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High-speed moist air or steam flow has long been of important subject in engineering and 

industrial applications. Of many complicated gas dynamics problems involved in moist air 

flows, the most challenging task is to understand the nonequilibrium condensation phenomenon 

when the moist air rapidly expands through a flow device. Many theoretical and experimental 

studies using supersonic wind tunnels have devoted to the understanding of the nonequilibrium 

condensation flow physics so far. However, the nonequilibrium condensation can be also 

generated in the subsonic flows induced by the unsteady expansion waves in shock tube. The 

major flow physics of the nonequilibrium condensation in this application may be different from 

those obtained in the supersonic wind tunnels. In the current study, the nonequilibrium 

condensation phenomenon caused by the unsteady expansion waves in a shock tube is analyzed 

by using the two-dimensional, unsteady, Navier-Stokes equations, which are fully coupled with 

a droplet growth equation. The third-order TVD MUSCL scheme is applied to solve the 

governing equation systems. The computational results are compared with the previous 

experimental data. The time-dependent behavior of nonequilibrium condensation of moist air 

in shock tube is investigated in details. The results show that the major characteristics of the 

nonequilibrium condensation phenomenon in shock tube are very different from those in the 

supersonic wind tunnels. 
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~" : Condensation coefficient [-] 
p : Density [kg/m 3] 

o" : Surface tension IN/m] 

~b : Relative humidity [%] 

w : Specific humidity [-] 

S u b / s u p e r s c r i p t s  

0 : Stagnation state 

oo : Infinite plane surface 

l : Liquid 

m : Mixture 

r : Droplet radius 

v : Vapour 

s : Saturation 

1. Introduction 

Rapid expansion of a condensible gas, like 

vapour or moist air, is often encountered in such 

as a supersonic nozzle or a transonic wing and 

usually causes nonequilibrium condensation of 

moist air. The nonequilibrium condensation al- 

most always accompanies strong irreversibility 

as well as some instability in the flow field and 

quite complicated wave motions result from the 

heat transfer processes of the latent heat release of 

the moist air. Up to now, many studies related to 

the nonequilibrium condensation and instabilities 

have been carried out using supersonic wind 

tunnels (Wegener and Mack 1958; Frank 1985; 

Wegener and Pouring 1964). 

Unlike equilibrium condensation, the nonquili- 

brium condensation does not occur on a satura- 

tion line being thermodynamically equilibrium 

state, but undergoes a spontaneous condensation 

or a homogeneous condensation process due to 

coalescence of vapour molecules around a dis- 

crete condensation nucleus (Zierep and Lin 1967 ; 

Matsuo et al. 1985). This condensation process is 

made at a finite speed being nearly the same as a 

general chemical reaction rate and thus has a 

reaction barrier that is very similar to the activa- 

tion energy of the reaction. Such a condensation 

of moist air occurs at a supersaturation or a 

supercooling state, and thereby this kind of pro- 

cess is called as nonequilibrium condensation. 

The flow field of the nonequilibrium condensa- 

tion of moist air in a supersonic wind tunnel is 

schematically shown in Fig. 1. The flow is acce- 

lerated to a supersonic speed through the nozzle 

throat and, the nonequilibrium condensation 

starts to form downstream of the nozzle throat. In 

this case, the static pressure along the nozzle axis 

begins to rise due to the effect of the latent heat 

release of the nonequilibrium condensation, and 

reaches a peak value before decreasing down- 

stream, where the flow is again accelerated to a 

supersonic speed. The degree of local supersa- 

turation S, of the flow has a peak value at the 

location where the static pressure begins to in- 

crease. The nucleation rate I, increases upstream 

of the location where the nonequilibrium con- 

densation occurs, having a peak value before it 

rapidly decreases in the region of the rising static 

pressure. The liquid mass fraction, g, suddenly 

begins to increase at the location where the static 

pressure begins to increase. 

It is clearly known that the onset of nonequili- 

brium condensation is the location (see point a) 

Flow ~ f - - -  

--.~, L Condensation zone 

j x 
Degree of local 

to" supersaturation Liquid mass fraction 

x 

Fig. 1 Condensation in a supersonic nozzle 
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where the local static pressure begins to rise. This 

location corresponds to the point that the liquid 

mass fraction starts to increase(see point c).  It is, 

thus, believed from Fig. 1 that the onset of the 

nonequilibrium condensation can be character- 

ized by both the local static pressure and liquid 

mass fraction. 

The static pressures have been used to define 

the onset point of the nonequilibrium condensat- 

ion so far, because it is the simplest way to mea- 

sure the onset of the nonequilibrium condensa- 

tion in supersonic wind tunnels (Hill 1966; Ma- 

tsuo et al. 1985). The nonequilibrium condensat- 

ion in the supersonic wind tunnels is a kind of 

heat addition process, accompanying complex 

wave motions. Some pressure waves can propa- 

gate both upstream and downstream of the region 

of the nonequilibrium condensation, even at sup- 

ersonic flow speed. The resulted flow is essen- 

tially unsteady. 

Unlike the condensible gas flows in the sup- 

ersonic wind tunnels above, the nonequilibrium 

condensation can also occur in shock tube flow. 

In this case, understanding of how the time-de- 

pendent static pressures are generated is very 

important since the details of the nonequilibrium 

condensation should be interpreted through them. 

It is undoubtedly desirable to examine the non- 

equilibrium condensation in a time-dependent 

frame. Unfortunately, unsteady static pressure da- 

ta highly lacking and at most, existing data are 

too sparse, and involving a considerable mea- 

surement uncertainty. 

Figure 2 shows typical experimental example of 

the nonequilibrium condensation occurring in 

the shock tube (Matsuo et al. 1982). In the ex- 

periment, the high-pressure tube was filled with 

atmospheric moist air, and the low-pressure tube 

was reduced below atmospheric pressure. With 

diaphragm rupture, the moist air is accelerated 

by the unsteady expansion waves propagating 

toward the high-pressure tube, and then the non- 

equilibrium condensation results from the expan- 

sion waves. The static pressure was measured by 

using a pressure transducer at the location of 

140 mm upstream of the diaphragm and a light 

scattering method (Barschdorff and Fillipov 

0 

Fig. 2 
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Time histories of static pressure and liquid 
mass fraction in shock tube 

1970) was to detect the liquid mass fraction of 

the condensation. Thus, output of the light scat- 

tering reflects the liquid mass fraction of the 

nonequilibrium condensation, which is tbrmed at 

the high-pressure tube. 

There is a considerable discrepancy between 

the locations of the points a and c, which are the 

rising static pressure and liquid mass fraction, 

respectively. When the nonequilibrium condensa- 

tion occurs, consequently a series of pressure 

waves generate in the flow field, propagating both 

upstream and downstream. The pressure waves 

moving upstream are coalesced at a certain loca- 

tion, because the flow is subsonic speed. This 

causes local pressure jump and thus the two 

points (ponts a and c) are not in agreement. It is 

believed that in shock tube flow the location 

where the local static pressure begins to rise does 

not correspond to the point of the rising liquid 

mass fraction. Therefore, if the onset of the 

nonequilibrium condensation is explained as the 

local pressure rise, which has long been accepted 

in the steady supersonic wind tunnels, an obvious 

confliction is made in shock tube flow. 

There is no detailed information regarding the 

nonequilibrium condensation in shock tube flow. 

The major characteristic quantities regarding the 

nonequilibrium condensation, involving their sp- 

atial distributions, and associated pressure losses, 

has not ever been investigated so far. Further 

study is necessary to clearly understand the major 

characteristics of the time-dependent nonequili- 
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brium condensation caused by the unsteady ex- F Pm 

pansion wave. Recently, Kim et al. (2001) have pmu 
tried to compute the nonequilibrium condensati- pray 
on flow in Ludwieg Tube and they have used a pmE~ 
TVD MUSCL scheme to solve the unsteady two- Q= Ping 

dimensional Navier-Stokes equations. Their res- p,..D~ 

ults have predicted the measured ones with a good pm/~ 

accuracy, p ~  

In the present study, computations are applied 

to understand the major characteristics of the 

time-dependent nonequilibrium condensation in 

a shock tube flow and to investigate the effect of 

the initial relative humidity on the nonequili- H =  

brium condensation and shock Mach number. 

Two-dimensional compressible Navier-Stokes eq- 

uations, fully coupled with a droplet growth eq- 

uation, are solved by a third-order TVD MUSCL 

scheme, and the computational results are com- where 

pared with the previous experimental ones. In 

computation, a second-order central difference 

scheme is applied to viscous terms, and a second- 

order fractional time step is employed for time 

integration. 

2. Governing Equations and 
Numerical Methods 

2.1 Governing equations 
For simplicity of the present computational 

analysis, several assumptions are made; there is 

no velocity slip and no temperature difference 

between condensate particles and medium gas 

flows, and thus the energy relaxation processes 

between two phases are not considered in the 
present analysis. Due to very small condensate 

particles, the effect of the particles on pressure 

field of flow can be neglected. The resulting 

governing equations are the unsteady, two-dim- 

ensional, compressible, Navier-Stokes equations, 

which are given by Eq. (1) (Setoguchi et al. 

2001a; Setoguchi et al. 2001b): 

OO q_ OE jr OF I ( 3R 3 S )  
9t ~ -  0y--Re ~ - + ~ y  +H (l) 

where 

,E= 

0 
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(2) 

(3) 

a =  ur~x+ Vryx-~ /2 3 T  
(~'-- I) Pr o~x 

(4) 
fl = u rxy + v r .  -~ /1 O T 

( 7 -  1) Pr ~gy 

In Eq. (4), /1 and Pr are defined as 

ill = [ltamlna r -~- ,Uturbulent , 

[.t - -  [ltamlna r ~_ [lturbutent (5) 
Pr P r  tamlnar P r  turbutent 

Further, 

1 E t = p m C t , o T - p + ~ p m ( u Z + v  2) - p m g L  (6) 

p = G I E e  l , 2, Z, +pmgL] - ~ p , .  ~ u -1- v ) (7) 

m m \  / [  l , mm \ 
G = ( l - g  m v ] / l ~ ± g m ~ }  (8) 

where subscripts v and m refer to vapour phase 

and mixture, respectively. The latent heat L is 

given by a function of temperature (Prupppacher 

and Klett 1980): 

L ( T )  = L o +  L~ T [J/kg] 

L0=3105913.39 [J/kg] (9) 

L , = - 2 2 1 2 . 9 7  [J/kg] 

The condensate mass fraction g is given by a 

certain rate equation, expressed by Eq. (10) 

(Adam 1999). 
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d g _  pt ( 4x a d r )  
g =  dt P~ ~ - r ~  I + o ~ D ~ [ -  (10) 

In Eq. (3), D~, D2, and D3 are given as: 

1)1-- dD~ _ 4~rr~2I ~_ 1)2 dr  
dt Om dt ( 11 ) 

D 2 -  dD2_ 8rcr,2I F Da dr  
dt p~ dt (12) 

Da - d D a -  8erI (13) 
dt Pm 

Nucleation rate I ,  critical radius of the nuclei rc 
and radius growth rate /" are given as (Adam 
1999 ; Sislian 1975 ; Mills and Seban 1967) : 

i 1 /2moa\~/2/ Pv \2 F_47crc2a7 
= 7 7 ~ , ~ /  ~-/expL- ~ J 

2d rc m 

d r  a Po-Ps, r ~= 
dt Pc (2zcfft~T) uz 

(14) 

(15) 

(16) 

In the above equations, m, ~, k and ps.~ are the 
molecular weight, the gas constant, the Boltzmann 
constant and the flat film equilibrium vapour 
pressure, respectively. In the present computa- 
tions, the nucleation coefficient is given as 1.0 
(Adam 1999). The density of liquid phase is 
given as a function of temperature t (Prupppac- 
her and Klett 1980): 

pt( T) - Ao+ Alt + A2tZ + A¢% T4% Ad s 
l+Bg [kg/mq, (t~O°C) 

p,(T) =A&A#+ Tst 2 [kg/ma], (/<0*C) 
(17) 

where t is the temperature given by °C and the 
coefficients are given by;  

A0=999.8396, AI=  18.224944, A2=-7.92221 × 10 -a 
Aa = -55.44846 x 10 -8, A4= 149.7562 x 10 -9, 

(18) As=-393.2952 x 10 -12, A6=999.84, At=0.086, 
A8 = -0.0108, B0= 18.159725 × 10 -3 

The surface tension o" is defined by ~'o'oo, where o'= 
is an infinite flat-film surface tension and ~" the 
coefficient of surface tension (Schnerr and 
Dohrmann 1990), given by;  

d~(T)  ={ 76.1 +0.155 (273.15 - T)} × 10 -3, 

for T_>249.39K 
a®(T)={(1.1313-3.7091XlO-SxT)  (19) 

× T4× 10-4-5.6464 } × 10 -6, 

for T < 2 4 9 . 3 9 K  

In Eq. (14), Ps,~ is also given as (Prupppacher 
and Klett 1980); 

Ps,® ( T) =exp( Ag + Alo T + An T% Bl ln ( T) +-~ ) 

[N/m 3] (20) 
A9=21.125, Ax0 = -2.7246 x 10 -2, Av= 1.6853 × 10 -s 
B1=2.4576, C0=-6094.4642 

where T is the temperature given by Kelvin. 
Using the flat film equilibrium vapour pressure 
Ps,= above, the saturation vapour pressure of 
condensate droplet with a radius of r is given 
by Thompson-Gibbs equation (Rusak and Lee 
2000); 

Ps,r =Ps,=exp( 2d= p ~ T r  ) (21) 

In computations, the value of ~ is given as 1.0 in 
the present analysis. 

The governing equation systems above are 
mapped from the physical plane (x, y) into a 
computational plane (~e z]) of a general trans- 
form. 

oO a£ oP 1 / o~ ag x _.~ 
at t - ~ - + W = R ~ - e o ~ - + N ) + H  (22) 

O=]Q,  R = J ( & E + & F )  
P = }  (vxE + rj,F) 

(23) 
R.=J (~e,:R + ~eyS), g = J  (~xR + pyS) 
l - ' = l  x ,yo-y ,x~  I 

To close the governing equations above, Bald- 
win-Lomax model is employed in computations 
(Baldwin and Lomax 1978). A third-order TVD 
(total variation diminishing) finite difference 
scheme with MUSCL (Setoguchi et al. 2001a; 
Yee 1989) is used to discrete the spatial deri- 
vatives, and a second order-central difference 
scheme for the viscous terms. A second-order 
upwind TVD scheme is applied to the droplet 
growth equation (Setoguchi et al. 2001a; Seto- 
guchi et al. 2001b), and a second order fractional 
step is employed for time integration. 
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2.2 N u m e r i c a l  m e t h o d  a n d  c o m p u t a t i o n a l  

c o n d i t i o n s  

Figure 3 shows the computational grid of the 

present shock tube flow. In computation, the 

number of grids employed are 1001 ×61, highly 

clustered near the wall. This was obtained from 

several kinds of preliminary computational tests 

tbr the grid-independent solutions. The shock 

tube consists of two-dimensional duct of 38 mm 

high (=h*)  and 1000 mm long, and the high- 

pressure tube is of 700 mm in length. These dim- 

ensions are based on the previous experiment by 

Matsuo et al. (1982) The diaphragm locates be- 

tween the high and low pressure tubes, and its 

location is an origin (x=0)  for the present com- 

putational analysis. 

The pressures in the high and low-pressure 

tubes are defined as P4 and p~, respectively. The 

pressure ratio p41(=pa/pl) is kept constant at 6.0, 

where/94 is kept constant at atmospheric pressure 

(=101.3kPa)  and. the temperature in the high- 

pressure tube T4 is varied between 288.34 and 

297.8 K. The initial relative humidity of moist air 

~b4 is varied between 20 and 80%. The specific 

humidity of moist air c04 is defined as mass of 

vapour component per unit mass of the moist air 

involved, at the initial condition of the high- 

pressure tube. Thus the obtained specific humidi- 

ty is in the range of 2.73 × 10-s<(.o4< 11.1 × 10 -3. 

The height h* of the duct is yielded as a 

characteristic length scale in the present analysis. 

Moist air is used as a working fluid and assumed 

to be thermally and calorically perfect. Inlet and 

outlet boundaries are constrained to the free bo- 

undary conditions. No-slip wall velocity is as- 

sumed on adiabatic wall condition of no heat 

transfer. Further, condensate mass fraction g = 0  

is given at the solid walls and the symmetry 

condition on the shock tube centerline. 

P41 Diaphragm+ /]1 

! 700 300 ,-~-~ 
• '7 " X  

L= IO00 ] i[ 
~mt : ram) 

Fig. 3 The computational shock tube 

3 .  R e s u l t s  a n d  D i s c u s s i o n  

Figure 4 shows the predicted wave diagram of 

the present shock tube flow for the purpose of 

comparison with the experimental results ob- 

tained by Matsuo et al. (1982) Both the com- 

putational and experimental results represent the 

loci of the points a and c, respectively, which 

were indicated in Fig. 2. The locus of the point a 

refers to the location where the static pressure 

begins to rise due to nonequilibrium condensati- 

on in the high-pressure tube, and the locus of the 

point c is the location of the rising liquid mass 

fraction. From both the predicted and measured 

wave diagrams, it is found that the present com- 

putation qualitatively predicts the experimental 

results, and the agreement between both the 

results seems to be not good. This results from the 

tact that zero-time for the diaphragm rupture is 

assumed in computations, while in experiments it 

takes a finite time to rupture the diaphragm. 

This fact is also found from the locus of the 

experimental results of the points a and c. Both 

the results show that the region between the two 

loci of the points a and e become broader, as the 

expansion waves move upstream. This is due to 

broadening of the unsteady expansion fan caused 

by the diaphragm rupture. 

The predicted and measured time histories of 

the static pressures at the location of X = - - 140  

mm upstream of the diaphragm are compared in 

4 
(Mal~O ~ ~ 1982) 

Experiment 
-4>-- :l,ocm of polnt a 
+ :l.ocm of pointc 

~ C F D  . 
locus of poin| a 

, ~ C ~ ~ f p o i n t  c 

H e  

expansion wave "" ... ~ """" 
I I I t I i " - ",  

-600 -400 -200 0 200 
x tram] 

Fig. 4 The comparison between predicted and mea- 
sured pressure histories 
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i , I i 05 1 1.5 

t [ms] 

Time history of predicted and measured static 

pressure at x = -- 140 mm 

Fig. 5, in which the local pressure is normal ized 

by the initial pressure P4 in the high-pressure  

tube, and the time t starts after the head of  the 

expansion wave reach at the locat ion of  x =  

--140 mm. Note  t h a t / ~  is defined as the pressure 

just behind the shock wave propagat ing toward 

the low pressure tube, and Pl is the initial pressure 

in the low pressure tube. It should be further 

noted that the predicted and measured pressure 

ratios of  Pz/Pl are 1.0826 and 1.0899, respectively. 

The present computa t ion  quali tat ively predicts 

the measured pressure history, but the agreement 

is not good. In consider ing the present compli-  

cated flow field o f  the nonequi l ib r ium condensat-  

ion and the d iaphragm rupture time as well, it is 

believed that the present computa t ion  predicts the 

complicated nonequi l ib r ium condensat ion flow 

with an acceptable accuracy. 

Figures 6, 7 and 8 present the predicted spatial 

and temporal  dependence o f  the nonequi l ib r ium 

condensat ion for different initial relative humidi-  

ty, in which the normalized static pressure P/P4, 
degree of  local supersaturat ion S, condensate 

mass fraction g and nucleat ion rate I are plotted 

with time t and distance x/h*. The condensate 

mass fraction g is normal ized by using a certain 

maximum value gmax, the dashed lines indicate the 

predicted result for dry-ai r f low,  and the direction 

0.8 

1 - gm~ 60 

I 
4O 

0.6 - 0.4 

r ; 30 

i I 
: 0.2 

0 . 2  - 10 

o - 0 " " r " - ' 7 ~ - ~ - ~ i : > J ' ~ ' L / ' - ' -  o 
-10 -5 0 

i , t r , 

i i i i 

lo t°  

x / h "  

Fig. 6 Temporal and spatial characteristics of non- 

equilibrium condensation (~b4=20%, T4 = 

293 K, c04=2.73 × 10 -3) 

80 

70 

0 .8  - ~ 

0 .6  - 0.4 

0.4 t i '  P z =  

0 " 0 

Fig.  7 

80 

70 

60 

50 

40 

30 

20 

lO 

-10  ¢ -5 O u 

,0 F : : i : i ! 
i i i , 

10 ~ ~ . 

10o I r = r t 
-10 -5 0 

xlh" 

Temporal and spatial characteristics of non- 
equilibrium condensation (~b4=40~o, T4= 
293 K, co44=5.47 × 10 -3) 

of  the arrow indicates an increase in time. The 

pressure P2 and P3 are defined just  behind the 

shock wave and the contact  surface in the low-  

pressure tube, respectively, and Ap  means the 
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Fig. 8 Temporal and spatial characteristics of non- 

equilibrium condensation (~4=80~o, T4= 
293 K, o)4 = 10.98 × 10 -3) 

pressure difference, just behind the shock wave, 

for both cases of moist air and dry airflows. 

For ~b4=20,%o, T4=293 K and ~o4=2.73×10 -3, 

presented in Fig. 6, the static pressure rapidly 

decreases due to the unsteady expansion waves 

propagating toward the high-pressure tube, and 

has a local minimum value(see the blank circle). 

Then it increases to a certain peak value, before 

decreasing again. Both the points of the local 

minimum and peak pressures move upstream with 

an increase in time. It seems that the gradient in 

the pressure drop decreases with an increase in 

time. It is interesting to note that the local peak 

pressure due to the nonequilibrium condensation 

somewhat increases with time. 

The point that the condensate mass fraction 

begins to increase is indicated by filled circles 

(Q) and it moves upstream with time. It is worth- 

while noting that for each time plotted, the loca- 

tion of the filled circles does not correspond to 

that of the blank circles (Q) and it locates further 

downstream. This means that the static pressure 

starts to increase before the condensate mass 

fraction increases. It is believed that the pressure 

waves due to the latent heat release of the non- 

equilibrium condensation propagate upstream 

and contribute to the time-mean static pressure 

rise upstream of the location where the con- 

densate mass fraction increases. Meanwhile, the 

spatial distribution of  the degree of local sup- 

ersaturation 5' shows a peak value near the loca- 

tion where the condensate mass fraction starts to 

increase, moving upstream with time, but its peak 

value decreases with time. 

It is found that the peak value of the degree of 

local supersaturation is the same to the location 

that the condensate mass fraction g starts to 

increase in the region of x/h* > - 3 . 0 .  However, 

in the region of x / h * < - 3 . 0  it locates upstream 

of the location that the condensate mass fraction 

g starts to increase. This is due to the generation 

of the weak discontinuity caused by the non- 

equilibrium condensation. Similar trend can be 

also found from the distribution of the condensa- 

tion nucleation rate I. The location of the maxi- 

mum nucleation rate does not correspond to the 

location that the condensate mass fraction starts 

to increase. 

The present computational results significantly 

differ from those of  the previous supersonic wind 

tunnels. The nonequilibrium condensation oc- 

curring in shock tube results from the unsteady 

expansion waves, in which the flow speed is 

subsonic. In this case, the latent heat release of  the 

moist air and associated flow field is different 

from those in supersonic flow. 

Figure 7 shows the spatial and temporal dis- 

tributions of the nonequilibrium condensation 

for ~b4=40%, T4=293 K and o94=5.47× 10 -3. If 

compared with the results of Fig. 6, somewhat 

different trend is found in the static pressure 

jump due to the nonequilibrium condensation. 

The static pressure jump moves upstream with 

time, but its magnitude becomes lower with time. 

The point c that the condensate mass fraction g 

begins to increase does not correspond to the 

location of the rising static pressure. It is reason- 

able to conclude that the onset of the non- 

equilibrium condensation in a shock tube flow is 

not the location that the static pressure starts to 

increase, but the condensate mass fraction g 

begins to increase. 
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spatial characteristics of nonequilibrium condensation 

For 44=80%, T4=293 K and 0)4 = 10.98 X 10 -a, 

Fig. 8 shows that with a higher initial relative 

humidity of the moist air, the static pressure jump 

becomes higher, the spatial distributions of the 

degree of local supersaturation and condensation 

nucleation rate become narrower, compared with 

the cases of a relatively lower initial humidity. 

The difference between the moist air and dry air 

flows is more significant. 

The effect of the initial specific humidity on 

the temporal and spatial characteristics of the 

nonequilibrium condensation with the same ini- 

tial relative humidity of 44----60% are shown in 

Fig. 9. It is found that the local pressure jump 

for higher specific humidity, ¢04=10.98x 10 -3 is 

located further upstream with time than for lower 

one, 0)4=8.22 × 10 -s. Furthermore, the discrepan- 

cies between the location of local highest pressure 

and the point that the condensate mass fraction 

starts to increase are more appreciable for higher 

specific humidity. It can be shown that the 

pressure difference Ap also increases for higher 

specific humidity. In the comparison Fig. 8 for 

44=80%, T4=293 K, 0)4=10.98× 10 -a, with Fig. 

9(b) for 44=60% T4=293K,  0)4=10.98×10 -a, 

which are for the same initial specific humidity 

and different relative one, it is tbund that the 

discrepancies between the highest local pressure 

and the point that the condensate mass fraction 

starts to increase become pronounced compared 

with the those of relatively lower one. However 

the flow with relatively higher specific humidity 

induces much higher pressure jump than the one 

with lower. This is explained that even at the 

same relative humidity, flow for higher specific 

humidity contains relatively more moisture, there- 

fore larger amount of heat releases by the none- 

quilibrium condensation. 

Figure 10 represents the time history of flow 

properties with and without condensation at two 

upstream locations, x = -  100 mm and x = - - 2 0 0  

mm. The initial conditions in high-pressure tube 

for the case of condensation are 44=60%, Z4= 

293 K and (o4=8.22 × 10 -a, respectively. The static 

pressure without condensation decreases mono- 

tonously with time due to the upstream propaga- 

tion of the unsteady expansion waves in the high- 

pressure tube, while the local pressure jump 

occurs with condensation. It is also found that the 

amounts of pressure jump and entropy increase 

at x = - - 2 0 0 m m  are much lower than that at 

x = -- 100 mm. This is due to the reduction of heat 
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release by at tenuation of  the expansion waves 

during the upstream propagat ion.  It can also be 

seen that the maximum local degree of  supersa- 

turation and condensate mass fraction at x = -  

100 mm much higher than those at x = - 2 0 0  ram. 

Figure  11 shows the effect of  the initial relative 

humidity on the adiabatic shock wave, which 

propagates toward the low-pressure  tube. The  

shock Mach number  Ms is given as a function 

of  the initial relative humidi ty of  moist air. The 

dashed line means the result of  theoretical  

prediction using one-d imens iona l  gas dynamics 

theory. For  a comparat ively  low initial humidi ty 

of  moist air, the shock Mach numbers are nearly 

the same to the theoretical  prediction,  but with an 

increase in the relative humidity,  the shock Mach 

number  seems to be a function of  the initial 

relative humidi ty in the high-pressure  tube. For  

instance, in cases of  the initial relative humidi ty 

of  ~b4=60 to 80~o, the shock Mach number  

increases 20% to 30%, compared  with the dry 

1 . 5  

1 . 4  
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The effect of the initial relative humidity on 

the adiabatic shock Mach number Ms 

air flow. Since the higher the initial relative hu- 

midity is, the larger is the latent heat release of  

nonequi l ibr ium condensat ion,  the resulted pres- 

sure waves become stronger, causing the shock 

wave Mach number  to be higher. Therefore  it is 

known that the gas dynamics theory of  dry air 

can' t  predict the shock Mach number  Ms for 

moist air flow. 

Fo r  a given initial relative humidi ty  of  moist 

air, the shock Mach number  is also affected by the 

initial specific humidi ty and temperature in the 

high-pressure  tube. For  the same initial relative 

humidi ty of  ~b4=60%, if the temperature of  moist 

air decreases from 297.8 K to 293 K, the resulted 

initial specific humidi ty decreases from 10.98× 

10 3 to 8 .22×10  -3 , the shock Mach number  Ms 

becomes lower by about  10%. 

4. Concluding Remarks 

The computa t ional  analysis is performed to 

investigate the t ime-dependent  characteristics o f  

nonequi l ib r ium condensat ion in a shock tube. 

Two-d imens iona l ,  unsteady, compressible,  Na- 

vier-Stokes equat ions are fully coupled with a 

droplet  growth equat ion.  The governing equa- 

tions are solved numerical ly  by the th i rd -order  

M U S C L  type T V D  finite difference scheme, with 

the second-order  time fractional t ime step. The 

computa t iona l  results are compared with the pre- 

vious experimental  data. 

It is found that the static pressure rise due to 

nonequi l ib r ium condensat ion increases with the 
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initial relative humidity in the high-pressure 

tube, and it is also affected by the initial specific 

humidity. For  nonequilibrium condensation in 

shock tube, the location that the static pressure 

begins to increase does not correspond to the 

location that the condensate mass fraction starts 

to increase. It is recommended that the onset of 

the nonequilibrium condensation should be 

defined as the location that the condensate mass 

fraction starts to increase. In the case of a diabatic 

flow of nonequilibrium condensation in subsonic 

speed or the flow induced by the unsteady ex- 

pansion waves, the shock Mach number increases 

with the initial relative and specific humidities of 

moist air. The pressure waves generated by the 

latent heat release of  moist air are responsible for 

this. 
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