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SUMMARY

The results of e systematio wind tunnel investigation into the
attainment and ultimate collepss 6f the supersaturated state oflwater
vapor areApresentedo These results, together with those of other
recent investigations, are collected and comparsed with the theory.

It is found that the devistions from the quesi-stationary conditions
upon which the theory is based are very pronounced in the supersonio
wind tunnel. 4 much higher degres of supersaturation cen, therefore,
be attained before condensation~ocours than is prediocted theoretically,

Measurements at low temperatures indicate that if the water vapor
reaches a tempersture of &bout 155° K. without the ocourrence of con-
densation, the §apof will not condénse unon further expansion, regard-
less of how highly supersaturated it becomes. This observation is in
agreement with some recent Wilson Cloud Chamber in;estigations.

The shock relations fér flow -involving condensation are diecuséed.
It is shown’ﬁhat two types of discontinuities can oecur; the oondensa-
tion shoek and the éhook with condensation (or vaporization,j, The .
lattef solution has been disregardedi in the pﬁst, but it is showﬁ that
the shook with vaporiiation is of importan&e and ocan result in aporeci-
able errors in Mach number determination when droplets are present in
tﬁe flow.

Varicus techniques of measurement of the condensation proocesses 1p

supersonic flow are considered.
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PART 1

INTRODUCTION AND STHVEY OF THFE LITFRATURE

The phenomenon of spontaneous condemsation, or the transition
of & substance from the vapor'phase into the liquid phase 1in the
absence of a plane surface of ths liquid phase, has been the subject
of numerous experimental 1nves£igations for the past sixty years.

It was not until the advent of the supersonic wind tunnsl, however,
that tﬁis phenomenon entered the field of aeronsutics and even then
it was not recognized as guch until about 1940. The condensation
in‘this case. manifests itself by & sudden inorease in pressure, with
an attendant formation of a fog of liguid droplets or ice particles,
at some polnt in the supersonic seoction of the ?bzzle.( Thighpressure
inoreﬁse troubled many early investigators, but the fog is usually
not readily visible except under certain lighting conditions and
hence the true explamation was overlooked for several years.

In e supersonio nozzle, &ir containing water vapor undefgoes an
adiabatic expansion which, accordingly, results in a continuous
decrease in tempergture and pressure., The saturation vapor pressure,
which depends upon the temperature only,.decreases rmuch more rapidly
than does the partiel pressure of tﬁe water vapor end henoe saturation
is appfoaohed and even exceeded. If & caloulation is mede of the
relative humidity of the air at the point where the condensation occurs,
it is found that the air is highly supersaturated. The first person to

eall ettention to the fact that a highly supersaturated vapor can exist



under certain conditions was R. v. Helmholtz.'l’/ He showed, in 1887,
that a saturated steam jet expaﬁding from an orifice ipto the atmosphere
remained perfectly clear for som§ distance and then suddenly became
oloudy, |

Helmholtz also demonstrated the effeot of ions on the initimtion
of condensation by observing the increased cloudiness fh&t resul ted
when an eleotrical discharge céursed the jet., Ions and, purticularly,
hygroscopie nuclei are of prime importance in initiating condenaatioh
in the atmosphere, This is due to the fact that such muclei renge

5 to 1078

in sige from 10~ cm. in radius and, &8 will be shown in

Part I1I, the effeot of curvature on the equilibrium of water deposited
on such nuclei is relatively small. Furthermore, if the hygroscqpic.
nuclei are active solutes, as is generally the case in the é.tmgphere,
%he‘surface tension will he greatly lowered. These two effects can
give rise to the formation of droplets which &re in equilibrium with
unsaturated air, As = resnlt of these factors, together with the faot
that the ohanges of state of the air proceed at a relatively slow rate,

large supersaturations have never been observed in the atmosphere.

Wilson Cloud Chamber Investigations

The Wilson Cloud Cﬁamber, which was developsd by C. T. R. Wilson (2)
in 1897, utilizes this fect thet ions facilitate the initiation of
condensation.

The air in a Wilson Cloud Chember is contained in & closed vessel
and is cooled adiabatically by suddenly inoreasing the volume by means

of & piston. In normal pracitice, the air is saturated at the initial



temperature and volume and various degrees of superseaturation are
obtained by varying the expansieon ratio, i.,e,, by v&rying‘the final
position of the piston., Different degrees of supersaturation can be
attained at the same final temperature by increasing the initial
temperature as the expansion ratic ig inoreased. The'supersaturation
is gradumlly increased in this manner until a cloud forms, the value
at which this occurs being denoted as the "threshold supersaturation
ratio® corresponding to the particular final temperature.

Inasmuch as the eir is eséentially at reét and is coo}ed much
lese rapidly than it would be in a wind tunnéi, the results are not
directly applicable to the problem of condensation iﬁ‘rapidly expand=
ing gases. However, since the existing theories of spontaneous conden-
‘sation are based on the assumption of a quasi=stationary state, which
"1s closely approximated in the Wilson Cloud Chamber, and since the
effect of foreign nuclei is clearly demonstrated in these experiments,
'.it will be of value to review briefly thé pertinent results.

Powell (3/ obgerved that, for the seme final temperature, higher
. and higher supersaturatidns were required as the outdoor air used in
the experiment was progressively filtered. Filtered air ocontaining
ions neocessitated greater expansions than unfiltered air, while
ion-free filtered air required still greater expansions, Pow?il's
results for dust~-free, ion-free air of th§ supersaturation required
for condensation as a function of the fingl temperature are plotted

in Fig. 1.



Sander and Damkghler (4) performed a similar set of experiments,
the results of which are plotted in Fig. 1, also. ,The guantitative
agreement bstween these results and those of Powell is, for some unknown
reason, not very good.

Formation of Liquid Droplets or Ice Crystals

Seve?al recent Clqud Chamber investigations by Cwilong (5) and
Fournier d'Albe () have been concerned with the determination of the
final temperature at whioh ice crystals form instead of water drqpleta.
Cwilong observed that, with duétefree air, below a temperature of
=42° C. the oioud is composed of ice orystals and water droplets,
while above this temperature ice crystals are absent. With unfiltered
outdoor air this transition temperatﬁre increased to -32° C.,‘although
Fournier d'Albe observed that, even though ice particles were formed
at this temperature, water dropleté 8till predominated.

This mixture of ice particles and weter @roplets,»for dustaf:ee
air, was observed down to =65° C, to =70° C., below which ice particles
only were present, Sander and Damkghler obgserved liquid droplets down
to 5620 C. On the basis of these observations and in view of the lack
of evidence one way or the other from wind tunnel measurements, it will
be assumed in the analysis of the spontaneous condensetion phenomenon
that the condensation is in the form of liauid dropléts down to 210° &,
(»65‘; Co )..

The effeot of lons on the condemsation of dust-free air at tempera=-
tu}es below =55° C. has apparently not yet been esﬁablished. The obger-

vation that the preéence of ions does not affect the supersaturation at



which condensation occurs when the temperature is below =60° C. has
been confirmed by several investigators, However, the cbservation of
Cwilong, that the presence of ions at these temperatures results in
the formation of a greater number of ice particles than in ion-free
air, is in contradiction to the cbservations of Fournier d'Albe, who
noted no effeot upon irradieting the chamber with gamma rays. Thus,
this particular question is in need of further investigation,

Une observation of Cwilong's, that was mentioned briefly by him,
hes startling implications wheﬁ considered from the viewpoint of spon-
taneous condensetion in high speed wind tunnels. Thies observation was
that when the temperature at the end of the expansion falls below
=120° C. no products of condensation, neither liguid dropleta nor ice
particles, are observed. This finding is of such theoretioal and
experimental importance -as to warrant a separste treatment in Part VI,

Steam Hogzle Investigetions

The existence of supersaturation and the spontaneous eéllapse of
the aupersaturatgd state in comnection with the expansion of a vapor
in nozzles was recognliged first in 1903, as & result of the comprehen-
aive tests of Stodola (/7 utilizing superhested stesm, Since that time
a number of investigations have been mmde in an effort to determine the
supersaturation ratios at which sponteneous condensation takes place.
The loomtion of the collapse of the supersaturtted gtate ih these ctses
wes determined either by pressure measurements or by the light scattering

technique initiated in this field~by Btodola. In view of this wealth of

information it is surprising indeed that the phenomenon of spontaneocus
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condensation wag unrecognized in supersonic wind tunnels for a number
of years.

The use of superheated steam, and hence high stagnation tempera-
tures, results in the condensa?ion occourring at loc’l temperatures of
the order of 300° K., &nd higher. Such tempsratures are much higher
than those normally found in supersonic tunnels. The results of these
investigations are of more than academic interest, hcweﬁer, in that
they significently extend the temperature range over that-obtainable
from supersonic wind tunnel tests alone.

0f the most re;xent of the superheated steam experiments, those
of Yellott (87, Yellott and Holland ‘?/, Revteriata (107 and Bimie

(12)

and Woods , the measurements of Binnie and Woods appear to be
the most reliable and hence their results are shown in Flg. 1 in the
form of threshold supersaturation ratio vs. looal temperature.

.Supersonlc Wind Tunnel Investigations

The first investigations of spontanecus ocondensation in supersonic
wind tumnels were performed by Hermann and Wieselsberger (12, during
the yedrs 19354 to 1936, although their results were not published until.
1942. Hermann presents qu&litétive findings of the effeot of relative
humidity and water vapor content of the alr on the location and strength
of ths so=oalled "condensation shocks"™ or "Xe=gshocks" which he observed
by means of & Bohlieren system. He also extendéd the one-dimensional
shock relations to the cése of normel shocks involving condensetion,
but inesmuch as this analysis was brief and incomplete, it will be

conesidered in more detail in Appendix I.



The only systematio investigation of the phenomena of spontaneous
condensation in supersonic wind tunnels from the theoreticel point of
view hag been that by Oswatitsoh (18, and (14).

Through considerations of the equations for the conservation of
mass, momentum and energy, Oswatitsch, in his first paper (13), develops
a system of differentisl equations describing the compressible flow of
humid eir containing droplets of water or ice through a nozzle. These
equations, together with the equation for the rate of formation and
growth of the droplets, eﬁsble him to perform a step-by-atep caloulation
of the pressure distribution in & nozzle with oondensation.\ These |
theoretical results are in excellent agreement with the pressure distri-
bution measurements of Yellott* and Binnie and Wbods* using superheated
steam. The equation for the rate of formation of droplets utilized
by Oswatitsch is 4ue to Becker end D8ring and will be disoussed in
Part II. By dealing with & simplified picture of a droplet of water in
pure water vapor end considering the molesular processes et tﬁe surface
as pfcviding for the necessary mass transport onto the droplet and the
removﬁl of tﬁe heat of condensation from the droplet, Oswatitsch arrives
at an equation for the droplet growth. In view of the excellent agree=
ment between the theoretical preesurevdistfiﬁutions and the experirenta

'

ones using superheated steam, it may be concluded that this equation

for the growth of a droplet in its wvapor is sn accurate desoription of
the process. However, as 'pointed out by Oswatitsch, thils equation is

no longer valid in the cese of & droplet situated in supersaturated humid

* loc. oits
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air, where diffusion is primarily responsible for providing for the
necessary mass transport, Hence, no comparison can be made between
the theoretical calculations and the experimental results using humid
air in view of the lack of knowledge as to the equation for the droplet
growth, FuQ&hsrmore, in the experiments with superheated steam, the
looal temperatures at which spontaneous condensation takes place are
gtill of the order of room temperatures or higher, where the values of
the surface tension of water are well known; whereas in mbst supersonic
wind tunnels the local temperatures .are in the range where no data
exists on eithsr the surface tenslon of water or the surface energy of
ice, which, a8 will become svident, are so‘important for the determina~
tion of the droplet formation frequency.

Oswatitsch also presents the results of his e xperimental investiga=
tion in a supe;sonic nozzle, usihg humid air of three different relative
humidities at atmoaphéric stagnation conditions. These results were
obtained in the form of pressur; distribution measufements along the
nozzle, from which the supersaturation ratio at the location of ocollapse
of the supersaturated state has been cealculated and plotted in Fig. 1
as a function of the looal tempsrature at that location.

Oswatitsch, in his second paper (14J, deals with the theoretical
aspects of condensation in humid air flowing through a nozzle. He was
able to show that the condensation on foreign nuclei in the air and the
subsequent growth of the droplets was too esmall to cause any measurable

deviation from the dry-adiabatic expansion. This conclusion is the

result of the relatively amall number of foreign pértioles in normal



laboratory air (of the order of 10%/em®, and the short time available

for the growth of drops. The negligible effect of condensation on
foreign nuclel lesds to high degrees of supersaturation, where spontgn»‘
eous condensation of the water vapor may take place. On the basis of

the Beokefnngring equation, & law of droplet growth derived on the
assumption of exceedingly small droplets, and certain order-of-magnitude
caloulations, Oswatitsch arrives at an equation for determining the
location of the start of spontaneous condensation. The‘temperature at
which spontenecus condensation t;kee place is found to depend upon the
saturation bemperature for zdisbatic expansion, which takes the stagnation
pressgure &nd specific humidity of the humid alr into acoount, and the
temperature gradient, which takes scoount of the seale effects. This
approximate equation is presumably ;alid provided the temperabure gradient
is not less than 10° C./bm., sinoe below this value the droplet growth

law used in the determinstion of the équation loges its valldity. One
constant is left undetermined in the equation, and its value is calculated
by Oswatitsch on the basis of the three experimental pcints obtained from
his aforementioned investigation. Thls final equation is shown in Pig. 1
in the form of the supersaturation ratio at the start of spontaneous
condensation vs. the local temperature, for three different velues of +the
temperature gradient.

Contributions of Charyk

Charyk (18) presented the Beoker=Doring theory, which will be dis=
cussed briefly in Part II, and oalculated, therefrom, the supersaturation

ratio &t which the collapse of the supersaturated stete takes place as a



function of the local temperature'(Fig. 1) under the assumption that
the nuclei formation frequency, J (the‘number of droplets formed per
~oubic .centimeter per second), is equal to 1,000%,

From one=dimensional considerations, Charyk algo develops the
equations for the change in flow parameters across a normal condenss-
tion shock (see Appendix I) end extends the results to the obliquev
oondensation ahock; In addition, a disoussion is given of the possibile

-1ty of oontinuéus condensation downstream of & condemsation shock. This
condition may arise when the water vapor content of the air is so high
that, if en amount sufficient to bring the air down %o saturstion were
ko Ye oondenﬁed out gt the shock, an amount of heat would be released
that is h;gher than the maximuﬁ amoﬁnt the stream can abaorb**, Henoce,
in tﬁis ocase, the air would be suporsgtur#ted.downstream.of the conden-
sation shook and continuous condensation would ocour until a saturated

. state wisg reached.

Experimental Investigations of the NACA

In = vary'reoeﬁt sxperimental investigation by the NACA (16), a
systematic study of the degree of suéersaturation just prior %vo the
collapse of the supersatufatod state was made in the Maoh number range
from 1.4 to 2.0. Two wind tunnels were used in this investigation and

each was equipped with wall orifices for the statlc pressure measurements.

* Charyk points out that the difference in the locus of condensation for
J = 1land J = 1,000 is megligible. Howgver, it is fowmd, as will be
shown later, that vealues for J as high as 1016 nhave to be considered,
in which case the loous is markedly different.

»* See Bquation I.16, Appendix I.



During each run, the initial water veapor content wes held constant
while the stagnation temperature was increased step<by-step from room
temperature up to about 200° F. Hence, the looétion of the start of
condensation was gradually moved downstream past successive static
pressure holes and thus the conditions prior to the collapse ocould

be determined at various Mach numbers. Several different velues of
the initial weter vepor content were used, from which the effeoct of
this quéntity on fhe condensation phenomena could be determined.

The results of these .investigations have been ocmlculated in the
form of the threshold superseturation ratio vs. the looal temperature
and are shown in Fig. 1.

These results ha;e been extended by the amuthors, on a theoretieal
basis, to higher Each numbers. KOWBVGP, such &an extrapolation is‘
questionable in view of the low temperﬁture effects discussed in
Part Vi,

¥iscelleneous Experimental Investigations

Within the past few years, there have been & number of other
exper imental investigationa into the phenomena of spontanecus conden=-
setion in supersonic wind tunnels, However, most of these have not
been gystematio enough to supply the data needed'to determine tﬁe
threshold supersaturation ratic and thence add to our knowledge on
the effects of scale.

Thus, the only sdditional published date, kmown to the author,
that is of value in this investigation, is that of Redington (a7,

who made pressurs distribution measurements ln an induction=-type
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supersonic wind tummel at various values of initial water wvapor
content and relative humidity. These results have been calculated
in the form of threshold supersaturation ratio vs. temperature,
also, and are presénted ;n Fig. 1.

Purpose of the Present Investigation

At the inception of the present research program (1946), the only
existing experimental dete on the spontaneous oondensation'phenomena
were those obtained from the superheated steam experiments, the Wilson
Cloud Chamber end the brief investigation of Oswatitsch, The Wilson
Cloud Chamber data, as has been pointed.ouﬁ, are primerily of velue
in undérstaﬁding the phe;omena under quasiastationary conditions. The
" dynamic effeot, i.e., the deviation from the quasi=gtationary state,
discussed in Parte II=A and V, together with the high temperature at
which the condensation takes place, in the flow of superheated steam
is such that the data obtained therefrom are not directly epplicable
to the problem of the spontaneous condensetion in a mixture of water
vapor and air flowing in & supersonic wind tumnel.

Hence, the need existed for a systematic investigation of the
problem from the viewpoint of the supersonic wind tummel. Such &n
attack was necessary from the practical point of view in order that
a oriterion for condensation-fres flow in supersonic wind tunnels
could be developed to provide a basis for the design of wind=-tumel
drying equipment, Of much more importance, from the theoreticeal
viewpoint, wes the need for an understanding of the mechanism of

the spontaneous collapse of the supersaturated system. A mechanism
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had been propounded from purely theoretiocal considerations and it was
desirable to determine @/ whether the theory adequately explains the
process under the assumptions involﬁed or wheﬁher the process takes
place iﬁ a region where the theory is invalid, b) the dynamioc and
scale effects, assuming the theory is correoct for a quasiestationary
state c) information as to the velus of the surface tension of
water at low temperatures and for very small droplets, where no data
exist at the present time, by working backward from the experimental
data under the assumption that the theory is valid, d) the effeocts
of low temperature and e) thé.change in flow é&rameters dowmstream
of the region of spontaneous condensation.

From the results of the present investigation & number of these
aims héve Leen acoomplishéd; however, much additional work is needed
before the mechanism of spontaneous condensation can be said to be

completely understood.,



PART IT

THERMODYHAMIC FUNDAMENTALS

The Isentropic Expansion of a Vapor

Any wvapor whose iatent heat is large will approach saturation
when it is c;qled by meens of an isentropic expansion and, if the
expansion is carried far enough, will reach a gupersaturated state.
Saturation is defined here in the standard manner, namely, & wvapor is
saturated when it is iﬁ-equilibrium‘with 8 plene sgrfaoa of its liguid
or solid phase at the samc temperature, as many molecules passing in
unit time from the liguid or solid to the wvapor phase as from the vapor
to the liquid or solid phese. The partial pressure of the vapor is
independent of the presence of other'vapors or gases, being a function
of temperature only. A vapor and a‘g&s are distinguiéhed here aoodrda
ing to their true dofinitibns; i.e., the substance is called a gas
if its ‘temperature 1s above the oritiocal tempsrature, while if its
temperature is below thie wvalue it is called a vapor.

The requirement of an isembropio expansion rather than compression
of a vaéor of large latent heat in order %o produce saturation, may be
shown in the following memner (in all following analyses, the vapor is
assumed‘to follow the perfect gas law, an assumption that is in general
well justified in the present applioation,:

Consider a vapor undergoling an isentropic process

r

: n-7
P, = constent ' T (2.1)
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or, differentiating logarithmically,

dey _ ' dT (2.2)
Py -l T
whenoce,
dpy roop, Py
=S = C . 2.
daT P T AR (2.3)
- Ty |
v
PHE:‘j‘z .
OP"' wiasy deq

where, I = ratio of the specific heate of the vapor
R = universal gas constant
m, = molecular weight of the vapor.

These equations are in general valid only when the vapor is in a
pure state. If, for example, a mixture of water vapor and dry eir
wore to undergo an isentropic ochange of sﬁate, it oan bs shown that
the entropy of both the water vapor and the dry air will change during
the process.

The entropy of the mixture of dry air and water vepor 1s
Wds = Wpds, + Wi dey =0

N

or, ds, + xds, =0 (2.4)

where the subscripts "a" end "v™ refer to dry air and water vapor, res-

W

pectively, and x 5“5: is the ratio by weight of the water vapor to the
2

dry air in a given volums of humid air,  x is ocalled the mixing ratioe

W,
and is related to the specific humidity, 4 = W, + W, by the expression
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Ttiliging the Second law of Thermodynamics, equation (2.4) becomes

Cpa I —

=0 {2:H
T M, b, ’ ( )

dT R dPa_*_%(' dT ‘f? de)
Siince the mixing ratio remains constant for & given mass of humid
air a8 long as there is no evaporation, condensation or mixing with

air masses of different mixing ratio, it follows that

W,
o= v = PV = £ pv (206)
WCL Pa_ pCL
where
€ = ¥
Ma
or, differentiating logarithmiocally,
dpy _ dpa _ dp (2.7)
Py  Pa P )
Combining equations (2,5) and (2.7)s
p_(_}_..;.i.
C/T - Mma my ’dp (2 8}
T Cp, *%Cp, . P A

Thus, the change in éntrppy of the dry air or water vapor, as the mixture
undergoss an isentropic process, is obtained from equations (2.8) and

(2.8 )t
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R _/_+__?f> ’
ds, = | cp, Mo mv/) R dPa,
a a cp, +%cp, mg Po.
R dp g
- L - (2.9)
cp, 4
and
: 7.
) R dp vE+ R ds, -
g5y =—— — =l o= =2 (2.10)
mv Py Cpa +‘x" N x
Cpy '

Hence, the water vapor end the dry eir would undergo isentropio’
changes of state only if & ='0Fa/bpv, i,e., if mfdpv = m,Cpgs Assuming
2 value for x of 0.02, which corresponds approximately to that of air
saturated with water vapor at standard pressure and a temperature of

300° K., the factor on the right hend side of eguation (2.10) becomes

0.535
The equation for the variation of the partial pressure of water vapor

00642 ' .
[ - J = 0.20 and hence ocannot ordinarily be oconsidered negligiblex.

with tempsrature, corresponding to equation (2.3) for a purévapor, is

obtained from equation (2.8) as

. CPa
AL
dpy Py Cpy,
= C v —_ °
S Sl ey (2.11)
my

* Reference should be made to Appendix III for the possible errors involve
ed in negleoting the presence of weter wvapor in the air-in the determine
ation of Mach number, T/To, eto. in supersonic nozzles.
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The variation of the saturation vepor pressure with temperature ls
related to the latent heat of vaporisation Sy the Clausius=Clapeyron

equation

dPoo
.dT

L
S —
T %Y (?'12)

where P __ is the saturation vapor pressure ocorresponding to a particu=
lar temperature, L is the latent heat of veporization and V, and V,
are the specific volumes of the wvapor phase and liquid phase, respectively,

Negleoting the specific volume of the liguid phase relative to the vapor

phase, equation (2.12) becomes
AP . L 2B (2,13 )

By oomparing equation (2,13 ) with (2.3) or (2.,11), it is seen that
if L/T > Op, then the saturation vapor pressure inoreases with inorease
ing tempereture more repidly than does the vapor pressure. Hence, with
deoreasing temperature, as in an expansion, the ratio P_/P., , oalled
the relative humidity or supersaturation ratio, oontinually inoreases
until saturation and supersaturation are obtained., The ratios of equation
(2.13) %o (2.83) and of (2.13) to (2.11) as a function of temperature are
plotted in Fig. 2 for pure water vapor and for wat;r vapof in sir,

The two maln components of air, nitrogen and oxygen, become vapors
below their critical temperatures of 126° K, and 154° K., respectively.
Hence, it is to be expected that, am an expansion proceeds to temper;tures

below these values, saturation and supersaturatioﬁ with respect to either,



or both, of these oomponenté will be reached.,

The sams development as was used in equations (2.4 through (2.11)
for a mixture of waber wvapor smd dry air is wvalid for a mixture of
nitrogen and o#ygen. However, in this case it is apﬁarenﬁ that both
the nitrogen and oxygen undergo an isentropic ohange of state since,-
refe#riég to QQﬁation (2.10), M, Cg& ='n02<4%2==3}¢7at 0°c. Henoe,
both the nitrogen and oxygen expend independently of the other and

equation (2.3, can be used directly.

dT / dT

nitrogen and'oxygen are plotted in Fig, 2, also., Included, too, 2s &

. dPos dpy
The rates of approach to saturstion, , for both

matter of interest, are the values for pure osrbon dioxide and for
carbon dioxide in sir.
It is interesting to note, from Fig. 2, that the rate of approach

to saturation of the .water vapof in air is, for a given temperature,

 approximately 209 greater than that of pure water vapor. Henoce, for

the same rate of expansion, the water vapor in air hecomes supersaturated

more quickly than does ths pure water vapor,
\
The fact that all the curves start from zero shows that, for the
vapors considered herein, an isentropic expznsion produces a decreese

in the supersaturation until the temperature corresponding to « valus’

. dpo. | dp,
of‘ unity for T T

causes the supersaturation to start increasing. Similarly, for any

is resched. Continual expansion then

vapor whose latent heat is small, i.e., L < Cp,T, an isentropic compres~

sion is reguired in order for saturation to be approached,
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In considering the possibility of oxygen and/or nitrogen conden=-
sation ?n:tbo light of present=day experience with water vapor oondén-
sation, one important factor that is offen overlooksed is that at
corresponding temperatures the latent heat of water is of the order
of ten times that of either nitrogen or oxygen and hence the pressure
increase®, when condensation of the nitrogen or oxygen does ocour,
will be much less 8ignifioant than in the ocase of waeter vapor oconden-
sation.

B. The Change in the Supersaturation of a Vapor on Paésing Through &

Shook Wave,

In the preceding section it was seen that the isentropic expansion
of an unsaturated vepor results in saturation and then supersaturation
of the vepor. It is of interest to determine how the increase in super=-
saturation is affeoted by the oocurrence of & ﬁoneisentropio prooess at
some stage of the expansion. In partiouler, it is desired to determine
the effeot of a shock wavé on the supersaturation of water vapor in
air that is beiﬁg expanded isentropiocally in a supersonio noszle,

Considering the.one-dimensional shock case, it follows immediately
frém the équations for the conservation of mass, momentum and energy
~aoroes a normal shook (equations (I,i/q (I,2) and (I.3,) of Appendix I,

for § = 0 that

- LN 24" p P
(p, F’z)<(3,+ Pz) ¥ F; P2>

* See equation (I.11), Appendix I.
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where subscripts 1 and 2 refer to conditions immediately in front of
and behind the shock, respectively, and‘ ¥' .is the ratio of the
_speoifié heats for the mixture of water vapor and dry air;
Utilizing the perfect ges law, thie equation oan be written in
the form |
Ll
(P~ Pp) J"+‘L>='§§7%§(ﬂ~7é)

or,

(2.14)

e
Since the preceding equations refer to the mixture of water vapor

and dry air, it will be necessary to use soms éf the relatiogshipa of

the preceding section between the water vapor and %he mixture in order

to arrive at an equation that ogn be ocompared with the Clausius-Clapeyron
relation,

" Thus, from equation (2.7,

Ap, _ A
pv, P,
Moreover,
c
&.}.%
co = SRt XCRy _ Py
P [+ Pv |+ %
and
S
R _glma ) R (E+x)
m [+x my |+«
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Henoe, equation (2.14 ) becomes

P
+_
A Py 2 by cp 2
A?=CPR[ e -l vl a (2.15)
=T — T, |+
m P2 My Cz

The change in the saturation vapor pressure acrose the shock is

given by the Clausius=Clapeyron equation (2.13) in the form

APVoo - L.!‘ p\/{
AT T R

(2.13a)

Comparing equation (2.13a) with (2.15), it is epparent thet the
suﬁérsatufation is d' goreased in passing through the shock as long as
the temperature before the shook 1s less than 550°'K,, since, below this

Chg Cp, T '
/ < ‘ 2 , regardless of the

‘ L
temperature —L s cp, -
L ’ T Py E+ x |+ P’/‘(’z
strength of the shook.

C. Equilibrium Between & Liguid Drop and its Vapor

In order to obtain an understanding of the mechanism whereby a
supersaturated vapor may exist in a stable, or more precisely a meta-
steble, state and whereby it mey collapse with the attendant formation
of liquid droplets, it is.neoessary to\conaider the equilibrium between
a liquid drop and its supersaturated wvepor.

Consider. an heterogeneous system oonsisting of the'vapor phase
(denoted by subsoript v), the liquid phase (denoted by subsoript £ )
end a surfece of discontiﬁuity separating these two pﬁgses. The state
of each phase may be specified by its volume, V, its eptropy, 8, and,

to 8llow for the transfer of mess from one phase into the other, the
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mass of the subatance, n, measured in mo;en.

The primary oondition for thermodynamic equilibrium between the
vepor phease and the liquid phese ig that the varistion of the to£a1
internal emergy vanish for all possible virtual changes of the para=
meters of the system (see, e.z. Epstein (18))° The internal ensrgy,
being an extensive property, is the sum of the internal energy of
each phase and the energy associated with the surfumce of disoontinf
uity separating them, whioch is & function of the area and curvature
of the surface,

Therefore,

| SE=TV55V+T£ §5,—p, 8V, ~py &Yy
(2.18)

+¢V6nv+¢£ éni +0- 62 +C §c =0

is the condition for equilibrium between a liquid droplet and its vapor,
where ¢ 1is the molar thermodynemic potential, o the surface tension,

%  the area and o the curvature of the surface,

Gibbs (19) hag shown that the surfece of discontinuity can be
located in such & way that 'C = O snd still retain its physical signifie-
cance, He calls this surface the "Surface of Tension®.

Consider, now, the following three possible variationss

a) 55,=-85, ; 8v,

!
o
<
f
™M
s
<
!
o
>
=
1
o
M
!
O

then equetion (2.16,) becomes

SE =(T,-T,) 55, =0
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or
=T
Hence, in thermodynamic equilibrium, the temperature is uniform
throughout,
'b) 8V, =-8V, ,8F+0; 85,= 85 = dn,=0ny=0
then,

§E=(W~&)S&+GSE=O

P

(2.17,

(2.18)

And, if the liquid phase is assumed to be & spheriocal droplet, squation

(2.18 ) becomes

8Trér o
P TPy T T T ey T

(2.19)

Thus, the pressure within the liquid droplet is greater then that

of the vapor by the amount 2—%; » Equation (2.19) was first developed

by Lord Kelvin from mechanical considerations and is generally referred

to ;n his name,

e) 8ny=-3ny , 85,=85,=8V,=8V)=58%=0
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then,

whence,

Thus, when the free transport of mess is allowed, the molar

thermodynemic potential is uniform throughout.

In the oase of chemieally pure phases, as considered herein,

P .
¢ m-; and is indepsndent of n.

Hsnce,

dF S v
= = —'d
do ; . dT+h b

At oonstant temperature, equation (2.21) becomes

: v
vy dE;V=V:€ dpy where V- =—

h

or

Integrating, with the assumption that the liquid phese is
‘incompressible (v, =

constant jz2

Py oo,
RT In . uif@(p[_poo)
or,

Py M e -
In <o =5 (B Ra) Ry [ (op=py)+ (p,1)]

(2.20)

‘(2.21)

(2.22)
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where, p_, 18 the saturation vapor pressure corresponding to a
droplet of infinite radius, i.e., & plane surface of water. Utiliz-

ing equation (2.19) in (2.22 )2

by _ Wy o
In p:o - RT [2 r + (pv"'poo>jl (2'2,3)

Sinoe'(pv = P,/ 18 normally negligible in comparison with 2-%; ’

equation (2.23) reduces to the familiar Thomson=-Gibbs equation,

]n___-:————---—~=:-———-~—— (2024)
RT e T RT TE

Equation (2.2¢, is valid provided r > 10™° om,, sinoe it has been
implioitly_assumad.in the derivation of equation(2.24 ) that the sﬁrface
tensiog is independent of r, which is true only for values of r above
this aporoximate value, A plot of eguation (2024) in the form 6f
pv/pm ve, r for verious velues of T is sﬁown in Fig. 3, both for
the case where o 1is conslidered independent of r and where the depen=
dence on r, as developed by Tolman (see Fig. 16), is taken into account,

Thus at room temperatures, it is not until the droplet becomes of
~the ordef of the wave=-length of #igible light and smaller that the
effeots of curvature on the saturetion vapor pressure becomes important.
The effect of deéreasing temperature, however, is such a8 to increase
the ratio pv/boo for & given size droplet, inasmuch as o /% inoreases
with decreasing temperature, Conversely, for a given supersaturetion
ratio, the s8ige required of a droplet in order for it toc be in equili-

brium increases as the temperature decreases.



It will be sesn in Part IV that the value attained by the
supersaturation ratio\is, in some cases, so lérge that the radius
aé determined by the Thomson=Gibbha equation, assuming the extrapola-
tion of o to low temperatures is correct, is of the order of 10°8 CHo
Since this value is of the order of the radius of & weter vapor molecule,
the medium has long since ceased to be a continuum and henoe the equation
has novsignifieanoeo

Do The Spontaneous Formation of Liguid Droplets or lce Partiocles

It was seen in the preceding seotion that fof.a given Quperéaturation,
PV/PO_O , there correspond’s. a partioular droplet of characteristic radius,
r#, such that for r < r* the droplet vaporizes and for r > r* the droplet
grows. It hes been shown that the effects of foreign nuclei and ions
are neglipgible in the case of oondenéation in wind ‘tunnels and‘that,
even in the absence of such nuclei, condensation occuwrs in the Wilson
CloudJCbamber. Hence, the origin of condensation must be found here in
fluetuations and a statis£ioa1 approach must therefore be used to
determine the probebility of formation of droplets of the charscteristio
radius, This method of approach was firstvused by Volmer (20) and refers
ence should be ﬁade to his work %or a more‘detailed analyeis,

The probability, P, for the formation of the characteristic radius

droplet is given by Boltemann's principle

AW
kT
P=4-e (2.25)
where, AW is the work of formation of the droplet

k = Boltgmamn's constant

A = constant of proportionality
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The total work of formation is the difference between the work
done apgainst the surface tension and the work done by the pressure
forces, The area o% thedroplet increases from O to 4wr¢2 while the
volume increases from:0 to 4/8 wr+", henoe, the work done against
the surface tension is

2
--4WT* -

and the work done by the pressure foroes is
. 3
(@"@){?ﬁp*

or, using the Kel%in relation,

2 .
&—pv=——\§ (2,19
this work release becomes
2
ii-x4WP*¢

3

Whence, the total work of formation of the drople% is

z
47r* o

AW =
3 (2.26)

.Since the frequency of formation, J, of drdplets of the character=

istic size is proportional to the probability, P, J is given by

2
AW _anrte
kT 3kT

T=K-e =K@

(2.27)

or, using the Thomson=Gibbs reletion, eguation (2.24)
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16T my* Wo
h 343 2 2 .
3RIT p </n p%@) (2v28)
J=K-e
wherse,
m = molecular weight of the vapor

R, = Avogadro's number = 6.023 x 1023 moleoulos/hole
R = Universal gas constant = 8,315 x 107 ergs/mole/° K.
& = density of the liquid phase

P,/P,, = supersaturation ratio.

Siéoe the Thomson=Cibbs equation wes utilized in‘arriving a8t the
final equation for the nuolei formation frequency, equation (2.28), it
was implioitly assumed that thermal equilibrium is meintained during
the formation of the droplets, i.e., that the necessary tranasport of
the latent heat of vaporigation awey from the surfece of ths droplet
is provided for in §rder that the droplet temperaturg be equal to the
temperature of the surrounding medium. It is evident %hat if the
temperature of.the droplet of characteristic radius is higﬁer than that
of ghe vapor, the droplet will waporize, sinoce in thie case, a higher
Qapér pressﬁre is required in order for the droplet to be stable.

The considerations utilized in obtaining equation (2.28) leave
the constant of proportionality, K, undetermined. Several investigators
have attempted to improve upon Volmer's derivation. A few of the attempts

‘are oonaidered in the next paragreph., ¥one of them, however, oan be said
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to be sdequate since all of them essentially treat the process as
stetlionary, a condition which is not well satisfied in practioce.

E. Kinetic Considerations

The determination of the constant of proportionality, K, in the
nuclei formation fregquency equaetion has been attacked by slightly
'different methode by & numbsr of authorsg, including Zeldovich (21),
Becker and Dgring-(gz), Volmer* and Weber (23), Parkas (247 and Stranski
and Kaischew (25). Frenkel (26) includes & very satisfactory develépment
of Volmer's approximate gquation and presents Zeldovich's method of
obteining an approximete solution to the Bockerobgring squation, CharYk*
hags presented Becker and Dgring's method of attack and, therefrom, has
determined the relationship between the thresholdAsup;rsnturation retio
and the temperature for an assumsd value for J of 1,000,

Ho attempt will be made here to present any of the above-mentioned
methods in detail, Instead, only the fundamental approach, the basic
agsumptions and the final results will be considered.

In all oceses, the concept of a quasioatationafy phase transition
proocess is utiligzed in which, through the purely statistical colliaion
of the vapor molecules, droplets are assumed %o form and grow oontinualiy
in & supersaturated vapor contained im a large vessel. The vapor is
maintained in & stationary state by eliminaeting from the gyatem dropleté.
whioh have reached a certain size G larger than that of a droplet g* of

characteristioc radius and replacing them by an equivalent number of

single molecules GN;, where G is the number of molecules in & droplet

* looc. oit,



of maximum allowad size and HG is the number of such droplets.

In addition, Volmer assumes that the rate of growth of all the
droplets of various sizes is proportional to the totél’numbe;' of
droplets of characteristic radius, Ng*’ exiating in the vapor at any
given instant and that the rate of formation of these latter droplets
is then given by the product of the number of such droplets and the
number of single molecules of the vapor, , that striké their surfaoce
in unit time.

An expression for the totel number of droplets of charsoteristioc
radius is obtained by.oonsiAering the change in the thermodynamic
potential of the system when a tranasition of a given number of molecules
of the vapor phase into & nueleus of the liquid phase écours and then
treating the nuclei as the solutes of & "dilute solution™, the vepor

phase being the aolvent:

2
47 r* o
3kT .
29
Ngx =N-e (2.29)
where, g* = number of molecules in a nucleus of characteristic

radiug, r*

¥ = total number of molecules in the system
G

=¥ + 2, 9Ng
1 g2

ﬁl = totel number of vapor molscules.

This same equation can be obtained more easily from a consideration

of Boltgmann's principle, equation {2.25), and the work required to form
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a droplet of charecteristic redius, equation (2.26). Thus,

AW
g =C-e kT (2.30)
whenoe,
2
_ATrY
Ng=Ne KT (2.29)°

where the constant of proportionality, C, is equal‘to tﬁe total number
of moleocules in the system, N,as long as the number of nuclei is small
compared with the total number of vﬁpor molecules. Eqﬁation (2.30),
however, determines sn equilibriuﬁ distribution of the nuclei with
respect to their sgize, which is assenti&ily equivaient ﬁo Volmer's
consideration.

From kinetio theory considerations, the number of single molecules
striking the sufface of these droplets in unit time and per unit area

is determined as

p

_ (2.31)
V2rmkT

where, p is the pressure and m the molecular weight.

ﬂ—_—

Henoe, the Volmer ﬁheory gives, ms the squation for the nuclei

formation freguenoy:

2
4nr* e

2
T =Ng* - 4mr* [5=N-(47rp*2) P e T (2.32)

RN mkT
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Becker and'Dgring, on the other hand, derive the nuclel formation
frequency from purely kinetic comsiderations, rejecting the thermodynamic
oonslderations of Volmsr but retaining the asaumptlon of a quasiostationw
ary state. In addition, they taks into account the evaporation from the
surfaoce of the drops as well as the process of condensation,

For en equilibrium distribution of droplets with respect to their

size, the Tollowing equation is valid:
Ng Sg#g = Ng-| 39 (3 (2,83

where Ng and Ngwl are the number of droplets containing g and (g=1)
molecules, reépectively._
s is the corresponding surface area of the droplet.
ag is the probability that one molecule leaves & unit
surface area of & droplet containing g méleoules.
B is the probability'that one molecule condenses on a
unit surface area.

Hence, denoting the number of droplets containing g molecules under a

non-equilibrium distribution by fgs

tg-1 Sg-| B~Ffg Sgxg=Tg+0 (2.34)

Thus , Jg represents the increase in the cless (g) due to condensation
of the vapor on the surfmee of dropiota in class (g=1), or the increase

in the olass (g=1) due to evaporation of the droplets in oclass (gJ.
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From equations (2.33) and (20841, the rate of change of the number
of droplets in a given class is found to be
afg

EE?_= Jg *3%+[ (2.35)

Beoker and D;ring then solve equation (2.35) assuming &) a steady
distribution in size, i.eo, afg//at = 0 and hence J .= oconstant, and
b) that P is the average rate at which a molecule joins the droplet
under equilibrium oconditions. These additional assumptions, together
with the boundary 60n‘diti§n f; = 0, where G is the maximum-allowed size
(¢ > g*), determine a set of algebraic equations whioh they solve by
means of, an eleotriocal analogy (see also Charyk for details)e

The result then obtained is

%2
— _4mr 7
*
BN S 4T r> o e kT (2086)
3g*% TkT
Or, with the aid of the Thomson=Gibbs equation (2.24)s
/6W7ﬂzﬂboﬁ
- 33 _2 2
Fo BNS amr*s SRTT 0y (Im B/,

2.37
Sg* kT ( S )A

where, H)5) is the total surface ares of the single molecules and g*

is given by

«3 PNo

* mr
m

g:

NN

From kinetio theory considerations, the quantity (P N Sl)'is evale-
uated as
| p2

T2

8 To

BN,S =Ny Vg POIO' -

3
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where, ¥ % Avogadro's number = 6,023 x 16%8 molecules/mole

R = Universal gas constant = 8,31 x 107 ergs/ K. /mole

s
i

mean free path at S8.T.P.

or,
. 2 2
P
BN, = 5.05 x 10°° = (;’ )
L\ m '1’/2 e

if p is expressed in millimeters of merocury.

Zeldovioh solves the Becker»Dgring equation, under the sams
assumption of & steady distribution, i.é., d = cdnstant,vby an epprox=
imete method that is much simpler and more straightforwafd than that
used by Becker and D;ring and arrives at & final equation for the
nuclel formation frequency that is almost identical to that of these
authors.

Even though the Becker=Doring equation for th9~guclei formation
frequency can be considersd to be the most accurate one to-date, under
the aésumétions involved, for describing the spontaneous condensation
process, it will. be seen in the next section that serious limitations
exist with regard to the application of this equation to the

problem of condensation in wind tunnélqo

P. Limitetions of Existing Theories

The theories discussed in the pfeoeding seotion have the following
limitations when considered in the light of sponteneous condensation in

supersonic wind tumels:
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1) The rapidity of the expansion results in marked deviations from
the quasi-gtationary oondition. Henoce the solutions are not adequate
and & time-dependent solution of the basio Beoker-D;ring equation is
aotually necessary.
2) The degree of supersaturation attained prior to the collapse of the
supersaturated state is so high that the number of moleocules in the
oharacteristic-size droplet becomes of the order. of ten or less. Iﬁ
this omse there is no justifioation for considering "g" a continuous
variable and replacing the difference egquation by a differential
equation.
3) For such small droplets, the variation of the surface tension with
droplet redius must be taken into account in the Thomson-Gibha equatim,
Tolman(27} arrived at such a reletionship from a consideration of Gibba
theory of surface tension and the result, as applied to water droplets,
;L’;' shown in Fig. 18,
4) The temperature at which oondensation ocours 1s normally well below
0% C., in which region no data exist on the surfece tension of water,
even for large droplets, and hence an extrapolation musf be made. The
variation of surface tension with temperature, as obtained from the
Inﬁernational Critieal Tables (23), together with the guestionable
extrapolation to temperatures below o C., is presented .in‘ Fig. 15,
5) The effect of the rate of growth of droplets on the surface tension
is umknown,

The surface tension is partioularly troublesome in the nuclei
formation frequenoy equation since, as can be seen from equ. (2.37),

it appears to the third power in the exponent and hence & small error
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in the surface tension can result in an appreciable error in J. One
favorable result in this regerd, however, is the faoct that, with
decreasing temperafure, ’the error in J decreases for & glven error
in ¢ o, This is 1lluetrated in Fig. 4, where the variation in the
error of J with tempersture is presented for an error in o of 10%,
i.e. 0/0 = 1.10. E;ven at the lower temperatures it is seen that
8 100% error in J ecan result.

These latter considerations show that the application of the theory
to the formation of ice particles, rather than weter droplets, ocannot
be made wt this time in view of the lack of daté on the surfeoce enerpgy
of ice. For this reason the theoretionl discussion included herein

deals only with the formation of liquid droplets.
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PART 111

i

EAPERIMENTAL TECHNIQUES

Numerous different experimental teochniques were utiliged in an
effort to determine the loocation of the collapse of éhe supersaturated
state, the intensity of this oolla?se, the resulting size and concen=-
tration of droplets and the subsequent growth of these dropléts, when
humid air i1s expanded in & wind tunnel. Since some of the'teohniques
most useful for such measurements may be new to invéstigators'in the
field, a brief desoriétion of them is beliéved'to be worthwhile, even
though the full potentialities have not been realizéd>in sOme 08868,
Additional techniques that may be applicable in some instances, but
ﬁhich'were not used extensively in this investigation, are discussed
briefly in Appendix IV,

A, Pressure Measurements

The simplest and most logical method for accurately determining
the locatlon and intensity of the collapse of the supsrssaturated stgte
in a wind tunnei is by meens of static pressure measurenents, This
is due to the facﬁ that the sudden release of heat, resulting from
the sponteneous condensation, eauses the flow perameters to deviate
from their isentropic values at that p;int; Hence, for given stagna-
tion conaitions, the looation of the collapse is obtained from axial
static pressure distribution meagurements as that p@int at which the
ratio g/po starts divergiﬁg from the corresponding isantropié curve,

A similar method is to continuously decremse the stegnation relative
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humidity by raising the stagnation temperature and observing the
change in_p/bo at one locetion in the nozzle as the condsnsation
region moves‘past it. This technique, however, may give misleading
results, as will be pointed out in Part VI.
The intensity of the oollapse is determined, in these two
teohniques, by the magnitude of the divergence from the isentropie
curve immediately after the collapse has taken place, l.e., the intensity
is measured by the ratio poybo‘,'which is obtained from thé Ppreasure
digtribution messurements by taking thd ratie of Q/bo immadiataly
after the collapse (point "C" in Fig. 6a,) to (p/bo igentropic
corresponding te the same point in the tunnel (point ™B" in Fig. 6e,.
The droplet growth can be determined from the ohaﬁge in po/bo'
downstream of the region of collepse provided this growth is at
the expense of the <apor and not of the smaller droplets.
The intensity of collapse can also be determined by measuring
Po' directly by means of a total head tube. However,'in thig case,
account must be taken of the change in stagnation pressure across

the detached shook associsted with the probe.

B. Optical Methods
1. Sochlieren
The location of the start of spontansous condensation
can be determined with fair accuracy by means of Schlieren observa-
tions in those cases where the heat release is sudden enough and

of such a magnitude &8 to cause & sharp "ocondensation shock",
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The experiments to be discussed in the next chapter have shown
that under such conditions the location as observed in the Sohlieren
and that detefmineé from.pressure distribution measurements are in
very good agreement. From a knowledge of the erea gatio at that
station in the nozzle observed in the Schlieren, the pressure ratio,
etc., immedietely prior to condensation oan be calculated direoctly,

The "condensation shooks" observed during the course of
this experimental program, together with those of Eermann and the
NACA, tend to confirm the fact that the so-called "X-shocks" ooour
in rapidly diverging nozzlés, while normal or slightly curved con-
densation shocks ocour in slowly diverging omes. This is to be
expected in vieﬁ of the fact that the flow parameters are not con-
stant over & cross-section of & rapidly diverging norzzle, and thus
the .condensation takeQ place at the wall first, where the expansion
is the greatest. However, it is still not olear whether the condensa-
tion occurring at the wall creates alﬁisturbanoe that 1s propogated
downstream iﬁ the form of the X-shock'or'wheﬁher'the collapse tekes
place acposs the nozzle in such a forms In addition, there may be
secondary effects, such as boundary layer éeparation immedlately
downstream of the region of intense condensation, that further
complicate the prdbieﬁ.

Behlieren observations of the shock wave attached to e
cone or wedge of known angle oan also be utilized éo obtein quan-
titative information on the condensation process, such es the change

ih Mach number with change in water vapér oontent, but this technique
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has limited acouracy, and may give incorrect results (see Part VII,B e

At very low densities theISchlieren method loses its
utility since the shock waves become s0 weak as o be barely discern-
ible, while With.little or continuous heat addition a shock wave of
finite strength does not exist.

2, Rayleigh Light Scattering

When & monochromatic light of given intensity traverses
a8 medium containing particles whose lineer dimensions are small com-
pared'witﬁ the wave-length of the light, the well-¥nown phenomenon
of light scattering tekes place, the intensity of the scattered

light being given by the equation due to Lord Reyleigh (29)1

Ip _ ((J'-@)z(, %5 NV’ (5.1,

+ cos —
I, N ° A%d?

where,

!

intensity of the scattered light observed at an
angle B to the incident light

‘L, = intensity of the incident light

o

]
ft

= density of the particles

* density of the medium

)
#

no= number of particles
Vv = volume of éhe partioles
A = wave-length of the 'monochromatlie light
d = distence of the observer from the particles.
The light scattering teclmique is prebably the s;mplest
method for qualitatively observing condensation in wind tunnels,

since the intensity of light scattered by the droplete is very
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high, while the humid air immediately upstream of the condensation
exhibits no observable sﬁattering whatsoever. Hence, the location
of the start of condensation is readily discernible end agrees
with that determined by pressure distribution measurements within
the scouracy of éhe.teohnique (about i.l mm. J. This accuracy
can be inoreaséd somew%at by using & Wieol prism or Polaroid lens
and observing the appearance and disappearance of the soattéred
light as thé prism is rotated about the null point. This appearance
and disappearance takes place when the scattered lisht, as in pure
Rayleigh scattering, is plane polarized. - If the linear dimensions
of the particles are not small in comparison with the wave-length,
the scattered light will not be plane polarized; in fact in this
case ordinary diffuse reflection from the surface of the particles
end not true scattering results. |

In all of the light scettering observations of the start
of condensation undertaken in this investigation, the scattered
light was found Yo be plane polarized and, moreover, was found to
be blue when white incident light wes used. Both of these facts
lead to the oonclusion that the droblets are small enough for the
Rayleigh scattering formule to be valid. Hence, even tiough this
equation oannot be solved for the number or size of droplets
uniquely, it will be possible to set some upper snd lower bounds
on thess values, at least as té order of magnitudes

Assuming 4 = 10 om. and A = 0.48 x 107% om. end taking

e = 10"‘-S gm./cms., equation (3.1, becomes approximatelys
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2 2
Igoo B (P' /> T (4/3ﬂ>'nr6;/023hw6
1, P A d*
when the observer is normal to the incident light.
If the Rayleligh equation holdsbfor droplets up %o 106 cm.
in radius (the linear dimension of the droplet corresponding %o
ebout 0.04 A ) then, for 0.1 < Ig/I_ < 1.0,
12 13
0 <n<]o

which represents an approximate lower bound for the number of droplets.

The meximum number of droplets is obtained when the "droplet"

@ontains only one molecule. Using the radius of the weter vapor

moleouls as oaloulated from Ven der Waals' squation, r = 1,4 x 108
cm{, the following upper limit is obtained:

for 0.1 < Ip/I, < 1.0, 10% < g < 102

Since, from a measurement of the intensity of the incldent
and scattered light, the préduct nr6é can be determined, it will be
possible to determine the average radius of the droplets fairly

accurately if some other technicue determines the product nrS» Where

¢ iz some power other than the sixth. Suoch a technigue is that of
measuring the pressure diétribution, inasmuch as the departure from
the isenﬁfopio curve is proportional to the amount of water vapor
condensed ocut of the system; frem which the product nrd can be
obtained. The ratio of the values glven by these two different
teohniques determines rd, and hence the error in r will be reletively
small.

A teohniqué that has been found to be of velue in
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determining the relative intensities of the incident and the
scattered light is that of separately photographing each one at%t the
same exposure time and thence making microphotometer traces from
the negatives, In the present investigation, however, the intensity
;f the scattered light in the Laval nozzle tests was too low to

enable proper photographs to be taken,
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PART IV

MEASUREMEHRTS OF THE COLLAPSE OF THE SUPERSATURATED STATE

A. Apparatus

The pfe;ent series of experiments was performed mainly in a
small Laval nozzle and in the GALCIT 2.5” x 2,5%" supersonic and
4" ? 10", nee 2" x 20", transonic wind tummels. In addition, Mr.
A. E; Puckett has gonerbusly furnished valuable data from the
J. P. L. 12" x 12" gupersonic wind tumel and some preliminary
results from the GALCIT hypersonioc wind tunnsl.

The I;val nozzle was a two-dimensionml, straight-sided,
symmetrical nozzle of reotangular oross-section. The straight
diverging walls had ;n included angle of ¢ ° and were faired
into the throat by means of a large arbitrary radiug. The other
two walls were both of plate glass, when optical memsurements were
being made, while one of these was replaced by a metal plate ocon-
.tuining axially distributed static pressure holes for thé pressure
distribution measurements.

In order to facilitate light scattering observations,-the
nozzle blocks were made of lLucite, the flat sides of which were
painted with optical black paint. The inoident light ocould then
be directed through one of the noszzle blo;ks and the soattered
light observed at an angle 05;559 through one of the glass walls.
This technlque possessed thé additional advantage that the incldent
lirht eould be fooused at & particular. location in the nozzlé by

means of sultable lenses.
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Humid air from the building compressed air supply was introduced,
through a quick-~opening vaIVe, into the stagnation chamber and thenoce
through the nogzzle into the atmosphere (see Pig. 5). The stegnation
temperature was measured by means of & thermocouple and a self=-
balancing potentiocmeter; while the stagnation pressure, because of
its high value, was measured with a etanderd pressure gage. The dew
point was measured by oonduoting‘a small amount of the air in the
stagnation chamber through a chamber'houaing & carbon-dioxide-cooled
mirror to the atmosphere. The pressure in the dew point indicator
was measured in order that, with the measured value of the dew point,
the actual partial pressure of the yatar vapor under'stagnation
conditions could be determined. (See Appendix II for sample caloula-
tiong)e

The stagnation relative humidity of the air has been found to
be the main parameter that determines where the collapse of the super-
saturated‘state is to occur. This quantity is varied in the Llaval
nozzle tests simply by changing the stagnation pressure, inasmuch as
the partial pressure of the water wvapor varies direotly with the air
pressure and hence, also, for.a constant stagnation temperature, does
the stegnation rel&tive humidity, (Pv‘ZPm)oo

It was found in the iight soattering tests in the Laval nozzle
that, as the stagnation pressure was increased from 10 psig to the
maximum availeble pressure of 50 psig, the loocation of the start of
condensation moved upstream about one-half an inch. Therefore, for

tﬁe pressure distribution measurements, the static pressure: holes,
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of about .0,0135" diemeter, were axially located in the steel plate
at 1/8" intervals over a gange of 1-3/8" and so situated as to
bracket the movement of the start of condensationm. Downstream of
this region a greater interval was used. The pressures were in-
dicated on a moercury manomster, which could be read with an accuracy
of about ¥ 0.1 mm. Hg.

In addition to the light scattering and pressure distribution
measurements, Seohlieren observations were mede and the diffraction
ring technique, discussed in Appendix IV, was investigated,

The GALCIT 2 1/2" x 2 1/2" supersonic wind tunnel 18 of the
closed-return type with plate glass side walls and interohangeéble
nozzle blocks, designed for Mach numberséf 1.6, 2.0, 3.2 and 4.4,
comprising the top and bottom walls. In addition there was an
adjustable nozzle that oould,covér £he Mach number range from 1.2
to 2.0, The stagnation conditions were mgasurednin the same manner
88 in the laval noszzle tests with the exception of the stégnation
pressure, which could be resd on a mancmeter.

For all of these Mach num»ers, the érooedure of recording the
statio preséure et some looation in the test ssotion, as the initial
relative humidity was deorsased et;p-by-stgp, was used, This
decrease in relative humidiﬁy was aceomplished by drying the alr in
successive stages until no change could be observed in the statlc
pressure.

For the lower Mach number tests, up to and including 2.0,

additional investigetions were made by takink a static pressure
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survey from the droplet-free air through and doewnstream of the
gegion of condensation. Due to the lack of static pressure holes
along the side walls of the tunnel, & long metal tube that completely
sparmed the length of the nozzle blocks was located on the axis of
the tunnel. This tube was supportea at one end by the sting in the
test section and et the other by a strut looated in the extrems
forward part of the subsonic section. A single statio éresaure
hole was drilled normal to the axis of the tube at such a loeoation
that the pressure distrivution through the condensation region
could be determined by movement of the tube as & whole., The static
pressure at each location of the statioc hole was then measured by
means of & manometer, while the stagnation conditions were held
constant.

Schlieren observations were made concurrently during these
investigations, as were light scattering observations. Fer the
latter, however, the solid getal nogzle blooks necessitated using
the relatively orute bechnique of shining a light through the gless
side walls at as soute an angle to the.axis of the tunnel as coculd
be achﬁp%ed and observing the light scatbtered normal to the axis.
Nevertheless, this prooédure sufficed as far as qualitative obsgerva-
tions were conocerned, since the start of condensation and its
progreséion downstream were very distinet.

The GALCIT 4" x 10" Transonio Wind Tunnel is also of the
closed return type, but has several advantidges ;ver the 2,5" x 2.5"

Supersonic Wind Tunnel that make it very well suited for the in-
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vestigation of condensation phenomena: &) a flexible nozzle
comprises the bottom wall of the nozzie, while the top wall is
straight and hence is essentially the central streamline of a
tunnel of twice the helights thﬁs a>comparison between the data
.from this tunnel and that from the La§a1 nozzie tests 18 of value
in determining the effeot of scale on the condensation phenomens,
b) the Schlieren windows are removable and can be replaced with
plates containing clodely spaced static pressure holes for pressure
distribution measurements and o) the stﬁgnation temperature can
be varied over a wide range which; in conjunction with the wind
tunnel dryer, allowed & wide variety of initial relative and specific
humidities to be obtained.

Prior to its redesign into the present 4" x 10" oross-section,
the Transoﬁic Wind Tunnel had a 2" x 20"‘test section and provisions
for mounting various two-dimensionel airfoll sections between the
two Schlisren windows. Although no measurements were made at that
time of the start of condensation, numerous light scattering and
‘Sohlieren photographs were taken of the flow over e.12% thiok,
bi»oonvex airfoil when condensation was present. For these investi-
gations, & Lucite window was faghioned into the top norzls block,
through which the light from two photoflood lamps passed into the
test section. The scattered light was then photographed through
one of the Schlieren windows on the side wall. Schlieren and iight
scattering pictures could thus be taken within & very short time of
_one another. The results of these investigations are discussed in

Part VIII.



Bo Results and Discussion

The results of the pressure distributlion measurements obtained
from the Iavel norzle tests are plotted in Figures 6a, b, end ¢ in
the form of p/bo vs. the axial distance along the nozele measured
from an arbltrary section upstream of the throat, The iseﬁfropic
ourve as oﬁloulated from the area-ratio is shown, also, together
with the pressure distribution as measured from tests using com-
mercially dry nitrogen. (It should be pointed out that, as was
found in this investigation, even the commercially obtainable "dry™
nitrogen contains a sufficient amount of water vepor as to result
iq condensation ocourring at high ¥ach numbers.,) It is readily
aéparent from these curves tha% the looatlon of the collapse of
the supersaturated state moves downstream as the initisl relative
humidity decreeses; i.e., as p, decreases. O8ince the water vapor
content,las expresged by either the mixing ratio or the specific
humidity, remained practiocally constan? throughout this series of
tests; it 13 %o bé expected that the intensity of the collapse,
i.e. the total agount of water vapor condensed out in the process,
%ould.be the same in all cases. This expsctation is mot borne out
in the present investigations, as an exemination of Fig. 6 shows,
14 is seen that the intensity of the collapse continually deoreaszes
as the initial relative humidity is doo?eased, This is apparently
due to a continual inoresse in ooﬁdensation prior to thé final collapse,

as illustrated by the continual divergence from the isentropie
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curve, The calculations in Apvendix III show thaet, for fhe low
mixing ratios presemt in these tests (ahout 3 x 10°° gns/gm, the
isentrovie curve for dry air is practically coincident with that
for humid air gand hence the vronounced diverpence of the humid air
curves from the isentropic cannot be due to peglecting’the effeoct
of the nresence of the vapor.

The total amount of water vapor cbndensed out of the system,
i.e., including the condensation prior %o collapse as well as that
at the collapse, 1s evidently nearly the same in all cases, gince
all of the curves approach each other downstream of the collapse,
Hence, it is concluded that, for a givén noezle, the total smount
of water vapor condensed out depends only upon the water veapor con-
tent of the air, whereas the location of the collapse Adepends only
upon the initial relative hwmidity.

If the location of +the collapse of the supersaturated state
is determined as that location in the nozzle where the pressure
comences to increase suddenly, then the supersaturation ratio at
- thet pbint, the so~ea11§d "threshold supersaturation ratio®, can
be calculated (see Appendix II for computational procedures) under
the agsﬁmption thet the flow is lsentropic up te that point. Thesge
ocalculetions are presented in the form of the nafural logarithm of
the threshold supersaburation ratio vs. the looal temperature, (Fig. 1).

Representative pressure distribuéion curves chbtained from the
2 1/%" Supersonlc ®ind Tunngl,'by”means of the static pressure probe,

and the 4" x 10" Transonic Wind Tunnel, utilizing the pressuxre



distribution plate, are presented in Figures 7a and 7b,resp.
Caloulations woere made of the threshold supergaturation ratios in
these ocases, also, and the results presented in Fig. 1.

In those instances where the statio pressure was observed at
5ne location in the wind tunnel as the initial relative humidity
was decreased, the statio pressure was seen 4o deorease until the
region of condensation had moved downstiream of the statiec hole,
whaereupon it remained constant. A typical pressure curve cbtained
in this manner is shown in Figure 8, Here, again, the threshold
supersaturation ratio, corresponding to that point at which the
pressure starts increasing, is calculated.

The pressure data obtained by the NACA, Oswatitsch, Redington
and Bimnie and Woods ' has been used to calculate the threshhld
supersaturation ratios in these cases, in order that & comparison
between all the Qv&ilable data could be made. - Thése results are
similarly plotted in Fig. 1;

An examinétion of this figure apparently shows considerable
scatter among the various sxperimental points., However, when
considered in the light of the dynamiocal effects, to be discussed
in the neit section, the scatter is no greater than would bs
expected on the basis of experimental errors and the fact that,
in meny instances, the location of the collapse of the supersaturated
state oouid not 59 determined acourgtelyo In faot, in a number of

cases, the collapse took place in a gradual manner with the result

* loo. cit.



that the determination of the threshold supersaturation ratio

becomes much more arbitrary.
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DYWAMIC EFFECTS

It is to be expected that, when the theory is applied to the
flow in & supersonic nozgle, the utilizetion of the guasi-stationary
hypothesis will‘result'in a oonservatéve'determination for the
value of the supersatura%ion ratio, at'a given temperature, st
which the collapse of the supersaturated state.occurs. “Fhis expeota~
tién is based on the fact that the vapor is not in a stationary state,
ag assumed in the theory, but is continually increasging in its
degree of supersaturation as it expands, Hence a time lag, between
the point et which the collapse is theoretiocally predicted and where
it actually ocoours, must result whioch depends upon the rapidity of
the expansion.

In addition’ the theory does not teke into account the difference
in time between when the droplets of characteristic size ars formed
and when the effect can be measured in ﬁha main flow. Wuslitatively
this is well understood. Quantitativély, however, the problem is
difficult to evaluate and requir;s further study.

The general trends qualitativeiy outiined above are borme out
in the present investigations and in those of other suthors, as can
be seen from an examination of Fig. 1. The Beeker—Déring eguation,
uncorrected for the éffect of droplet size on the surface tension
of weter, is shown for a value of J = 1, together with the curve
for J= 1 when the effect of droplet size on the surface tension

(see Pig. 16) has been taken into acoount,



Previous authors have used for theoretioal predictions the un-
enrrected ocurve with & value for J of either 1 or IOOQ, since it is
found that either velue for J gives almost identical ourves. However,
suoh 8 selection for the value of J has no rational hesis whatsoever.
The value should be based upon the oohsideration thet e sufficient
amount of water vapor hes to condense to produce & measurable heating
effect. The following oonsiderations show that J should bhe nearer
10%€ then 1 or 1000:

The total.number of weter vapor molecules per oubiec ocentimeter,

n,, is riven by 8
Ry 2
M kT

)

oo

For example, at a temperature of 233° K. the velus for 1n (pV/RN)th
is approximately, from the experimental data with small dynamic
effect (Fig. 1):
In (p,/P,, /gy = 2.16
or
(pg/P, Jyy = 8.7 and  p_= 0,142 mm, Hg. = 189 dynes/om.?

Hence,

8.7 (189) N 16
n = Py = . 5x10
v 1.381 x 10 (233 )

Purthermore, the number of molecules / em? undsr snturation conditions
_ ]
at T = 233 K. is

ny

oo

Bo -
- = 29,6 x 10%°
kT
Thus, the total number of droplets of characteristio size that can be

formed per cubic centimeter from the availeble moleculss, whether the



vapor 1s saturated or unsaturated after the droplsts have been
formed, is of the order of 4 to 5 x 1016 divided by g*, the mumber
of molecules per oharacteristio droplef.

Pig. 8 shows that, for T = 235° K,end 1n (p,/p.y = 2.18, the
characteristic fAroplet presumably hes a radius of 4.7 2 ana hence,
éinoe the ?adius of a water wvapor molecule is ahout l.4 £, contains
only 5 to 10 molecules. iherefote, the total mmber of Aroplets
that can 7e formed per cubic centimetefy et a Yemperature of 233° K.,
08,

is of the order of 1 Similerly, it oan be shown that, over the

entire temporature range, this value of 1016

remeins practically
constant,

A completely different epproach to the problem is to debermine,
from an experiﬁental pressure distribution curve, the amount of heat
that must have heen added to the flow in order to‘bring about the
observed pressure increuse through the condensation shock. This
value so obtained, together with a knowledge of the time available
withiﬁ the shock fof this heat addition procéss to take plaoe‘and
the sige of the cheracteristic droplet, then determines the necessary
nuclel fprmatiOn frequency.

As an example of this procedure, consider the pressure dis-
tribution ourve obteined in the laval nozzle tests, discussed in‘
Part IV, for an initial relative Humidity of 324 (see curve 1 of

Fip. 6a ). The pressure increase moross the condensation shock is

found to be




Hence, the amount of heat added, q, can be determined from
equ. (I.17) Appendix I, since M} end aj are known. This value is
found 4o be
g = 1.13 gm.cal./ém.
The heat added is related to.the number of droplets formed by
the equation
q = n-(droplet volume )-L
where

n = total number of droplets formed per omS,

i

L = latent heat of vaporization
If it is assumed that all of the droplets formsdkare of the ochar-
acteristic size, i.,e., the droplet growth across the condensation
shock 18 assumed negligible, then
g=n-L: (9fgmre’) (5.1,
The nuolei formation frequenoy, J, is given by the total
number of droplets formed per cubio centimeter divided by the time
available for this formation, which, in this case, is the time
required for the flow to traverse the condemsation shock.
Thug,
J=n di (5.2,

where d = thickness of the condensation shock
u = flow velocity

Hence, combining equations (5.2) and 5.1),.
qu

L (o) d

Using for u e mean value between uj, which is known, and up

J= (5.3)

which is determined from equ. (I.15) of Appendix I, a value of
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4 x 10% cmy%ec. is obtained. In addition, the shock thickness, as
determined from Fig. 6a, ia of the order of 0.3 om. and r* is found
to be approximately 5 x 1078 om {using the known temperature and
supersaturation iﬁ Fige 3).‘

Thus, finally, J is found teo be of the order:

qu . INE; 0% ;
= (1'13) (4x ) ___4X/0/6

] l_(%’n“r**3>d 677 [—34—7? (5x /0~8)4J(O'3)

Conversely, if a value for J of 105 wore to bs used, the amount

T

of heat that is added to the flow is determined as
g=35x 10-22 g eal./gm.
or, the pressure increase due to such an heat addition is

approximately:
AP P-P | -23

RTTR

It can be conoluded, as a result of the preceding srguments and
of the relatively good fit with the experimental data, that the

18 and

Becker-Doring equation, with & velue for J of about 10
corrected for the effect of droplet size on surfece tension, car
be used wiéh some assurance to predict the occurrence of condensa~
tion in those wind tunnels in which the mixture of water wvapor and
air is expanded with an axial temperature gredient of about
1° ¢/om., or less,

Various values of the mean temperature gradient fwem the
throat to the location of the collapse of the supgraaturated state,
whioh essentially determines the rapidity of the expansion, are

shown for the different test points in Pig. 1. It is thus seen

that, as the temperature gradient increases, the point of collapse
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is delayed to higher values of the supersaturation ratio.

A valne for J of 1024 is shown %o correspond fairly closely
to the test points obtaineé from gupersonic nozzles with a
temperasture gradient lyiﬁg between 15 and 20° C./om. Suoch a
value for J has no physical signifiosnce, however, but is useful
for predicting the ooccurrence of condensation in nozgles with that

order of temperature gradient,
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PART VI

1OW TEMPERATURE EFFECTS

The observatlon of Cwilong* that no produsts of condensation
are observed when the flnal-femperature of the humid alr, after
an adiabatic expansion in a Wilson Cloud Champer, is below 153° K,
(-120° C. ), was mentioned briefly in Part I. This observation has
such mearked implications wh;n considered from the standpoint of
condensation in wind tunnels that a seriés of tests at high Mach
numbers wes oarried out in order to determine whether such a
phenomenon existed, or whether it was & peculiarity of the Wilson
Cloud Chamber,

Withvstagnation temperatures of the order of room temperature,
air must be expanded to a Mech number of about 2.2 hefore the looal
temperature beoomes aﬁ-low as 153° K.. Henoce, pressurs distribﬁtion
measurements and Sohlieren and light scettering observations were
made in the 2.B5™ x 2,.5" Supersonic Wind Tunnel at Mach numbers of
3.0 and 4.0,

In no instanoe was the condensation observed to start in the
test seotion and travel upstream az the moiséure content of the
alr was increased. This is completely contrary to the observations
at the lower Mach numbers, as discussed in Part IV. In all the
present tests, as the moisture content was increased to the point
where condensation was first observed, the loocation was found to

be only slightly downstreem of the throat of the nozzle. Further

P

* loo.oit,




increase in the moisture content then caused the locatiom of ths

start of oondensation to move upstream. The qualitative light scattere
ing observation that no condensation was presenﬁ beforg it eppeared
near the thréat was confirmed by the measurement of the stafic

pressure in the test seotion, which remained constant with in-

oreasing moisture content until the aforementioned point was reached,
whereupon 1t startsd iﬁoreasing.

Furthermore, for & small range of initial relative humidities
beyond that at which the condensation first became visible, no con-
densation could be observedﬁiqfthe test section. It is not to be
goncluded from this observatién that the droplebs vaporized egein,
qlthough such could be the case, since the area of the test seotion
is much greéater than that at the pﬁint‘where the‘condeneation ooccurred
and hence the droplet concentration could béoqme so low as to exhibit
negligible light scatbtering. It does, however, indicate that the
droplets do not lncrease appreciably in either size.or-nuﬁber down-
stream of the start of ocondensation, o&or this particular range of
initiel relative humidities. As the initiasl reletive humidity is
'increased‘further, the condensation becomes, at first, fainély
visible in the test section and then gradually increases.

The static pressure in the test seotion in the form p/bo; is shown
in Fig. 8 as a funotion of the initial rélative humidity, together
with the corresponding quslitative observations of the light scattér-
ing technique.

These investigations show that, for Mach numbers such that the



=62«

looal temperature is below 153° K., test section pressure measure=
ments alone would determine a particular value of the initial
relative humidity at which condensation first cccurred at thag
Meoh number; wherees, in reality, the condensation is not occcur-
ring in the test ssction, but far upstream.

Of fer more importance is the phenomenon itself. ¥Fo definite
explanation can be given at the present time for this, apnarently,
‘anomalous behaviour, If the phenamenon‘does exist, ag these in-
vestigations indicate, it is to be expected that if the flow is
expanded fram the throat sufficlently fast, sno that condemsation
doss not have time to oocur before a temperature of 1530 K. is
reached, than- no condensabtion will take place at all. This latter
concluslon appears %o be borne out by some preliminé:y aobservetions
in the GALCIT Hypersonic Wind Tummel at a Mach number of 6, since
no coéndensation has been observed even though the dew point has
been ahout 60° F, The densities in the test section are so low at
these Mach numbers, however, fhat these ohservations cammot be

considered conclusive,
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PART VII

TBE EFFECT OF THF PRESENCE OF IROPIEIS
IN SUPERSONIC WIND TUNNEL TESTS,

>

In addition to the effect of the heat addition resulting from

the collapse of the eupersai.:'ura-ted state, the presence of droplets
in the flow can have an effect on the résul‘bs obtained from supere
sonioc wind tunnel tests. Seve;ral of these effects are discussed
briefly below,

L. The Increase in the Coefficient of Visocosity.

. If the droplets present in the air are assumed to be rigld
spheres and if the total volume of the droplets in a wmit volume
of the mixture.is small oompared/with fha unit frolume, Einstein(so)
has dhown that. the visocosity of air conteining droplets is greater
than that of air alone by the faotor

2L =1+250
where *= visoosity of air containing droplets
H = viscosity of air alone
{1 = total volume of the droplaﬁs/unit volume
But, {L = ( 2 N, .%’rrr‘s )/Gm.?, end hence in order to determine
the viscosity in, e.g., the test seotion, the mass rate of oonden-
sation must be intega;nted along the nozzle from the point where
droplets first form o the test seotion.v' ‘However, an approximate
upper bound for this effect can be determined easily in the following:
mamer 3 |

Consider water vapor in air at & temperature of 0° C. and at

the threshold supersaturation ratio correéponding to that temperature,
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i.e., 1n py/p = 2.5 or pv/ésé 12.2, The total number of water

molecules at that point is then
Yo Re . 2.2 (6.1x10%)

YT kT 1.381x107% (273)

If it is assumed that all of these molecules condense into H droplets

/8
= 2x/0 MOLECUL ES/CM'3

of radius r,'then

4 g (M
Mg T =y
or,
/8 ~23y -5
Q=N2ar=n 2 = 2x0%(3x10 ) =6x10
r3 v /JIYO

_ i -

Hence, “—=1+1.5 x 10°%

Thus it is seen that the effect of the droplets on the viscosity
of the air is negligible under normal conditions.

B. THE CHANGE IN TEE STRENGTH OF SHOCK WAVES,

The strength of a shock wave exlisting in supersonic flow that
is free of coudensation, e.g. the shock weve from the leading edge
of a Qing, is affected by +the présence of droplets in ths flow, even
for the seme free stream conditions ahead of.the shock. This effeoct
arises beocsuse the change in the flow parameters aoross the shock,
i.e@.,the incresse in temperatu;e and pressure and the decrease in
Mach number, is such &8 to cause an evaporation of the droplets.
From Appendix I, it 48 sesn that fér this case, which norresﬁonds
to the normel shock with negative heat addition, the pressure and
density inorease aoross thé shock is aiways greataf and the entropy
increase always less than that across & normal shock in the absence

of droplets. A oomparison of the Schlieren pictures of Fig. 11 ¢) and £),
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showing the shock waves over an airfoil in transomic flow, with and
without droplets present in the flow, bears out this difference in
the density incresase,

Furfhermore, for an oblique shock wave emanating from, say,
the leading edge of a double-wedge airfoil, since the flow deflec-
tion sngle must be the same whether or not there are droplets in
the flow, 1%t can be shown as follows that £he 6blique shock with
vaporization must be &ore inclined into the direction of the flow
than the oblique ghock without vaporigation, for the same free
streem conditions ahead of the shock:

Iet u be the component éf the veloocity, w, normal to and v
the component parallsl to the oblique shock wave, which is at an
angle P to the free stream direction. For the seme free stream
temperature and Mach numbver, ¥, and sams flow deflection
angle & , e.g. considering a wedge of half-angle & under
given free stream conditions, the following relations are obtained

from the geometry of the flow:

wg SN (B-8) v, cos 3 SIN(B-8)  Tav(f3-3).

W, SIv 3 Vi Cos(3-8) ’ Siw 3 Tan 3

Uz
Uy
since vy = vy from the continuity egquation.

Similarly,

u, _ 7w (B~8)

!
7y TAx 3

where the shbscripts 1 end 2 denote conditions ahead of and behind

the oblique shock, resp., and the prime refers to the oblique shoock
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with venorization.

Thus, '
Uz
W _ TAn(fB-8)  Tanp
Up  Tan(@-8) - TaN@ (7.1)
Ty

for the same flow deflection angle,

From equation (I.15,, Appendix I,

!

2
. 2 i
Uy / 2 2 2(¥=1)M,
= , 1+ M) = (M=) -
o " G [( O e

q]
(1.18a)
where q is now negative, corresponding to vaporisation within the

shock, If an amount of vaporization is obtained such that

(=9) = (=q%s = [‘ a'Z(M;Q_/)Z]
q q*) W

2
we _ (¥-A2) M + (1+f2)
w (zf+/)M,'2

, equation (I.1%a) reduces %o

1f, however, for purposes of computation, an amount of vapor=
igation slightly less than this value is considered, such that
(=q) = 0,98 (~q¥), then equation (I.15a) becomes

e _ (v-AFRm (02T

, (geiym™ - M

1R
1

For the oblique shock with no vaporisation (q = 0, equation

(I.15a ) takes the form

2
Uz (X_/)Ml +2

w, (F+1) M/
Whence,
e
M mf ) I+ - SWZF s , (7.2)
w, MF (3-1)M7*+2  sw? g (F-1IMF+2 *

Y



since, for M, = M, .

2 2 2 .

M MSSINTR sivs
[ =

M, My s R sw* g

(e}

Combining equations (7.1 and (7.2),

Tan(p'-= %) S TANB  sw*p /
Tan (- ®) TAN[S" SIN® Il 2 2

g+1 M Ty

or,

TN (B-8) 5 2 3

x-/ 2 2 2
— M ST+ —— .
S P2 (7.3)

T (p-8) 5N 2 6=

Equation (7.3, is plotted in Pig. 10 in the form of the free
stream Mach number as obtained from the obliquse shook ohart using
the shock angle measured from, say, a Schlieren photc;graph va. the
true free stream Mach.nuéber for several values of wedpe half-angle,
when an amount of vaporization given by (=g) = 0.96 (=q*) takes
place across the oblique shock. From thié figure it is seen that
the error in Mach number ocen var& from zeio per ocent, for no drop=-
lets in the flow, up to several hundred per ocent for a large half=-
angle wedge at high Mach number, with this particular smoumt of
vaporization,

Thié analysis shows that, unless the amount of vaporigation
in each case is known, the utilization of the oblique shook angle
to determine the free stream Mach number is highly questioneble.

C. THE EFFRCT OF TROPIETS ON WIND TUNWEL MODEILS

The trajectories of small water droplets in air moving at

high veloocities around & oylinder have been caloculated by Langmuir

and Blodgett (31). They find that the trajectories depend upon
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the dinensionless quantity

where R is the radius of the cylinder. It is shown that when the
droplets are so small that this guantity becomes less then 1/8, no
deposition ocours on sny part of the cylinder. Thus, for & flow
jelocity of 400 mo/%OOo around a oylindér of 1 mm radius, it is
seen that the droplets firmt formed, which are less than 107 -om.,
will not be deposited upon the cylinder and that it 18 not until
the droplets grow to & size of about 1070 em. that deposition will
occufc As a result, it is to be expected that impingement of drop-
lets on wind tunne} models will only oceur in thosé ocasaes where
the condensation has taken place a oconsiderable distance upstream
of the model and where, in addition, the expension takes place at
a Qlow eﬂough rate to enable the droplets to attain a size of about
105 om. or larger. A rapid expansion tends %o retard the rate of
droplet growth because, whereas continued expansion following the
condensation favors the growth of the droplets, a rapid expansion
results in a greater temperature difference between that of the droplet
and that of the surrounding air, since the droplets have & higher heat
capaocity and hence will lag behind the decreasing temperature of
the air.

These condiderations have been demonstrated in all of the 2.8"

Supersonic Wind Tunnel tests performed in this investigation, where



=60=

although the condensation ocourred as far upetream of the model
as 20 diemeters, no deposition of droplets on the model occurred
because of the rapid expansion rate. ¥No deposition would be
expected if the condensation were in the form of lce partioles
rather than liquid droplets; however in these instances the tem-
peratures were such that supesrcooled water was still predominant.

In those cases where large droplets have been attmined, the
effect of their impact upon the model can be considerable. The
eotual impulse of such)impacts will normally be negligible, but the
freegzing of the supercooled droplets on the model will,.of course,
markedly affect the flow.

The effect of the presence of droplets in the boundary leyer
has noﬁ been investigated, but a few quaelitative remarks- can be
made., It.is shown in Appendix I that flow with vaporization results
in a deorease in Mach ﬁumbor if the flew 1s subsoniec and an inorease
if it is supersonic., Hence, the Mach number in the subsonic and
supersonic portions of the ﬁoundary layer will be cerrespondingly
affected by £he_vaporization of droplets., Furthermore, the vapor-
ization of droplets within the boundary layer should result in &
decrease in the temperature gradient in the outer pert of the
boundary layer, wﬁere heat is being absorbed in the véporization
process, and hence a large temperature gradient immediately next
to the wall.

The effeot of these factors on the frictional drag of a body

or on transition has not been investigated, but bears further study.
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PART VIII

THF POSSIBIE INFLUENCE OF TURBULERCE

Although no systematic investigation of the effect of turbul~
ence on spontaneous condensation wes undertaken, a few gualitative
remarks can be made.

Turbulence may promote an earlier collepse of the supergaturated
state and a more rapid growth of the droplets by a) maintaining
a given supersaturatea state for & longer tims than is the oasse
in the absence of turbulence and thus decreasing the dynamic effect -
and b,) causing looally higher supersaturations through the ohenge
in the flow parameters in turbulent eddies,

These statements are believed to be vividly demonstrated by
Figures lla and 1llc. In these instances, a 124 thick, bi-convex
airfoil was mounted between the Schlieren windows in the 2" x 20"
Transonic Wind Tunnel, wﬁich was éperated in the free streém'Maoh
number range of 0,78 to 0,91, At a fixed Hach number, the stagna-
tion temnerature was gradually decreased umtil condensation'oouid
be observed b& means of the light soattering teshnique. This first
sppearance of condensation manifested itself in the form of two
distinct sheets of oondénsation which were approximately symmetrical
about the centerline of the tunnel end varying distances apart
depending upon the free stream Mach number. The condensation
sheets started downstream of the shock wave that occcurred over
the airfoll, as observed with the § chlioren system, with no other

condensation deteotable in the wind tummel. As the stagnation



temperatiure was decressed still furbther, condensation was visible
throughout the whole test section, but the condensetion sheets
were retdlly apparent because of the much grester inbtensity of
the condensation in that region,

In order to determine the effeoct of the type of shock wave,
i.e., & laminar-boundary-layer or turbulent-boundary-layer=-type
(to be omlled a laminar-type and turbulent~type hereafter, for
brevity), on the condensation sheets, e wire of 0,024 inch diameter
wag locsted parallel to the leading edge of the sirfoll, approximately
on the ocenterline of tha‘;ind tunel and just upstream of the
Schlieren windows. This errangement produced a ;;rbulent-type of
shock wave over the airfoil, in contrast toc the laminar-type in

the ahsence of the wire., It is seen in the photographs that the
wire, aleo, pfoduced two condensation sheets thet flowed around the
airfoil and then remained a amall distanoce apart, Thus,.for a
gomparisoﬁ between the effects of the two types of shock waves,
only the higher Mach number tests. can be used, where the condensa-
tion sheeta from the turbulent-type of shock wave are distinet
from those of the wire.

From Flgures lla and lle, which show the oondengation sheets
from the laminar-type and the turbulent-type of shock wave, resp.,
it is seen that; at the seme free stream Nech number, the condensa-
tion sheets from the two typss ars about the seme distance apart.
The only merked diff;rence hetween the two is the thickness and
1n£ensity of the soattered light of the indivi&ugl condensation

aheets, which 1s greater for the laminar-type, and the distance
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dovmstreem of the shock wave at which they start, which 1s greater
for the turbulent-type. Thus, the condensation shests are more
intense and start eaflier in the case of the leminar-type shock
wave than in the turbulent-type. If, as is belleved to be the cese,
& vortex sheet is produced downstream of the intersection of the
oblique shock with the normel, in thé laminar-~type shock, and
downstream of the region where the turbulentétype of shock wave
suddenly changes curvature, it 1s to be expsocted that the vortex
sheet downstream of the laminar-type would be the more intense.
The difference in intensities of the condensation sheets bears

out such an explanation.

Attfibuting the phenomenon of these condensation sheets to the
effects of turbulence, is, &t the present time, pure conjecturs.
Eowerer, their appearance prior to that of any other condensation
in the flow, together with their high intensity, meke such an ex-

planation plausible.



APPENDIX I

SHOCK RELATIONS FOR FLOW WITH CONDENSATION

If it is assumed that no condensation tekes place prior to the
threshold supsrsaturation ratio and that the supersaturated state
mollapses completely when the latter point is reeched, the change
in the flow paramsters.as a result ¢f the condsnsation can ﬁe
detérmined by consldering the normal shock relations with heat
addition. This problem'has,been treated by numerous investigators,

(32) y (33

*
e.g., Samares , Beybe » 8#nd Charyk , as has the analogous

problem of ocompressible flow with continuous heat addition; which
has been worked out by Hisks, et al (54), and others.

The development of the one-dimensionel éhook reletions with
heat addition is included herein in order that an extension to the
case where the heat addition 1s small oan be made and thence be
compared with the normal shock relations with nc addition of heat.
Furthermére, since only one of the two possible solutions of the
equations has been disousaed‘in_the literature, it is desired to
consider the other possible solution in more detail.

It is mssumed in the following enalysis that the provisions
gxigt for the necessary heat and mass transfer upon condensation,
i.e., that the problem can be considered e&s an instentaneous heat
addition process, and that the energy of the liquid phase that exlsts
downs tream of the condensaticn region has & negligidle effeot on the
energy equation,

Using subsoripts 1 and 2 to denote conditions upstream and down-

stream of the discontinulty, resp., and employing standard notation

* Joc. cit.
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(see, e.g., Liepmann and Puckett (35), p. 38) except where noted, the
equations of continuity, momentum and energy across & discontinuity

with heat additlion hecome:

P =ty Bquation of Continuity (T.1)
2 20~ R

Pr-R=pAuUl ~f % Conservation of Momentum (1.2

[ af Iz a2

LR A = et

PRI i RS
or Conservation of Ener 1.3
X+ a*’“ : T+l xR & (1.3)

+
!

2(5-1) = 20e-n 2

where q is the totel amount of heat added az a result of the condensation.

The change in ¥ @aoross the discontinuity is assumed negligible.
2 P

sz{_—

From equations (I.1,), (I.2) and the relation, =

2
‘DZ. p/ / Ay Q,z
=W "'U.Z:? ——

Patla O ! Uy Uy (T.4)
*2 2
From equations (I.3), letting ay = a
2 T+/ 3(-2 ] v/ i
az =7a +(X“/>9_“'——2—~U.2
and 2
2 I+l % v-1 2
ay=—5—4 - 2 u,

Introducing these equations into equation (I.4), the following

equation for u, is obtained

2 uf+a*’ 2 -l
! * -
- + + =
“z 0 2 (¥ +2 Ft %) =0
Whence,
zZ v~/ 2
z ®
u,z-f—a* . 4(@ +2 o g) U,
u, =———"| = /I~
2 2 uy (u*+a*?)*



or, in a slightly different form,

, . I~ /LMZQ

u,uz-———{OQ‘*a )£ (uf’ ) ) WJ 0o *z>2 (1.5
Thus, there are two possible solutions, where i) the minus sign
denotes a shock with condensation and ii) the plus sign denotes a,
condensation shock. For example, for q = O, equation (I.5, becomes

i) Y, = &*2 whlch is the solution for a normal shock

and i1) wyu, = ulz, icee, uy = uy

If g is small, such that the right hand term under the sguare

root is small compared with unity, equation (I.5, becomes

-/ uz
L z 241 4
u,uz=rz-[ >+-( Z_ # . —q :
(-LI —-a ( 96)
‘Consider first the normel shock with weak condensation, case
(1) EBquation (I.6) becomes i
g/ 2
w, ot ST
=gt +mz~
* up -a¥* % (1.7)

From equations (I.1) and (1.2), the pressure change @cross the

shotk can be expressed as
-l 2
i )

- 2wy 2 2 %2y 7+
g () T, (=) — g

~or, since (ul2 - 2) (u - 512 J, in terms of the Mach

number in front of the shock, this equation becomes
2

PZ'— = <9 MI
P (M /) [ 2 (MIZ'_‘/')QO\IZ g} (1.8)

!

The multiplying factor in equation (I.8) is the pressure increase
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across & normal shock without oondensation. Hence, the pressure in-
orease in the normal shook with condensation iz alwnys less than the
pressure inorease without condensation.

Similarly, the density increase is determined as

v

b, Gennf { / (52-1) M qj
= 2 -
p (FrhHmE+2 (M) af [(2!~)) m,2+2]

and hence the same remarkes apply as for the pressure inorease.

(1,9)

The change in éntropy across & normal shock with sondensation
is of interest and is determined from the relatlon

: ¥
= tos (B

and equations (I.8) and (I.9). For My near unity, if

le =1+mn sandm<<1

the change in entropy becomes

- ¥
45 2%, w(¥=1) (1+m) p o (e m) (/H;;)—?f
- Loa I+ aﬁ}n 4 b+! af m g !

Expanding this in & power series in m snd g, usin; the expan-
sion for log(l¥x), and negleocting the hirher order terms, it is

found that

45 w(z-)) (l+m) g L2 £ (=1)m®*

Cw af 3 (F+?

..

or

: 3
as _ 9 m , _R¥ (M2
R ar Tl 3

(I.10)

Singe the second term on the right hand side of equation (I.10) is
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the first term in the expansion for a normal shock without condensh-
tion, it ie seen that the entropy increase is greater through a
normal shock with condensation.

Furthermore, consldering only these lowest order terms, it is

\ 2 3
2a, (M, %-1)

3(+0)* ME

apparent that if when Ml < 1, then a normal
shock with condensation could exist in subsonic flow, provided a
positive change in entropy is the only criterion.

. Consider now the week condensation shock, oase (ii,/. Equation

(I.6) then becomes

2 il =

W 2.
2. j"" : Q~u2_ (3~/) M,
Uty =Y, wZ-ax?® " A

1

Whenoe, the followlng relations are derived in a mAfmner similar

to that in case {(i,r

2
pz 2’(3"‘/) M,
=]+ —2 17 (I.11)
B GIZ(MIZ_/)
P2 _ LAl (1.12)
[ aIZ(M,Z‘/) °
2
- +
_M_Q:,_z(/' (?fM/2’> 2 (1.13,
M, 2 afm-1)
T (r=1) (¥ M, 2= 1)
2 - [
_=/+ - (1.14)
T, a?mz-1)
AS - =
/= = -g for a weak condensation shoock nsar Hl 1
R alz
(ioel. Ml = 1 im}O



From equations (I.1l through (I.14), the following conclusions
can be drewn as regards the chenge .in the flow parameters scross &

condensation shoclks:

<l For M, <]
P

&) B V51 ror M, >
. Pz | <1 For M <l
bJ P > For Ml>/
Mg | >1 For M, <
o) MVl mem -

/

> For O£ M, < 7= = 0.845
T V¥
4) - <| FoR 0.845 <p, </

"l >l For my >l

Thus, one of the ususl counclusions is reached, that the Mach
number behind & condensstion shoock deoreases toward wnity if the
initial flow is supersonic and increeses toward unity if the initial
flow is subsonioc. Hence’, a supersoﬁic flow camnot become a sub-
sonic by mesns of a condensation shook alone.

If equation (1.5, be written in terms of the initial Mach

number, Kl. i.e.

2 2 2 l
a 2 2 207 =/)m
wuy = [(ww, ) E(m=0) \//——(—)—’—-a] (1.15,

2, 2 2
a, (Ml '—/)
it is seen that the maximum amount of heat that ean be added 4o the
flow is
L 2
a,(m==1

= (1.18)
I max~ 2(v%)) M2
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Considering the general "eamzot™ equation for the pressure change

aoross either a normal shook with condensation or & condensation shock,

2 2
P,-F 3 z _ 201 M,
= —/ — -
5 557 (™ )3 +\/1 RTa ¢ (.17,

!
it is to he noted that, with the maximum addition of heat, the

pressure chenge is the sams across both types of discontinuities

and is equal to one-helf that across a ﬁormal shook without conden-
sation. Furthermore, the intensity of the normal shock with conden-
sation is & maximum when g = 0, whereas the intonaity of a condsnsation
shoock-1s a maximum when q = g, ...

Similarly, it ocan be shown thet, with the meximum addition of
heat, the Mach number is always unity downstream of either type of
disoontinuity, regaerdless of the initiel Mach number of the flow.
Also, for an addition of heat less than the maximum, the Mech number
downstream of e normal shock with condensation is greater than unity
if the flow is initially subsonic and less than unity if it is
initially supersonias.

From tpese observations on the chi&tnge in pressure snd Mach
number sacross the two possible types of disocontinuities, it can be
concluded that the shock observed at the loocation where the condensa-
tion commences in 8 supersonic nosgegle is a condensation shook, sinoe

a) the intensity of the shock decreases as the air is dried and

b) the Mach number downstream of the shoock is still supersonioc.
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However, there may be instances in which *t';he normal shock with
condensation doss ocour, since, unless considerations other than that
of the change in entropy prove otherwise, such a discontinuity can
Qxist. Furthermore, the nommal ghook with vaporization, which was

discugsed in Part VII-B, represents just such a oass,
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APPENDIX I1

COMPUTATIONAL PROCEDURES

Inasmuch a8 the prime interést in spontansous condensation as
applied to supersonic wind tunnels is in ?ow to evoid it, a few
typica} examples with this end in mind wiil be calulated,

1. SBuppose that it is desired to determine how high the stagnation
temperature musi be raised in order to avold the condensation of
the water vapor in air that has a stagnation dew point‘ of 68° Fo,
when it is %o be expanded fairly rapidly, io;o A7]Aﬂx = 1500./%mu,
to a Mach number of 1.4. (The stagnation pressure is mssumed to

be 760 mm. ng;)z

a) From Fig. 13, the partisl presgure of the water vapor,
on, correspondingvto a sfagnation dww point temperature of 68° 7.
(293° K. ) 18 found %o be 17.5 mm, Hg..

b) The mixing retio, x, is determined from equ. (2.6, or
Fig. 14 as 0.00147. Hence, Fig. 12 shows that the presence of the
water vapor in the air can be neglected during the isentropic expan=-
sion (see Appendix III).

o) Isentropic tables or charts are used to determine the
pressure and temperature ratios correspending to & Mach number of
1.4, Thus, p/p, = 0.3142 snd T/T, = 0.7184. Moreover, from equ.
(2.7, P‘;/p'o = o/p, = 0.3142.

d) The supersaturation ratio, pv/baa, is determined from

the relation
Ry P, Py, 5.50

—_— = . — =

It should be pointed out that if the dew point is not
meagured at stagnation pressure, bubt at some other
pressure p,, then the partial pressure of the water
vapor at stagnation conditions is obtained from the '
relation Py =P, . Po
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where p /p_, 1is the threshold value as determined from Fig. 1,
for A7/Aa: = 15°C°/§m (¢ = 1024), corresponding to the temperature
at s Mach mmber of l.4 and p,, 1is the saturation vapor pressure
corresponding to that temperafureo Hence, a trial-aﬁd-error
proocedure must be used to find the temperature for which the
above equality holds, This is found to be 235.6° K.

e) The minimun required stagnation temperature is then

obtained from the isentropio relation. This is: T = 328° K, =
1351° F. (It should be noted, however, thet unless the flow is
expanded rapidly, l.e. greater than loco/Bm, from that point in
the.nozile.where a Maoch number of 1,15 is attained omward, oon=-
densation will ocour just downstream of the throat. This problem
will be treated more fully in the next examplse. )
2. Suppose that the gtagnation temperature of a supersonic wind
tunnel is 77° F. (298° K.) and the staguation dew poiat is 14° F.
(2650 Ke Jo It is desired to determine the Mach number to which
tﬁe air oan be expanded before condensation takes place:.

This probiem is solved most easily by determining the super-
saturation ratio at various stations along the nozzle in the
following manner:'

a) Arbitrarily select verious values for the Mach number
and therefrom determine the temperature and the pressure ratio
from the isentr;pic relations.

b) The saturation wvapor pressure corresponding to the

above tehperaturos is obtained from Fig. 13,
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o/ The supersaturation ratio corresponding to these temperatures
is then determined as in (d) abc&e, since pvo.is known.

d) The natural logarithm of the supersaturation ratio is
plotted against the temperature.

This procedure hes been carried out fer a stagnation temper=-
ature of 298° K. and a stagnation dew point of 263° K. and the
result presented as ourve A-B in Fig. 1.

It is seen from Fig. 1 that condensation will not ocour near
the throat, ﬁhere there is normally a negligible dynamic effect,
if the expansion is rapid enough such tﬁat a temperasture gradient
greater than loé./cma ig attained by the time the flow reaches a
Mach number of 1.2 (T = 231,4° K; end In ( By/Pc ) =1,98)
Thus, if the temperature gradient is of the order of 15°C,/om.,
condensation will occur at e MHach number slightiy higher than
1.60 (T = 197.1° K. and 1n (2,/p,_ )= 5.70)

If, however, an increasingly greater temperature gradient is
maintained, such that condensation dees not occur until a Mach
number of about 2.1 (corresponding to a tehperature of about
158° K. ) is reached, then condensation should not occur, regard=-
less of how highly supersaturated the vapor becomes or of how

rapidly the expansion ia carried out beyond that point.
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APPERDIX I11

ERRORS INVOLVED IN NEGIECTING THE PRESENCE OF WATEGR
VAPOR IN THE ISEWTROPIC BXPAWSION OF HUKID AIR,

Practiocally all existing gas dymamies tables sre based upon
the constante for dry air, which assumes that the effect of any
water vapor present in the air is negligible. The wvalidity of
this assumption can be checked in the following manner:

For the isentropic flow of dry eir in a supersonic nozzle,
the area-ratio is related to the ﬁaoh number by the equation (see

‘ * :
Liepmann and Puckett , p. 34)
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or, in terms of the temperature ratio, T,/T =1 + 7 =1 2,
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Similarly, the ares-ratio for the isentropic flow of humid

sir, designated by subsoript m, is given by

, A+]
il T

(A> ( ) [xi; (To)m] (I11.3,

where, v’ is the ratio of the specific heats for the humid air.

. ’ >
Hence, at the same locetion in the mnozzle (i.e.,(4/A )a =

@&/A*%m), the relation between the two temperature ratios is

given by

B+l
=1 ’g_*l- -1 Z—?’
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* loo. cit.
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(111.4)
This equation can be written in the form
7‘) T
‘LY - (- g ()
(7; a T) (To m (III,S}
where £, 1is a correction term that depends upon the amount of
water vepor in the air, the latter being given by the mizing
ratio, x.
The reletionship between the pressure ratios, (P/bo)a and
(g/pe%n, is obtained as follows: /
¥l =
T PN 7 T P
T, = (6
Tola \ Rola lolm \ 15 /m (I11.6)
But, from equation (2.8),
/
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Hence, utilizing this reletionship together with equation
(111.5), equation (I1I1.6) becomes )
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The relationship between the Mach numbers is given uy



or

Mg = (1+Ep, ) M (II‘ )
. I.8

The correction factors, £, £, €, and £, , for use in
equationa (II11.8), (I11.7) and (III.8) are plotted in Fig. 12 as
a funotion of the mixing ratio.

An exemination of this figure shows that the error in p/po
is given fairly ﬁoourately by the setual value of the mixing retio.
For example, in the Laval nozezle pressure distribution measureﬁents
disocussed in Section IV B, where the mixing ratlo was 0,003 gms. of
water vapor / gm. of dry air, the error in assuming that the pressure
ratio is that ocorresponding to dry air is oﬁly 0.3%, which is of

the order of the accuracy of the original measurements,
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APFENDIX IV

ADDITIONAL BXPERIMENTAL THECHNIQUES

Several additional technigues, not desoribed in S8eotion III,
that were tried during the course of this investigation (with the
oexception of YA" ) are of wvalue in certain instances and henece are
discussed briefly,

A, Stagnation Temperature Measurements

A stagnation temperature probe could be used to debtermine
the intensity of collepse, inssmuch as it has an advantage over the
total_pressure' probe in that the only change in stagnation tempera-~
ture is that commeoted with the addition of heat due to the condensa-
tion. However, a brief calculation will show that the stagnation
1;smperature is much less sensitive than the stagnation pressure to
changes in the heat added to the flow, which, coupled with the
problems involved in shielding the thermocouple, etc., make this
technique undesirable.

B. Diffraction Rings

When a medium congaining finely dispersed particles is
interposed between a monochromatic point source of light and the
observer, diffresction rings are disc_ernible if the diameter of
the particle‘s is large compa;'ed with the wave~length of the lipght.,
By measuring the radius of the d‘i-’.’fraction ring, the diaemeter of
the partioles oen be determined from “the following equation

(36

_ (referenoé can be made to any opties text, e.g. Woods , or to

{37)

Kuehn for an explenation of the diffraction phenomena and a

derivation of this equation,:



4= AL
R
where d = dismeter of particles

A= wave=-length of light

4= gigtance of point source of light
from particles

R = radius of diffraction ring.

If the dismeter of the particles is not uniform, the
diffraction ring will not be sharp and its radius will represent,
in this case, the aversge diameter of the partioles.

.This technique was used in tests, discussed in Part IV,
in the small Laval nogzzle, the Transonic Wind Tunnei, the 2.5"
Supersonic Wind Tumnel and the 12" Supersonic Wind Tunnel. In all
cagses no diffraction rings weré observed, indicating that the
dropleta formed in the spontaneous condensation process are smaller
than or, at the most, of the same order as the wave-length of the
light, | | |

When the valve at the inlet to the stapnation chamber
of the L&val_nozzie (see Fig. 5a) was closed almost instantaneously,
the stagnation temperature dropped momsntarily aboub 10° F. and
droplets were observed flowing through .the subsonic, as well as the
. supersonic, sections of the norzzle. These droplets, when observed
"in the 5upersonic seotion, did produce diffraction rings. The radius
of th; diffraction ring was 1 om., with the point source of about
5,000 X wave-length looated at a distance of 167.5 om. from the
center of the nogzzle. The droplet diameter was thus caloulated to

be 83,3 x 10”4 oms A number of droplets were caught under the
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same conditions by the "sample-catch" teohnique, to be described
subsequently, and theif dismeters were found, by microscople
measurements, to vary between 80 and 85 x 10°4 om. A fairly
acourate check was thus afforded of the diffraction ring technique.
It is evident from these results that the diffraction
ring technique is of wuantitative value only in cases, of extreme

droplet size,

C. The "Sample-Catch™ Technique

In this technique, the droplets are allowed to impinge
on & plate comted with Magnesium-Oxide, Carbon Black, or some
other sﬁitable material. If the Mgolooating is thicker than
the largest drops to'be eaught, the impinging droplet leaves a
crater on the surface of the coating that is the same diameter
as that of the droplet. Hence, measurements are easily made of
droplet diameters and concentration of droplets.

Unfortunately, these coatings are blown away in air of
even moderate subsonic velocity and kence some method of. ciroum-
venting thls must be deviseds One such method is to house the
coated plate in & astagnation probe having a shutter at the en-
trance that can be opened momentarily. This technique has not
been tried as yet at supersonic speeds and hence its feasipility
is still open to question,

In tﬁe tests described in the sgotion on the diffraction
ring technique, the Lavel nozzle exhaustes into the atmoaphere,

making it poseible to pass the coeted plate rapidly across the jet.
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The velooity in the jet in these tests, although still quite high,
wes low eﬁough to 2allow easily measurable samples to be tmken.,

When carbon black is used as & coating, the impinging
droplets do not leave a craéer et the surface but spread out on
impact, leaving & circular pattern in the coating. The equations
héve been derived for determining the original droplet dismeter
from the impact pattern, but such a procedure seems unduly com-
plicated. Hence the MgQ coating technique is %o be preferfed.

It is plamned to‘exploit this "sample-catoch" technique
further since it is the only method known at the present time for
determining the size and concentration of droplets wniquely. Thus,
a direct check could be made of the radius and number of droplets
as determined by the combination of the pressure distribution and

liﬁht soattering messurements.

D. Infra-Red Absorption Techmique
At thé.inoeption of this research progrsm, & new technique

was partielly developed for studying the high speed flow of humid
air., This technigue econsiats in the meaaurément of the percentage
absorption of inffa-red radiation by the water vapor present in
‘the flowing air. From suoh s measurement the density of the water
vapor, and therefrom the air density, can be determined provided
no products of condensation are present. If oondeﬁeation has
ocourred, the Raman effect can presumably be used to determine

the amount of condensation in ths light path and to distinguish
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liquid droplets from ice particles. Although this method is still
in the developmental stages, it is believed to be of sufficient
interest and to possess such,potentialiéies as to wﬁrrant its in-
olusion in this report.

Certein bends in the infra-red region of the electro-
magnetic spectrum exhibit extremely strong absorption by the H,0
molecule. Those bands that lie in the near and photographic infra-
red (0.9 to 8.5 u ) are utiliged herein because they are amenable
to measurement without eleborate experimental equipment, as well
ag the fact that their absorption by the water vapor molecule is
3till very intense.

The disposition of oharge emong the atoms in the water
vapor molecule is such that the hyarogen atoms have an excese of
positive charge while the oxygen atom has en excess of negative
charge. Thus, & vibration of the atoms is mocompanied by a change
in the dipole moment, which results in the vibration smectrum of
the molecule. The intense infraurgﬁ absorption region of interest
is dué to the fundamental vibration frequencies and their harmonics
and overtones, (For a detailed treatment of infre-red and Ramean
spectra, refesrence 3houid be made to Eer&berg(ss). Ruark and Urey(sg),
etco. ) |

The water vapor molsoule, being tri-atomic, has 3 vibrational
degrees of freedom. The corresponding normal mcdfs'of vibration

have been determined by several different techniques and may be
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illustrated graphically as follows:

0
X b3 by

- ~ -~ ~
\\\ /// \\\ - - ~
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H 2% Ny 90,
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Only two of the ﬁormal modes are directly observed in tha infra-red:
U, , ocourring et 6,26 eand corresponding to the angular deformetion
frequency of the H-O-H molecule and v, , at 2.66 1 , oorresponding

to an anti-symmetric O-H valenoy vibration. The symme£rio valence

vibration, o, , ooourring at 2.8 1 , exhidbits intense Raman

I
" scattering only.

It was desired, in the present investigation, to pass the
infra-red radiation through the Schlieren windows of the wind tunnel
and measure the resulting abaorption by the wator'vapor in the air.
Thie necessitated the use of infra-red wave~lengths shorter than
2.5 i, since glass does not transmit wave-lengths longer than this
ia_luo. Accordingly, those harmonics and overtones of the furdamental
vibration frequencies that ocour at 1.87, 1.4 and 1.13 1 were in-
;estigated in an effort to determiﬁe the feasibility of employing
these bends in the determination of the weter vapor density.

Unfortunately, a satisfaétory method for obtaining a
monochromatiec light source of the p%oper wave-length and with
sufficient intensity could not be found. As a result, it was

necessary to use a 500 watt signaling lamp with an infra-red filter

that cut off those wave-lengths shorter than 0.9, end longer than
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2.5 1 o This arrangement furnished an intense infra-red beam,
but one that was far from monochromatic., The radiation was
pessed through the wind tummel, normal to the air ficw, and
the intensity then measured by means of & Moll-type miorothermopile,
which was comnected to a D'Arsonvel galvonometer.

4 galvenometer deflection of 30 cm, was obtained when the
fres=stream Mach number of the flow, through which the radiation
ias passed, was inoreesed from O to 0.7. The heating up of the
wind tunnel walls, however, resulted in a marked»zero'shift, which,
coupled with additional extrenecus radiation, made the readings
ureliable. Fevertheless, in spite of the fact that a monochro-
matic source was not used, the feasibility of the techniqua seems
establishe&.

An attempt %o utilize an infra-red telescope, in place
of ﬁhe microthermopile, to obtain a gquallteative picture of the
density field over an airfoll in the wind tunnel met with no-success.
This 1is believed to be due to the fact that the intense ebsorption
bands beyond 1.3 p were béyond the cut-off wave-length of the infra-~
red telescops used, Furthermore, the light.path through the water
vapor was very short (5 om.) and the sensitivity of ths telescoﬁe
to the small changes in light intensity is not known. It is quite
possible, however, that some of the Aew infra-red redietion receiving
cells that have a cut-off limit of 2 to 3 4+ may prove of value for

such a gqualitative observation of the density field.
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Figure 5e

Iaval Yozzle Apparatus

Light Scattering Installation (Near Reflector Removed)
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Figure 5b

faval Nozzle Apparatus

Prossure Distribution Installation
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(a) Light Scattering Photograph

(b) Schlieren Photograph

e

Figure 11 == Condensation Sheets Behind 127 Thick Bi~Convex Airfoil at

M = 0,90 = Laminar-Boundary~layer=Type Shock Wave



(¢) Light Scattering Photograph

(d ) Schlieren Photograph

-

Figure 11 (Continued) == Turbulent=Boundary=layer=Typs Shock Wave



(e ) No Droplets Present in Flow

() Droplets Present in Flow

Figure 11 (Continued) == Schlieren Photograph at M = 0,838
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VARIATION OF RADIUS OF CHARACTIIERISTRC DROPLET WITH DEGREE OF

SUPERSATURATION FOR VARIOUS TEMPERATURES
10 T =213 °K.
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VARIATION OF RATE OF INCREASE OF SUPERSATURATION WITH TEMPERATURE

4.0
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THRESHOLD SUPERSATURATION RATIO VS. TEMPERATURE

TEMPERATURE ~ °K.
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LAVAL NOZZLE
PRESSURE DISTRIBUTION MEASUREMENTS

STAGNATION CONDITIONS
PRESSURE RELATIVE HUMIDITY

o 126 CM. HG. 32.2 %
A 204 CM. HG. 56.7 %o
> 279 CM. He. 74.4%,

X DRY NITROGEN MEASUREMENTS
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