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SUMMARY

Tests have been made in the R.A.E. No.18 (9" x 9") supersonic tumnel
to determine the dryness of the air circulating through the tunnel necessary
to ensurc condensation free flow through the working section. Results of
the main investigation made without a model mounted in the working section
are a3 follows:-

(1) To ensure condensation freec flow at normal operating conditions
of atmospheric stagnation pressure and 30 o stagnation temperature
the humidity should be less then the criticel values of 0,004
and 0.0001 1b of water per 1b of dry air at Mach numbers of 1..41
and 1.91 respectively.

(2) Condensation occurs when the free stream air tempersature is from
38°C¢ to L9°C below the saturation temperature over the range of
Mach numbers from 1.41 to 1.91, Variation of supercooling with

gtagnation pressure and temperature is small,

A single test indicates that a strong shock wave has little effect in
causing premature condensation but that local expansions around a model mey
substantially reduce the critical humidity.
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1 Introduction

It has previously been observed that variation of the molsture content
of the air flowing through a supersonic tunncl can cause changes in the
pressure and Mach number distributions. Those changes sre caused by con-
densation of some of the moilsturc in the air. The theory and mechanism of
condensation in supersonic tunnels are discussed fully in Ref.1, and briefly
described below.

Then air is expanded adiabatically as in a supersonic tunnel, the
fall of temperature results in a reduction of the saturation vapour
pressure. This reduction is greater than that of the static pressure,
and consequently a point is reached af which the air becomes saturated,
end witn any further expansion, supcrsaturated. This condition can be
relieved by condensation of the excess vapour. For condensation to occur
there must be nuclei prescent upon which the water droplets can form. As
condensation on dust particles is negligible in a supersonic tunnel, it
takes place on condensation germs consisting of a smell number of water
molecules, These germs continually form and bresk up once the air is
saturated, The development of condensation dopends upon their rate of
formation, end this is primarily dependent on supcreooling, the amount by
which the local air tempeorature is below the saturation temperature.

Vhen condensation occurs, it takes place suddenly causing a dis-
continuity in flow. This is referred %o as a condensation shock. As
disturbances originating from it are propagated dovmstream, it is obviously
desirable that for tests where a uniform and steady flow is required, the
condensation shock (if it exists at all) should either be downstream of the
working section in which case it will not affect the flow there, or else be
so wesk that the disturbances ceused by it sre negligibly smell, In this
note results are presented of tests made during 1951 and 52 in the R.A.E.
No.18 (9" x 9") supersonic tumnel, to determine the dryness of the air
required to ensure condensation free flow through the working section
(tunnel empty) to cover the normel range of operation of the tunnel. This
data was required in the first Elace so that an accurate calibration of
the tunnel liners could be made<,J.

With a model mounted in the tunnel, there will usually be regions
where locally the air is expanded above the free stream conditions, c.g.
over the upper surfacc of a wing at incidence. These cxpansions may be
strong enough te causc condensation in an airstrcam which would otherwise
be free of condensation. A brief experiment is described in which a
measurement of this cffect was made.

No measurements have been madc of the changes occurring across a
condensation shock, other than the pitot pressure, but estimates have been
madce and are presented in this report.

Terms generally uscd in referring to the humidity of air, and other
terms used in this note are defined in the Appendix with the aid of Fig.1.

2 Tunnel Design

The No.d8 tunncl has & closed circuit and is cepsble of continuous
operation u% to a Mach number of 1.9 and over a range of stagnation pressure
from about 1/5 to 1% atmospheres. Liners are available for Mach numbers of
1.3, 1.4, 1.5, 1.6, 1,8 and 1.9. In each case the true Mach number is
approximetely 0,01 higher than the nominal valued, The simplified diagram
of the tunnel layout shovm in Fig.? gives deftails of the design relevent
to these tests. These are discussed individually below.
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2,1 Driers

“Jhen the tunnel 1s in operation a proportion of the air circulating
through the tunnel is bypasscd from the 1orking section and flows through
two silica gel beds which absorb the moisture from the air. The quantity
of air so bypassed, and thercforc the humidity of the air in the tunnel
cirouit is controlled by valve No.1 (Fig. 7). A water cooler ahcad of tho
dricrs reduces the temperaturc of the air flowing through them, and thoreby
improves thelr performence, The dricrs ere reactivated periodically by
pasging hot air through them, to romove the moisture sbsorbed during
normal tunncl operation. rbsolute humidities of less than 0.0001 1b of
water per lb of dry air have been measured at atmospheric stagnation
pressurc., At lower stognation pressures lecks into the tunnel limit the
humidity which can be obtained to a substaniially greater value.

2,2 Hygromester

A frost point hygrom.e‘l:er)+ with carbon dioxide as coolant was uscd to
measure the humidity of air bled from the maximrum section., The tunnel
trunking between the maximum and working sections is effectively free
from leaks and so the humidity in the working section may be taken as
that measured.

The hygrcmeter has not been calibrated against a standard instrument,
but neglecting any basic instrument error readings of the frost point can
be taken to within about + 139, The corresponding error in humidity
varies between + 205 at a humidity of 0.0001 1b/1b, and + 10 at 0,002
1b/1b. Error in the estimated values of supercooling from this source
is about + 2%,

2.3 BStagnation Temeraturc and Pressure Control

Stagnation temperature is controlled by regulating the {low of watexr
which circulates through the cooler in the maximum section to absorb the
heat gencrated by the compressor. The normal range is smell (between 20 ©
and 35°C). Higher tomperatures src not recommended ss warping of the
wooden liners may result.

liost tests are made at atmospheric stagnation pressure, which can be
meintained accurately constant by opening velve No.Z2 (rlg.j) leaving the
maximim scction open to the atmosphere, and by means of a speed control
on the main compressor motor to minimise speed changes causecd by
fluctuations in the vocltage.

To obtain stagnation pressures above or belovw atmospheric pressure,
valve Ho.2 is closed and the pumps are used as corpressors or exhausters
respectively. Uhen the required pressure has been obtained it is main-
tained constant by adjusting the setting of valve No.2 until the leak
out of or in through it just balances the discherge of the pumps. IFluc—
tuations in stapgnation pressure are considersbly greater than </hen
operating at atmosphcric pressure as the pumps have no speed control,

3 Details of Tests

A group of nine pitots covering a six inch square area vas used f'or
most tests to measurc the pitol pressure in the working gection.,” The
ahsolute pressure from the central pitot was measured with a mercury

#*Mhe tuncl choked with thesc pitots at a liach number of 1.41. A sccond
group of pitots, five inches square, was used at this liach number, and
for the tosts deseribed in scetion 3.2. No measurcments could be maede
with the 1.3 Mach number linor fittcd, becausc of tunncl choking.

...}_I__.-



barometer and compared with the siagnation pressure similarly measured to
obtain the indicated lMach number. Differences in the pressures from each
of the nine pitots werc obscrved on a differcntial water manometer, By
this method small changes in lMach number disitrlbution could be accuratcly
observed,, as a pressurc difference of one inch of water represcents a change
of Mach numbcr of 0.01 and 0.005 at free stream valucs of 1.4 and 1.9
respectively at atmospheric stagnation pressure.

Test procedure was to keep stagnation pressure and temperature constant
and measure the nine pitot pressures with the humidity incrsasing gradually
from a value at which the condensation shock was estimated to be well dovn-
stream of the vorking section. In each test the pressures registered by
the pitots were at first steady as the humidity was increased, but then
changed suddenly and varied continually as the humidity was increased
further. This disturbance indicated the passage of the condensation shock
past the plane of the pitots. The conditions at which the first changes
were observed are referred to as the critical conditions, As the criticsl
humidity varies widely -over the range of Mach number, stagnation pressure
and stagnation temperature, it has been found more convenient to present
the results in terms of critical supercooling, changes of which are found
to be relatively small, and which 1s a more fundamental variable than
humidity as explained in section 1. The critical supercooling is the
amount of supercooling achieved beforc condensation occurs, It is deter-
mined from the difference between the saturation temperaturc estimated
from the humidity end stegnation conditions, and the local air temperature
at the condensation shock, This is equal to the free sgtream temperature
in the working section, at the moment when the condensation shock pssses
over the pitots, and is estimated from the measured values of Mach number
and stagnation temperature,

L Results and Discussion

4e17 Tunnel Empty

In this section the resulis ol the main series of tests are discussed,
in which no model was mounted in the working section ashead of the pitots,

Two preliminery tests were made at atmospheric stagnation pressure and
a Mach number of 1.51:-

(i) The first was to determine whether the condensation shock
passed instantaneously through the whole length of the working
gsection, or if the critical condition varied with distance back
down the working seotion. No measurable difference was observed
between two stations 10% inches apart.® All further tests were
therefore madc ot a fixed position vhich was ncar the middle of
the warking seotion.

*In Ref.5 a similer investigation was made of the variation of critical
conditions with distance down the working section. In a 4" x 10" tunnel
tested at M = 2,0 a reduction in critical supercooling of 140¢ per foot
length of working section was measured and found to be approximately
constant over the two foot long working section. Preliminary results in

a tunnel five times larger are stated to agree with this., In a 3.4" square
tunncl at M = 1.45, 2 result guite different has been obtained, but no
explanation was put forward. A rcduction in critical supercooling of 11°C
was measured in the first gix inches of the working section, with little
further reduction through the rest of the working section.
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(ii) Tests at stagnation temperaturses of 22°C and 359C showed that
there was no measurable change in eritical supcrcooling, liost
tests were therefore mode at high stagnation temperature (35°C)
50 that less drying weg required to climinate condensation
offects and so that observation of the critical humidity was
simplified as changes in pitot pressure were larger.

The following table summarises the main results. Those guoted for
a liach number of 1,51 at atmospheric stagnation conditions and 35°C stag-
nation temperature are average values obtained from cight sets of measure-
ments taken at different times during the investigation. The critical
supercooling varied within + 2200 of the average valuc giving an indiecation
of the accuracy and repeatability of ihe measurements.

Hach Stagnation Stagnation Critical Critical
Aumber Pressure Temperature | Humidity Supercooling Al
(atmospheres) g 1b/1b °c
1.41 1 35 0. 0020 38 -
1.51 0.33 25 0. 0024 L2 -
0. 66 35 0.0020 X -
1 35 0.0010(5) )8‘ 0, 002
1035 35 O. 0006 JD -
1,61 1 35 0, 0005(5) L 0,003
1,81 1 35 0, 0002 L5 ~0.002
14691 1 35 0. 0001 (L) L9 0,003

AM 1s the change across the condensation shock of the average value of
Mach number determined from the measurements of stagnation pressure and
the nine pitol pressures.

Critical suporcoollng over the range of condltlons investigated
varies between 3600 and 49 C. This compares with 50 ¢ quoted in Refl.]
as an average value to be expected for supersonic tunnels of this size;
whilec 300 to 40°C is obtained from semi theorctical analy31s5 based on a
limited number of experimcntel resulits within the range of the present
investigation for tunnels 3.4" sguarec and L" x 10",

The variation of critical supercooling with lMach number is shown in
Figes and with stagnation pressure in fig.5. Assuming that the effects
of stagnation pressure and temperature measured at a Mach number of 1,51
are applicable over the whole range of Mach number, the variation of
critical humidity over the normal range of conditions is plotied in Pip.6.
This shows the adventage which can be gained by operating at = high stag-
negtion temperature. It is worth noting that air at average atmospheric
hunidity, 0.005 1b/lb, would be sufficiently dry for condensation free
flow up to a Mach number of about 2.0 at a stagnation temperature of 100°C,
Isentropic expansicns for differcnt operating conditions are shown in a
sketch of the temperature entropy diagram for water vapour (Fig,.2 ), and
discussed in the Appendix to illustrate qualitatively metheds for
eliminating condensation.

The last column of the table above gives values of the increase in
the average value of indicated Mach number, AM, across the condensation
shook at atmespheric stagnation pressure. At stagnation pressures other
than atmospheric, accuracy is toc low for these small increments to be
measured. This change is in cvery case small and of the same order as
the sccuracy of measurcament (T C.005 and + 0.003 at Mach numbers of 1.41
and 1.91 respectlvcly) This may lead to " the false impression that chenges
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in the true Mach number arc also negligible, and that consequently the
attainment of condensation free flow is not necessary. This is disproved
by estimates of the changes occurring across a condensation shock at
atmospheric stagnation pressure and 35°C stagnation temperature - the
conditions at which most tests werc made. In making these estimates it

has been assumed that condensation occurs as a normsl shock and that all
the excess moisturc is condensed so that the air is just saturated after
the shock. Although condensation is known to occur in an oblique shock
rather then a normel onc, thesc assumptions have proviously led to
estimates in good agrecment with measured changes. The meesured variation
with Mech number of the critical humidity has been used as a basis for
these celeulations (see Fig.7a). The estimated increase of static pressure
and decrease of stegnation pressure is shown in 7ig.7b. This loss of total
head will lead to false values of the change of Mach number if based on the
stagnation pressure in the maximum section (FMig.7¢). In these circum~
stances indicated changes ere substantially less than the true changes
particularly if obtained from the pitot and stagnation prossures as in the
present tests.

) At the stagnation conditions under consideration, and at an absclute
humidity of 0.0002 1b/1b, the estimated reduction in Kach number across a
condensation shock ocecurring at a jiach number of 1,81 is about 1/3%.

.2 The Effect of an Upstream Fxpansion on Critical Humidity

The measurements so far described were all made without a model in
the tunnel. TFor most tests however, a model vill be mounted in the
working section and will produce:-

(i) A shock system through the working section.

(ii) Expansions, often producing local Mach numbers ahbove the free
stream valuse.

Either or both of these effects may contribute towards premature
condensation, although conditions arc such as would ensure condensation
free flowr if the tunnel were empty. A single test with a model producing
a large region of increascd Mach number showed this to be =o.

A 9O wedge of 2% inch chord and 7 inch spen was mounted back to front
in the tunnel two chords shead of the pitot comb, and slightly above the
tunnel centre line so that none of the pitots was in the wake., The inci-
dence of the wedge was adjusted to give a lccel Mach number of 1,81
(estimated from the static pressure on the wedge) over the upper surface,
compared with the free stream Mach number of 1.51. Observations of the
critical humidity were made both with and without the wedge in position
at atmospheric stagnation pressure and 35°C stagnation temperature.
Chenges with humidity of the pressure daifferences registered by individual
pitots relative to the central one are showm in Fig.8 for two pitots and
compared with results of tests without the wedge at free stream liach
numbers of 1.51 and 1.81, The curves shown for pitot No.6 are typical
of all pitots below the wake. The oritical humidity is slightly less
than without the wedge at the same Mach number. Curves for pitot No.l
are typical of all pitots above the weke, and immediately behind the
expansion over the upper surface of the wedge. Tor these pitots the
critical humidity opproximates to that measured without the wedge at a
Mach number of 1.81 (equal to the local Mach number over the wedge).
These results indicate that a strong shock wave has little effect on the
critical humidity, but that local cxpansions around a model may reduce
the eritical humidity to that corresponding to a free stream Mach number
equal to the maximum local value over the model. The fellowing table
which includes the valucs of supercooling quoted at a lach number of
1.51 summarises the results.

#
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s | Critical humidity | Supercooling oC at
Test Conditions etc. Ib/lb < .1014‘ ¥ = 1'51
(a) With Vedge; By = 1,51
above the woke 3 24,
below the wake G 37
(b) 1ithout wedge:-
Hy = 1.51 2 20
M, = 1.81 12 40
5 Conclusions

Tosts have been made in the R.A.E. No.18, (9% x 9% supersonic tunncl
to determine the dryness of the air circulating through the tummel required
to ensurc condensation free flow through the working section with no model
in the tunnel. Results arc as follows:-—

(i) To avoid condensation effects at normal operating conditions
of atmospheric stagnation pressure and 30°C stagnation iempera-
ture, the absolute humidity should nol be more than G, 0014 and
0,0001 1b of water per 1b of dry air at free stream lach
numbers of 1.41 and 1.91 respectively. Critical humidities at
other operating conditions are shown in Fig.l.

(ii) t atmospheric stagnation pressure, condensation ocours when
the free stream air temperature is 38°C below the saturation
temperature at a Mach number of 1.41, increasing to L99C at
a Mach number of 1.91.

(iii) The degree of supcrcooling attained before condensation occurs
decreases slightly as stagnation pressure is increased. No
measurable change in supércooling vas observed for stagnation
temperatures between 22°C and 35°C.

(iv) A single test with a model mounted in the tunnel working section
indicates that & strong shock wave has littlec effect on critical
* humidity, but that local expansions around a model may reduce
the eritical humidity to that corrcsponding to a free stream
Mach number equal to the maximum local value over the model,

(v) Changes in Mach number across a condensation shock determined
from measurcments of pitot pressurc in the working section and
stagnation presswre in the maximum section are small. Theoretical
estimates show that the truc changes arc several times greater
than the indicated valucs mcasured in this way. At a humidity of
0.0002 1b/1b the cstimated change in Mach number is less than 3%.



APPENDIX

Isentropic Exvansion of Vater Vapour Mixtures

1 Definaitions etc

Moisture content 1n a mixture of water vapour and dry air can be
referred to by three terms:~ absolute humidity, relative humidaty and
dew point.

Absolute humdaty, 0, directly defines the moisture content, and

is equal to the mass of water vapour in the mixture per unit mass of dry
air.

Relative humdaty, ¢, is the ratio of the vapour pressure to the
saturation vapour pressure at the temperature of the mixture.

Dew pornt, Tge, 1s the saturation temperature at the vapour pressure
of the mixture.

Neather rolatave humidity nor dew point defane the proportion of
wvater vapour to dry air in the mixture, unless other properties of the
mixture are also known. For this reason absolute humidity has been used
throughout this roport in referring to moisture content.

The relationship between these three terms vwas shown in Ref.1 with
the axd of the tamperature entropy diagram for vater vapour. A sketch
is reproduced an Fig.1, and aincludes the saturation line at one value of
absolute humidity. Then considering point K:-

1

Relative humdity, ¢ Py /Py

Tg (Temperaturc at R)

Devi poant, Tgow

Two other definitions can be 1llustrated in Fag.1, by considering
an isentropic expansion KIMY from an initial state defined by K.
The vapour becomes saturated at L, where the expansion line cuts the
appropriate saturation line corrcsponding to the abzolute humrdity.
With further expansion the vapour i1s supersaturated and condensation
ogeurs at N,

Supercooling at any instant between saturation and condensation is
defined as the dafference between the saturation and local temperatures,
Thus, supercooling at M 1s Ty - Tyge

Critical supercoolang 1s the value of supercooling attained just
before condensation occurs. Thus the critical supercooling for this
expansion 1s Ty = Ty.

2 Condensation Free ¥low

A more detailed representation of the temperature entropy diegram
for water vapour is shovm in Fig.2. It ancludes comdensation lines
whach defane conditions at which condensation shocks occur in the super-
sonic expangion of humd azr. They have been dravn assumng constant
eritical supercooling for all operating conditions, This is an approxi-
mation to the results of the present report. Iaines are also shown in
this figure representing isentropic expansion through a pressure ratio

p/P3 = Pp/Ps-

- 10 -



ABCDE represcnts an expansion from anatial (stagnation) condaitions
of pressure p, and temperature T, to a pressure p.. For an absolute
humidaty of , the vapour becomes saturated at B ané condenses at D
before the end of the expansion at E, The dascontinuity which viould
occur at D s not shown. The critical supercooling for this expansion
is Ty = Tp.

If the humdity zs decreased to Q,, saturation 1s delayed until G,
and the complete expansion occurs without condensation. The expansion
could continue tc F corresponding to a pressure p& before condensation
viould occur.

It can also be seen from Pig.2 that expansion with a humidity of Q4
through the pressure ratio p1/p could be obtained without condensation
by operating either at a higher gtagnatlon temperature (expansion line
Ay By E1) or at a lower stagnation pressure (expansion line An Bo EQ).

It follows that 1f condensation occurs at any operating conditions
of a supersonic tunnel, a1t can be elumnated by one or more of the
following steps:-

(a) Reducing the absolute humidaty.

(b) Increcasing the stagnation temperature.

(¢) Reducing the stagnation pressure

(d) Operating at a reduced pressure ratio, (1.e. at a lower
¥ach number).

- 41 =
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