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SUMMARY 

Sta t i c and p i to t pressure d i s t r ibu t ions were measured in the -working 
section of a 5 in. x 5 in . supersonic wind tunnel a t nominal Mach numbers 
of 2.48, 3.25 and 4, over ranges of absolute humidity a t the i n l e t from 
5 x 10~5 to 3 x 10-3, For these conditions, previous work would indicate 
tha t a condensation shock would occur in the nozzle. 

For a stagnation pressure of 1 atmosphere and stagnation temperatures 
giving zero heat t ransfer conditions at the walls , no humidity effects were 
discernible i f the absolute humidity was l e s s than 2 x 10-4 a t M = 2.48, 
3 x 10-2*- a t M = 3.12 and about 5 x 10-4 a t Iff = 3.8. Above these c r i t i c a l 
values there was a gradual deter iorat ion in flow d i s t r ibu t ion , but no 
localised disturbances were found. 

Tests a t nominal M = 3.25 showed no effect of r e l a t ive humidity i f 
the absolute humidity was l e s s than the c r i t i c a l values quoted abo/e. 
( in a typical case of an absolute humidity of 2 x 10"^-, the r e l a t i v e 
humidity was varied between 6 x 10-3 and 5 x 10^2 without showing any 
effect). 





LIST OF CONTENTS 

1 I n t r o d u c t i o n 4 

2 Exper imenta l equipment, range and accuracy of measurements 5 

2 .1 P r e s s u r e measurements 6 
2.2 Humidity c o n t r o l and measurement 7 

3 R e s u l t s and d i s c u s s i o n of t e s t s a t 1 atmosphere s t agna t ion 
p r e s s u r e , f ixed s t a g n a t i o n temperature and va ry ing a b s o l u t e 
humidity 8 

3.1 S t a t i c p r e s s u r e s 8 
3.2 t i t o t p r e s s u r e s 9 
3 .3 Comparison of s t a t i c and p i t o t p r e s s u r e s 9 
3 . 4 T e n t a t i v e conc lus ions 10 

4 R e s u l t s and d i s cus s ion of t e s t s a t cons t an t abso lu t e but 
vary ing r e l a t i v e humidity 10 

4 .1 T e s t s a t p 0 = 1 atmosphere and vary ing s t agna t ion 
tempera ture 11 

4 .2 T e s t s with va ry ing s t agna t ion p r e s s u r e 11 

5 Conclusions 12 

L i s t of Symbols 13 

References 14 

APPENDIX 

Simpl i f ied t rea tment of t h e condensat ion shock 

LIST OF ILLUSTRATIONS 

Location of p r e s s u r e measuring p o i n t s 1 

D e t a i l s of p i t o t r ake 2 

Ranges of humidi ty covered by t h e t e s t s 3 

Mach number d i s t r i b u t i o n s i nd i ca t ed by r a t i o s of s t a t i c t o 
s t agna t ion p r e s s u r e s 

Nominal M = 2.48 4a 

Nominal M = 3.25 4b 

Nominal M = 4 4o 

- 2 -



LIST OF ILLUSTRATIONS (Contd) 

Mach number d i s t r i b u t i o n s i n d i c a t e d by r a t i o s of p i t o t t o 
s t agna t ion p r e s s u r e s 

Fig. 

Nominal M = 3.25 5a 

Nominal M = 4 ^ 

Comparison of Mach numbers indicated by static and pitot pressures 

Nominal M = 2.48 6a 

Nominal M = 3.25 6b 

Nominal M = 4 6 c 

Variation of critical absolute humidity with Mach number for 

p0 = 1 atmosphere and T H D = 35°C 7 

Effect on indicated Mach number of varying stagnation temperature 8 

Effect on indicated Mach number of varying stagnation pressure 9 

Errors in calculated Mach number associated with errors in 

pressure measurement 10 



1 Introduction 

When a mixture of a i r and water vapour undergoes an adiabatio 
expansion, i t s pressure and temperature a re reduced. The reduction in 
temperature leads to a f a l l in the saturat ion pressure of the vapour and 
t h i s f a l l i s more rapid than that of the p a r t i a l pressure of the expanding 
vapour so tha t a t some stage the a i r becomes saturated. From t h a t stage 
onwards the vapour can condense, with consequent l ibera t ion of i t s l a ten t 
heat , so that the expansion i s no longer along a dry adiabatic l i n e . 

The mechanism of the condensation process seems to depend on the 
r a t e of expansion. I f t h i s i s high, as in the nozzle of a supersonic wind 
tunnel , considerable supersaturation may occur before the vapour condenses, 
but the condensation then takes place rapidly giving a discont inui ty i n 
the flow or "condensation shock". A good account of the theory and 
mechanism of condensation processes i s given by Lukasiewioz in Ref.1 and 
wi l l not be repeated here. 

There are two relevant measures of the humidity of the a i r stream. 
The f i r s t i s the "absolute humidity" (Q ) which i s defined as the mass of 
water vapour contained in uni t mass of a i r . This gives a measure of the 
amount of heat v-hich can be l iberated during condensation, and prior to 
condensation i t v a i l obviously remain constant during the expansion process. 

From the general gas laws the absolute humidity i s re la ted to the 
t o t a l and p a r t i a l pressures of the a i r -water vapour mixture by the formula 

- Mol wt of water pv 
w — ' "-"•' x — — — — 

Average mol wt of air p - py 

= o.622 - H i -
P - IV 

where p i s the t o t a l pressure of the mixture 

and p v i s the p a r t i a l pressure of the vapour. 

The vaporr pressure i s usually small by comparison with the t o t a l pressure, 
so tha t approximately 

0 = 0.622 h . (1) 
P 

The second measure is that of "relative humidity" (cp ) , which is 

defined by / \ 

9 = l ^p j j (2) 

where p i s the saturat ion vapour pressure a t the temperature under 
consideration. As the temperature decreases the saturat ion vapour pressure 
decreases and hence the r e l a t i ve humidity increases. (The mixture becomes 
saturated when cp = 1 ) . Thus knowledge of the r e l a t i v e humidity under, say, 
stagnation conditions means that we can determine a t what stage in the 
expansion the mixture wi l l become saturated. The amount of supercooling 
which 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 i t would be desirable to avoid condensation 
al together. This would be achieved by having a suff ic ient ly low value 
of r e l a t ive humidity in the se t t l i ng chamber and one method of doing t h i s 
would be to increase the stagnation temperature. However the temperatures 
involved increase rapidly with Mach number in the supersonic range and the 
condensation shock, i f i t occurred, would s t i l l be strong. A more s a t i s ­
factory method i s to dry the incoming a i r and hence reduce i t s absolute 
humidity. Equations (1) and (2) show that t h i s wi l l a lso reduce the r e l a ­
t ive humidity in the s e t t l i ng chamber to values dependent on the stagna­
tion pressure ( i . e . for constant absolute humidity, the r e l a t ive humidity 
wi l l vary d i rec t ly with the stagnation pressure). The reduced r e l a t i v e 
humidity postpones the occurrence of the condensation shock, while the 
reduced absolute humidity ensures that i t s strength i s reduced. 

Raney and Beasta l l have made t e s t s 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 Maoh numbers from 1.4 to 1.9 2 . 

At a stagnation pressure of 1 atmosphere and stagnation temperature of 
35 C they found that the absolute humidity had to be l e s s than 2 x 10~^ 
l b / l b at M = 1.4 and l e s s than 1.4 x KT2*- lb / lb at M = 1.9. At higher 
stagnation pressures er lower stagnation temperatures the requirements 
were more str ingent. 

At Maoh numbers above 2 i t rapidly becomes impossible co provide low 
enough values of the absolute humidity to avoid condensation completely. 
The bas is for .judgement of whether the humidity i s low enough must there­
fore be changed to one l ess absolute in form : the judgement would depend 
both on the general Mach number level and on the uniformity of flow in the 
working section. Thus in a l l cases there would probably be a condensation 
shock in the nozzle which by i t s e l f would a l t e r the Mach number level in 
the working section and i t s r e f l ec t ions might penetrate into the working 
section, giving local non-uniformities. 

The present t e s t s were made at nominal Mach numbers of 2.48, 3.25 
and 4 in a 5 in. x 5 in. wind tunnel and the intent ion was to obtain a 
rough check on humidity requirements rather than to make a detai led study 
of the problem. Beforehand one might specify a requirement tha t , say, 
s t a t i c pressure should not change anywhere by more than •§• per cent , but 
in practice the conclusions had to be drawn in a much more qua l i ta t ive 
fashion since the measuring accuracy (pa r t i cu la r ly at M = 4) was insuf f i ­
cient for a quant i ta t ive analysis . Unfortunately, Sclilieren apparatus 
was not avai lable for observation of the flow, so a l l the r e s u l t s had to 
be based on s t a t i c and p i to t pressure measurements alone. 

The majority of the t e s t s were made at a stagnation pressure of one 
atmosphere and a stagnation temperature of 35°C, but checks were also made 
of the effects of var ia t ions in r e l a t ive humidity obtained from varying 
the stagnation pressure or che stagnation temperature. 

The t e s t s were made on dates between November 1953 and January 1954. 

Acknowl ed gement s 

The author wishes to acknowledge the considerable ass is tance received 
from Miss R. Hensby, who analysed the r e s u l t s , and from Mr. J.F.W. Crane, 
who designed the pi tot rake. 

2 Experimental equipment, range and accuracy of measurements 

The t e s t s were made in the R.A.E. No. 5 supersonic Wind Tunnel (5 in. x 
5 in. working section) at nominal Each 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 1/10°C for 
several hours at values up to 40-50°G (the upper l imit i s set by the use of 
wood in the l iner construction). The tunnel i s of the non-return type. 
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2.1 Pressure measurements 

All the nozzles wrere single sided and s t a t i c pressures were measured 
along the centre l ine of the f l a t wall a t posi t ions shown in Fig. 1. P i to t 
pressures were measured a t the posi t ions shown in Fig. 1, using the p i to t 
rake shown in Fig.2 (except at M = 2.48, when p i t o t pressure was measured 
only a t the single point K, using a standard p i to t tube). Al l the p i to t 
measurements were made a t a single longitudinal posi t ion as shown in F i g . 1 . 

Stagnation pressure and temperature were measured in the upstream 
ducting where the maximum speed was 25 f t / s ec (a t M = 2 .5) . 

Al l pressures were taken through Teneplas p las t i c tubing tc l iquid 
manometers. Absolute measurements were made of one s t a t i c pressure (R, 
Fig.1) and of one p i to t pressure (K, Fig.1) using a large bore (9 mm) 
mercury manometer with vernier and a barometer. The remainder (1-14 and 
A-H) were measured as differences from the reference pressures, using 
manometer banks f i l l e d with Butyl-Phthalate. Estimates of the maximum 
reading er rors which might have occurred are: 

Stagnation Pressure: 

1 atmosphere operation 

5 atmosphere operation 

Pi to t anc S ta t i c reference pressures +1.25 x 10~2 in.Hg 

P i to t and S ta t i c differences 

1.25 x 10~2 in.Hg 

+5 x 10~2 in.Hg 

, - 2 j . 

+1.5 x KT 3 in.Hg. 

These are only of in t e re s t by comparison with the absolute magnitudes of 
the various pressures and possible percentage er rors are shown in the 
following t ab le , for 1 atmosphere operation, where the absolute values 
are l eas t . (The er rors in stagnation pressure reading are of the order 
of 0.04 per cent in a l l cases.) 

u 

p in.Hg 

+ Ai> per cent f*?*f renoe 

— p (Differences 

p 0
! in.Hg 

+ i £ ° _ per cent (Reference 
' p • (Differences 

2.48 

1.81 

0.69 
0.083 

15.2 

0.082 
0.0099 

3.25 

0.57 

2.2 
0.26 

7.9 

0.16 
0.019 

4 

0.20 

6.25 
0.75 

4 .2 

0.30 
0.036 

In the above table , p i s s t a t i c and p0
f i s p i to t pressure. 

The values i l l u s t r a t e the d i f f icul ty there would be in detecting 
small changes in s t a t i c pressure, pa r t i cu la r ly a t the higher Mach numbers. 
I t should be stressed that these are estimates of reading error: the 
ac tual reading accuracy obtained may have been higher. On the other hand 
the overal l measuring accuracy may have been lower: for example, d i f f i ­
c u l t i e s were experienced in obtaining and maintaining a completely leak-
proof system at M = 4. 
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The p i to t r e su l t s should be more accurate, but against t h i s must be 
set unknown er rors from possible re-evaporation of water during the com­
pression in front of a p i to t tube. 

All the t e s t r e su l t s are compared l a t e r on the bas i s of Mach number 
d i s t r ibu t ions calculated from the p i to t and s t a t i c measurements. Fig. 10 
shov/s the er rors in calculated Mach number associated with errors in 
pressure measurement: i f a l l these errors were of equal magnitude then 
a t the higher supersonic Mach numbers i t would be desirable to calculate 
Mach number from the ra t io of e i the r s t a t i c or p i to t pressure to stagnation 
pressure ra ther than from the r a t i o of p i to t to s t a t i c pressure. However 
the various reading errors are not of equal magnitude and the t rue stagna­
tion pressure (following the condensation shock) cannot be measured, and 
in calcula t ions i t i s assumed to be equal to the stagnation pressure in 
the s e t t l i n g chamber. Some discussion of the er rors in ' ind ica ted" Mach 
number (using stagnation pressure measured in the s e t t l i ng chamber) i s 
given in Appendix I . 

For a l l these reasons i t was considered best to rely on general 
trends shown up by the t e s t s ra ther than to attempt to make a detai led 
quanti tat ive analysis . The degree of consistency achieved in the t e s t s 
i s i l l u s t r a t e d , for example, by Fig.6a (ivi = 2.48). Considering the Mach 
numbers calculated from the r a t i o of s t a t i c to stagnation pressure (symbol 
"x",x* andoe) then at low humidities the sca t te r i s within the estimated 
reading error , but ^he sca t ter increases considerably with increasing humi­
di ty . The reason for t h i s increased sca t t e r i s not understood, but i t i s 
possible tha t i t i s a r ea l effect caused by some flow i n s t a b i l i t y i n t r o ­
duced by the condensation shock and may not necessar i ly be caused by 
inaccuracy of measurement. 

2.2 Humidity control and, .mcasurernent 

In the t e s t s at a stagnation pressure of 1 atmosphere, the a i r was 
dried by ref r igera t ion , being supplied to the tunnel through one of the 
a i r -cycle refr igerat ion un i t s ("Butterley co ld-a i r machine") of the High 
Al t i tude Test Plant . By t h i s means the humidity could be controlled over 
a considerable range. The pressure in the pipe l ine was kept at about 
•g- in.Hg above atmospheric (by means of a booster fan) to avoid any leaks 
of "wet" atmospheric a i r into the system af te r the dr ie r . (Without the 
booster fan, the pressure in the pipe l ine i s s l igh t ly below atmospheric 
and frost points measured a t the se t t l ing chamber were about 8°C above 
those obtained when the booster fan was running. I t i s not ce r ta in , 
however, whether t h i s was the r e su l t of a leakage into the pipe l i ne or a 
leakage in to the hygrometer.) 

After t h i s drying by ref r igera t ion , the a i r //as heated e l e c t r i c a l l y 
and the majority of the t e s t s were made at a stagnation temperature of 
about 35°C 

The usual check on humidity i s from the measurement of the a i r 
temperature at the exi t from the cold-air uni t . This i s a considerable 
distance upstrean from the tunnel entry, so in the present t e s t s the humi­
di ty was determined from frost points measured with a Brewer and Dobson 
hygrometer at the s e t t l i n g chamber. Three measurements with t h i s i n s t ru ­
ment were made during each t e s t , often with different operators and the 
r e su l t s were always in agreement to within i1°C, even a t the lowest 
humidities. 

Fig.3 shows the ranges of absolute and r e l a t i ve humidities covered 
by the t e s t s , which correspond to a range of dew or f ros t points from 
about +5°0 do\vn to about -50°C. 
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For the t e s t s at stagnation pressures above 1 atmosphere, a i r was 
supplied through the Jaeger compressors and dried by beds of s i l i c a ge l . 
Thus controlled var ia t ions of humidiuy were no longer possible. Hov^ever 
a t the time of the t e s t s the plant was undergoing proving t r i a l s and the 
d r i e r s 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 t e s t s a t 1 atmosphere stagnation pressure, 
fixed stagnation temperature and varying absolute humidity 

These t e s t s were made a t stagnation temperatures (Tjj) of the. order 
of those which wrould be required for zero heat t ransfer conditions a t the 
tunnel walls , i . e. 

% / 
1 +X-JZ-1I£ 

Two • " « 

1 + 0.9 X-S-l M2 

2 

v/here T ^ i s the wall temperature for zero heat t ransfer , taken as being 
equal to tne ambient temperature in the tunnel room. 

3.1 S ta t i c pressures 

Mach number d i s t r ibu t ions indicated by the r a t i o of s t a t i c to stagna­
t ion pressure are given in Figs. 4a-4c. These are plotted as carpets of 
Mach number against posi t ion (see Fig.1) and humidity. 

Fig.4a gives the r e su l t s for nominal M = 2.48 and the longitudinal 
d i s t r ibu t ions remain similar for humidities up to about 2 x 1(H* l b / l b , 
above which there i s a gradual de te r iora t ion , pa r t i cu la r ly a t the upstream 
end. 

Fig.4b, for M = 3.25, shows the same trends, the deter iora t ion 
occurring above a humidity of about 3 x 10"^. At lower humidities the 
average Mach number i s about 3.15 instead of the design value of 3.25, 
but t h i s probably means that the boundary layer correction t o the l ine r 
prof i le was inadequate. A pronounced trough occurs a t humidities betv/een 
3 x 10-4 and 6 x 10*4. Repeat t e s t s verif ied the existence of t h i s trough 
and made i t seem unlikely t h a t i t could be explained solely by errors in 
measurement of reference pressure, but no other explanation can be offered 
a t present. 

Fig.4c gives the r e su l t s for nominal M = 4. These are l ike ly to be 
affected considerably by er rors 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 e r ror in M (Fig.10). As a resu l t a considerable 
amount of f a i th has to be placed on the shapes of the d i s t r ibu t ions (probable 
error 0.15 per cent ) , which remain similar over the range of humidity from 
1.5 x 10""5 up to 3 x 10-4. Sl ight changes are discernible a t humidites of 
5.5 x 10"^ and 10"3 and a single set of measurements made a t a humidity of 
3 x 10"3 gave an indicated mean Mach number of 3.4, which could not be 
plotted on Fig.4c. A plausible value for c r i t i c a l humidity could therefore 
be about 5 x 10-4. 

I t i s of i n t e r e s t tha t in a l l three i l l u s t r a t i o n s there i s no evidence 
of any localised disturbance varying with humidity l eve l which might be 
a t t r ibuted to downstream ref lec t ions of a condensation shock in the nozzle. 



Instead there is only a gradual deterioration in Mach number distribution 
as the humidity is increased above a certain level*. Taking this level as 
defining the critical humidity then Figs. 4a-4c give the following approxi­
mate values for it. 

Nominal M 

C r i t i c a l absolute humidity 

2.48 

2 x 10"* 

3.25 

3 x 10-*" 

4 

about 5 x 10-4 

3.2 Pitot pressures 

Figs. 5a, 5b give the Mach number distributions indicated by the 
ratios of pitot to stagnation pressure at M = 3.25 and 4. (Only a single 
pitot position was available at M = 2.48.) 

Apart from a slight reduction in average value, the distributions 
at either Mach number remain similar over the whole range of humidity. No 
disturbances were detected which might have come from reflections of the 

)t 
C 

u j . o w u j . k J u i i ^ ^ o v»<-_,,!. o u u u v y o i i u V»_AJ_I_.JI m i j ^ i u i icw e UUJUC i x u n i i t i i i e u i / j . u n B UJ. l a i c 
condensation shock in the nozzle (except for a single disturbance a t pitol 
C, Q = 10~^ in Fig.5b, but t h i s may not be r e l i a b l e ) . 

3•3 Comparison of s t a t i c and p i to t pressures 

These are compared in Figs.6a-6c on the bas i s of Mach number in the 
region of s t a t i c 14 and p i to t K, computed from the experimental values 
(at s t a t i c 14 and p i to t K) of 

(1) the r a t i o P/p0 

(2) the r a t io p o ' / p 0 

and (3) the r a t i o p o ! / p 

where p i s the stagnation pressure measured in the s e t t l i n g chamber 
upstream of the nozzle. Of these, the th i rd should give the t rue Mach 
number, provided both that there i s no re-evaporation in front of the 
p i t o t tube and also tha t the s t a t i c pressure does not vary between the 
wall and position K. In fact i t seems that bhe s t a t i c pressure may have 
varied in t h i s region (except at M = 4) since even at the low humidities 
the Mach numbers calculated by the three methods do not agree with each 
other. That t h i s i s unlikely to be a humidity effect i s evidenced by the 
fact that the individual values appear to be essent ia l ly independent of 
humidity in t h i s region. 

The lower graph in each case i s of absolute values of Maoh number 
plot ted against absolute humidity. The upper graphs are of the r a t i o of 
Mach number at given humidity to the appropriate value at low humidity, 
once again plot ted against absolute humidity. This l a t t e r plot col lapses 
the values calculated by the three methods at low humidities and emphasises 
the increasing displacements a t high humidities. (Note that the ordinate 
scale of Fig.6c i s half that of Figs. 6a and 6b.) 

The curves drawn on Figs.6a-6c are completely theore t i ca l and were 
calculated from equations 1,11 (for t rue Mach number), 1.15 (for Mach 
number indicated ~oy the r a t i o P/p0) and 1.16 (for Mach number indicated 
by the r a t i o P°Vp0) of Appendix I , assuming that there was 45°C super­
cooling before the condensation shock occurred and that there were no 
downstream ref lec t ions . In the lower graphs the curves were f i t t ed to the 
experimental values of M at low humidity. 

* As a possible qual if icat ion of these statements i t should be noted 
that there i s a spacing of 1 inch between the s t a t i c pressure points (Fig. 1) 
so tha t a r e l a t ive ly stat ionary local disturbance might escape detection. 
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The assumption of 45°^ supercooling i s not very important sinoe the 
order of the theore t ica l r e su l t s would not be al tered i f the oooling were 
increased to 70°C (see l a s t paragraph of Appendix I ) . Also the theore t i ca l 
approach would predict only a change in level of the Mach number d i s t r i ­
bution in the working section as the humidity i s increased and would not 
account for any de ter iora t ion in the d i s t r ibu t ion i t s e l f . 

However in sp i t e of these shortcomings, the theore t i ca l curves show 
the same trends as the experimental values and there i s some measure of 
agreement between them as regards the disturbing effect of high humidity. 
For these reasons i t was thought worthwhile to apply the theore t i ca l 
equations to determine quant i ta t ive humidity requirements. The r e su l t s 
of doing t h i s are given in the next section. 

3.4 Tentative oonclusions 

The curves of c r i t i c a l absolute humidity in Fig.7 have been drawn 
in accordance with the equations of Appendix I . 

The l imit ing curve at Mach numbers between 1.5 and 2 i s for conden­
sation free flow in the working section, assuming 45°C supercooling, and 
t h i s i s in good agreement vdth the r e s u l t s of Raney and Beastall2 for 
p 0 = 1 atmosphere. These l imit ing values would vary roughly in proportion 
with the stagnation pressure. 

For higher Mach numbers the c r i t e r i on has been changed to that of 
the pressure r i s e (above the value for zero humidity) allowable in the 
working section and the ourves of Fig.7 show that theore t ioal ly the c r i t i c a l 
humidity increases slowly with increase in Iviach number. The experimental 
estimates from Mach number d i s t r ibu t ions derived from measured s t a t i c 
pressures (section 3.1) ajre plotted and show a similar trend, but increase 
more rapidly with Mach number than t h e theore t i ca l curves for constant 
pressure r i s e . 

However the experimental comparisons of section 3.1 were of MaoL 
number d i s t r ibu t ions , so further theore t i ca l curves are given in Fig.7 
corresponding to changes in Mich number of 0.14 and 0.2 per cent. The 
former could be taken as being in fair agreement with the experimental 
r e su l t s . 

Also drawn i s a boundary imposed by the reading accuracy of the 
s t a t i c pressure differences in the present t e s t s and t h i s could be taken 
to explain in par t the divergence in trend between theore t i ca l and experi­
mental values. 

Thus the experimental r e s u l t s could reasonably be said to give some 
support to the theore t ica l curves and i t i s apparent that absolute humidi­
t i e s of l e s s than 2 x 10""+ l b / l b should not be necessary for normal opera­
t ion a t the higher supersonic Mach numbers, for one atmosphere stagnation 
pressure. Effects of varying r e l a t i ve humidity wi l l be considered in the 
next section. 

4 Results and discussion of t e s t s at constant absolute but varying 
re la t ive humidity 

Varying the r e l a t i ve humidity in the s e t t l i n g chamber would be 
expected to change the posit ion of the condensation shock in the nozzle 
and hence i t might have some effect on the Mach number d i s t r ibu t ions in 
the working section. If the absolute humidity i s held constant, the re la ­
t ive humidity can be changed by varying the stagnation temperature (section 
4.1) or the stagnation pressure (section 4 .2 ) . 
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The t e s t s described in t h i s section were made a t nominal M = 3 . 2 5 
and the comparisons are based on Mach number d i s t r ibu t ions calculated 
from the s t a t i c pressure readings along the centre l ine of the f la t wall 
(Fig.1) in conjunction with the stagnation pressure in the s e t t l i n g chamber. 

4.1 Tests a t pQ = 1 atmosphere and varying stagnation temperature 

Fig. 8 gives the r e s u l t s of t e s t s made a t a stagnation pressure of 
one atmosphere, three levels of absolute humidity and over ranges of 
stagnation temperature between 36° and -4°C. 

Fig. 8c i s for a low absolute humidity of 4.6 x l0""-> and shews tha t 
a tenfold change in re la t ive humidity caused no s ignif icant change in 
Mach number d i s t r ibu t ion . The change in level between the two d i s t r ibu t ions 
i s mostly within •§• per cent, which i s within the estimated order of accuracy 

of pressure measurement (sect ion 2.1 and Fig. 11, giving AJ2 = +2.2 per 
P 

cent and -— = + 0.46 per cent ) . 
M 

Fig. 8b i s for an absolute humidity of 2 x 10 , wnich i s near to 
the c r i t i c a l value (3 x 10~'?) suggested in section 3, v/hen the stagnation 
temperature wis 35 0. Once again the effects of changing the r e l a t i v e 
humidity are hardly s ignif icant , except at the most forward posit ion in 
the working section ( s t a t i c hole 1). 

Fig. 8a i s for a high absolute humidity of 3.8 x 10""^ and in t h i s 
case changing the r e l a t ive humidity from 8.9 x 10-2 to 3.3 x 10-1 causes 
an appreciable change in d i s t r ibu t ion over the front half of the measuring 
stretoh ( s t a t i c holes 1-7). 

Thus i t seems that changes in r e l a t i ve humidity by varying the 
stagnation temperature wi l l only affect the Maoh number d i s t r ibu t ion in 
the v/orking section i f the absolute humidity i s near or above the c r i t i c a l 
valuus suggested in section 3. As regards the centre l ine d i s t r i bu t ions 
of these t e s t s , any changes are probably gradual, spreading backwards 
from the front of the v/orking section as the r e l a t i v e humidity i s increased. 

4.2 Tests with varying stagnation pressure 

Fig.9 gives the r e s u l t s of some t e s t s made a t different l eve l s of 
stagnation pressure, holding the stagnation temperature near to tha t for 
zero heat t ransfer conditions. In t h i s case comparisons are made more 
d i f f i c u l t 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 with the one-fif th power of the 
stagnation pressure) . 

The decrease in the effects of measuring e r rors i s probably reflected 
in the fact that the d i s t r ibu t ions in Fig.9 become smoother as the stagna­
t ion pressure i s increased. I f t h i s i s accepted, then i t would seem that 
changes in stagnation pressure may have l i t t l e effect on the Mach number 
d i s t r ibu t ions in the wo iking section, even a t high values of absolute 
humidity. However t h i s i s necessar i ly a ver}' t en ta t ive conclusion, but 
a t l ea s t i t would seem tha t the humidity requirements do not become more 
str ingent when the stagnation pressure i s increased. 
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I t should be emphasised that the t e s t s of t h i s section were made 
only at M = 3.25. I t might be expected that the effects of r e l a t ive 
humidity would be more marked at a lower Mach number (when the condensation 
shock would be c loser to the working section) and l e s s marked a t a higher 

:h number. 

5 Conclusions 

Consideration of Mach number d i s t r ibu t ions obtained from s t a t i c and 
p i to t pressure measurements in the working section has indicated the 
following conclusions. 

(1) For a stagnation pressure of 1 atmosphere and stagnation temperatures 
giving zero heat t ransfer conditions at the walls (equation 3) , no humidity 
effects were discernible i f the absolute humidity in the s e t t l i ng chamber 
was l e s s than 2 x 10-4 at M = 2.48, 3 x 10-4 at M = 3.12 and about 5 x 10"+ 
at M = 3.8. 

(2) Above these c r i t i c a l values there was a gradual de ter iora t ion in 
d i s t r ibu t ion , but no localised disturbances were found. 

(3) The experimental r e su l t s were in qua l i ta t ive agreement with trends 
calculated in Appendix I assuming one dimensional conditions and no 
re f lec t ions of the condensation shock in the nozzle. Fig.7 i l l u s t r a t e s 
the extent of t h i s agreement, includes r e su l t s from ea r l i e r t e s t s by 
Raney2 for M < 2 and gives tenta t ive curves for c r i t i c a l humidity for 
M > 2. 

(4) Varying the r e l a t i v e humidity "by varying the stagnation temperature 
at M = 3.25 had no effect i f trio absolute humidity was l e s s than the 
c r i t i c a l value quoted in conclusion (1) . 

(5) Varying the re la t ive humidity 'by varying the stagnation pressure at 
nominal M = 3.25 had no effect over the whole humidity range, but in th i s 
case trends may have been obscured by the improvement in measuring accuracy 
as the stagnation pressure was increased. However i t can probably be said 
that the humidity requirements do not become more str ingent when the 
stagnation pressure i s increased. 

(6) Relative humidity would probably have a more marked effect a t Mach 
numbers l e s s than M ^ 3.2JJ and vice versa. 
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LIST OF SYMBOLS 

Mach number 

p r e s s u r e ' ( s t a t i c ) 

p a r t i a l p r e s s u r e of water vapour 

s a t u r a t i o n vapour p r e s su re 

s t agna t ion p r e s s u r e 

p i t o t p r e s s u r e 

t empera ture 

s t agna t ion tempera ture 

wa l l tempera ture f o r zero heat t r a n s f e r 

r a t i o of s p e c i f i c h e a t s 

l e l a t i v e humidity (equat ion 2) 

a b s o l u t e humidity ( l b / l b and equat ion 1) 

v a l u e s i n s e t t l i n g chamber 

a l symbols occurr ing only in Appendix 

s p e c i f i c hea t of a i r 

l a t e n t h e a t of evapora t ion (subl imat ion) of water ( i c e ) 

mechanical equivalent of hea t 

heat j npu t per unit; mass of a i r 

V 
veloci ty 

density 

conditions immediately before and af ter heat addition 

conditions in working section when there i s a condensation 
shock in the nozzle 

indicated values of Mach number (e .g. from -^~ ) 
Po1 

- 13 -



LIST OF REFERENCES 

No. 

1 

Author 

J . Lukasiewicz 

T i t l e , e t c . 

Humidity e f f e c t s i n superson ic flow of 
a i r 

R & M 2563 July, 1947 

L . J . Raney and 
D. B e a s t a l l 

C r i t e r i a for condensation f ree f low i n 
t h e R.A.E. No.18 (9 i n . x 9 i n . ) 
supersonic t u n n e l 

OF.164 June , 1953 

- 14 -



AEPENLIX I 

S impl i f ied t rea tment of the condensat ion shook 

I f , as i n R e f . 1 , we regard t h e o v e r a l l e f f ec t of condensat ion to be 
equiva len t to t h e add i t i on of l a t e n t hea t t o t h e flow and assume t h a t one 
dimensional theory i s a p p l i c a b l e , then we have t h e fo l lowing r e l a t i o n s 
between t h e s t a t e s of t h e gas before ( s u b s c r i p t "1") and a f t e r ( s u b s c r i p t 
"2") the hea t a d d i t i o n , ( n e g l e c t i n g v i s c o s i t y and thermal c o n d u c t i v i t y ) . 

P2 —i- (state) 1.1 
p2T2 P1T1 

ppUp = p^u^ (mass flow) 1.2 

P 2 U 2 + p 2 = p 1 U 1 + p1 (momentum) 1.3 

JCp T2 + | u | - J c p T i + ^ + J q (energy) 1.4 

where q i s the hea t inpu t per u n i t mass of gas . 

Now under normal wind tunne l c o n d i t i o n s , q -will be small oompared 
with the energy of the a i r and the r e s u l t i n g changes in t h e o the r q u a n t i t i e s 
may a l s o be smal l . To the f i r s t o rder , s o l u t i o n s of t h e abov^ equa t ions 
become 

.,2 

p 2 / P -_- 1 + _jiL Q i.5 
M; - i 

P i - U 2 - A 1 o T 6 

?2 u1 M? - 1 1 n i l — 

Mo 1 +YM^ 

•yi 

. i — — 1 Q 1.7 
M̂  - 1 

and - — = 1 ™ Qn J>° 
Po1 2 

wher e 

and 
Q Jo 

C P *i 

c p XH1 

»2 
wi th m m

 u1 %1 ^ J " t.9 

( no t e t h a t 3 B a 1 + Q ) . 
XH1 
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We now assume that equations 1.5 to 1.5 will give the changes in 
gas quantities across the condensation shock. If the shock occurs in the 
expanding portion of the nozzle and if we neglect i t s reflections, we may 
also calculate i t s approximate effect on the flow quantities in the work­
ing section, as follows. 

Suppose the cross section of the nozzle i s i j at the shock position 
and A in the working section. Then making the sweeping assumption that 
one-dimensional conditions apply, we have 

P1 u1 A1 = P u A 

p 2 u2 A2 P c uc A 

1.10 

where subscript "c" denotes the disturbed conditions in the working section 
when a condensation shock i s present in the nozzle. Assuming that isen-
tropic flow conditions exist between Â  and A, we find that 

2a 
M 

1 -

\ 

A 1 t ^ l H 2 
^ - 1 

if 
1.11 

or 

1 -
M. 

M 
1 -

1&£\ 1 + x ^ ~ I? M so-
2 

A 
1.12 

Inspection of equation 1.12 will show that for given IvLj and M > AL 

0-SH-S) 
and i t s value decreases as ivl increases. Thus th is crude argument would 
indicate that the overall effect in the working section of a condensation 
shook of given strength in the nozzle, decreases as the working section 
Mach number increases. Hence, for example, the humidity requirements at 
M = 4 may be less stringent than those at M = 3. 

The effect on static pressure i s given by 

(1 + yM?) - Y ^ 1.13 

and on pitot pressure by 

122 

Po 

•>2 
1 + iQQ i l- " — 0 + YM[) - YMf 

L' M
2 - X. - 1 

2Y 

1.14 

(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 pc , PJJQ and p0-j vail be known, 
but not p 0 ? , so i t i s of interest to determine the ,Tindicated" Mach numbei, 

Po. If determined from the ratio ° /P 0 1> •*** c a n ^ e s n o w n that 

JS = 1 - e± 

where ( p c / 
1.15 

Po/ 
where /p i s given by equation 1.13. 

T 

On the other hand if % i s determined from the ratio °°'P01 then 

where 

!l9 
M 

1 0 

= 1 - e i o 

\ P o J \ 2 J \ * J 

1.16 

(^-1) 

i Poc/ 
finally the true Mach number (MQ) should be given by ^ ' t>G / s 

but additional errors may arise in the measured pitot pressure if the 
compression in front of the pitct tube causes some re-evaporation of the 
water present in the airstream. For this reason i t might seem better to 
rely on static pressure measurements when evaluating humidity effects. 

Values of Q 

In previous experimental work at lower Mach numbers i t has been found 
that supercooling takes place before the condensation shock and equations 
1.5 to 1.8 would give reasonable estimates of pressure change etc. , if the 
amount of vapour condensed i s chosen to give saturation conditions after 
the shock. 

Now 

Q. 
c p %i 

i H 
°PT1 

where q is the heat input per unit mass of air. Thus 

u o 

where h is latent heat 

1.17 

and 

0 i s absolute humidity 

o < n < 1. 

Assuming 45 supercooling and values of f> between 5 x 10 and 10"" 
(a range of humidities found in wind tunnel work) then application of the 
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char ts of Ref. 1 shows tha t "n" i s very nearly unity under these condit ions. 
Hence in a high Mach number nozzle a second condensation shock i s most 
unlikely to occur and the main uncertainty wi l l a r i s e from re f lec t ions of 
the or ig ina l shock. 

Values of JVLj 

The curves vihich have been drawn in Pigs. 6a-6c were calculated from 
equations 1.11, 1.15 and 1.16 assuming a supercooling of 45°C. For a 
stagnation temperature of 35°£, t h i s amount of supercooling gives the 
following values of IvL in terms of absolute humidity 0Q , 

0 0 « 5 x 10~5 

j M, - 1.96 

l o ^ 

1.86 

2 

1.80 

4 

1.70 

6 

1.65 

10~3 

1.59 

3 x 10"3 

1.43 

The choice of 45° supercooling was quite a rb i t r a ry in the present 
case .and different amounts would make a s l ight difference to the pos i t ions 
of the curves in Figs. &a-6c. For example, a supercooling of 70°0 would 
a l t e r the "true" Maoh numbers (equation 1.11) by the amounts shown in the 
following table . 

Effects of varying amounts of supercooling on "true" Mach number 

M 

(a) n 0 a 1 X 10~4 

\ VLj 70° so 

(b) Q 0 - 1 x 10~3 

A V ) 45° so 
^ M J 70° so 

2.48 

0.0012 
0,0015 

0.0091 
0.0119 

3.25 

0.0009 
0. 0012 

0.0072 
0.0095 

4.0 

0.0008 
0.0010 

0.0061 
0.0080 

Thus there i s no change in the order of the "errors" and in view of 
the drast ic assumptions made in formulating the theory and tne sca t ter of 
the experimental r e s u l t s in Figs. 6a-6c, no conclusions can be drawn 
concerning probable amounts of supercooling in the nozzle. 
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VERTICAL SECTION ALONG CENTRE LINE OF TUNNEL 

(REFERENCE STATIC) 

O I 2 3 4 
I I 1 I I 

SCALE: INCHES 

FIG.I. LOCATION OF PRESSURE MEASURING POINTS IN WORKING SECTION 
OF N2 5 SUPERSONIC WIND TUNNEL . 
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FIG.2 

PITOT TUBES PITCHEO 
AT \" INTERVALS. 

I2M.MX1 

STEEL CONE 
(EASl FLOWED 
AT BASE ANO 
A P E X ) 

5TEEL SPAR 
(EASI FLOWED 
AT STINQ ENTRY.) 

S.S.HYPODERIC 
TUBINQ (EASI FLOWED) 

2M.M. S.S. H Y P O D E R M I C 
TUBINQ TO BASE PLUG 
(EASI FLOWED AT 
S T I N Q E N T R Y ) 

B R A S S B A S E P L U G 
( T U B E S S O F T S O L D E R E D 
I N P O S I T I O N . ) 

STAINLESS STEEL 
S T I N Q . 

N ? 4 MORSE TAPER 
TO FIT I N T O EXISTING 
S U P P O R T . 

A T T A C H M E N T POINTS 
F O R F L E X I B L E 
T U B I N G . 

S C A L E : I N C H E S 
3 

SUPPORT AXIS. 
(TRANSVERSE 
IN THE TUNNEL.) 

FIG.2. DETAILS OF PITOT RAKE 
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FIG.4Q. 

SL L*7 

2] 
O 
Q 

5 6 7 8 9 
5 T A T I C HOLE 

IO II 12 13 14 

MACH NUMBER DISTRIBUTIONS INDICATED BY RATIOS OF STATIC TO 
STAGNATION PRESSURES . NOMINAL M - 2 - 4 8 . THO -Q- 32 °C . 



- . 3 -2 

3 - 0 

FIG.4b. MACH NUMBER DISTRIBUTIONS INDICATED BY RATIOS OF STATIC TO STAGNATION PRESSURES 
NOMINAL M=3-25 Tm & 35°C. 
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p0=. I A T M O S . 

n 3 - 9 

M 

- 3-8 

3 7 - I O " 5 

2 3 4 - 5 6 7 8 9 
S T A T I C H O L E 

iO II 12 13 14-

FIG.4C. MACH NUMBER DISTRIBUTIONS INDICATED BY RATIOS OF STATIC TO 
STAGNATION PRESSURES. NOMINAL M = 4 - 0 . THO - ^ 36°C. 



=1 ATMOS 

FIG 5a. MACH NUMBER DISTRIBUTIONS INDICATED BY RATIOS OF PITOT TO STAGNATION PRESSURES 
NOMINAL M=3-25. THo i l 35°C. 
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FIG.5b. MACH NUMBER DISTRIBUTIONS INDICATED BY RATIOS OF PITOT TO 
STAGNATION PRESSURES. NOMINAL M - 4 - O . THO ^ 36°C . 
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FIG.6a. COMPARISON OF MACH NUMBERS INDICATED BY STATIC & PITOT PRESSURES 
M - 2 - 4 8 . p0- l ATMOS. THO=32 °C. 
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FIG.6b. COMPARISON OF MACH NUMBERS INDICATED BY STATIC & PITOT PRESSURES. 
M - 3 - 2 5 . p - l ATMOS. THO=35 °C. 
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