that 1% was in conflict with the surface condanssiior

argument and that the Pailure %o read undercoolied steam bemparatures

- Sorrectly might mobt be due to any such causg.

Then remained the possiblility that direet impingsmsent @m
the thermojunction was the difficulty. lisnce the eoncliusicn wae
resched ihat if the surface were not maintained at seburaticn
temperature by condensation, a thermojunction “hidden® from 4he
Bireem and insulated from the wall of the search tube that carried

1t might read corrsctly.
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This led to the attempts and results now presented. It
may be admnitted that rt'he line of raeasoning, in view of the later
1nterbretation of data, does not now appear wholly logiocsl but it
indicated a mere approach to the temperature problem az;d inmediately
on trial give resulis of interest and significence.

Pirat Thermojunction Type .
The principle followed was that of insulating the 3hermo-

Junction and preventing exposure to ths fluid. This was first
attempted by "bedding" a silver soldered junction of fine consbanten
and copper wires in a small block of cement made of alundum powdar
and water and set in a slot out in the wall of the search tube being
thereafter hardened by indirect flame. The cemen’ surface was
smoothed off to the contour of the wall. Special care had o be
e‘xercised. t0 ensure that 'the Junotion was not exposed. The scheme
Will be clear from the sketoh in fig.(2la). Calibration was carrisd
out iﬁ the usual way using a milli-volimeter.

In the triel run, the tube was fitted in the noszle and
steam at 50 lbs/sq.in. gauge was supplied. After & few minutes
drops of water were seen tc issue from the free end of the search
tube indlcating leakage at the cement. This was taken to msan thet
the small, cement inset could not withstand the pressure used and a
low preasgure of 13 lbs/sq.in. gauge was adopted for further tests.

It was algo decided to remake the cement using sodium nitrate in
blace of water to give more adhesion.

The convergent parallel nozzle II was used in these teais.
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Before the temperature observations were made, the pressure

distribution was explored so that the saturation temperatures at

all points in the length could be compared with the actusl readinga.
i

The pressure curve is shown in £1g.(25)

Test With Initial Temperature of 21;6032. The temperature was

measured at intervals of 0,025 inch along the full nozzle length.
The curve showing the readings is given in £ig.(26) which also
shows the saturation temperatures corresponding to the pressures.

It will be seen that some underceoling is recorded just
beyond the inlet and that this increases thereafter reaching & velue
of about 11°F at the throat and attalning & mazimum of 19°%F at a
position O.15 inch before the outlet. At this point 1% takeas @
very sudden riss meeting the saturation iemperature curve within a
short distance.

This was the first indication that the method had meriits
88 the degree of undeﬁoooling shown was dlstinctly higher than head
been obtained in any other thermojunction application while the
sudden rise wze a new menifestation indicating that the mathod had
the power to give positive avidence of reversion. |

on a rapéat of this test, however,it was discovered that
the readinge were different. Thig sudden rise was s8%ill shown bub
the recoprded undercooling was raduced. Another ragpeat ‘test showed
2 8%i11 further reduction. The fitting was then removed for
Xamination and i% was Tound that .the high epeed of fluid had swept

iway a layer of the cement and exposed the junotion. A new Junction
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had to be arranged and cemented but it was already olear that the
scheme used, while gi\fing promise of suceaas,' was golng to be
troublesoma.

ol

Test with Initial’ Temperature of 2i8. Aftteor renewal bf the
cementod Jjunotion the fitting was used with an initial temperatuve

of 24803‘9 The eurve of temperatura for this case is also shown on
ﬁgo(26) and can be compemad with the previous result. The undsp~
cooling appears less anéd the point of re';’sﬁrsmn occurs lower down-
stream.

Test with Initial Temperature of 254°F.  The tube was again Titted

with a new Junction and cement Pilling and tesgted at the higher
temperature of 254°F. The curve for this ie included in with the
otheré in Pig.(26). ‘This initlel temperature is now high enough %o
limit considersbly the range of possible undercooling and this is
reflected in the curve which shows superheat t0 @ point beyond the

~ throat and & relatively small maximum undercooling of 6°F near the

outlet where, however, reversion is again shown quite clearly.

Second_Thermojunction Type

Other synthetic resins were trised in place of the alundom
Powder, but they failed to withetand the high temperature and veloclty
°f the flowlng stesm for even as shori & time @s the alundum powder.
It wag then decided o try & new arrangement using en asbestos bonded
Daterial commercielly known as “Sendanio".

The depign of this second type is shown in figo(aii)e A

“be % fneh aiameter is 'Llﬁ@do It 1z cut transversally for the
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introduotion of the "Ssndanlo® part which is epecially fitted to
the bore of the tube to ensure a stean tigﬁt Joint. 'i‘he thermo~-
Junction wires are passed in ag indicated through separate holes
to meet in the sﬁall radiel passage where the :ju.nctionjis formed
and set close to the surface. Attempts to :111 the radial hole
with silver solder failed as the adhesion with the matgrial was
ungatisfactory and alundum powder was used for the purpose of
shrouding the thermojuns tion.

The nozzle used with the firset type of junctien was agém
investigated with the new arrangemeﬁt and under the ssme conditlons.
The pressure distribution with a " diameter search tube was Tirgt
determined under the sams conditions of expansion as with the first
junction typs. Thie is given in 1g.{(28) and the corresponding
saturation curve in fig.(29)

88t with an Initial Tem

0
perature of 2u5

o The temperaturs wes
leagured at intervals of 0.025 inch and the curve obtalned is shown
in £i1g.(29). The curve form is closely eimilar to that obtained
with the first junction type and shows about LO0°F undercocling af
the throat. The degree, however, inereases gradualliy along the
Parelliel part until the steam leaves the nezzle where it suddenly
reverts to the normal ssturated tempsraturs.

Ieat with an Initial Tempereture of zusfgo The same test was

repested with an initial temperature of 2LB°F and the ourve obiained
s similar to the last but about 3~4°F nigher and the point of

Yeveraion appesrs a 1iitle farther downstream.
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Tegb with an Initial Teuperature of 254°F. With this degree of

superheat (about 10°F) there appear'a 40 be no reversion of the
steam within the nozzle length or beyond the jexit ssction so far as
it has peen explqred. ' 'The under’éboling attainad at 'M@e throat is
sbout 3°F snd increases to 8% at the extreme end of the mozzle.

~ The reéulta obtained with this second thermojunction heve
the same characteristic as those given by the first but whersas the
earlier typs had %o be renewed for every tesi, the improved form
displayed a somewhat higher degree of reliabllity and enduranse.
Neverthelsss it proved faulty and for the gema reason as baforg,
viz. erosion of the alundum plug.

A further improvement was then effecied. A small copper
pin was screwed into the radial hole in the "SendanioV pard and the
thermojunciion wires were eilver soldered to this pin. Thus, when
smoothed and rounded off, the outer surface is wholly metgllic and
not affected by the flow, This scheme is shown in fig.(21b). The
modification proved véry guocessful and representy the Lfinal form

used. It was employed in obtalning all the resulis with the

divergent nozzle which are now presented.

Diverpant Nozzle Resulte - Sariss I

The temperatures along the divergent nozzle when cperating

under the seme conditions as for the first Beries of pressure
easursments were explored, The tempsrature curve iogether with
the saturation temperature curve corresponding to the pressures are

S8hown togesther for each case in the series of dlagrams marked cases
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Ay B eto.  Reference to fig.(22) alreedy given will show ‘the hno
pressuré Curves cgﬁpééponde

Thus i} would appear as though the degree of undercocling
varies inversely with the pressure ratio at the poinik ;f reversion
which would seem %o indicate a dependencs om veloscity but this ig
net necessarily s legitimate deduction unless 1t is cagﬁain that
undercooling is being properly resorded.

Divergent Homzle Resulis -~ Series I1

The tempereture curves for thiz series are given in bthe
series of diagrams marked cases A, B etc. and correspond to whe
gecond series of preassure tesis with variable inlet and constant
back pressure condi tions, They show the same Leaturas as in Hhe
previous gase with increasing underceooling o the peint of sudden
reversgion and again comparison with the ecrgaapon@ing Prassure
curves shows that the p@éitiana of the discontimuliles are praciticall;
identionl, |

Although in this series as in the previocus, the maximum
neasured wndercooling is only about one third of ths ﬁh@@@@ti@@l&y
Peasible 1% still represents the highest value so far observad

attaining 16,14,11,9 aad 6% for cases A, B, G, D and B respectively.

Divergent Nozzle Repulis - Sgri@g ITX
The instability of the back pressure in this serica made

it diffioult to obtein the temperature curves wilh ceriainty. Dut

in two cases the conditions were favourable and the resulés of thesa
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- are ghown in figu(za). In this series, the pressure drop waa
sontinuous along the nozzle length and only very slight pressuve
irregularitiss were observed around the outlet. It will be =een
that the temperatﬁra revei'ainon pointe are in correaponding positions

for the two cases explored.
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PART il

DISCUSSION OF RESULTS

A. THE FLOW CURVES

All the flow ocurves thati have been presented hera.comfirm
the psculiar curve type originally established by Mellanby and Kerp
in 1922, They measured the flow through two nozzles of the simple
convergent eand comvergsnt parallel iypes, similar to those used in
these investigeiions, snd both with and without a search Hube. In
all capes, flow detarminations were made with varying initial super-
heats at a supply pressure of adbout 75 lbs/sg.in. Absoluts. The
back premsure wag always below the critical value.

The results they obtained with the purely convergent
nozzle having the full borse open %o flow are reproduced in £ig.(33).
This diagram is similer 1o £ig8.7,%,13 and 1 of this paper and i3
repeated hers for convenisnse. This ceme is that of minimum loss
effects and the axocepsive discharge featura is clearly shown. The
flat %op of the Tlow curve is particulerly well definsd in Yhese
tests.

In the more exienslive tests of the present investigaticns,
the eurve top is found to be convex ip form. This is well shown in
Tige. (11 and 15) for the purely convergent nozzle with and without

the geevoh tube vegpectively. As the losses increase, the surve



vop riadtens somewhat bui does nov wholly lose the characteristie
of convexity. This 1s particularly well shown in the pesults of
the teste with varying surface ratio - }, bo

The twp facts established by all these flow purves would
appear o be in e@nfiiat with ﬁaah obher, Thay may be stated
concimsly ae follows:-

(a) The flow a%t and near the imdtially dry condition is
excesslive when compered with the theorctical as obtsined on ths
agsumptlion of stable exzpsnsion. The ocurves show the naturs and
‘magnitude of the exzeessive discharge which is guppoeased to be the
congequanae of expanslon in the supgrssturated atate.

(b) The form of the surves et and mear the initially dry
condition, whether flat or comvex, is not easily p@é@nailed with
the 1dea of complete supersaturation, being in fact rather similar

0 the theoraiical form for stable expansion.

Partial Reversion Before the 5.S8. iimit

M@ll&mhy and Kerr, by comparing the measured flow curva
with the %haeoretical baszed on normel eqguillibrium expansion and that
baged on complete supersaturation %o & ratlo of & fold, have
suggestod that steam reverts p&r%ﬁall& at eonditions woll within the
limite. 7They have expreased doubis also of the poasibility of any
eudden reversion at the limit.

in view of the curves obtained in which exceas flow is
a2Bocinted with & form 1ike that to be expscted from expension in

thermal equilibrium these assumpiions would RpROAT 0 be quite



1‘;“«.&&@3&&&.&.@0 ‘

Their analytical me thod oonamta of measuring the
diporepancy between the actual flow and the constant loss super-
saturated £low - shown befors - referred o as (y) and then intre-
ducing 1% into Caﬂ.ien@ar"? a‘ s‘team fomﬁ}.ea to 'o’bﬁain the actunl
volune V, 8% Pge If x represents the actun) wetness fraction at
Py and v and ho are ragpeciively the liguid volume and haat per
pound at P, 't.hen:'-

Vollow y) = xv } (1 - x) V (1)

Hy = zhy + (1~ x) H (2)

vhere V and H are the volume and total heat of sieam at Py
" Applying Callendar's relation betwaen H and V., equation

(2) becomes

Pa
Ha = xh2+(1~x} é-a-(V“G)*Bg

(3)
¥here a, C and B are constants. |
Substituting for V and neglecting (v - o} there resulis

PoVoy
R\
T a(B ~ ho) (W

iIn this VQ ig the wvolume after dry expamion: with loes. It could
be written sas~

v 4
Vo = ,E}.(K-e’r )]

(5)

’ - n-~1 Po
where K i the ususl loss factor, X =" and » = ﬁ

Pq(E + )
a(B = ngb

Hence. x Viy T
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+i csmpuete reversion is agsumed 0 take place, ths water

present in each lb, of stesm would be;=

Mg?_ﬂ_f;nZ (6)

vhers Hg end L, are the total end latent heats of dry steam at Py,

bab

Py
Hy, = <= (Va -¢) + B . (D
then P,y o |
H, = ...%..l (K+» ) + B (8)

And by suvbstituting in (6) thers results:-

M zfg g(ﬂg - B) “%;-(K + r“)g

II

By dividing I by II there results what Mellanby and Xerr
have celled the "fractional reversion” and used 4o 1ndiaate.the
extent of the effaect which they thought most probable as an
explanation of the f£low curve shaps.

Khen this method is applied %o the present results, curves
of fraotional reversion percenieges similar to‘ those ashown by
Hellanby and XKerr are obtainsed. They are presented here by fig.(34)
for the tests of tha second series in whish the surface ratio was
varled. These have been shosen Lfor illusitration as they bring in

the affect of surface more definitely than in the original study

07 deapond ngo |
It will be noticed from fig.(3k) that ae the surface ratio

ireresmas the cmleulsated degree of reversion diminishes. Thig

ediction is very merked.



in all possiblllity the partial reversion argument was
procmpted by the established ldea that condensation comes down on
all surfacas 1nlconxact wlth the Jet. If this is 80, then greater
surface should mean ﬁighbr révﬁrsion. Thie is certainly not the
cage on Hhe ppasent baaia of analysia. It must therarore ‘ba
concluded that while the idea of partial reversion before the 11m£t
doer merve to meet the peouliarity of the curve forms it f@ilﬂ to

provide a rational exzplanation of the variatlions.

gradual Reversion After the S5.8. Limit

Powell, at Wilson's suggestion, uzed the cloud chamber
method %o make agcuratae téata at different temperatures sinces
Tilaon' s experiments were all done at% room temperature. lle found
thet the S.8. ratio is not equal %o 8 at all 4imes, but a function
of the initial temperature - see filg.(2). He employed his new
data o establish the theoretical flow curve and compared this with
the Melianby and Xoprr flow curves. He is the only other invegt-
igeter who has endeavoured 4o exzplain the psculiar curve form.

Powell made the assumptions thats-

(a) ’Up t0 the pressure at which condensation starts to set in,
ag determined by his tesis, %he steam remeins dry and expands in
aceordence with Callsndar's equation for dry stean.

{bY After that pressure, the vapour is stil) undevcocled, bus
sny eondensed water droplets will be at the saturation Gemperaturs
screapponding to the existing pressura.

In oaloulating vhe thoopetical ourve, he ignored the loases



that take place in nozgla flowe. Higs curva has a flat top sloping
upwards towards the saturated condlitlion and 'bhub giving e tendensy
in thé right dirgotione The method mey be briefly explained as
follows:~ | o - '

If the initlal conditions of sieamn are Pq, Vy end Hy giad
the fipal known condition is Pp, then the expensiocn ean ke dividad
into two portions (a) from P; 10 Py, in dry condition (b) from Py,
to Py in partially dry and wet oondition, where Py, is the limiting
preggure of the supersaturated condition. To determing Pgg,
Callendar's squation for dry steem im used to caleulate the toital
heat at suocessive pressures P lower than Py, and the intersection
of the curve of H ageinst P with that established by Powell of H,
egainst Pgp givee the required Pggz. It follows them that the haa
drop in the first portion is simply (ﬁl = Hgz)o

The gradual reversgion afier this pressure unecossiliates Hla
adopticn of e step by step method of epproximation in celoulating
the heat drop from Pgg %0 Pp by dlviding it inte successive steps
as (Pas - P1)s (py = Pa), (pg - pj) ete., such that within sach sbep
the index n of the expansion equation P.V® = Constant cen bs assumed
to be constans. Since n is not raally kmown, the hsat dvop in aach
step can be galculated approximately at first and then usad to©
caloulate the mixture volums at the end of @éch step. This ie
intsrbduéa@ into the general squation for ‘tn@ heat drop %0 gat a noveo
Sccurata value. Thigz method 0Ff calcoulation has been fully explaine !l

by Pewer1 (31,0},
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Summing up the heat drop in theeq succassive pteps glves
the heat drop from Py, to P, and by adding that from Py to Py, the
total heat drop throngh the nozzle is entimated: The sguation of
continuity is usgd then to determine the flow rate thug

_ [283(8; - By)] :
T vy

where v2 is the final volume of the mixture at Py while g, J have
their usual meanings and 4 is the exit area of the nozzla,

The theoretical meximum discharge based on this method Tor
the oconditions of expansion of the first aseries of flow experiments
ie shown in £ig.(35) This curve has a siraight top sloping upvards
towards the saturation temperature and while ths aotual curvesz have
& point of inflexion where this ocurve departs from theoretical curve
for superheated flow, there is otherwise & marked difference imn form.

Flow losses of course prevent the actual curves from
approaching the theoretical more closcly but no rational law of loss
eould eei-ve to explain the dimagreemsat in form. Thus an inorgase
of loss with temperature such as is indicated by the forms in the
high temperature region would, if aystemat:l.o,- lead ¢o a closer
reseublance in the supersaturated range of ‘i‘lowo It would seem,
therefore, that Powell's assumption of partial reversion after the
limiting condition is reached, while providing a better estimate of
the theoreticel flow than other methods, fails %0 give a complete

explanation of flaw curve type.

Sudden Reversion At the S.5. Limib

There would not appear to be any partiocular merit in
\; .
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e Wi wes B3 LG of prematury or gradual reversioi. rhig
Mellanby and Kerr msthod considera the loss effects and maets the |
flow ocurve form, but is not prational in its consequences. Thg W
Powell methed oquhe other hand neglects the losses aqp gives a

theoretical curve only approximating to the actual form and therefore

not wholly convineing. :
The quéstion naturally arises as to whether a study on i
the basis of sudden reversion at the limiting condition as esiablished

by Powell and including a consideration of loss effects would not give

Jt
i}

& closer agreemont. Thie nscessitates a modification of the Powell‘aﬁ
mathod as follows:-

Steam expanding isentropically from peint (&) cressesg the 1
saturation line in the ohart at point (e;) but remains dry and ?
super saturated until it reaches point (b) on the supersaturated |
pressure 1line Pgo. At {(b) condensation takss place and thermal
egquilibrium is restored instantancously. Thig ie represented by
. the consitant enthalpy line (be) where (o) lies on the saturation F
pressure ocurve correspondlng to P,y and reprasents the condition of

wat steam. The assumpiticn is made here that the transformation

tekes plece at constant pressure, whereas probably some degrse of ;
recompreasion occurs. After (¢) ithe expansion procseds under the?mazi
equilibrium eondiitions $ill point (d) is reachad on the wet pressurs i
line P, :
In any expansion, the pressure Pgg is detarmined as
explained before and the heat drop from (a) to (b) is calculated

from Gollendar's egquation for dry steam. The expansion from (o)
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0 (&) vakes place under wet conrditions and the heat drop is
obtained from a Mollier Chart or can be caloulated from the steam
tables. Besidss this, an estimate of the volume of wet steam at
(&) is made and introducéd together with the total heat drop into
the squation of ;@nﬁinuity to cobitain the rate of flow' through the
nozzle.

Thie wmathod has been applied to the case of the convergsni
parallel nozzle previously considered. The resulting form for no |
loss effects is shown by the upper ourve in fig.(36). The othex
surves irndicate the influence of assumsed loss fachiors.

It will be acen that ths convex top now appears guite
elearly in the thecretical form and that the decrscse in the dsgree
of convexity with loss, already noted az an experimenial Pfaeb, im
also demonsitrated. Thase rather gurprising resulis of & compar-
etively simple modification of Powell's maethod have probably hither-
to been missed because flow tests had not established curves with
the convex characteristic and becauss discussion has been limited
to the condition of flow without loss.

It wowld appear %0 be a sound concluslon that as far as
flow eurves can give guldancs, tho suddem raversion idea at the

limiving conﬁitieme iz mors aatiafact@ry than others.

Influenoe of Surface Ratie

In view of the agreement just established, it scems
desirable to carvy the comparison into this second seriess of flow

tesulis and it is nocessary now o include the actusl loss effacts
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in the analysis. '
The relation for the raie of mass flow through a noszzle,

previously given can be modified to:-

ne-1l1

¥ o_w o (1 - ¥ = x RN
A -ts

1
v z
X!

00718 (Ei-) x 1

K + r
The right hend side of the equation is denoted by the Jet function
“F¥ in whioh when the experimental value af r ig known it becomes
posaible bo detormine the velooity and volume conditions at ithe point
sonsidered, and the total expansion loss "K* %hat hes occurred to
that point.

In devermining this "K" factor, expansions falling entiraly
in the superheat region were chosen and ths curves of g agalnat
ini%ial temperature as determined from the nozzles readinge wera
songbructad, Thesz were slighily curved in form but for the present
purpose an approximate linecer prelation 1s sufficiently assuraic.
Heving thus obtainsd en estimate of the probablke logs facteor, 1t san
be included in the caloulation of heat drop and used with the
asgumpvion of suddan ravar@ion at Powell's limiting condition.

A beforae, ithe @mwansian is aivided inte two portlons
(ab) and {(cd) in dry and waet conditioms respectively. Aceordingly.
the heat drop in the first portion is apsocleted with a loss of A B

% in heat units and the path of the s®ate point (a - b) depends mﬂ&er“

| 1y upom the nature of these losses. This & «,%%§% P1V1%Fan heat

unid per 1b., whera eash term bears the same meaning as oxplainad

befora, Thie loss of healt increases the spesific volume by'z%E
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52,

Wy e 3
Ve Bl
15 T . Tne reversion takes place at !

beyond tne velue of

constant total heat as shown before, and the expansion then proceedeg
under oonditions of thermal equilibrium (od) and the reheat is equal
to %%9% PV K where h.p 1.135 in this case and P, Vg %ré the |
conditions ag (¢)e The final condition of steaﬁi oan now be obtained.
This apalysis is applied to the tests of the second series
and the resulis are shown in £ig.(37) where the full lines show flow
ocurves caleulated as explained above and thé dotted lines show the

corresponding expertmental flow curvea. The agreement in form in |
the slight superheat range beyond the just dry condition seems fairly?ﬂ
satisfactory and indiocates that the idea of sudden reversion at the a
limiting condition, with loss effeoct emboded in the amalysis, gives

flow curves thet ars more closely in agreement with the experimental

It
i

types than ean be produced on any basis of argument involving gragusl |
revergion. | |
The maximum flow of steam expanding to the oritical
condition in a nozzle is attained only if there is uniformity of
pressure across the throat. Any other pressure value above or balow |
the oritical, over even & minmute portion of this area, would entail
smaller flow quantities since such values regquire larger areas than ?

when at the oritical pressure condition. ]

In practically all nozzle calouleations and theoretical

considserstions, the assumption is tacitly made that the flow is in
paralliel stream lines and henoce the pressure and velcoity across a
flow section are uniform. But since the steam is compressible, its i

inertia is bound to produce & condensation at the axis near the !

|



Eigd

ehroat and & corresponding rareraction on ths walls af the same
time, with an inverase velocity range in keeping therewith. This
effect would result in a wave flow beyond tﬁis point and thus the
stream lines'wi.l?!. not be parallel but sincous. The magnitude of
this wave dopends on the shape of the eniry curve to the nozzle,
belng greater the shoriter the curve, and it is a fact that with
a sharp eniry type nozecle the maximum flow is considsrably altered
and in the limit, with a hole in & thin plate, there is no maximum
flow but the flow increaces with the reduction of back pressurs
towarde 2 limit.

The velocity ocurve, as shown by Stodola, is perfectly
constant over 4/5th of the diameter and drope rapidly to zerc
towards the periphery. The velocity (v) at a redius (r) is given

v o= v (1-(3,3;)11)

where (vo) is the velosity at the axis and (n) is a constant variss

by:=

betwsen 20 end 20 &ocoréing %0 the shape of the entry surve.
Hellanby and Kerr also give e similar relation which gave fairly
songigtent results with their experiments.

The flat form of %he velocity curve in the centra of the
Jet doem not imply absence of frictional losses, but the type of
this fristion is differant from the frictlicn of the walls and
irregular eddy currents different from the classlocal eddies of
Helmholtz are superimposed upon the nozgle flow and usually raferred

to as turbulence. This turbulence has been atudied by Lorentz(zz)

vhe gonsiuvded that the eddles projested from the pariphery egualime




the velocities mcross the different seotions of the nozzle, Thus

- for a eartaig pamentage of loss, the flow rate 1s higher the smaller
the hydraulic mean depth of 'Eb.a 3@‘to

| Thus 14 becomes clear that the surface ratio of a jot
affeots the flow, since turbulence togethsr with well friction
brqduca a partial cuperheat at the periphery while im the undistusbed
inner region of the jet expansion tekes placs with co:aéidez'abm
condensa tion. The approaching of the actusl flow curve %o the
constant loss ourve ‘wit‘h inoreased surface ratlo (figs.16-20) con~

firms this conclusion.

Limitationg OFf Flow Curve Dats

In his treatise on the “Properties of Steam™ Gallendar has

used some resulis gquoited by Mellanby and Kerr and reprasented them
i in such a way as to appear in comprate agreement with the usual
thedry regarding supersaturation inbnozz,zle flow, This theory based
on Wilson's resulis assumes that steem expands under conditions of
complete supersaturetion with a limiting 5.8. ratic of 8 at all
timas, In disouasing the Msllanmby and Kerr ocurve Callendar ignored
the £lat top.

Mellapby and Kerr in analysing their own resulds have
toceptod the Wilscm limit and Ho account for the peculiarity of the
Plow surve form thoy Tound 1% noceesary t0 agsune early reversion.

Powall hap demonstrated that the S.8. ratio is not Ffixed

for a1l conditions, but is a function of the initial temperaturse.

e expleined the Mellanby and Kerr flow curve Form by applying his

L



rovised date and the concepition of gradual reveralon beyond the
limiting eondition of mupersaturationo

1% has now been shown that nowe of these methods really
gives a full a%planﬂtion of the curve form.  The 1Q§a of zudden
end complete raversion at the correct S.9. limit applied in
sonjuncbtion wi@h & congidsration of losa effects in-the Tlow given
a fuller explanation of the more exiensive data now obimined.

The truth 1s, however, that the f£low curves are nobt in
themaelves adequate VYo explain %he phentmench. They demonsivaie
that soms such phsnomens occur, and glve by, their pecullarity and
variation of form gcertein effects that éu;% bs met by ;ny gxplan-
ation. But 1% iz contended that they do not deny the possibility
of sudden reversion, and, if further evidence in favour of Lhasd
type of change can be advaunced, the flow curve evidence ig in
.Bprﬁﬁto'. That additional evidence comes from the temperature
exparimentm carried out in the course of thege investigations and

. the various features of these will now heo discussed.

The temperature curves obtained in these investigations
and already presented show certain features that may be suwmarized

concisely as £0110Ws s~

The thermojunction is “hidden” from the streem snd so rpooin
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oo
what 18 & search tube surface temperature and probably vary glose
to the boundary layer temperature.

The combined pressure and itemperaturs observations disclose
a2 small amount of underaooling just beyond the nozzle inlet. This,
however, inoreages along the nozzls reaching velues that have not
hitherto been ob?ained experimentally. »

At somé positions along the nozzle lenmgth or just sround
the nozzle outlet in the case of the convergent parallel nozzle,

the temperature reading "Jumps® to the saturation value. This

occurs in such a way that the only interpretation is that condensatior

has suddenly occurred.

Thus the temperature ourves give what would appear 1o be
a positive demonsiration of sudden raversion.

| Although these effects are quite definite, the actual

thermojunction readings only zive a small proportion of the amount
of underoooling theoraetically posasible. The maximum registered
undercooling in one case is about 18°F, as againat 60°F thecretical
undercoocling. It has to be realized that losses taking place in
expangion will raise the temperature abhove that of ieenﬁropic
expansion, but even then there 1ls a considerable discrepancy between
the recorded temperatures and those that must hold in the flow. In
the case mantioned it might be about 30,

The relationship between the verious itemperatures may be
seen in f£ig.(38) which approximately represents the case of a
sonvergent perallel nozzle. The recorded tempsraturs curve for

the case of initially dry end saturated steam is shown by the heavy
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line with the audden siep-up at the outlet, while the others allow
comparigson of this with the adiabatio temperature, ths same with
- loss effects added and the saturation tomperature oorreoponding to

o

the pressure.

Readings before Reversion
Througyout the range within which undercoolipg is recorded,

the measured degree of it is only a small amount of what is physically
possible; in the case guoted ebove 18°F nave 'beien detected as
againet 60°F on theoretical oonsiderations. In other words, if the
steam is supersaturated, the thermojunction is reading surprisingly
high. HNeverthsless definite undercooling is shown, attaining mueh
higher velues than havevhitherto'been recorded by dirsct atf@mpts
neny of which have failed even tc record more than a few degrees.

While, therefore, this meithod poslitively detects under-
cooling it may alse be accepted as pt'oving thet an exposed thermo-
Junction in the supersaturated siteam will rsad falsely because it
is dpen %0 direct impingement. I% is also clear, however, that the
recorded temperatures even under the improved conditions of measura-—
ment are higher than the maln stream temperatures can possibly be.
This in itself mskes the margin Tor detectlion small and this also
tells sgainet the direct method. These high readings in the super-
saturated range, therefore, reqﬁime gxplanation.

If the readings had been on or closa to the saturation
temperature all mlong that renge, it would have been possible %o

olaim that condensabion came down on the metal surface, and so to
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for high readings. But the diegram of undercooling disclosed
prevents this explanation. The sudden Junmp later is definitely
the result of coﬁdensation and thus to that point, th@‘temperaturea
do not mean condensation. Equally they do mnot mean éotual gteam
temparatures. The question of what they do weally mgpn DeaOmas
important. | f

It is natural to consider heat conducition along the tube
wall as en influence, but the smaliness of the tube and the very
low tempsrature gradlents involved indicate that thig cannot be a
full explanation. The tube is not at a high temperature at one
end only, but there asre high temperatures at both ends end cocnducition
would be both ways with e balance of effect somewhers betwecn.

Conduction, therefore, will no® serve for mors than g
minuie Traction of the effects congidered and the explanation rests

on 3 much more fundamental festure in ths flow.

Explanation of High Readings

The explanation is most aimply given by recalling 4he
conception of Osborne Reynolds regarding the meshenism of heat
transmisgion and its inter-relation with friction. In this it is
essumed that thermal condustivity in the thin layer at the‘boumdary
may be meglacted end that all transmissionvtakea plase by eddy motici.

It then follows that the momentum lost by friction is to
the total momentum of the fluid as the heat actually supplied is %o
that which would have been supplied if all the fluid had reachad the
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AP.A CW. A0
v = CW.(T -0) (1)

In this equation’ 4P is the pressure drop in a short }ength in
‘wnich» AE is the temparature rise; M and W arse mass aﬁﬂ weight
flow per second, v is the velocity, & fluid vemperature and ¢ is
the speoific heato

As 1t stands, this is a sietemsnt for the tranmmission of
heat from a wall at T %0 a fluid at & - The wall is maintained at
T by other sgencies and the pringiple explains how the £luid picks
up heat. In the present caseg, ﬁh@ gituetion is different but the
mechaﬁism 48 the semsé. The heat comes only from the fluid friction
and a mubual interchange cecurs. In such & case, the aquation
reduces %0 a very simple resuli. The aim is %o obtain a clue o
the value of (T -~ & ) which is a representation of ithe difference
being consideraed.

On the agsumption that the resistanse ig proportional to
the square of the speed and that the friction work is the heat ‘taken

‘up, we have that

aP.A . I
CW. AQ v (2)
and‘th@n -
v::
(r-0) = ojg (3)

This simple result 18 capable of considerable refinement
by special consideratlion of the conditions within the boundary layer
and more axact relationships for the dependsnce of friction on

velocity., It 18 easily poseible to bring into eguation (3} factors
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wepuaaEiany vi by fadl0 0L vhe spevd ik tno boundary layer o that
of the stream and on the viscosity and thermometric gonduetivity of
the fluid.

The elaborations so possible are in effect the main

(€ )

|
. " . ol i
features of guch treatments as those by Stanton(4') and by Goldetein Q

The latter's treatment of the problem of the kinetic temperature is
partioularly approprlate here. By the kinstic temperature at a |
point of a body immersed in a stream of velocity U, is meant the |
temperature which is taken up by the body when it is non-conducting. ]
Using the symbol A Tl for the kinetic temperature rise and from the 4
fundsuental equationa of energy and heat, Goldstein establishaed the

formula
‘ ' er - u? 3 '
8% = maop | P g2 (¢ - l)] ()

where U is the velocity at the edge of the boundary layer and Uo
is that of the stream while & is the ratio of the kinematic
viscosity to the thermometric conductivity and generally refarred to
88 the Prandtl number, g and J have thelr usual significant@and Cp
is the specific heat at constent pressure. This equation could,
however, be simplified by taking U, as neerly equal to U, and then
it becomes: 2 ,

aly = 37'333'5 ¢ — (5

The more complete treatqent would be out of place here,
since the data on frictional effeots can only be approximately
treated and the other conditions are not certain. In any case, the

problem is one of providing a reasonable explanation and not of



adeducing preocige facts on losses am t@mp@rat&reao

The conception of the kinetic temperature as that
established on a non~conducting body appl:les well to the present
case a.a‘ thb measp.ringt\;benaed :l.nthese 'eixﬁeriﬁ;énts gractioally
satisfies the condition, |

To amphasize this, the ratio of the heat obnduo’oed o
that interchanged may be comidered brief‘lye This may be expressed
as follows, for a short length &X

Heat conducted K.a.%sk & ., a 1 < 6
Heat Interohanged _52 g vo S “Cp B 1;3 €T et )

in which X is conductivity, C is a Lriction coefficient, a and s ave
respectively area and perimeter of Gtube, v is veloolty and T is
wall temperature.

The factors KJ/Cp and 14> would apply to any bodies
immersed in the fluld and the latter in the ¢ase of %the hign gpeeds
of flow consldered here, would keep the ratio low in general. The
dimenaional factor 9’ n%;- where /£ is the radius, is especially small
for the search tubs uesd, while exemination of the curves of recorded
tamparatmve will show that %'T/ %% hes a low value in he importent:
lengtho Actually it may reach & high Tigure where reversion seours
but the guestion does not arise there.

An approximase. ccensider&mion of the date available shows
that the ratio, at these pointa on the temperature curves where the
speeda are ralstively low aund the values of §7$’x""‘ relatively
h‘.!.gh, may amocunt o a few per gant, but is generally below 1 per cent.

This justifies the mg'j.ect of eonduction effects in the sxaminatiion
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oL she wemperairures and in the generals explanstion of the high

readings.

The Temperatura Discrepency

The explanstion advanced in the pravious seetion means
$hat the thermojuncitlon as applied in these experiments will fail
to read the trus range of undercooling by an amount whlch depends
on the square of tha speed - equation (3). It is aﬁﬁitt&d that a
more exact relationsghip may be suitable ag is expressed by equation
(4) but the data do na@ypsrmit of the greater precision and 1n any
case only qualitative verification is reguired.

To earry thie out, it is necessary %0 make an eatimate
of the sctual spscds of flow. This involves & determination of
flow losses which can, in the casss availeble, only be deduced from
the experimental pressure curvee and mass Llows.

The sonvergent parallel nozzle with the ;% dismeter
- gearch tube iz btaken a5 an example. Values of the loss factor ¥K®
at the various stages of expansion are determined for the test
results. They are as shown by the curve in £ig.(39) in which the
ahape of the part 40 the throat ie unceritain but the remainder is
réggonable both in form and magnlitude. ‘

With the “X" values known, the hsat dissipated to any

point in the expaunsion can be determinsed fron the relation

(7)

4 B = %Mi%l’lle% (x)

in heat units per lb. of £low and each 1fem bears the same meaning
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can be estimated? This haa been donc'using-simply an average
value for the apecific heat. The relationship between the probable
temperatures anq’tha theoretical has already been 111§strated in
£1g. (38) . o D |

The lose factors being known, the velcelty at any polnt

can be caloulated in ths usual way from the equation

v m[gg%“gl PiVi(i - & - x'&rr;)] ¢ (8)
and since the actual velocities and temperatures are now approximaie-
ly kﬁownE the discrepancy in thermojunction readings can bs related
%0 the veloocitys This ip shown by the plot of temperaturs
difference (T - ®) against (veloai?}y)g as shown in fig. (LO), 1%
is claar from this thet the difference is roughly as the square of
the speed, and the agreement 1s probably as close as could be |
expecited in view of the data avallable and the approximste meithod
of treatmendo

The &1V@rgeﬁt nozzle with it8 greatar exzpension and gpsed
ranges provides more extensive data but scmewhat more uncertaln ae
regords loss effecds. The resulis of the first two series of
exporinents on thae divergent nozzle have been anslysed in a2 similar
way end altogether have provided 86 results giving probable corrsg-
ponding veluos of veloclty of flow and excess temperature readings.
These, together with the convergent parallel nozzle rasulta already
presanted, ave shown in fig.{(h1) which indicates a masaing of =11

ragulss sround the lipe dencting dependsnce on the square of the



It may therefore be allowed that the high readings of
the thermojunction before the sudden *jump" at reversion are
ressonably expl&insd, 1t the explenation is velid, %t follows
that all arguments claiming that high temperéture readings are due
to oondenaationfon exposed surfaces must be disaarded; There is
no proof of any condensation until the sharp rise in the temperature
ocours. The curve shape, the values, and the explanation of these
all combine to dsny any prior condengation in the siream or on the
boundary. |

conditions At Reversion

Heving established the fact that the thermojunction
readings, in the period of supersaturated flow, are mainly influenced
by heat interchenge phenomens and cannot show the full extent of the
nndercooling, Attention may be directed to that aspeat of thé
temperature curves which is so clearly disclossed by the experimental
rgcords. The sudden rise of tempsrature to the saturation value
at some position in ithe nozzle length, shown in all cases, is
unnistakeable in its meaning. I% establishes the fact and defines
the position of reversion with certainty. As the readings befdre
that point are high, the full exient of tha "jump" is not demon-
strated but it is nevertheless clear and decisivs.

?%é;:previous calculations have established the approximate
conditions ;; all points on the flow. The definition of the point

of reversion by the temperature records allow the fact of reversion
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to be related to the £luid conditions obtained at 1ts position.
It is possible thus to consider reversion in the light of the
pressure, velacity or S.8., ratio exlsting at the point of occurrence.

The mcthod of eatimating'probable aotual fl@id temper—
atureg already dsscribed can be applied %o the fluld at the position
of the temparaﬁgre "dump® since the pressure there is known. If
%he pressure and temperature are P and T, then the raﬁio of P %o
the saturation prassure gorresponding to T gives the S.8. ratic.

The velocity at the position san élao be approximately determined
and 80 the simultansous values of presaure, velocity and S.S. ratio
are known reascnably well for each recorded cass.

I% will be appreciasted that while the introiuction of
somewhat unceriain lozs factors into these calculatione renders all
results spprozimate only, the negliect of loss effects would make
them completely misleading. This is in fact a weskness of nsarly
all studies in supergaturated flow as S.8. ratios based on theors-
tical conditionz ere incorrect. i

The S.5. ratiocs as determined in the manner explainsd are |
plotted against the fluld veloeity at the point of reversion in
fig.{L2). Tha rasulis Tfor both the convergeni parallel and

divergent nozzles are included so that the range of veloclty is wide,

There would appsar to bs a systemeitic variation with veloeity ard
the curve might reasonably be held as indicating a tendency towards
unit 8.8. redlo at zero veloeliy. I% may also be remarked that et
the higher velosliities the recorded underccoling is elso high, tha

varistion with veloeity being gulie marked from the 18%9 in case A
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of the same geries.
These various features would appear to lend strong support

t0 the arguments of those authorities who have oonaidéred that

[r4

velocity expicises a domingnt influence. In particular Rettaliata,
who eﬁpioyed two roetes of flow accounted for the diffgrenca between
vhe S.8. ratlos obtained as dus {c the different veloeities in ihe
condensation region. But actually, and in spite of the epparentiy
well ordered relationship, there is no Justification for such a
soncluasion.

As very high speeds of flow, around and above the acousbic
veloglities are involved in these considerations it is natural to |
use the ilach number as a basle for plotting sinee, thereby, the
velocity is represented by its ratio to the apesd of sound which,
of cuurse; veries wlth the fluid conditions, The Mach Ho. in the
preaent applicstion is obitaingd from the aquation;w

Mach No. = {ﬁ%ﬁw PqVq (1 = K - n T 1)1
[gnngg “j
Whera P, and | are the conditions &t ravaraion point anﬁ could be

(2)

chiained by the sdiabatle equation, and when evaluated for all the
casegs avallable gives the relationshlp heiwesn SoSa raﬁio and
Mech No. shown in Pig.(L3). This of course m@rely gives the

C regulbs of fig.{L2) on an alt@rnat¢va hase, but the simpler form
obieined would sesm to indicate that the ilach No. was a supaplior
varlable o employ in presentlng the relaetlionship.

The points of revereion ean also be shown on the J-¢b
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done for the aake of simplicity in treatmﬁnt and because 1t has E
been necessary to emphasize their meanings and relative significancsg.
Two have so far bean eonaidared, the high rendings in Qhﬁ undarcoolaed ;%
zone and the Buddau rise at% raversiana But there is @ third, viz. j
the colincidencea Qx raversion with the point of reecmpr@ssion in Hhe fﬁ
daverg@nﬁ nozzléo |
chpariﬁon of the tempersiura and pressure ratio curves
for the divergent nozzle in all cames in which the baok pressure wes
such ag %o compel a recompregsion within the neozzle langth, shows
conclusively that the itemperature "Jjump® and the rupid pressurs rise |
practically coincide in poasition. This is kighly esignificenti. i
Without much positive measuremenisa &8 thease axperimonts have allaw&@. |

the fact eould not be assumed. With these it is unezcapable.

I

|

The recompression that ocours in a divargent nozzle 1
. }

operating sgainst too high & back pressure ig a polnt of abmuipt ’
|

discontioul ty. It is, in fact, a poind of shook, Thare sre

extremsly sudden ohanges in state and speed. It is

i
|
the posibien I
!
|

- where the shock wave ia'@atablisned@ . ‘ L
The faet of coincldent revarmien leads at once to the ﬂ
aonelus%gn that this oceurrence 1is ﬁot primarily determined in high ”
speed ateam flow by the physical limit 1o the superaaturatsd siate |
oxpressed by the S.8. ratio, but by the sudden obstruction of the
shogk wave. This at ones transforms the problem into one in

hydrodynenics and the significance of the S.5. ratie is greatly

reduced. If 1% were possible to lmaging a perfectly smooith un-

Qisturbed flow in the develeopment of bthese high speeds, then the



Ll vang SoS. ratwico would eventually operate %o end the super-
saturated condition, With anything of the nature of & shock wave
in the flow a compulsory change 18 imposed at that position.

There are two aspecte of these phenomena which deserve
notice as providing further arguments in favour of the conslusion.
One is that the sﬁpersaturated conditvion is highly unsé%ble and
shock ia probably the surest way of causing reversion. | The other
is that both the shock effect in fluld flow and reversiocn from the
gupereaturated condition are natural phenomena characﬁepiaed_alik@
by the feature of almost instantaneous entropy imoreaséo

While the conclusion reached can hardly bhe guestionsd as
a reasonable interpretation of the divergent nozzle resulis, examin-
atlion of the sconvergent nozzle curves does not disclose the same
definite faets. Well definsd recompressions do not exist in the
expansion with the convergent paraliel type of nozzle and so the
agsocliation made 30 clear by the dlvergent type eannot'ba detacted
in the seme way in the other.

BRut the reasoning is hesed on the existence of shock waves
and not on the esteblishment of major recompressions. But the
convergent nozzle can axpand ¢ the critlcal condition and reversion
has besn detecied by the itemperaturs wmeasurements in all cases in
which 1t does. Since the acoustic velocliy 18 reached shock waves
are possible. These Ao not always disrlose themselves by marked
preasuré rises. In fact the method of measuring pressure in these
experiments is not able to detsct slight preassure irregularities

except occasionally or by special precauntlons.
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‘et pressure “Jjump «aoes occur iin such cases has vesen
noticed by several investigetions and has been under cerisin
conditions observed in the present experimentis. At an early siage
in ths first serées of pressurs and flow teets, preseu%e dig-
gontioui vies were obtainsd in the Convergent Parallel nézzle. The
naturg of these is shown in £ig-(L5) in which with difgerenﬁ initiel
condi sionsg, the position of the pressure " jump® Variedialighﬁlye
These cannot be related to the later reversion determinations as
the same initial conditions were not repeated. But the fact of a
transl tory pressure rise would appear csrtain; and 1¢ is elways
falrly close %o the nozzle outlet in which region reversion in-
variably occurs. 1% also shows that with different initial
%e@@er&ﬁurea the revergion position varied slightly.

But this mild experimental demenstration is hardly
necegsary if it is allowed that the shock wave, when 1% exists, can
eompel reTersion. There is always a shock wave éssociated with the
outlet conditions in & convergent nozzle expanding to the eritical
gonditions or delivering into a space wsll below the critlcal
pPresaure, The wave may be anywhere around the nozzle ocutlet and
that is precisely what has been found for the reversion peinids in
that particular nozzle type, 28 can be seen by reference to figs.
(29 and 32). .

Hence, although the simple nozgzle form does not provide
the same positive evidence as the dlvergent type, the facts which 1t
gives do not confiict with the conclusions drawn from the evidenc@

of the laitter. 1%t may therefore be claimed that the temperature
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effect, establish the shock effect in high speed Tlow as the con-
trolling factor in reverasion.

Some reascne have alresdy been edvanced to show that the
sharacteristic flow curve type 32 not in comflinit with the idea of
sudden r@version; it may be olaimed that all of the axéerimental
evidenee is in asccord with the simples conelusion reached. It may
be added that this conclusion serves also $0 explain the variations
and uncertainties of the S.S. ratio hitherte considered ss the

determiniﬁg iafluence,

C. CONCLUSIONS

This study of flow, pressure and itemperature affects in

eﬁall elementary nozzies under conditions of supér@aturation.laads
to the followling genersl conclusions:

1. The flow curve Lype @riginally established by MHellanby and
Kerr is fully substanilaitaed. The pecullarlity they Lfound is even
more proancunced. I% porsists even in caees where high losses
prevent £lows ahove the theorstical on stable expansion.

2; The varistion of flow curve form with surface ratio
indicates that the Mell&nby and Xerr ldea of pertiasl reversion before |
the S.S. 1imis is not rational, and the support which that theory

glves %o the argument that condensstion ccmes down on expossd surfaces
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3 Thére is no gpecial Justification for the idea, used by
Powell, of'gradual revarsion beyond the 8.5, limit. It would seem
that the conside?ation of losses in the flow combined %ith the
idea of sudden reversion 1321n better‘agreemenﬁ with tﬁﬁ faots in .
80 far as flow curves can discloss them.

4. By the use of a thermojunction so arranged éé to be hidden
and insulated it is possible to obtain records of undépcooling and,
particularly, of the fact and position of sudden reversion.
Temperature ourves obtained in this way provide the evidence that
flow determinations cannot give.

5 The undercoo;ing'in the range of supersaturated flow, as
recorded by the spealal thermojunction, is much less than 1% will
be in the fluid. The discrepancy lles in the fact that the Junction
is reading the boundary layer temperature and this 1ls above the
stream temperature by virtue of the trans:ormation of losees into
heat. The theoretical rceasoning that sstablishes the difference as
approximateoly dependent on the Bquare of the veloelty is fairly
supported by the values deduced from theee experimente.

B Since the temperature measurements show some undercooling
and the fallure to show all of 1% has been rationally sxplalned,
there is no Justification for the belief that condensation will ocour
on all surfaces exposed %o the £lqw.

7o As the occurrence of revarsion ias clearly shown and its
position specifically indicated by the temperature records, the values

of pressure, velooity and 8.8, ratio are all deducable for the



experiments. Wnile systematic variation of the S.8. ratio with
velocity would abéea? %o be shown this'ia not fundamental. This
velooity is merely reflecting the flow condition that actually
enforces reversion. | :

8. Reversion is a consequence of the shock wave that exlats
in high speed flow arcund and above the acoustic velosity. The
fact is fully demonstrated by the divergent nozzle teata’where'
reversion is always coincident with the recompression. I% is also
supporied by the convergent nozzle results where reversion takes
place around the nozzle outlet which is the position of the shock
wave in such & casg.

96 It followa that the S.8. ratio hitherito always employed
a5 deteormining the 1191% of the'supersaturated flow ocannot be 8¢
used in the oase of high speed expansion where the limit is regliy
set by thsese hydrodynamic sonditions that éreate a shock wave.
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