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ABSIRACT

An experimental investigation was ceonduclted to determine the
effects of additives on the supersaturation of commercial bettled
nitrogen expanded in a hypersonic nozzle, In particular, enough oxy=-
gen was added to duplicate alr proportions. A stainless steel two-
dimensional source-flow nozzle of one=-inch width was used to conduct
the tests.

Commercially pure nitrogen, expanded from room temperature and
8-1/3 atm. pressure, was found to supersaturate by approximately 18° ¥
or 1.2 HMach number. The supersaturation of the nitrogen was decreased
by The addition of impurities, and only a fraction of a percent of car-
bon dioxide or water vapor was required to eliminate completely all
supersaturation. Addition of argon and oxygen was found to be much
less effective in decreasing the supersaturation. For the synthetic

air, the supersaturation was 10° K or 0.9 lach number based on air

P

pressure gradually increased above the isentroplc value because of the
heat release of the condensing gas. As has been shown before, there
was no evidence of condensation shock with nitrogen, The impact
pressure was only slightly changed from the isentropic value
presence of condensation in the flow., After the collapse of the
supersaturated state, the flow approximated that of & condensation

shocks
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SYMBOLS
cas speed of sound, cm/sec

Speeds of sound in a two=-phase fluid

TF T

dgefined in Section IV-E

Specific heat of bulk liquid by volume, cal/en” = deg. K

Specific t pressure, Cal/im - deg. K
Specific t volume, Cal/em - deg. K

Bulk liquid energy, cal/om
Dy 3 é

Fraction of total mass which is in condensed phase

o

Spontaneous nuclel formation rate, number/sec., = em?

Gas constant, dyne-cm/mol - deg. K

Characteristic length, cm.

7

Latent heat of vaporization, cal/sm

Mach number, u/ Yy RT
Mass flow gm/sec

2

Molecular welght

Foreicn nuclei concentration, nuwiber/sm of carrier gas

Huwaber of moles of gas 1

¥

Critical droplet radiuvs by Thompson formula, crme
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Foreign element nuclei radius, Cha

&

Gas constant

Reynolds number, f?u%é;

Avsolute temperature, degrees K

Velocity, cm/sec

Total gas volume

Droplet surface energy, cal/cm®

Axial distance downstream from throat, inches o

. ~ 2 K fa f
Ratio of specific heats, Cp/Cy

2

Mass of molecules striking one cm“ per sec,

Mass ratio

of additive

Hozzle expansion angle

Molecular mean free path, Ci.

Viscosity,
Density of
£

Density of

Density of

dyme sec/cn?

gas liquid mixture, gm/cc

2

Y

gas, gm/ce

1y

liquid, gm/ce

Surface tension, dynes/cn

Lrponent in viscosity approximation



~~

P

P

SUBSCRIPTS

Heservolr conditions
Reference point of viscosity approximation
Conditions on plane saturation curve

Conditions at condensation
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instead of the perfect gas isentropic expansion. For the usual

hypersonic wind tunnel testing, this departure from the perfect
> 3 &

an

7as
isentropic flow is the limit of desired test section operation,
Allowance should be made for possible expansion of air around a model

btefore compression. At a lMach number of 10, for instance, one degree

further expansion will increase the HMach number by 0.3. Hany of the
relations used in perfect zas isentropic flow (impact pressure, area

ratio, oblicue shock angles, etc.) can be computed for a

KN ]

/1 3} (UL JUE DO I [ S U, S OLE ] ey (S - cnml
flow {Refs. 2, 3, ond L) with additional difficulty. Some research

work is currently being conducted in the GALCIT Iypersonic Wind Tunnel

o O

to investigate the flow and

then correlating the et to the perfect gas isentropic
conditions,

Ixanination of the isentrope-saztuvration curve intersections shows

1 E B - S - Fren g 41 o~ ey A 1 B N vy - - s
that, for a given zas, the saturation iach number c: increased by
increasing reservolr termperature or by decreasing reservolr pressure
- . ERURSR ¥ AR . . Yy m A1 S e ATt oo el [ oy
Decreansing the reservolr pressure has the disadvantage of lower avail-

able cormpression ratio, lower tes®t seclbion pressures, smaller model

ity leads to difficulty in

using ontical egquipment and to the possibility of entering the slip
flow regime. TFor these reasons, heating has been the usual solution.

Use of a gas which does not condense until much higher Hach numbers
is another possibility, as indicated by the present resuvlts with

helivun.
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II. TEST FACILITY

A, Apparatus

The hypersonic tunnel used for the investigation was a two-
dimensional source-flow nozzle expanding from a throat height of 0.010
inch to a final height of approximately one inch with a constant width
of one inch. The total expansion angle was 11°., The pressure recovery
occurred through a central body diffuser leading through two pipes to
the exhaust pumps. Diffuser pressure was maintained by 200 hp rotary
vane pumps. oince a large starting compression ratio (1800 to 1) was
available, the diffuser efficiency was not critical., The pressure
recovery was about 1/5 of normal shock. The tunnel was made of stain-
less steel using either glass or stainless steel walls. Stainless
steel, brass, and bronze were used throughoult the supply system to
avold contamination by oxidation. Supply pressure was regulated from
commercial nitrogen bottles to maintain constant reservoir pressure
during the test. Several mass spectrometer analyses were made of the
bottled nitrogen during the test program. The results are presented
in Table I. At reservoir conditions of 8-1/3 atm., and 70° F, the
tunnel ran for a total time of about 100 minutes on ten bottles in
the supply manifold, which was adequate for about five average runs.
Later in the research program, an outside dock was constructed to
permit a larger number of bottles to be connected. 150 feet of 1/2
inch stainless steel tubing led from the dock along the ceiling of
the main hypersonic room to the 1" x 1" tunnel test room. The

pressure droé of this line was about 10 psi for the usual tunnel
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operating conditions. A schematic drawing of the physical plant is
given in Fig. 1, and a photograph of the test equipment is presented
in Fig. 2. The construction of the tunnel is described in detail in
Ref. 5.

Reservoir pressure upstream of the nozzle was kept constant by a
Grove regulator, which was supplied with loading pressure by a commer-
cial hand-operated regulator. This hand regulator alone was inadequate
to handle the desired mass flow. During runs, frequent attention was
given to this hand adjustment; and the reservoir pressure, which was
measured on a 0 to 300 psi Asheroft gage, was held to #1/L psi during
the run. Absolute accuracy of the reservoir pressure was probably

of
Lo

I+

Nozzle wall static pressures were measured by 0,0LO-inch diameter
taps drilled perpendicular to the diverging walls at 1/L-inch inter-
vals, Plastic tubing led from these taps to a bank of mercury
manometer tubes comnected in parallel with a bank of silicone manometer
tubes. lost static pressure readings were taken on the silicone, as
only rarely were the upsiream static pressures too large for the full
scale of the silicone column. At such times the pressures were
measured on the mercury manometer. These L mm. manometer tubes were
referenced to a Duoseal vacuum pup that maintained a pressure of
less than 0,1 mm. mercury absolute., Accuracy of the static pressure
ratios was estimated to be % 1% near the throat and % 2,5% near the

diffuser.
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The small amounts of carbon dioxide were added through an orifice

o

o few thousandths of an inch in dismeler, screwed into the elbow of

the nitrogen supply line upstream of the steam heater, The carbon

4

dioxide was from a

a hand regulator. The resultant carbon dioxide content in the nitrogen

3
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o

neasured by chemical analysis of a centinuous sample for runs

number 21 and 23, Other carbon diocxide runs were reasured tnrough

s
bd

Tresgure

used by



-7 =

flowmeters or by orifices calibrated by a flowmeter. The accuracy of
these larger concentrations was estimated to be plus or minus one
part in ten of the resultant concentration. Specifically, the con-
centration was estimated as % .001% at the low concentration of .002%,
and £ ,007% at .07%.

Argon and oxygen were added through flowmeters; no orifice was
necessary since the amounts added were larger than the amounts of
carbon dioxide. Water was injected under pressure through a small
orifice upstream of the heater. The concentration of the water was
measured by a dew-point meter that continuously analyzed a sample
taken from the elbow downstream of the steam heater. This high
pressure continuous reading dew-point meter was developed by the
Hypersonic Staff. TFor low water content, high pressure was needed to
bring the saturation temperature up to measurable temperatures. The
chrome button on which the "dew" forms was cooled by the expansion of
high pressure carbon dioxide. The button temperature was measured by
an imbedded thermocouple. From the vapor pressure curve of water the
partial pressure of the water content was known, The ratio by volume
of water to nitrogen was this partial pressure divided by the total

nitrogen pressure,



B. Test Procedure

The nitrogen bottle valves were opened to pressurize the manifold
and line from the dock to the basement., After the diffuser pumps were
started, the leads to the static holes and nozzle could be connected
to their siliceone manometer tubes by the valves located above the
manometer board. Atmospheric pressure exceeded the range of these
silicone tubes, so the tubes were "short circuited" back to their low
pressure reservoir except when the tunnel was at a low pressure. The
valves used were made of stainless steel, and the manometer fluid
returned to a normal level in a few minutes if an accidental over-
pressure was applied to it.

A valve bringing the Grove regulator on the line was opened, and
the hand regulator was used to build up pressure to a few pounds above
the desired reservoir pressure. Finally, the quick acting shutter
valve just upstream of the tunnel was opened. After supersonic flow
was established, the pressure of the additive was increased until the
desired flowmeter reading was obtained.

For the heated runs the steam valve was opened, and the reservoir
temperature regulated by this valve,

The axial impact probe was moved along the center line, and the
reservoir pressure and temperature were recorded at each station. With
the probe withdrawn into the diffuser wedge, the static pressures were
read. A thermocouple mounted on the manometer boards was used to
obtain the silicone temperature, from which the silicone specific

gravity was determined.
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Ce Unit of leasure of Additive

The unit of measure used for the amount of foreign element added
is the volume of foreign element divided by the volume of the nitro-
gen, each separately expanded to the same pressure and temperature

(Cf. Epstein, Ref. 1, p. 7).
pyVq = NRT, poVy = HoRT) (2.1)

where Vi = total volume, Ni = number mols of the gas. If Py = Py and

Tl = T2 s then
V1 /Yo = Hq/H, (2.2)

showing that the volume ratio is the mole ratio. Since the number of
molecules per mole of any gas is the same, the volume ratio is the
ratio of the number of molecules., To obtain the ratio by weight from

this volume ratio (Eg. 2.2), multiply by the ratio of molecular

weights:
. . m V3
weight ratio = o (2.3)
2 Y2

For a mixture of two perfect gases in one container, V, = Vy =V

in the above equation. For thermal equilibrium, T, = Tb = T from

a
which follows pa/pb = Na/Nb s lees, the ratio of partial pressures is
the "by volume!" ratio. This "ratio by volume" is the one discussed

in the previous paragraph, where each gas is expanded separately to

the same pressure and temperature, By Dalton's Law, p = py * Py o
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Thus, for small percentages oi Iorei cases, tne additive p - T

isentrope lies below the main isentrope expansion by the ratio by

voli ilec.

Y by ¥

o % fc“%g<<1 (2.4)
p“'} ?{') + I}D Z}q - p'ﬁ *
Coae Cie L9 Cho

For additives with the same ratio of specific heats as nitrogen, such

as oxvgen, the additive isentrope is seen to parallel that of the

5

Py

!-«' »

or add

nitrogen { on a2 log-log plot).

water), because the partial pressure ratio must remain equal to the

follow its own ilsentrope, 1t is seen that an exchange ol energy takes

The snecific heats of the wixture are

nitropen and additive,

the aver
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directly as the pressure (Cf. Section III-B), this may substantiate
the side wall boundary layer theory. No systematic effect of reser-
voir temperature could be noted in the range used (290° X to L08° K),
As Reynolds number varies inversely as temperature to the 1.26 power,
the available variation in Reymolds number due to temperature was
only 1.5 to 1 as compared to the 5 to 1 variation due to the avail-
able pressure range. This may explain why no temperature effect was
noted if the phenomenon was due to side wall boundary layer.

The observed waves did not seem to affect the nozzle static
pressures and were thought not to affect seriously the condensation
phenomena. It is emphasized that all plotted test data are as read,
and waves are not faired out.

This wave problem was noticed in the 5" Hypersonic Tunnel also,
and in March 1952 the idea of secondary flow was considered, Work is

now being done in the 2-1/2" Supersonic Tunnel on this problem,
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E. Absence of Normal Static Pressure Gradients

It has often been suggested that one of the distinguishing
features of 'hypersonic flow! might be the existence of a static
pressure gradient within the boundary layer normal to the flow
direction. Fig. 1l shows that this gradient did not exist for the
conditions in this nozzle., The static pressures recorded by an axial
probe are compared with the nozzle and side wall static pressures.
A similar run at 8.33 atmospheres reservoir pressure checked as well.

Two cases of hypersonic boundary layer are to be noted: (1) con-
tinuous growth as on a wind tunnel wall and (2) sudden build-up as on
a flat plate or body inserted in the flow. In the latter case, a
shock wave forms about the body at a small angle with the flow, thus
creating the possibility of pressure gradients in the combined viscous=~

shock layer., This second case is discussed in Ref, 8,
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IIT. DISCUSSION OF EXPERIMENTAL RESULTS

Ae. Nitrogen Supersatuvration

The question of wind tunnel design to avoid water condensation
shock in air seems to have been settled to engineering satisfaction
by the papers of Ostwatitsch (Ref. 9), Head (Ref. 10), and Burgess
and Seashore (Ref. 11).

For the problem of a gas condensing itself, the earliest
theoretical work was by Wagner (Ref., 12) and Grunewald (Ref. 13).
Subsequent opinions varied from no supersaturation (Ref. 1) to
unlimited supersaturation for some reservoir conditions (Refs. 15,
16, and 17). Summaries of the progress in condensation research are
given in Refs., 10, 18, and 19.

Bogdonoff and Lees, in their early work with condensation of air
in supersonic wind tunnels (Ref. 16), noticed the absence of the
violent condensation shock, which was observed when there was suffi-
cient water vapor. They concluded that the supersaturation was so
great that no condensation could exist for a considerable range of
reservoir conditions and test section Mach numbers. However, the
operation of hypersonic wind tunnels (Cf, Refs. 7, 1k, 20, and 21)
did reveal some non-isentropic effects, principally an increase of
the static pressure over the isentropic value corresponding to the
impact pressure, as indicated in Fig. 3, Run 23-1l, The departure in
static pressure from the isentropic value corresponding to the impact

pressure was gradual, explaining the conclusion of Bogdonoff and Lees,
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mentioned above, as an error in interpretation and not in experimen-
tation, This non-isentropicity can also be seen from the disagreement
of the various Mach numbers as computed from the three available
pressure ratios as indicated in Fig. L. It is emphasized that
isentropic Mach number has no actual meaning after deviation from
isentropic conditions (M =, in Fig. L), but it is one way to indi-
cate condensation, A clearer presentation is to plot the measured
pressure ratios against each other as in Fig. 5. This form was
suggested by H. Bubler of the Hypersonic Staff, Impact pressure ratio,
Po'/p, (the ratio least affected by condensation), is plotted against
Rayleigh pressure ratio, p/p,' (the ratio most affected by condensa-
tion). Isentropic flows from all reservoir conditions lie on the one
isentrope, while curves for the saturated expansions depend on reser-
voir conditions. These theoretical curves need no experimental
assumptions to be plotted, and the measured experimental pressure
ratios need no theory to be located on the plot.

Fig. 6 shows that the flow was initially isentropic and that
this isentropic expansion could be preserved to a higher Mach number
by increasing TO for a given reservoir pressure. Decreasing by also
increased the maximum isentropic Mach number, but with the disadvan-
tages mentioned previously. Fig. & shows that in this tunnel (until
condensation) one-dimensional perfect gas relations with & = 1,40
were satisfactory and that frictional effects were not evident on the

aXisSe
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Comparison of light scattering data and the pressure data showed
this static pressure deviation from the isentrope to be caused by
condensation (Cf, Refs. 5, 7, and 21). That it was not due to flow
breakdown, separation, etc., was showm by moving the point of pressure
rise by adding foreign elements or by changing the stagnation tempera-
ture for a given reservoir pressure. The static pressure deviation
from isentropic was taken as the criterion of condensation since it
was of practical interest to know the limit of isentropic flow.

The rise in static pressure due to condensation can be seen in
Fig., 7. Run 23-1 was at I, = 293O K, and the flow condensed about 3
inches from the throat. The other two runs were at high enough reser-
voir temperatures that condensation did not occur in the nozzle. The
reservoir pressures were adjusted in an attempt to maintain an approxi-
mately constant Reynolds number per unit length and thus give the same
boundary layers and effective flow areas in each run. The static
pressures near the throat were not the same for each run, indicating
changed effective flow areas. Therefore, this attempt at constant
effective flow area was not completely successful. This is discussed
in the section on Reynolds number effects, III-B, However, the main
effect of increased static pressure due to heal release of the con=-
densate can be seen by shifting the heated static pressure curves so
they coincide with the unheated curve upstream near the throat.

The properties at the point of condensation were determined in

iy

the following manners: tne deviation from the isentrope was noted on a
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plot of either static pressure vs. X or p/po' VSe po'/po .* Usually
it was easier to locate on the latter plot. Mach number, temperature
ratio, and saturation pressure (pe, ) for an infinite plane surface

at this condensation temperature were then known, and the supersatura-
tion pressure ratio, pcondensation/pcn s wWas computed. This ratio

was unity at the intersection of isentrope and vapor pressure curve
(i.e., no supersaturation) and increased with supersaturation,

All computations of the supersaturation pressure ratio
(Peondensation/P e ) involved fairing and were somewhat uncertain.
The rapid fall-off of saturation pressure (peg ) at condensation
temperatures contributed to the inaccuracy in supersaturation pressure
ratio, For the saturation computations, the vapor pressure of nitro-
gen as shown in Fig. 8 was used, although it was realized that
significant percentages of additives would change the saturation
curve, The curve in Fig. 8 is from the analytical expressions for
vapor pressure recommended in Refs. 22 and 23. Experimental vapor
pressure data from Refs, 22, 23, and 2l are noted on the plot. The
accuracy of the computed supersaturation parameters was estimated to
be 40,5 to ~1.0 in loge(py/Poo ) and * 1.5° K in the supersaturation
temperature (saturation temperature minus condensation temperature).

For the nozzle operated with the bottled nitrogen alone (no

additive) the average of seven runs listed in Table II shows

%* As this departure from the isentrope is often quite gradual, a more
useful criterion may be the point where the static pressure exceeds
the isentropic value by some fixed percentage, say 2% or 5%,
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supersaturation of about 18° K and of a Mach number of 1.2 for
reservoir conditions of 8.33 atm. and 290° X,

After collapse of the supersaturated state, the flow was approxi-
mately that of an equilibrium of saturated vapor (Cf. Refs. 2, 3, and
i) with either liquid or solid nitrogen, depending on the temperature,
In the computation of the saturated expansion using Buhler's theory
(Figs. 3 and 5) it was not necessary to specify whether the condensed
phase was liquid or solid, since the Clapeyron-Clausius approximation
to the vapor pressure curve may be fitted within 1% in temperature
in the range of interest.

It is emphasized that the gas condensation occurred gradually,
whereas water vapor condensation in air was a more severe process, A
qualitative explanation may be the lower mass and heat transfer values
of the carrier gas at the lower pressure of the gas condensation. The
molecular impingement rate is proportional to p/VFf; Comparing this
rate at Mach number 5 (gas condensation) and Mach number 2 (water

vapor condensation), we have

p/VT5) _ a2
p/ YT (2) 40

This shows the carrier gas impingement rate to be LO times as great at
the water vapor condensation point than at the gas condensation point.

Another item of interest is the relative values of L/C, , i.e.,
the temperature rise of the gas due to condensing one gram of the

condensate. The approximate figures are:



0

L/c, ( K)
Nitrogen 206
Air 22l
Steam 3610

Water in Air 7270
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Be Reynolds Number Effects

Flow in the tunnel at all times was in the fluid mechanics
regime, well away from slip flow as defined by Tsien (Ref. 25). At
M = L Reynolds number per centimeter was 3.2 x 105, at 1 = 6 Reynolds
number per centimeter was l.1 x lO5 for 8,3 atm. reservoir pressure
and 290O K reservoir temperature. Reynolds number per centimeter is
plotted versus Mach number in Fig. 9 for several reservoir conditions,

The equation used has been derived as follows:

w

Refp - 577 (3.1)

For the isentropic expansion,

; T 0

‘,é; - (?) - (‘r‘) (3.2)

z2.5

R N ol R

T (T) RT. (3.3)

w=Ma - MTRT (- )VZ (3.1

w w

S (E) ) X

Re /- [M(-'T{f' HJ(T—T R;ﬁ;] (3.6)
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For a given slope (W ) of the viscosity approximation, the
first bracket is a function of Mach number alone, and the second is a
function only of reservolr conditions and viscosity approximation.

For M<< 1 this reduces to Re/l~ M, while with the hypersonic approxi-

mation M > 1 (where 1 is neglected in comparison with 0.2 M%),

I I _
Refy ~Spaw = 1o for w= 076 (3.7)
Viscosity values were obtained from Refs. 26 and 27, Ref. 27
gives experimental values down to 80° K. It was then found that the

w
power law //‘é}h = (T/Tl) gave a satisfactory fit with w = 0,76,

1
Tl and//A.l would serve to move the region of best fit of this

7. = 200° K, Ay = 128 x 1074 dyne sec/em® (Cf. Fig. 10).. Changing

mathematical approximation,

As in the case of air (where w = (0,76 has been used), an
interesting mathematical item occurred for low temperatures, depending
on the approximation used for the viscosity. Consider the quantity
f/“' , which is of interest in the laminar boundary layer., The usual
assumption of constant pressure across the boundary layer seems valid
in the 1" x 1" tunnel, as shown in Fig, 11, For the power approxima-
tion of the viscosity relation, fa;h ~ bqul4 , indicating
unlimited increase in /3&L as T approaches zero., On the other hand,
the Southerland approximation indicates a maximum in the value of faﬁh

as T decreases, with ji/h then decreasing to zero at T = 0, For air,
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this maximum occurs at T = 110° X. This disagreement at low tempera~
ture is indicated in Ref. 28, and it is suggested that hypersonic wind
tunnel results (T < 110° ) may not have the same boundary layer
characteristics as free flight (T ¥ 110° K). The experimental values
of viscosity used in Ref., 28 are known down to T = 800 K.

The difficulty of simulating high flight Reynolds numbers is
indicated in Fig. 9 where the Reynolds nunbers for given tunnel reser-
voir conditions decrease with rach number. Free flight Reynolds number

2

increases as £ ¥ at hypersonic Mach numbers. The reguirements for

high model Reynolds number and nigh tunnel saturation Hach number are
in opposition. Heating to avoid condensation decreases Reynolds num-
ber, and increasing p, to increase the Reynolds number decreases the
saturation rach number.

If the Reynolds number is based on nozzle length from the throat,

an interesting result is available for the case of a two-dimensional

wedge of unit width,

Re-= "/7;" (3.8)

Continuity requires b = /D“- A

but A = K 9
for small & (3.9)

Combinings

(3.10)
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indicating that for fixed throat and reservoir conditions, Reynolds

number increases as

w

2
Re « <l+'ZM ) based on distance from throat (3.11)

1.5k

or Re « M2 =1 in the hypersonic approximation.

This result can be obtained from Eqn. (3.7) by use of the
hypersonic area-Mach number relation, A¢/7M5 « FPFor the wedge nozzle
L , giving

| 5 Zw

vsz= M- i (3.12)

el

e/e o

Re =

|

as before,

Flow properties can be computed from the stabic pressures in a
condensing flow, if the effective area variation is known. Ref, 1L
suggested that this area variation be obtained from a heated, non-
condensing run, using the isentropic relations betwsen static
pressure and effective area, However, if lThe effective flow area is
assumed given by the impact pressure, and 1f this impact pressure is
assumed unaffected by condensation (Ref. li and Section III-E), it can
be seen from Fig. 12 that the effective flow area was not constant

with a change in reservoir temperature for the present tunnel,

Reservoir oressure was adjusted to maintain constant reservoir

#* Hote that the effective flow areas disagreed anead of any
condensation region (x = 3 inches for run 23-1).
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By constant reservoir Reynolds number, it is meant that po/Tol‘
was held constant for the various runs. A secondary effect then was
the actval change in Reynolds number due to change in flow channel by
the measured change in boundary layer thickness. This amounted to a
% decrease in Reynolds number for the hot run in one case checked.
Were the reservoir pressure increased to keep the test section
Reynolds number identical with that of Run 23-1, the boundary layer
thickness would decrease even more than indicated in Fig. 12,

That the boundary layer in a two-dimensional wedge tunnel is
linear with distance downstream is indicated for laminar flow by
Crown (Ref. 29) from Goldstein (Ref. 30)., Agreement with this
theoretical result is either fortuitous or does indicate that side
wall boundary layer is a smaller effect.

The computations of flow properties (Section III-F) were then
made using measured impact and static pressures to avoid this uncer=

tainty of boundary layer thickness.,
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C. Effect of Additives on Nitrogen Supersaturation

The typical effect of added amounts of carbon dioxide is seen in
Fig. 3 as an increase of static pressure over the isentropic value
corresponding to the impact pressure. The saturated expansion static
pressure is shown for comparison. The effect on measured pressure
ratios of this carbon dioxide addition is seen in Fig. 5 as causing
earlier breakdown of the supersaturated condition, until at 0.26%
carbon dioxide condensation may be considered to occur at the satura-
tion point., The computed supersaturation pressure ratios and
temperatures are summarized in Table Il and plotted in Figs. 13 and
1,

When large amounts of carbon dioxide were added, the flow up-
stream of the nitrogen condensation was no longer isentropic. The
static pressure was higher than the isentropic value corresponding
to the impact pressure as shown in Figs., 3 and 5, Run 28-6 for 2%
carbon dioxide. This rise in static pressure was caused by the heat
release from the condensing carbon dioxide., Saturation and,
presumably, condensation of the carbon dioxide occurred well upstream
of the nitrogen saturation., If the gradual condensation of carbon
dioxide were approximated by the addition of heat at a point, the
solution of the continuity, momentum, and energy equations gave the
pressure rise across this discontinuity (Ref. 10, and earlier,

Ref, 31). The heat added was taken to be the mass of carbon dioxide

times its latent heat of vaporization. Using this relation, the
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pressure after this carbon dioxide condensation was compubted and
plotted on Fig. 3. The pressure before the assumed discontinuity was
taken as the isentropic value corresponding to the impact pressure
at that point. Another run of 1% carbon dioxide checked as well.

The static pressure rise for large amounts of carbon dioxide was
not caused by the slight change in the specific heat ratio, as can
be seen from Fig. 15. The isentrope of the mixture lay approximately
2% of the way from the J = 7/5 to the { = 9/7 curve, and this
correction was far too small to account for the experimental deviation
from the ' = 7/5 isentrope indicated in Fig. 5.

The effect of the addition of other substances such as water,
oxygen, and argon was always to decrease the supersaturation., The
computation of supersaturation pressure ratio is discussed in
Section IIl-A and plotted in Fig. 13. Another measure of the super-
saturation was the saturation temperature minus condensation tempera-
ture, Fig. 1L shows the same trend in this Supersaturation tempera-
ture, namely, a decrease with more additive. Very small amounts of
carbon dioxide and water, approximately 1/L%, added to the nitrogen
seemed to provide sufficient nuclei for the nitrogen to condense
approximately at the saturation point (Cf. Figs. 13 and 1k, which are
based on nitrogen saturation values).

The measured pressure ratios for small amounts of carbon dioxide
addition are shown in Fig. 16 (Cf. Figs., 3 and 5 for larger amounts

of carbon dioxide). The pressure ratios for addition of water,
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oxygen, and argon are plotted in Figs. 17 through 22. Pressure data
for some '"mo additive" runs, carbon dioxide runs, and water addition
runs are tabulated in Table IV,

Fige 23 shows the flow Mach number at which various percentages
of nucleants saturated themselves when injected into the basic nitrogen
flow, The additive saturation Mach number decreased with increased
amount of impurity. This plot is in error by two factors:

le. The change in X of the basic flow due to addition of

s

either one or three atom nucleants (argon and water).
2. The change in basic nitrogen vapor pressure curve due to
the presence of the nucleant,
From this plot it is seen that carbon dioxide and water were probably
condensed in the nozzle and in a solid state when the nitrogen
saturated. The same concentration of water condensed upstream of car-
bon dioxide, and this may explain the more severe effect of water on
supersaturation. The oxygen and argon were probably still in the gas
state, It is believed that this difference in mechanism was respon-
sible for the difference in effect on supersaturation of carbon
dioxide and waler, and oxygen and argon. o correlation was obtained
of time or distance from additive saturation to nitrogen condensation
between the water and carbon dioxide runs,
A correction to the supersaturation of the oxygen additive runs

was made for the change in the vapor pressure curve of the mixture,
o gy

% This is discussed in Section II-C,
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Addition of oxygen increased the boiling temperature at a given
pressure. Wagner's data (Ref. 12) were taken for 20% oxygen
(Cf, Fig. 8), and smaller percentages were interpolated. The results
of this correction showed practically no effect of oxygen addition on
the supersaturation temperature difference of the mixture, but still
some decrease of supersaturation pressure ratio with oxygen addition.
(Cf, Figs. 13 and 1L, dashed lines.) A similar correction could be
made for the argon addition runs.

Addition of carbon dioxide to the synthetic air (20% oxygen mix-
ture) was shown to decrease supersaturation in a manner similar to

the effect of carbon dioxide on nitrogen alone.
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D. Effect of Reservoir Pressure and Temperature on Hitrogen
Supersaturation

The range of reservoir pressure available was from L atm.
(incipient flow breakdown) to 20 atm. (instrumentation and structural
limitations). Temperature was varied from ambient (70° F) to 360° F.
At the higher temperatures and lower pressures the condensation HMach
number was not reached in the tunnel for the 0.010 square inch throat
area,

Typical pressure data for the various reservoir conditions are
plotted in Fig. 2L, showing earlier condensation at higher pressure
and lower temperature. The runs are tabulated in Table III, and the
saturation and condensation Mach numbers plotted in Figs. 25 and 26.
Apparently, an increase in supersaturation at the higher pressure more
than offsets the decrease in saturation HMach number,., This increase
in supersaturation temperature (saturation temperature minus conden-
sation temperature) is shown in Fig. 27. OSome of the scatter in the
290° K data is due to reservoir temperatures not exactly at 2900.

The range was 28L° o 295° X (Cf. Table ITI), The supersaturation of
Run 37-L is less than that indicated in Table II, but this run was
made at the same time as the others in Table III, and the trend with
reservoir conditions is considered valid, although the level of super-
saturation may be impaired. This may have been due to some con-
tamination in the newly installed supply line. Results of Ref. 6

are shown on Fig. 27 and indicate the same trend with reservoir
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conditions, although the supersaturation of the present data is
several degrees lower.

Two runs were made with the same percent of carbon dioxide added
to each and with the reservoir pressure changed by a factor of two.
The results indicate that for 0.03% carbon dioxide (the usual concen-
tration in air) the nitrogen supersaturation temperature at 16.65 atm.

reservoir pressure is only 3/L that at 8.33 atm.
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E. Impact Pressure Deficit

From run to run it was noted that the impact pressure at a point
in the nozzle was affected by the amount of nucleant, presimably
through the change in amount of condensate., Fig, 28 gives the result
of varying nucleant with the impact tube at x = 5 inches. It is seen
that the impact pressure decreased by as much as 8%. From runs made
in the 5" Hypersonic Tunnel it seems that the re-evaporation of the
condensed phase occurred within the normal shock which occurred ahead
of an impact probe. This test was done with only one amount of con-
densate, but it seems to indicate that a momentum loss by non-
evaporating drops carrying through the shock wave did not occur. A
possible explanation may be the entropy rise associated with conden-
sation and the subsequent re-evaporation., This entropy rise will
give the proper sign to the change in impact pressure. The entropy
rise must be small, for, as shown in Section IV-E, the final state of
a condensation shock is close to the equilibrium saturated expansion.

It is of interest to notice that the maximum deficit for argon
and oxygen occurred at approximately the same concentration. This
concentration was Just enough to saturate the nucleant at the Mach
number at which nitrogen saturation occurred.

The impact pressure is a function of the effective flow area.
This relation for three assumed processes is presented in Fig. 29.

The processes are:
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l. Perfect gas isentropic expansion

'gg'— = {‘CV\. (5‘) M)

2. Perfect gas isentropic expansion to saturation, followed
by saturated expansion. Refs. 2, 3, and L. Discussed
in IV-D,
3. Perfect gas isentropic expansion to a supersaturated
state, with a sudden collapse. Ref, 18, Discussed
in IV-E,
The agreement to first order among the three processes (¢ 3 %) is
the basis for the uSe of the perfect gas relation for the condensing

flow. The computed values are listed in Table V.
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Fe Integration of Flow Properties

A stepwise integration method has been developed to compute
velocity, temperature, density, and percent condensed phase in a
one~-dimensional flow, knowing static and impact pressures through
the nozzle. (Refs. § and 1lli.) Pressure measurements must extend
upstream into a reglon of isentropic flow. The equations are derived
in Appendix B, Since the vapor pressure curve for nitrogen is
approximated within 1/2% in temperature by L/R = 8LL.87° X (Cf. Fig. 8),
this integration and the saturated expansion computations are
equally valid for gas-liquid or gas-solid equilibrium. Increase of
condensed phase present (percent by mass) is shown in Fig. 30, along
with the computed amount for a saturated expansion from Buhler's
theory. and the amount computed for the condensation shocks.

It will be noted that in the p - T plane (Figs. 31 and 32) the
flow, after collapse of the supersaturated state, does not completely
retvrn to the infinite plane vapor pressure curve, but remains at a
few degrees lower temperature. Two effects seem to be present:

1. The actual saturated vapor consists of a gas in equilibrium
with liquid in the form of drops, and the energy of forma-
tion of these drops would decrease the vapor temperature,

2. Some change in the infinite plane saturation vapor pressure
curve 1s expected dve to the additive,

As shown in the Section III-B and by Fig. 12, the effective area

was not the same for hot and cold runs. For this reason the stepwise
integration method was developed using impact pressures as a measure

of the effeciive flow ares,
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G. Air Supersaturation - Scale Effect

Several runs were made in the 1" x 1" tunnel using air from the
5" compressor plant. Comparison of these runs with tegt data from
the 5" tunnel affords some insight into scale effects. For the Mach
number 9 nozzle in the 5" tunnel the expansion was so rapid that con-
densation had begun at the farthest upstream point of measurement.
Thus it was impossible to determine the supersaturation, if there
were any. For the !ach number 6 nozzle in the 5" tunnel (po =5 atm.,
I, = 298° X) the center line air supersaturation was 12.6° X and
0475 Mach number (Ref. 32) based on Wagner's air vapor pressure curve
(Fig. 8). The mean temperature gradient from saturation to conden-
sation was 2.5° K/cm. In the 1" x 1" tunnel (p, = 8433 atm.,
TO = 2980 K) the supersaturation of this same air was 12.3O ¥ and
0.56 Mach number., The mean temperature gradient was 5° K/cn. From
the similarity of supersaturation temperature it might be argued that
temperature gradients are nolt a primary parameter in condensation.
The data are certainly not conclusive, and a change of 10:1 in
gradient would be desired before drawing definite conclusions., The
Mach number 9 tunnel had approximately the same temperature gradients
as the 1" x 1" tunnel, but as mentioned before, data are lacking on
its supersaturation.

By filtering the air through a canister of drierite (water

removing chemical) the supersaturation in the 1" x 1" tunnel was

increased slightly to 12.9O K and 0,67 Mach number. Addition of a
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canister of ascarite (carbon dioxide removing chemical) in the line
increased the supersaturation to 1.,0° K and 0.7l Mach number. This
seemed to indicate that there was considerable carbon dioxide in the
5" air supply.

These data are to be compared with supersaturation of 16.0° X
and 0,89 Mach number, still based on Wagner's air vapor pressure
data, obtained with synthetic air made up from 20% oxygen in nitrogen
(Cf. Table II). This indicates some effect of the impurities in the
5" tunnel air., Addition of 0.09% carbon dioxide to this synthetic

0
alr decreased the supersaturation to approximately 6 K.
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He Helium

One run was made in the 1" x 1" tunnel with commercial helium as
the working fluid. Isentropic expansion was obtained to I = 7.2,
where flow breakdown occurred, as the diffuser and compression ratio
were not adequate for the higher lMach numbers obtained in helium. At
the same area ratio, a single atom gas ( § = 5/3) is at a higher Mach
number than a multi-atom gas. See Fig, 15 for theoretical and experi-
mental expansions at several values of ' . At the station where
Mg = 7.2, My, = 5.6, and from Fig. 15 an increase in boundary layer
thickness for the helium flow is indicated. Proper diffuser design
seems the only obstacle toc higher lMach numbers, until satburation con-
ditions are reached (Msaturation = 100 for helium at p_ = 8433 ati.,
T, = 294° K).

The major objection to use of helium seems to be its cost.
Although its mass flow (for same p,, T,, and A*) is only 0.k times
that of nitrogen, cost of equal mass of bottled helium is 187 times
nitrogen, resulting in 75 times higher running cost per unit time.

For a 5" x 5" test section at lMach number = 15, P, = 8433 atm.,
To = 294° K, &% = 0,010 (assuming approximately 60% boundary layer in
the test section). The cost of the helium to make up an estimated
10% loss each cycle amounts to approximately one dollar per minute of

running time based on three cents per cubic foot in bulk,
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I. Tuture Experimental Research

The testing reported in this thesis has shown the supersatura-
tion of commercial nitrogen for reservoir pressures to 20.7 atm. and
reservoir temperatures to L,08° K.* The effects of carbon dioxide,
water, argon, and oxygen have been shown at one reservoir condition
(8433 atm. and 290° X)., Future work could show the effects of oil,
dust, and ions on supersaturation, although the problem of controlled
addition of these elements is difficult., Doubling the pressure level
has been shown to decrease slightly the supersaturation for signifi-
cant percentages of carbon dioxide. It would be of interest to check
further the effect of additives at other pressure levels,

Probably the most important work yet to be done is an expansion
to a slightly supersaturated condition, followed by a constant area
section, This would establish the time required at constant vapor
properties to collapse the supersaturated state. To do this a con-
toured section could be faired into the present tunnel., Considerable
trouble is expected with this falring, and the test may be easier in
the larger S" tummel.

A few axial surveys were made with a thermocouple probe. Some
correlation between condensation and a rise in probe recovery factor
was indicated at first, but later runs did not seem consistent. The

program was abandoned, since considerable time was required for the

% Ref. 6 gives the supersaturation to 69 atm. and 590° X,
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temperature to stabilize and the consumption of nitrogen was excessive,

Now that the outside dock is available, the longer runs are feasible.
Hitrogen and helium have been used, and no merit is seen in

using other single gases. Carbon dioxide condenses at low ach nume

bers. Argon has a vapor pressure curve very close to oxygen. Pur

v}

oxygen is unsuitable from a safety standpoint, because the diffuser
pumps are oil-lubricated., Other gases are too dangerous or too

expensive,



- Lo -
IV, THEORY

A, Unstable Equilibrium of a Droplet in Supersaturated Vapor
Consider the equilibrium of a supercooled perfect gas and its
droplets. By the Thompson=-Helmholtz equation:

Cowm

; dRT log, PQ./Pcn (L.1)

Ver

This relation gives the relation between the thermal equilibrium
pressure p,, at temperature T over a drop of radius r and the thermal
equilibrium pressure po, for a plane surface of liquid. Several
derivations are given by Frenkel (Ref. 33) and Stodola (Ref. 3L).
For given reservoir conditions, the flow properties can be expressed
as a function of temperature only, and the critical radius computed
as a functilon of temperature. The decrease in critical radius with
increasing Mach number (from an infinite radius plane surface at
saturation) is plotted in Fig. 33. Density and surface tension
values are from Stever and Rathbun, Ref. 7, and vapor pressure from
Fig, 8. Radius values are probably reliable only above 10"7 Clle ,
as pointed out by Gibbs. Mach number is related to nozzle location
in Fig. 3k.

At constant temperature, the molecular evaporation rate is «np,..
The molecular impingement rate ¢  py (Refs. 3L or 35). To show that
the supersaturated state is unstable, consider a drop of radius r

cr

and at the same temverature, T, its necessa ressure for
P s 1y
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equilibrium Pyapor = . The evaporation and impingement rates are

Per
now equal.

Consider a variation of Teop to some r keeping the drop

l>rCI"
at Ts For this ry Y Teop the pressure over the drop is given by the
Thompson equation, Py < Pep » Since pop = Py the evaporation rate
(e pl) is less than the impingement rate («1p,,), causing the drop to
grow even larger.

If a variation of drop radivs is considered to rp, < r the

cr ’
Helmholtz equation indicates an equilibrium pressure po > Pop = Py o
The resultant evaporation rate ((/1p2) exceeds the impingement rate

(o pv), causing the drop to decrease in size. The critical drop size
given by the Helmholtz equation is thus seen to be an unstable
equilibrium.

As the Thompson formula indicates the radius droplet which is
maintained in a given supersaturation, vapor pressure curves for various
radii can be drawn. For the 8.33 atm. and 290° K reservoir condi-
for various droplet sizes., From this can be obtained a rough idea
of the required droplet growth to give the computed p - T variation,

if equilibrium conditions exist.



B. OSpontaneous iuclei Formation

Condensation of a gas in a wind tunnel may occur by at least two
phenomenat: spontaneous self-nucleation and subsequent growth or con=-
densation on the surface of a foreign particle and subsequent growth.
Condensation on the walls of the tunnel or on models is not expected,
as the boundary layer wall temperatures which approach stagnation
temperatures are much higher than free stream temperatures.

Numerous references have discussed the theory of self-nucleation
of a gas, (Cf. Refs. 7, 9, 16, 33, and 36 through Li3.) A swmary
to the present status is given by Stever (Ref,19)., As will be dis-
cussed, the conclusion of the present thesis is that self-nucleation
is not the primary phenomenon occurring in these experiments,

By Boltzman's principle, the rate of spontaneous nuclei forma-
tion is

-aW
kT

-
~
(D

l1.2)

Ke VomaT 4, (fef. 38) (1ra3)

.._A.W_. (%) 0—3 [EURS ]
l(T T3(|03e p/m)l (ne,n.. 37) (L\.A)

The numerical constants are given in Appendix C. The problem then,

if condensation is caused by spontaneous nucleation, is to determine



- 13 -

a criterion on J for condensation. It is emphasized that the above
relation for J employs values of surface tension, density, and vapor
pressure which are not knowm preciselyvdue to the low temperature and
small droplet size. The equation is for droplets, since the forma=-
tion energy for a crystal would be required for A W if the solid
state were to be considered,

The nuclei formation equation is exact when applied to a sta-
tionary supersaturation as in a cloud chamber, where the expansion is
applied and then held constant. Use of the above equation in a con-
tinuous expansion like the one which occurs in a wind tumnel is called
Tquasi~steady” and introduces non-steady errors.

Charyk and Lees (Ref. 4O) suggested a tentative criterion on the
spontaneous nuclei formation rate (J = nuclei formed per cubic centi-
meter second). Using their recommendation of logy J = 7.0 (J = 1100),
(Fige 3, Ref. L0O), the predicted supersaturation pressure ratio for
the 1" tunnel using nitrogen alt reservoir conditions of 8,33 atm. and
290° X is 10gs (/P oy )oondensation = 40 or 14° ¥ supersaturation,
Comparison with Figs. 13 and 1l shows this supersaturation was
slightly exceeded for commercial nitrogen.

A recent NACA Technical Note (Ref, L3) used J = 1O12 to define an
upper limit of expected supersaturation. The surface tension was
decreased for the smaller radii.

Stever and Rathbun (Ref. 7) noted that their experimental con=-

densation occurred where the rates of nuclei formation were very



small., Their approach was to modify the nuclei formation equation
for the decrease in surface tension with decrease of droplet size.
This gave larger values of nuclel formation rate than before, In
addition, the inaccuracies of nitrogen properties should be con-
sidered,

As first pointed out by Ostwatitsch (Ref. 38), the nuclei forma-
tion rate alone is not the only relevant parameter. Droplets formed
just after saturation have a longer time to grow than do those formed

r"\

farther downstream. The nuclel rate of formabion increases down=-
stream, so the total contribution to the condensed phase at a point
is a sumnation of the number of nuclei formed at each previous station

times their droplet growth. OSince thent
X
3
g | 3 g "
set

where & is the point of nuclei formation. (Cf. Bogdonoff and Lees,
Ref. 16,)

The conclusion was reached by Bogdonoff and Lees that condensa-
tion would not occur along the isentrope for p = 860 psia, T, = 238°
or lower pressures or higher temperatures., This is considered to be
in error due to their wmisinterpreting the experimental data, and the
theory developed for this interpretation is in guestion.

Their further conclusions that carbon dioxide up to 2% did not

produce YWeondensation or any other violent phenomena' is of interest,
k x
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Cs Droplet Growth
Buhler (Ref., 18) has presented a theory which equates the differ-
ence of energy added by condensing molecules and removed by the re-
evaporating molecules to the rate of change of the droplet energy.
Buhler's assumptions include:
le. Accomodation coefficient of unitye
2. Droplet vapor pressure given by the Thompson formula.
3« Molecular mean free path much larger than droplet radius.
i Surface energy term independent of droplet radius and
temperature.

The mass of gas striking unit surface in unit time is
M- —f |
VernRT (Ref. 35, ps 63)  (L.6)

For the condensing molecules, vapor properties (pv s TV) are
used, and energy CPTV is carried to the droplet.

For the evaporating molecules, droplet properties (pD, TD) are
used, and energy CpTD is carried away from the droplet per unit mass
evaporated,

Pp is the pressure over a droplet of radius r and is assumed
given by the Thompson formula

Tam

Po (To) = Peo (To) exP (W) (La7)

The energy of the droplets is taken as

%Lf rp €+ 4wriw (Le8)
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e » the bulk ligquid energy per unit mass, is defined from

P;eusz[FJE'Lt“ﬂ (4e9)

For nitrogen, it happens that

ne cal !
f’“r.,(f )-Co-23.9n0%dme . 57| g (5.10)

where CL is a constant value, the specific heat of the liquid by
volume,
W represents the surface energy term, and is taken by Buhler
= 6,09 x 10™7 cal/cm2

The energy equation is then

4TTT1<CPRTV -Gl To) = :_t"( 4_:;'7 P €L +41rr"w)

| (Le1l)
=Adwer {[&:L(CPTD-L) +Z%V]j{£ +£ (o %ID_}
This reduces to:
0 Ce(TT) +(G-r)(L-3%) - 5 ¢ j: (1.12)
Droplet growth is given by:
vt (T-T) = It (F*— 4"r3 or (La13)

Sﬁ: r;" D
dt f;_
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The energy equation (L4,12) is first solved with the right-hand
term set equal to zero. This gives a quasi-steady equilibrium droplet
temperature, TE « Computations for the 1" tummel at 8,33 atme. and
290° K reservoir conditions have shown that the droplet, if originally
at vapor temperature Ty , will increase in temperature toward Ty
quite rapidly as compared to the transit time. The droplet will
travel only one millimeter for the largest radii considered in the
time required to increase its temperature from Ty to Ty -

1/10 (T - Ty)e The approach to Tp is exponential.

Equations (L4.12) and (L.13) are solved with the right-hand term
of equation (L.12) set equal to zero and a small correction made for
dTD/dt later. This correction is important only for large droplets,
at which time the 2w/ fir term may be neglected compared with
L(Tp)

These computations were made and are presented in Fig. 35 as
dr/dx vs. x. A solution by isoclines will give r(x, ro) with ro
given by the supersaturation at point in the nozzle where growth of
this droplet is considered to start. These drop growth values are
good only along the isentrope. wWhen the heat release of condensa-
tion increases the vapor temperature and pressure, the previocusly
derived drop growth must be recomputed for the new vapor properties.
Rigorously, this would be a stepwise computation of the breakdown of

supersaturation,
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In ¥ig. 36 these quasi-steady equilibrium droplet temperatures
are compared with the isentropic vapor temperature, saturated

expansion temperature, and results of the flow integration,
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D. Saturated Expansion

If no supersaturation is realized, a saturated expansion occurs.
The problem was discussed by Wagner (Ref., 12). This would require
enough nuclei present (foreign impurities) to begin droplet growth at
saturation. In a seminar at Callech in June 1950, R. Buhler developed
the equations for this expansion. The experimental results of
Bogdonoff and Lees (Ref, 16) seemed to indicate the saturated expan-
sion occurred, as addition of considerable carbon dioxide gave no
change in flow properties. The implication is that the flow was
already fully saturated., The results of Buhler's derivations are
given in Refs. 2, 3, and L. This theory provides for the expansion
along a perfect gas isentrope until the vapor pressure curve is
reached. Then the expansion proceeds along this vapor pressure curve.
The saturated expansion results are shown in Figs. 3, 5, and 30. and
listed in Table IV,

The pressures of the saturated expansion are sensitive to
reservoir temperature, but not to reservoir pressure, as shown in
Fig. 37. A fixed value of L/R is taken to simplify the numerical
work. Accuracy of this value of L/R is shown in Fig. 8.

In Figs. 31 and 32 the saturated expansion is the broken line
consisting of the right half of dry isentrope and the lower half of
the vapor pressure curve, Experimental results of the 5" hypersonic

tunnel also agree approximately with the saturated expansion,
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Various speeds of sound have been postulated for the saturated
flow. Since agreement is not yet reached, it is important to realize
that the usual "Mach number " M = u/ V??if has no significance once
the flow departs from the dry gas isentrope. In Refs, 2 and L,
several velocity ratios are defined for the Mach number. These are
discussed in the next section.

A recent paper by Ross (Ref. Lli) discusses two-dimensional
oblique waves with heat addition, creation of some liquid, and change
of specific heat ratio across the waves., His conclusion is that the
heat addition (by condensation of some of the vapor) in an expansion
wave will give a smaller flow deflection than that predicted by the
perfect gas relations. This would cause flow disturbances in a
hypersonic wind tunnel designed by usual methods.

Ross uses perfect gas relations on both sides of the discon-
tinuity with usual speeds of sound and neglects the thermodynamic
energy of the liquid phase created, which is a small term. The flow
disturbances discussed by Ross would not appear before the satura-
tion conditions are reached, and thus cannot apply to the throat dis=-
turbances found in the 1% x 1" and 5" hypersonic wind tunnels,

(Cf. Section II-D.)

For extremely high Mach numbers where the stagnation tempera-
ture required for noncondensed flow is unreasonable, it may be
necessary to operate with the test section flow fully saturated. A
cur;ent thesis by Grey (Ref.32) deals with the correlation of test
data in a saturated flow with the appropriate values in the dry,

perfect gas flow.
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5. Condensation Shock

As mentioned in Section III-E, a possible expansion is to follow
the perfect gas isentrope to a supersaturated state and follow with a
condensation shock to the vapor pressure curve, All flow properties
ahead of this shock are known, and the equations of continuity, momen-
tum, energy, and state can be solved graphically with the vapor
pressure relation for the five unknowns, p, jD s Iy g, and u.

Computations for the 1" tunnel have shown that the condensation
shock results in up to 5% higher pressure and 205 less condensate
than the equilibrium saturated expansion at the same effective flow
area. The comparison is tabulated in Table V. The pressure and
temperature during the shock are approximately linear functions of
the amount of condensed phase.

From the experimental data it seems that the shock results are
a slightly better approximation to the final state than the saturated
expansion. (Cf. Figs, 16, 18, 20, 22, and 30.) It is emphasized
that the condensation shock is an end point of a process, and not an
equilibrium path to be followed further. Irom any given shock condi-

tion, a new equilibrium saturated expansion would then be established.



T+ The Speed of Sound in a Two-Phase Fluid
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In order to obtain the appropriate similarity parameter (Mach

nunber) for the flow of a two=-phase fluid, it is necessary to know

the fluid velocity and the speed of propagation of an infinitesinal

disturbance at low frequency.

1.

2e

Several '"speeds of sound" have been suggested.

the vapor, the usual perfect gas relations applye.

Momentum
U.C{LL +E!;’E-=o
Continuity
dtl d =0
T Fe
Energy
LLdu_ +deT' =0
State
p=pRT
Yielding
ot-de. fP. pRT
dp P

change in density of the vapor phase.
the approximate density relation.

is now

p=pU-9IRT

This is discussed in Ref. L.

If the drops

are neither in thermodynamic or mechanical equilibrium with

(Le1d)

If a fraction of the fluid is condensed, one effect is the
See Appendix B for

The equation of state

(he15)
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leading to: as 9_>o &zad‘RT
cj——>| a*—~ o

This is derived by Buhler, Ref. 2, and means kinetic but
not thermal equilibrium is assumed.
Considering a saturated expansion of the vapor and liquid,

the Clausius~Clapeyron relation is introduced

dp- %E _ér.g (14026)

Using the lMomentum and Continuity equations and neglecting

the change in density discussed in the previous paragraph,

we have
(M) udu + (iE =6
(©) dl\:. + éFE =0 (Le17)
(8) p~pRT
yielding
A% C_J_E RT independent of g

82 = 1,063 BT for T = 50° K
This speed of sound has the effect of the drops following
the thermal but not mechanical motion of the vapor,

For both mechanical and thermodynamic equilibrium, Buhler

) o A .
(Ref. L) has derived & , The equations are

£
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(11) leU. + (_:SISE =0

() C%er =0 (4L.18)
(B) uoLUL—tCPdT—Lclg:o

)  p-PU-9RT

Lp dT
(ce) CJP‘= ’\f{E TZ
yielding
as 3—*0
&?= gg = (I‘S)RT &z-—«w IIZRT
f l — Z_ BLT +—(£—m (g‘i-r)l -Cor‘ T=50°l’<

The last term in the denominator is not numerically signi-
ficant at low temperatures., A refinement on g using the
exact mass equation was computed and was numerically indis-
tinguishable from Euhler's equation,

The above five speeds of sound are plotted in Fig. 38 as func-
tions of g. Although the plot is continued to g = 1, these speed of
sound equations are only valid for small values of gs As g —1,0
these models require droplets to separate from each other, so the
vibrations are not transmitted. %Thus the speed of sound is decreased.
Actually, in bulk liquid the speed of sound is quite large ( a =
150,000 cm/sec for water)., It is known that a small amount of dis-
solved gas will decrease the speed of sound in a liquid. Therefore,

2

a sharp increase in a® as g — 1.0 would be expected,
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From the integrations of the flow properties, it is possible to
determine dp/df> along the nozzle, This is the square of the speed
of sound only when equilibrium conditions are reached, so agreement
of dp/dj) with any of the computed speeds of sound is expected only
upstream of condensation and well downstream of the collapse of the
supersaturated state. These values are plotted in Fig. 39 along the
nozzle and compared with the several computed speeds of sound. The
computed speeds of sound use the static temperatures obtained from

the integration.
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G. Condensation on Foreign Impurities

In an unpublished work on condensation on foreign nuclei,

Dr. P. S, Epstein of Callech concludes that the foreign nuclei are
more important than the self-created "germs". For a nucle:s concen-
tration of 100 per cubic centimeter of air at S.T.P. he obtains
(Pe/P 00 Jyox = 1ol and t = ,016 seconds from saturation to create 1%
condensed phase. Dr. Epstein makes the isothermal assumption of equal
drop and vapor temperature and thus overestimates the drop growth by
a factor of ten or more (see Fig, 36). His computation is for a
tunnel which expands to a supersaturated state and maintains this
condition for 103 seconds or more. Other assumptions are that the
nuclel are inert, spherical,and of the same size,

An atfempt was made ©to estimate theoretically the effect of
foreign impurities on flow parameters. The droplet growth was cal-
culated by Buhler's method (Cf, Section IV=C and Fig. 35) using isen-
tropic flow properties as obtained from impact pressure measurements
of Run 23-1, This computation is in error principally in that sub-
sequent heat release will affect the droplet growth.

Then, prescribing the amount of carbon dioxide present, the
number of carbon dioxide nuclel available for the nitrogen to con-~
dense on is an inverse linear function of the assumed nuclei mass
(radius cubed).

Noe. nuclei x nuclei mass = mass ratio of nucleant
This assumes an average radius of a spherical nuclei, whether in liquid

or crystal forme
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From the droplet growth curves, the fraction condensed can then
be computed for each of the assumed foreign impurity nuclei radii.
ro = 10~7 cme. seems reasonable from Run 23-1, The resultant g vs. x
is given in Fig. 0 and compared with the values of the experimental
integration. Now for addition of 100 times as much carbon dioxide
(0e2%), following the above method and using the same nucler radius
would give g values exactly one hundred times as large. That this
cannot be indicates that the carbon dioxide nuclei probably grow
faster and are much larger at the point of nitrogen saturation for the
higher concentrations of carbon dioxide.

If € is the ratio by mass of impurity,

where N is the number of
nuclei (of radius rc) per

3 = unit mass of nitrogen, (La19
%‘P VS N d.‘mpvrl."'j E g )
The nuclel are assumed
inert, spherical, and of
uniform size,

N is assumed constant along the nozzle, so the mass fraction of con-

densate is:

g- &31-'“ 3N d (L1e20)

uf4r03 en

g (r)?' du, (4a21)



- 59 -

The density of the foreign substance may differ from that of

liquid nitrogen, introducing an error in g of the order of

%rNrj (du.,_"dt) L& (1e22)

This is quite negligible for any appreciable g.

The computation of g is reduced tc selecting the appropriate
value of r, for the prescribed E .

Fig. 35 shows that the foreign nuclei theory gives approximately
the correct shape of the g vs, x family for small g at a given con-
centration of carbon dioxide, but that the values of T, must be
selected to give the proper magnitudes of g. It appears that the

following would be reasonable:

% CO2 by volume r,

.002 10~7
067 2 x 10~7
. 260 LeS x 1077

This indicates larger nuclei for the higher concentrations, rather
than just more of the same size.

This is the first approximation of an iteration., The next step
would be to compute the change from the isentroplc flow properties
due to the selected g vs. x schedule. Using the new flow properties,
recompute the droplet growth curves. Then from this droplet growth a
new g vs. X can be computed, and so forth, until sufficient conver-

gence is reached,
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Correcting the drop growth for non-isentropic conditions would
decrease the growth until the dg/dx of the saturated expansion 1s
reached, Rather than attempt the tedious stepwise process discussed
earlier, Buhler (Ref. 18) has assumed a droplet growth function which
matches the isentropic growth for g = 0 and the saturated growth
dgs/dx for g = g5a¢, With this relation, the g vs. x curves shown
in Fig, LO turn down at the dowmstiream end, due to the decrease in
dr/dx there. Later work has shown that the experimental pressure in
the breakdown of the supersaturated state can be predicted in shape
and within 1/2 centimeter in axial location without the empirical
T, VSe & schedule indicated above., The radius given by the
Thompson formula for the supersaturation existing on the isentrope
was taken as the beginning nuclei radius. All radil were considered,
and it was shown that a "most effective radius'" exisis for each con-
centration of carbon dioxide. This "most effective radius" is quite
close to the empirical values given above., Future work will apply

this theory to condensation due to water.
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V. CONCLUSIONS

The results of this investigation indicate that for impurity
concentrations slightly greater than those in commercially pure
nitrogen the condensation is caused by foreign impurities and not
by the self-nucleation of the gas.

Spontaneous nucleation would seem to require a limit super-
saturation ratio, not to be exceeded by further removal of foreign
nuclei. In the present investigation, the trend is for increased
supersaturation for each lower concentration of impurities. HNo 1limit
value of supersaturation seems to have been observed within the range
of impurities tested. This is taken to mean that spontaneous self-
nucleation is not of importance for a gas with slightly more im-
purities than commercial nitrogen. With the nitrogen alone, it is
not knowm if further removal of impurities would lead to greater
supersaturation. For the final decision on just what purity is
required for self-nucleation to be of importance, the cloud chamber
work with extremely pure nitrogen at Princeton will be of interest,

With relatively pure air, preliminary investigations indicate
that air supersaturates slightly less than does nitrogen. The
effects of impurities, such as carbon dioxide, water vapor, oil and
dust particles, and argon, upon the supersaturation of air must be
investigated further,

The experimental results indicate that, cormercial nitrogen

will supersaturate more than 150 K for the range of reservoir
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conditions used. This supersaturation increases slightly with reser-
voir pressure and decreases with reservoir temperature, The super-
saturation is decreased by additives such as carbon dioxide, water
vapor, oxygen, and argon. Carbon dioxide and water vapor are
extremely powerful nuclei for the condensation of nitrogen, and only
a fraction of a percent by volume of elther is required to eliminate
completely the supersatuvration,

During the condensation process of the nitrogen, it has been
shown that the condensation is gradual and there is no condensation
shock. After collapse of the supersaturated state, the flow properties
are approximately those after a condensation shock. As the shock
values are not an equilibrium state, a saturated expansion then must
follow. It is not known whether the condensed phase is ligquid or
solid,

It has been shown that the easiest method of detecting the
presence of condensation in the nozzle is to measure the static and
impact pressures in the flow and determine the ratio of these pressures.
The static pressure 1s sensitive to the condensation, and the impact
pressure is least affected by the condensation. The light scattering
technique of detecting the onset of condensation is not very convenient.

At extremely high Mach numbers where the stagnation temperature
required to eliminate condensation is too high for the structural
requirements, it may be necessary to operate with the flow in the test

section fully satvrated, and it may be possible to correlate the
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pressures and forces measured in a saturated flow with those of the
dry isentropic flow. A rudimentary theoretical estimate of the
amount of condensation to be expected on foreign nuclel has been

made .
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APPENDIX A

DISCUSSION OF PROBABLE ERRORS

Instrument reading and calibration errors:

Manometer tube i .1 cme for small pressures
%z «2 cm. for large pressures

Silicone specific gravity + 1%

Reservoir pressure gage + 1/l psi during a run

I+

1 psi absolute

Reservoir temperature + 20F

Inpact pressure probe + ,02 in,
location

Misalignment of static x/100" where x is distance from
tap impact tube throat

Resultant pressure ratio accuracy: using 8-1/3 atm., and 290O K as the
reservoir conditions for these
numbers,

p/p, near diffuser

reading error p, error

+ g o+ .
% error = 100 —Os1 cm silicone , -4, £3/hpsi_, 0.1 = % 2,19
5.0 cm 108 psi

p/p, near throat

= 100 £ 0.2 100 = 1/L + 0.1 =0.8%
7h 10



Similarlys
po'/p0 near diffuser = + 1,0%
po‘/po near throat = % 0.,6%
p/p,' near diffuser = % 3.2%
p/p,! near throat =% 1,2%

Saturation conditions are presumed accurate to * .2° X or % ,01 Mach

number (same reservoir conditions, no additive).

Due to the fairing of the curves from which the point of depar-
ture from the isentrope (condensation) is selected, the absolute
value of M, is probably % O,1. This means p, is accurate to * ,00L
atm. and T, to * 1,3° K. Saturation pressure p o will be known
to £ 5 x ZLO"5 atm. and the resultant accuracy in the supersaturation
pressure ratio, pe/Pey » 15 % LO%, fixing loge Pe/P wo 10 +0.5,
-1.0. The supersaturation temperature (Ts - TC) will be known to
T 1.50 K. It should be noted that the relative accuracy of several
runs made in one day with variation of only one parameter is much

better.

The probable errors in the stepwise integration due to fairing of
3% *
A/A”, and the area summation of p/pO A/A" vs. x plot will give the

following accuracy:

wuk = & 1/2%
g = 4 ,01 in the value of g
T = 4 2° X upstrean

3% K downstream

1+
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APPENDIX B
Stepwise Computation of Flow Properties,

Using lMeasured Static and Impact Pressures

The equations used in the theoretical computation are as derived

by Ostwatitsch (Ref. 39).

Assume: A mixture of gas and small liquid drops
The temperature of gas and drops the same™
The velocity of gas and drops the same
Constant value of the latent heat
The gas obeys perfect gas law

Gas density much smaller than liquid density

To develop our equations from those of Ostwatitsch, note that
(volume occupied by unit mass of gas-liquid mixture) =
(volume per mass of gas) x (weight fraction of gas) +
(volume per mass of liquid) x (weight fraction of liquid)

in symbols,

| - where g is fraction
—L = 9 -+ Q. of total weight (B=1)
§ Yﬂ“ 5 pd in liquid form

s

This implies a slow droplet growth, for, as shown in Fig, 36,
droplet and vapor temperatures are not equal for significant
growth rates.



Yomentum
Ostwatitsch glves u d u= - momentum of gas
§qas

(8-2)

d
U.C‘-LL -~ CP monentim of liquid
.P h.ttU"d

Multiply first equation by (1 - g); second by g, and add.

[E¥]

cdo (348 _-dp
udu ClP ( fj“ + ﬁ(wfd) = ¢ (3-23)

Continuity

Ostwatitsch has

dPyar dg . du
—-Fizz + = + =

for a typical case 11 = §

d__A_.-_-o {2 al
-+ A ;

and p, = 6-1/3 atm., T = 290° ., g = 0,10

-9 _ 00 3 _ ol
)Osa.s 80 fiﬂ;uid

so 1T is quite reasonable to use the approximation

L. 19 |
f Paas (E-5)

wnich gives

dps  dp  dg

=

— _ @3 s
Fﬂqs f “’8 (5-6)
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This leads to the equation in our form

C_lf 4}_& dA =0 or SDuA:M = constant (B-7)

Ener we I
= A(gaaT-Lg) =
as Cstwatitsch's g1 = C
Eoq = 1 -
*° * 23 (5-9)
z L 2
U - = T, = 2.
< + C—PT La = C,p ° + CPT gy = ow g
This assumes constant latent heat.
Equation of State
P = fgas RT = F(l"g) RT (E"'lO)

Using the approximation for gas density discussed before, together
with the Clapeyron-Clausius equation, these equations have been used
by Buhler (Ref. 3) to develop the functions of a saturated expansion.

For the integration of properties in the nozzle, the Clapeyron-
Clausius equation is not assumed, and the measured static pressures
permit a solution of the four equations. Area ratios are assumed to
be the isentropic values corresponding to the impact pressure,
leaving four unknowns, U P, T, and g. The following graphical
method of solution is due to Wegener (Ref. 1) and Nagamatsu and

Willmarth (Ref. 5).



From continuity and momentums: CI“ = - W AP

¥

(" du=ueg-u¥ onlp = WLVL[APL:"LLXP“A]

+hroo+

P

E-11)

where x denotes nozzle lcocation.

ul= u* " [A(YJP(X) A P - f FdA] (B-12)

It will be convenient to split this last integral at Xy and denote

X (213
w= u¥ - TLV\ [A(})PH)*A p -K' - fx' PdA} 13)

where X is downstream of the throat, but upstream of the condensa-
tion, so flow is still isentropic there,
. . . . 1
4s u(x.) is known from isentropic functions, ¥ may be evaluated
1 I s Y

ot X = X8
at x = x; | , A A * % e
K = m [u(m) -U ] =R () P(it) + P (B~1h)

where %L is from reservoir conditions and u, A, and p from measured

p and po‘ values,



For computation it is convenient to non-dimensionalize and use:

- p AT

G B Fe () A 19+ P’ + K’ + B
u* fv"’u* AF f*u*z' ‘O*u A* 9* u*
note
° |
P =135 [, ¥.|40

fkukl &(_E;)Wkd

d'+!

K’ ¥ Xy J(A*)J |
c:ei‘:meK "‘);“';T'i' + 1 +F§Z&—"_j’ ,_!31;14-—(%) dy ¥+I+FWL L

=:f( )+'35 (Y\. A*()Ll)
Thens
)

d (A* A

fxxg; Ik

LL (%) _|35§ ﬁ)—'“d7(——(;)A*($)+K

% P

From the equation continuity: f> ___lﬁ_____
ek
w o A*
Equation of State
I_. P/P*
E Equati ray . T T
nergy Equation gz &’Z (.u*) + 0= ¥
(%) =
¢/ RT

The last two are solved by iteration, starting with

valve at the previous station.

a

g equal to the

(B~18)
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APPENDIX C

SPONTANEQUS NUCLEL FORMATION EQUATION

_AVW/
J=K€ kT

From Volmer and Weber (Ref., 36)

AW o Arog’t

— —— 4

kT 3kT

by the Bolizmann assumption

Using the Thompson formula (L.1) for Topt

__AW,:_LG_E(:_)B(M)Z |

k 5 AT R4/ (] L)l
Te e

The constant of proportionality was taken as:

K= G.oa‘lo“( ch"'"'"f”}?' Vorm (P )z

T

d

Using the above constants:

log,a J- |03e 9.5x10%" + locj,g

[

{em (P,o (mw. Hg.)
d T

()"

P <y
-+Z|ogei; —-rl4QEF)

(loge %;)L

)

(Ref- 37 )

(C-1)

(C-2)

(C-3)

(c-L)

(C-5)



APPENDIX D

FREQUENCY OF IMCLECULAR COLLISIONS

For I = 5 expanding from p_ = 8,33 atm. and T, = 290O K, the
mean free path (Fige 33) is Le2 x lO"'5 crie Mean molecular velocity
is 20,800 cm/sec, giving 2 x 10~7 seconds between collisions. Mean
tunnel velocity from saturation to condensation (5 cm) is 70,000
cr/sec, giving a transit time of 7.2 x 10"5 seconds., The number of
collisions per cm. is 7200, with 36,000 during the transit from

saturation to condensation.



Stainless Steel Heater

Flownmeter
Small

Floumeter
Large

1/2" Bronze Lever
Quick Acting

Brown Potentlometer
Pyrometer

High Pressure Dew
Point ieter

Grove Hity Mite
Regulator
Regulator

Regulator

Oxygen Regulator

[

Pressure Gage

Pressure Gage

Vacuum Gage

Vacuun Pump
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EQUIPMENT LIST

Heliflow Steam Heater

Graham Manufacturing Co.

Fischer and Porber
Flowrator
S7-1186/1

Universal Rotameter
with Magnesium Bob

Powell Giant Valve
No. 360

156X15P
325669

Chr
Coo

ome Button
s} i

led by 002

Oxweld R=65
Oxweld R=89

Victor SR 95

Asheroft Laboratory
Test Gauge
£

Asheroft "Duragage!

Wallace and Tiernan
FA 160

Welch Duo Seal

No, 8CC10

Stainless Steel 1/16"
dia. ball float
07-150 tube

No. lli.1.310
350 psi max,
-100° ¥ to 500° ¥

Fogging type

0-3000 psig supply
0-1:00 psig delivery

0=3000 psig supply
0=1000 psig delivery

0=3000 psig supply
0=~200 psig delivery

0~300 psig

0-400 psig

0=20 mn Hg absolute

Model Ho. 1405-H



Silicone

Tubing
Diffuser Vacuum
Source

Water Removing
Chemical

Carbon Dioxide
Removing Chemical
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DC 200
Dow Corning

Saran Plastic
200 HP Fuller
Rotary Vane Compressor

Drierite
(Anhydrous CaS0),)

Ascarite

10 centistokes vis=-
cosity at 25° C,

3 microns vapor pres-
sure at 45° C,

Joints sealed with
Glyptal (G.E.)

No. C-300-300H

We A, Hammond Co.

Arthur H. Thomas Co.
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