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SUMMARY

Static and pitot pressure distributions were measured in the working
section of a 5 in. x 5 in. supersonic wind tunnel at nominal Mach numbers
of 2.48, 3.25 and 4, over ranges of absolute humidity at the inlet from
5 x 10"5 to 3 x 10-3. For these conditions, previous work would indicate
that a condensation shock would occur in the nozzle.

For a stagnation pressure of 1 atmosphere and stagnation temperatures
giving zero heat trensfer conditions at the walls, no humidity effects were
discernible if the absolute humidity was less than 2 x 10~% at M = 2,48,

3 5 104 at M = 3.12 and about 5 x 10~ at M = 3.8. Above these critical
values there was a gradual deterioration in flow distribution, but no
localised disturbances were found.

Tests at nominal M = 3.25 showed no effect of relative humidity if
the absolute humidity was less than the critical values quoted above.
(In a typical case of an absolute humidity of 2 x 10k, the relative
humidi;:y was varied between 6 x 1073 and 5 x 10~2 without showing any
effect).
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1 Introduction

When a mixture of air and water vapour undergoes an adiabatioc
expansion, its pressure and temperature are reduced. The reduction in
temperature leads to a fall in the saturation pressure of the wvapour and
this fall is more rapid than that of the partial pressure of the expanding
vapour so that at some stage the air becomes saturated. From that stage
onwards the vapour can condense, with consequent liberation of its latent
heat, so that the expansion is no longer along a dry adiabatic line.

The mechanism of the condensation process seems to depend on the
rate of expansion. If this is high, as in the nozzle of a supersonic wind
tunnel, considerable supersaturation may occur before the vapour condenses,
but the condensation then tekes place rapidly giving a discontinuity in
the flow or "condensation shock". A good account of the theory and
mechanism of condensation processes is given by Iukasiewicz in Ref.1 and
will not be repeated here,

There are two relevant measures of the humidity of the airstream.
The first is the "absolute humidity" (Q ) which is defined as the mass of
water vapour contained in unit mess of air., This gives a measure of the
amount of heat which can be liberated during condensation, and prior to
condensation it will obviously remain constant during the expansion process.

From the general gas laws the absolute humidity is related to the
total and partial pressures of the air-water vapour mixture by the formula

Mol wt of water  _Pv
Average mol wt of air p - py

Py

O. 622 =
P = B

where p is the total pressure of the mixture
and py 1is the partial pressure of the wvapour,

The vapovr pressure is usually small by comparison with the total pressure,
so that approximately

Q =o.622-i’-‘1 $ (1)

The second measure is that of "relative humidity" (¢ ), which is
defined by (
pv )
Gl A /Psv T (2)

where pg, 1is the saturation vapour pressure at the temperature under

consideration. As the temperature decreases the saturation vapour pressure
decreases and hence the relative humidity increases. (The mixture becomes
saturated when ¢ = 1). Thus knowledge of the relative humidity under, say,
stagnation conditions means that we can determine at what stage in the
expansion the mixture will become saturated. The amount of supercooling
vihich can then occur before the vapour condenses can be obtained experi-
mentally and values around 50°C are quoted in Ref.1.
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In a wind tunnel it would be desirable to avoid condensation
altogether, This would be achieved by having a sufficiently low value
of relative humidity in the settling chamber and one method of doing this
would be to increase the stagnation temperature, However the temperatures
involved increase rapidly with Mach nuamber in the supersonic range and the
condensation shock, if it occurred, would still be strong., A more satis-
factory method is to dry the incoming air and hence reduce its absolute
humidity, Equations (1) and (2) show that this will also reduce the rela-
tive humidity in the settling chamber to values dependent on the stagna-
tion pressure (i.e. for constant absolute humidity, the relative humigity
will vary directly with the stagnation pressure), The reduced relative
humidity postpones the occurrence of the condensation shock, while the
reduced absolute humidity ensures that its strength is reduced.

Raney and Beastall have made tests in a 9 in. x 9 in. supersonic
wind tunnel to determine the dryness necessary to ensure condensation free
flow in the working section over a range of liach numbers from 1.4 to 1.9 2,
At a stagnation pressure of 1 atmosphere ang stagnation temperature of
35% they found that the absolute humidity had to be less than 2 x 10™
1b/1b at M = 1,4 and less then 1.4 x 10=% 1b/1b at N = 1.9, At higher
stagnation pressures cr lower stagnation temperatures the requirements
were more stringent.

At Mach numbers above 2 it rapidly becomes impossible o provide low
enough values of the absolute humidity to avoid condensation completely,
The basis for judgement of vhether the humidity is low enough must there-
fore be changed to one less absolute in form : the judgement would depend
both on the general kach number level and on the uniformity of flow in the
working section, Thus in all cascs there would probably be a condensaticn
shock in the nozzle which by itself would alter the Mach number level in
the working section and ite reflections might penetrate into +he working
section, giving local ncan-uniformities,

The present tests were made at nominal Mach numbers of 2,48, 3.25
and 4 in a 5 in, x 5 in. wind tunnel and the intention was to obtain a
rough check on humidity requirements rather than to make a detailed study
of the problem, Beforehand one might specify a requirement that, say,
static pressure should not change anyvwhere¢ by more than %+ per cent, but
in practice the conclusions had to be drawn in a much more qualitative
fashion since the measuring accuracy (particularly at i = 4) was insuffi-
cient for a quantitative analysis. Unforturately, Sciilieren apparatus
was not available for observation of the flow, so all the results had to
be based on static and pitot pressure measurements alone,

The majority of the tests were made at a stagnation pressure of one
atmosphere and a stagnation temperature of 359, but checks were also made
of the effects of variations in relative humidity obtained from varying
the stagnation pressurc or the stagnation temperature,

The tests were made on dates between November 1953 and January 1954,
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2 Experimental eguipment., range and_accuracy of measurements

The tests were made in the R.A.E, No.5 supersonic Wind Tunnel (5 in. x
5 in. working section) at nominal Mach numbers of 2,48, 3.25 and 4 in the
working section. Stagnation pressure could be varied from 1 to 5 atmos-
pheres and stagnation temperature could be held steady to within 1/109C for
several hours at values up to 40-50°C (the upper limit is set by the use of
wood in the liner construction). The tunnel is of the non-return type.
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9.4 Pressure measurements

All the nozzles were single sided and static pressures were measured
along the centre line of the flat wall at positions shown in Fig.4. Pitot
pressures were measured at the positions shown in Fig.1, using the pitot
rake shown in Fig,2 (except at M = 2.48, vwhen pitot pressure was measured
only at the single point K, using a standard pitot tube), All the pitot
measurements were made at & single longitudinal position as shown in Fig.1.

Stagnation pressure and temperature were measured in the upstream
ducting where the maximum speed was 25 ft/sec (at M = 2.5},

All pressures were taken through Teneplas plastic tubing to liquid
manometers. Absolute measurements were made of one static pressure (R,
Fig.1) and of one pitot pressure (K, Fig.1) using a large bore (9 mm)
mercury manometer with vernier and a barometer, The remainder (41-14 and
A-H) were measured as differences from the reference pressures, using
manometer banks filled with Butyl-Phthalate. Estimates of the maximuam
reading errors which might have occurred are:

Stagnation Pressure:

2

1 atmosphere operation 1025 % 0™ in Hy

5 atmosphere operation +5 % 1072 in,Hg
Pitot and Static reference pressures +1.25 x 10~2 in.Hg
Pitot and Static differences +1,5 x 107 in,Hg,
These are only of interest by comparison with the absolute magnitudes of
the various pressures and possible percentage errors are shown in the
following table, for 1 atmosphere operation, where the absolute values

are least, (The errors in stagnation pressure reading are of the order
of 0,04 per cent in all cases,)

¥ 2.48 | 3.25 | &
p in.Hg 1.81 0. 57 110,20
O e (Reference 0.69 2.2 8. 25
e p Rk s (Differences | 0,083 | 0.26 | 0.75

t
+280 v cent (Reference | 0.082 |0.16 | 0.30
Po' (Differences | 2.0099 | 0,019 | 0.036

In the above table, p is static and po' is pitot pressure,

The values illustrate the difficulty there would be in detecting
small changes in static pressure, particularly at the higher Mach numbers,
It should be stressed that these are estimaves of reading error: the
actual reading accuracy obtained may have been higher, On the other hand
the overall measuring accuracy may have been lower: for example, diffi-
culties were experienced in obtaining and maintaining a completely leak-
proof system at M = L,




The pitot results should be more accurate, but against this must be
set unknovm errors from possible re-cvaporation of water during the com-
pression in front of a pitot tube.

All the test results are compared later on the basis of Mach number
distributions calculated from the pitot and static measurements, Fig.10
shows the errors in calculated Mach number associated with errors in
pregsure measurement: if all these errors were of equal magnitude then
at the higher supersonic iMach numbers it would be desirable to calculate
Mach number from the ratio of either static or pitot pressure to stagnation
pressure rather than from the ratio of pitot to static pressure., However
the various reading errors are not of equal magnitude and the true stagna-
tion pressure (following the condensation shock) cannot be measured, and
in calculations it is assumed to be equal to the stagnation pressure in
the settling chamber. Some discussion of the errors in “ndicatea" liach
number (using stagnation pressure measured in the settling chamber) is
given in Appendix I.

for all these reasons it was considered best to rely on general
trends shown up by the tests rather than to attempt to meke a detailed
quantitative analysis. The degree of consistency achieved in the tests
is illustrated, for example, by Fig.oa (i = 2.48). Considering the lach
numbers calculated from the ratio of static to stagnation pressure (symbol
"x",x snd ~) then at low humiditics the scatter is within the estimated
reading error, but the scatter increascs considerably with increasing humi-
dity. The reason for this increased ssattcr is not understood, but it is
possible that it is a real effect caused by some flow instability intro-
duced by the condensation shock and mey not necessarily be caused by
inaccuracy of measurement,

2 Humidity control and measurement

In the tests at a stagnation pressure of 1 atmosphere, the air was
dried by refrigeration, being supplied to the tunnel through one of the
air-cycle refrigeration units ("Butterley cold-air machine") of the High
Altitude Test Plant. By this means the humidity could be controlled over
a considerable range, The pressure in the pipe line was kept at about
% in.Hg above atmospheric (by means of a booster fan) to avoid any leaks
of "wet" atmospheric air into the system after the drier. (Withou’ the

- booster fan, the pressure in the pipe line is slightly below atmospheric
and frost points measured at the settling chamber were about 8% above
those obtained when the booster fan was running. It is not certain,
however, whether this was the result of a leakage into the pipe line or a
leakage into the hygrometer,)

After this drying by refrigeration, the air was heated electrically
and the majority of the tests were made at a stagnation temperature of
about 35°C,

The usual check on humidity is from the measurement of the air
temperature at the exit from the cold-air unit, This is a considerable
distance upstream from the tunnel entry, so in the present tests the humi-
dity was determined from frost points measured with a Brewer and Dobson
hygrometer at the settling chamber, Threc measurements with this instru-
ment were made during each test, often with different operators and the
results were always in agreement to within #19C, even at the lowest
humidities.

Fig.3 shows the ranges off absolute and relative humidities covered
by the tests, which correspond to a range of dew or frost points from
about +5% down to about -50°C.
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For the tests at stagnation pressures above 1 atmosphere, air was
supplied through the Jaeger compressors and dried by beds of silica gel,
Thus controlled variations of humidicy were no longer possible, However
at the time of the tests the plant was undergoing proving trials and the
driers were not functioning as well as they should have. This was useful
for the present purposes and absolute humidities between 10~3 and 5 x 10=5
were obtained,

3 Results and discussion of tests at 1 atmosphere stagnation pressure,
fixed stagmation temperature and varying absolute humidity

These tests were made at stagnation temperatures (Ty) of the order
of those which would be required for zero heat transfer conditions at the
tunnel walls, i.e.

1+r—-—-‘—-11‘:’12
Tﬁ/TWO = : _ (3)
1+ 0,9 Y=l 32
2

vhere T, is the wall temperature for zero heat transfer, taken as being
equal to the ambient temperature in the tumnel room,

3.1 Static pressures

Mech number distributions indicated by the ratio of static to stagna-
tion pressure arec given in Figs. La-hc. These are plotted as carpets of
Mach number against position (sece Fig.1) and humidity.

Fig.lha gives the results for nominal ¥ = 2,48 and the lgﬁﬁitudinal
distributions remain similar for humidities up to about 2 x 1 1b/1b,
above which there is a gradual deterioration, particularly at the upstream
end.

Fig.4b, for M = 3,25, shows the same trends, the deterioration
ocourring above a humidity of about 3 x 10~%, At lower humidities the
average iach number is about 3,15 instead of the design value of 3.25,
but this probably means that the boundary layer correction to the liner
profile was inadequate, A pronounced trough occurs at humidities between
3 x 10~k and 6 x 10-4, Repcat tests verified the existence of this trough
and made it seem unlikely thot it could be explained solely by errors in
measurement of reference pressure, but no other explanation can be offered
at present,

Fig.4e gives the results for nominal M = 4, These are likely to be
affected considerably by errors in measurement of reference pressure, since
the probable reading error of 6,25 per cent quoted in section 2.1 would
give over 1 per cent error in M (Fig.10). As a result a considerable
amount of faith has to be placed on the shapes of the distributions (probable
error 0,15 per cent), which remain similar over the range of humidity from
1.5 x 1072 up to 3 x 104, Slight changes are discernible at humidites of
5.5 x 1074 and 10~3 and a single set of measurements made at a humidity of
3 x 103 gave an indicated mean Mach mmber of 3.4, which could not be
plotted on Fig.4c. A plausible value for critical humidity ocould therefore
be about 5 x 10-4,

It is of interest that in all three illustrations there is no evidence

of any localised disturbance varying with humidity level which might be
attributed to downstream reflections of a condensation shock in the nozzle.
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Instead there ig only a gradual deterioration in Mach nunber distribution
as the humidity is increased above a certain level®, Taking this level as
defining the critical humidity then Figs. L4a~4c give the following approxi-
mate values for it.

Nominal M " 2,48 3,25 e

Critical absolute hwsidity | 2 x 107%| 3 x 10" | about 5 x 10~%

3.2 Pitot pressures

Figs, ba, 5b give the Mach number distributions indicated by the
ratios of pi%tot to stagnation pressure at M = 3.25 and 4, (Only a single
pitot position was available at Ii = 2,48,)

Apart from a slight reduction in average valuc, the distributions
at either Mach number remein similar over the whole range of humidity. No
disturbances were detected which might have come from reflections of the
condensation shock in the nozzle (except for a gingle disturbance at pitot
By 4, = 10~%+ in Fig.5b, but this may not be reliable),

3,3 Comparison of static and pitot pressures

These are compared in IMigs,6a-6c on the basis of Mach number in the
region of static 14 and pitot K, computed from the cxperimental values
(at static 14 and pitot K) of

(1) the ratio P/p,
(2) the ratio Po'/p
1
and (3) the ratio Po /p

where p,. 1is the stagnation pressure meagured in the settling chamber
upstream of the nozzle. O0f these, the third should give the true Mach
number, provided both that there is no re-cevaporation in front of the
pitot tube and also that the static pressure does not vary between the
wall and position K. In fact it scems that the static pressure may have
varied in this region (cxcept at M = L) since even at the low humidities
the Mach numbers calculated by the three methods do not agree with each
other. That this is unlikely to be a humnidity effect is evidenced by the
fact that the individual values appear to be essentially independent of
humidity in this region.

The lower graph in each cage is of absolute values of Mach number
plotted against absolute humidity. The upper graphs are of the ratio of
Mach number at given humidity to the appropriate value at low humidity,
once again plotted against abgolute humidity. This latter plot collapses
the values calculated by the three methods at low humidities and emphasises
the increasing displacements at high humidities. (Note that the ordinate
scale of Fig.bc is half that of Pigs, 6a and 6b,)

The curves drawn on Figs,ba-6c are completely theoretical and were
calculated from equations I.11 (for true iach number), I.15 (for lach
number indicated by the ratio P/py) and I.16 (for Mach number indicated
by the ratio Po'/p,) of Appendix I, assuming that there was 45°C super-
cooling before the condensation shock occurred and that there were no
downstream reflections. In the lower graphs the curves were fitted to the
experimental values of M at low humidity.

» As a pogsible qualification of these statements it should be noted
that there is a spacing of 1 inch between the static pressure points (Fig.1)
so that a relatively stationary local disturbance might escape detection.
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The assumption of 45% supercooling is not very important sinoe the
order of the theoretical results would not be altered if the cooling were
increased to 70°C (see last paragraph of Appendix I). Also the theoretical
approach would predict only a change in level of the Mach number distri-
bution in the working section as the humidity is increased and would not
account for any deterioration in the distribution itself.

However in spite of these shortoomings, the theoretical curves show
the game trends as the experimental wvalues and there is some measure of
agreement between them as regards the disturbing effect of high humidity.
For these reasons it was thought worthwhile to apply the theoretical
equations to determine quantitative humidity requirements. The results
of doing this are given in the next section.

3.4  Tentative oonclusions

The curves of critical absolute humidity in Fig.7 have been drawn
in accordance with the equations of Appendix I.

The limiting curve at Mach numbers between 1.5 and 2 is for conden-
sation free flow in the working section, assuming 459 supercooling, and
this is in good agreement with the results of Kaney and Beastall? for
Po = 1 atuosphere, These limiting values would vary roughly in proportion
with the stagnation pressure,

For higher ilach numbers the criterion has been changed to that of
the pressure rise (above the value for gzero humidity) allowable in the
working section and the ocurves of Fig.7 show that theoretiocally the eritical
humidity increases slowly with increase in Mach number. The experimental
estimates from Mach number distributions derived f'rom measured static
pressurcs (seotion 3.1) are plotted and show a similar trend, but increase
more rapidly with Mach number than the theoretical curves for sonstant
pressure rise,

However the experimental comparisons of seotion 3.1 were of Mack
number distributions, so further theoretical curves are given in Fig.7
corresponding to changes in Mach number of 0.14 and 0.2 per cent, The
former could be taken as being infair agreement with the experimental
results.

Also drawn is a boundary imposed by the reading accuracy of the
static pressure differences in the present tests and this could be taken
to explain in part the divergence in trend between theoretical and experi-
mental values.

Thus the experimental results could reasonably be said to give some
support to the theoretical curves and it is apparent that absolute humidi-
ties of less than 2 x 10™%* 1u/1b should not be necesgsary for normal opera-
tion at the higher supersonic Mach numbers, for one atmosphere stagnation
pressure, Effects of varying relative humidity will be considered in the
next section.

4 Results and discussgion of tests at constant absolute but varying
relative humidity

Varying the relative humidity in the settling chamber would be
expected to change the position of the condensation shock in the nozzle
and hence it might have some effect on the Mach number distributions in
the working section. If the absolute humidity is held constant, the rela-
tive humidity can be changed by varying the stagnation temperature (section
4.1) or the stagnation pressure (section 4.2).
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The tests described in this section were made at nominal M = 3.25
and the comparisons are based on Mach number distributions calculated
from the static pressure readings along the centre line of the flat wall
(Fig.1) in conjunction with the stagnation pressure in the settling chamber,

4.1 Tests at po = 1 atmosphere and varying stagnation temperature

Pig.8 gives the results of tests made at a stagnation pressure of
one atmosphere, three levels of absolute humidity and over ranges of
stagnation temperature between 36° and -4°C.

Fig.8c is for a low absolute humidity of 4.6 x 10~2 and shcws that
a tenfold change in relative humidity caused no significant change in
Mach number distribution. The change in level between the two distributions
is mostly wi%hin % per cent, which is within the estimated order of accuracy

of pressure measurement (section 2,1 and Fig.11, giving AR = +2.2 per
p

cent and Aﬂg = ¥ 0.46 per cent),

Fig.8b is for au abso%ute humidity of 2 x 10"4, wnich is near to
the critical value (3 x 10™°) suggested in section 3, when the stagnation
temperature was 35°C. Once again the effects of changing the relative
humidity are hardly significant, except at the most forward position in
the working section (static hole 1).

Fig,8a is for a high absolute humidity of 3.8 x 'IO"3 and in this
case changing the relative hanidity from 8.9 x 10-2 to 3.3 x 101 causes
an appreciable change in distribution over the front half of the measuring
stretch (static holes 1-7).

Thus it seems that changes in relative humidity by varying the
stagnation temperature will only afi'ect the liach number distribution in
the working section if the absolute huwidity is near or above the critical
values suggested in section 3. As regards the centre line distributions
of these tests, any changes are probably pgradual, spreading backwards
from the front of the working section as the relative humidity is increased,

L,2 Teats with varying stagnation pressure

Fig.9 gives the results of some tests made at different levels of
stagnation pressure, holding the stagnation temperature near to that for
zero heat transfer conditions, TIn this case comparisons are made more
difficult by the fact that an increase in stagnation pressure leads to a
proportionate decrease in the effects of reading errors., Differences may
also be caused by changes in boundary layer development along the walls
of the nozzle, but these should be of smaller order (since the boundary
layer changes would vary inversely only vith the one-fifth power of the
stagnation pressure). i

The decreasc in the effects of measuring errors is probably reflected
in the fact that the distributions in Pig.9 become smoother as the stagna-
tion pressure is increased. If this is accepted, then it would seem that
changes in stagation pressure nay have little effect on the iMach number
distributions in the working section, even at high values of absolute
humidity. However this is necessarily a very tentative conclusion, but
at least it would seem that the humidity requirements do not become more
stringent vwhen the stagnation pressure is increased.
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It should be emphasised that the tests of this section were made
only at il = 3,25, It might be expected that the effects of relative
humidity would be more marked at a lower Mach number (when the condensation
shock would be closer to the working section) end less marked at a higher
#ach number,

5 Conclusions

Consideration of iinch nuumber distributions cbtained from static and
pitot pressure measurements in the working section has indicated the
following conclusions.

(1) Por a stagnation pressure of 1 atwosphere and stagnation temperatures
giving zero heat transfer conditions at the walls (equation 3), no humidity
effects were discernible if the absolute humidity in the settling chamber
was less than 2 x 104 at M = 2,48, 3 x 10-4 at 1 = 3,12 and about 5 x 10~
at ¥ = 3,8,

(2) Above thesec critical values there was a gradual deterioration in
igtribution, but no localised disturbances were found.

(3) The experimental results were in qualitative agreeamcat with trends
caleulated in Appendix I assuming one dimensional conditions and no
reflections of the condensebion shock in the noszle, Fig,7 illusirates
the extent of this mgreement, includes results from ecarlier tests Ly
Raney? for i < 2 and gives tentative curves for critical bumidity for
M2,

(4) Varying the relative huwidity by varying the stagnation temperature
at M = 3,25 had no effect if the abgolute humidity was less than the
critical value quoted in conclusion (1).

(5) Varying the relative humidity by varying the stagnation pressure at
nominal ¥ = 3,25 had no effect over the whole humidity range, but in this
case trends may have been obsoured by the improvemant in measuring accuracy
as the stagnation pressure vas increased. However it cen probably be said
that the humidity requirements do not becane more stringent when the
stagnation pressure is increasged.

(6) Relative humidity would probably have a more marked effcct at iach
numbers less than M = 3,25 mmd vice versa,

- 12 -







LIST OF SYMBOLS

M Mach number

D pressure ( static)

Py partial pressure of water vapour

Pae saturation wvapour pressure

Do stagnation pressure

P pitot pressure |
; temperature ‘
Ty stagnation temperature

t wall temperature for zero heat transfer
N ratio of specific heats

® relative humidity (equation 2) ;
0 abgolute humidity (1b/1b and equation 1)

Pos 1o values in settling chamber

Additional symbols occurring only in Appendix

Cp specific heat of air

h latent heat of evaporation (sublimation) of water (ice)

i mechanical cquivalent of heat

q heat input per unit mass of air

Q ‘:Vopff

u velocity

p density

Suffices

iy e conditions immediatcly before and after heat addition

(3] conditions in working section when there is a condensation |

shock in the nozzle
: S e . i ) Pe
i indicated values of iach number (e.g. from —= )
D,
o1l
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APPENDIX T

Simplificd treatment of the condencation shock

If, as in Ref,1, we regard the overall effect of condensation to be
equivalent to the addition of latent heat to the flow and assume that one
dimensional theory is applicable, then we have the following relations
between the states of the gas before (subscript "1") and after (subseript
"2") the heat addition, (ncglecting viscosity and thermal conductivity).

P P
£ et : ( state) R
PaTo P1T4
Polly = Pyuy (mass £low) 1.2
2 _ AN
Polls ¥ Py = Pyuy + by (momen tum) 1.5
Jop Tp + ;u‘; = Jop Ty + zu:‘i + Jq (energy) Ik

where ¢ is the heat input per unit mass of gas,

Now under normal wind tunnel conditions, ¢ will be small compared
with the energy of the air and the resulting changes in the other quantities
may also be small, To the first order, solutions of the abovz equations
become

T

YE&;
pz/p-‘] = rl' o ~ 1 Q»‘ I.5
M; - 4
u-
o P RS Q, 1.6
Po ty *r: -1
M, \ 1 +Y.u.<f‘?: 5
-5 = 1.k I,7
I, Mf L5, v )
L2
v Yy M
and o L 1.8
P 2
where % - qT
“p
and a
L:\30 - r
o T
p
with o |
f = P, e— A
1 1 2J Gp ?

(note that == = 1+ Q).




We now assume tha.t equations I.5 to I.8 will give the changes in
gas quantities across the condensation shock., If the shock occurs in the
expanding portion oi‘ the nozzle and if we neglect its reflections, we may
also calculate its approximate effect on the flow quantities in the work-
ing section, as follows,

Suppose the cross section of the nozzle is at the shock position
and A 1in the working scction. Then making the sweeping assunption that
one-dimensional conditions apply, we have

il

Pq Wy A,' pud
T.10

92u2A2 = pcucA

where subscript "e" denotes the disturbed conditione in the working section
when a condensation shock is present in the nozzle., Assuming thet isen-
tropic flow conditions exist between Ay and A, we find that

/ N T
\ (o) (o522
i i 1_1\1+m1)\1+ — ¥ . Yo
2 D o] <
M M o-1

or

= 2
A AR AREE P I
) = (1 - I.12

\'" ¥ M, -
\ 1'1)14_::..«11'2 W - 4

s
2 1

Inspeotion of equation I.12 will show that for given I, and M> M,

083

and its value decreases as i increases. Thus this crude argument would
indicate that the ouverall effect in the working section of a condensation
shock of given strength in the nozzle, decreases as the working section
dlach number increases. Hence, for example, the humidity requirenents at
M = 4 may be less stringent than those at M = 3,

The effect on static pressure is given by

2 = 1440, {;Lﬁ (14 y2) -wﬁ_| 13

and on pitot pressure by

»
1
Pog 1.12 -1
=2 = 4w, | b (1evif) - ng Ik
Fo LA . gnd

L 2y .

(neglecting any re-evaporation in front of the pitot tube).
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Indicated Values

The above represent the true changes which would occur with this
simplified model. In experimental work pg, pé)c and pyq ¥vill be kmown,

but not pyo, #0 it is of interest to determine the "indicated" lach numbez,
M' .

If determined from the ratio 1o/ Poqs it can be shown that

M B
.
..é = 1—51
M
N S L.15
where / b \
Po/ . ' 3‘1‘>
B ol \C/P1/) \\1+ J{]'2/
g =
YMZ

where Po/p is given by equation I.13.

1
On the other hand if M is detormined from the ratio °%p, then

-~

ity
& i R
L.16
/. N\ o 4 ~ >
where (=22 - 1) <1+_L2_1 1\-12) (Mz..xa.i)
_ \Po / \ 2
fio (iP-1)? )

/
Finally the true Mach nwiber (lrf.c) should be given by \pc'c/pc> §
but additional errors msy arise in the measured pitot pressure if the
compression in front of the pitct tube caucges some re-evaporation of the
water present in the airstream. For this reason it might secem better to
rely on static pressure measurements when cvaluating humidity effects.

Y

Values of &

In previous expcrimental work at lower ilach numbers it has been found
that supercooling tekes place before the condensation shock and equations
I.5 to I.8 would give reasonable estimates of pressure change etc,, if the
amount of wvapour condensed is chosen to give saturation conditions after
the shock,

Now

(8]

A} = -1__—(1.__- "‘Q,1 = ! )
Cp T ! Cp Ty
where q is the heat input per unit mass of air. Thus
g = hah, .47
where h is latent heat
Q, is absclute humidity

and Lo I (%

Assuming 45° supcrcooling and values of 0 o between 5 x 107 sna ‘10"j
(a range of humidities found in wind tunnel work) then application of the

- AP



charts of Ref.1 shows that "n" is very nearly unity under these conditions.
Hence in a high Mach number nozzle a second condensation shock is most
unlikely to occur and the main uncertainty will arise from reflections of
the original shock,

Values of i\rL|

The curves which have been drawn in Figs, 6a-6c¢ were calculated from
equations I.11, I.15 and T.16 assuming a supercooling of 45°C, For a
stagnation temperature of 359C, this amount of supercooling gives the
following values of My in terms of absolute humidity Qg,

fg= 5x407 10 2 F o | 6 [407?]3 5 1072

1.96 1.86 1 1.80] 1.70| 1.65 | 1.59 1.43

My =

The choice of 45° supercooling was quite arbitrary in the present
case and different amounts would malze o slight difference to the positions
of the curves in Figs. fa-6c, For example, a supercooling of 70°C would
alter the "true" Mach numbers (equation I,11) by the smounts shown in the
following table.

Bffects of varving amounts of supercooling on "true" Mach number

M 2.48 3,25 40
(a) (}0 = 1 x ﬁ0"4
1 Xe) 852 sc 0.0012 | 0.0009 | 0.0008
"M,/ 707 sc 0,0015 | 0.0012 | 0.0010
() a4 = 1 x 1072
BN 15° w0 0.0091 | 0.0072 | 0,0061
¥,/ 70° so 0.0119 | 0.0095 | 0.0080

Thus there is no change in the order of the "errors" and in view of
the drastic assumptions made in formulating the theory and tne soatter of
the experimental results in Pigse. 6a-6c, no conclusions can be drawn
concerning probable amounts of supercooling in the nozzle,
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FIG.4b. MACH NUMBER DISTRIBUTIONS INDICATED BY RATIOS OF STATIC TO STAGNATION PRESSURES.
NOMINAL M=325 T, .2 35°C.
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