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Shock waves in condensing steam flowing through a Laval nozzle 

R. PUZYREWSKI, A. GARDZILEWICZ and M. BAGINSKA (GDANSK) 

INVESTIGATIONS of shock waves occurring in a flow of condensing steam are presented. The 
results of experiments are confronted with a one-dimensional shock wave theory in which the 
classical surface of discontinuity is replaced by a region of finite thickness named the zone 
"of intense dissipation". 

W pracy przedstawiono badania fat uderzeniowych w kondensuj~cej si~ parze wodnej. Otrzy
mane drog~ eksperymentu wyniki pomiar6w skonfrontowano z jednowymiarow~ teorhl fali 
uderzeniowej, w kt6rej klasyczn~ powierzchni~ ci~glosci zast~piono stref~ zwan~ tu "stref~ 
silnej dysypacji". 

B pa6oTe npe~CTaBJICHbi llCCJIC~OBaHWI y~apHbiX BOJIH B KOH~CHCB:pYJOiqeMC.fl BO~OM 
nape. TionyqeHHbie nyTeM 3KcnepB;MeHTa pe3ym.TaThi B:3Mepemtii conoCTaBJICHbi o~oMepuoi 
TCOpliH y~apHOH BOJIHbi, B KOTOpOH KJiaCCWICCKa.fl noBepXHOCTL p113pbiBa 3aMeHeHa 30HOi 
Ha3hmaeMoj{ 3~CCL ,30HOH CH.JILHOH ~CCIUI~". 

1. Notation 

A nozzle cross-section area, 
c P specific heat at constant pressure, 
E Euler number, 

enthalpy, 
H dimensionless parameter, 
h heat of condensation and evaporation, 
k isentropic exponent, 
L nozzle width, 
M Mach number, 
R gas constant, 

Re Reynolds number, 
p pressure, 
s entropy, 

T, t temperature, 
u velocity of the mixture of phases, 

Xt loss of momentum, 
X relative loss of momentum, 
x coordinate in the direction of nozzle length, 
y nozzle height coordinate, wetness fraction, 

L1 T temperature difference, 
L1y change of wetness fraction, 

<5 boundary layer thickness, 
rp velocity coefficient, 
v kinematic viscosity, 
e density, 
0 ratio of cross-section areas, 
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0 refers to stagnation conditions in the medium, 
1 refers to conditions ahead of shock wave, 
2 refers to conditions down stream of the shock wave, 

oo refers to undisturbed flow, 
eks denotes experimental value, 

max denotes maximum value, 
s refers to saturation state, 
' refers to liquid phase, 

/I refers to gaseous phase. 

THE LA v AL nozzle, as a component commonly used in various technical devices, is the 
-object of comprehensive fundamental research aimed at elucidation of the phenomena 
characteristics of its operation. The flow through the nozzle represents a complex of 
mutually coupled phenomena, which -in either experimental or theoretical investiga
tions- may be analyzed jointly or separately. 

The present work is concerned with investigation into coupled phenomena occurring 
in the supersonic section of th~ Lava! nozzle, characterized by the presence of shock in 
the flow of condensing steam. The following phenomena were, in this case, superim
posed on the picture observed: 

- interaction between shocks and boundary layer (understood as a certain region 
adjacent to the wall), 

- phase changes within the region of wave appearance. 
The observations were complemented by measuring static pressures in the relevant region. 

The fact of simultaneous occurrence of both the phenomena referred to above makes 
the experiments somewhat intricate, and also, in the present state of knowledge, makes 
impossible an elegant and exact theoretical approach. Taking- for example- only the 
interaction between the shock wave and the boundary layer, we are not able to construct 
a theoretical description, in spite of the existence of sufficiently developed theories for 
both phenomena, because of the non-linear effects resulting from their combination. 

The investigations presented below were focused mainly on: 
- visual effect due to the influence of shock waves on the wetness fraction of con· 

densing steam, 
- static pressure disturbances within the region of the shock waves occurrence. 

3. Conditions of experiments 

The experiments were carried out in a symmetric nozzle of rectangular cross-section. 
The nozzle dimensions and variation of cross-section area along the nozzle axis are shown 
in Fig. 1. The nozzle inlet conditions were varied within a rather narrow range by throt
tling or by injecting water into superheated steam. The exhaust pressure was varied by 
flow throttling in the pipeline leading steam out to the condenser. Thus it was possible 
to change the location of the shock wave within the supersonic section of the nozzle. 

The lines representing isentropic expansion in the "s-i" diagram in the considered 
interval of condition values are shown in Fig. 2. It may be seen that the initial conditions 
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were varied from those at saturation line to such corresponding to superheated steam. 
Visual observations were carried out either with direct lighting, or making use of the 
Topler optical system to improve the possibility of indentifying the shock wave. The con
struction of the nozzle adopted for investigations of this kind has been described, e.g., 
in [2]. The pressure measurements were made on both side walls of the channel. 

4. Visual eft'ects caused by shock waves acting on condensing steam 

With initial conditions close to the saturation line, the homogeneous condensation 
starts in the vicinity of the nozzle throat. An appropriate rise of exhaust pressure causes 
the appearence of a shock wave in the supersonic nozzle section. Due to the increase 
of steam conditions through the wave, there is a complete evaporation of the condensed 
water drops. Such a situation is recorded in Fig. 3 with direct lighting, and as it was seen 

FIG. 3. 

with the naked eye. It may be noticed that the liquid phase evaporation path is rather 
very long. Arrow s gives the probable location of the shock wave. From the growth of 
the condensationless zone at the wall, clearly visible at the lower wall of the nozzle, it 
is concluded that there is a flow separation from the wall connected with the wave. The 
diffuser flow behind the wave carry on to repeated separation of the boundary layer, 
marked in the photograph with arrow S'. This brings about a still stronger compression 
and rapid evaporation- observable as vanishing of mist in the flow. 

With steam conditions p0 , T0 over the saturation line, the condensation starts further 
down from the nozzle throat in the direction of the supersonic section, fig. 4. Drops re-
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FIG. 4. 

suiting from condensation at higher velocities are smaller; they are more sensitive to the 
change of steam conditions in the wave. Due to the location of the shock· waves in the 
region of higher velocity, the change of parameters is itself larger. Both these causes com
bine to make shorter than in fig. 3 the path of drop evaporation in the diffuser flow down 
from the shock. 

FIG. 5. 
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A further of rise the initial parameters, together with shifting of the shock wave towards 
higher velocities, leads to a situation in which the condensation and evaporation occur 
alternately in a sequence of shock waves, see Fig. 5. Starting from the point of flow sepa
ration from the wall (associated with the first shock wave), evaporation and conden
sation are brought about alternately by secondary expansion due to a change in the effec
tive area of the nozzle cross-section as a result of rapid growth of the boundary layer 
in the separation zone. 

Two or even three succesive shocks may be observed, depending on the location of 
the first of them. For a record of these waves, obtained by means of the Topler optical 
system, see Figs. 6, 7, 8. Somewhat disadvantageous conditions of the Topler flow visuali
zation must be mentioned. They were caused by vibration of the shocks, and mist due 

FIG. 6. 

FIG. 7. 
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FIG. 8. 

to condensation in the flow. The effect of unsteadiness of flow may be seen in Fig. 8, where 
there are several positions of the first shock observed during exposure. The unclear trace 
of the shock in Fig. 9 has the same cause. In Figs. 10 and 11, the situation is analogous 

FIG. 9. 

to that of Fig. 5. A weak trace of secondary condensation is noticable below the zone 
of mist evaporation occurring behind the first . shock wave. 

In Fig. 11, the shocks are situated within the measuring section of the nozzle, relatively 
far beyond the region of the beginning of condensation. Here, the velocity coefficient, 
understood as the ratio of local to throat velocities, was about 1.2. The accompanying 
picture of shocks, taken by means of the Topler system., is very unclear (cf. Fig. 12). 
A picture of shock waves in the last figures much more blurred, than those of Figs. 6, 7, 
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FIG.lO. 

FIG. 11. 

and 8 is probably a result of a more distinct influence of evaporating drops on the structure 
of shock waves in this region. It may be noticed that the shock waves further upstream 
were not so blurred, because of smaller spacing between the wave and the region of 
initiation condensation. 
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FIG. 12. 

The record of phenomena presented above is, for obvious reasons, characteristic for 
the nozzle shape under consideration. The material presented indicates, however, some 
characteristic effects of the shock waves and boundary layer on the condensing steam 
flow in the supersonic section of the Laval nozzle. 

An additional observation - outside the program of the measurements - was made 
during the experiments: rivulets of liquid appeared on the walls of the nozzle supersonic 
section with large steam wetness at the inlet, cf. Fig. 13.e) 

FIG, 13. 

In these pictures one can see very clearly the starting points of the dark, thin streams -
the water rivulets on the nozzle walls. A uniform, thin water layer cannot be formed 
because of surface tension on the boundary separating three different phases. 

e) The y0 value at the inlet was not directly measured. On the basis of data concerning the operating 
conditions of the test rig, it was estimated at 6 to 8% 
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FIG. 14. 

The pattern of the paths of rivulets deformed by the shock wave is shown in Fig. 14. 
The shapes of deformed rivulets enable us to infer separation of the boundary layer from 
the side walls of the nozzle. On the other hand, vorticity seems to lead to bunching of 
water rivulets. 

5. Static pressure disturbances on the nozzle walls in the shock zone 

5.1. Flow parameters 

The pressure disturbances were measured in the situation as in Fig. 11, with shock 
waves located within the very slightly divergent segment of the nozzle. 
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FIG. 16. 

The pressure distributions over the nozzle length measured for different sets of exper
imental conditions listed in Table 1 - are shown in successive Figs. 15 and 16. 

The conditions of the sets marked I and II were accompanied by a distinct, strong 
blurring down stream of the wave system, within the zone of pressure disturbance. In 
the conditions of set Ill, a slight mist was observed behind the system of shocks. The 
<:onditions of set IV were connected with complete evaporation behind the system of 
waves. Finally, in the picture corresponding to the Vth set of experimental conditions, 
there were only very slight traces of mist ahead of the shock wave, disappearing in the 
shock. 

Table 1 

----- Set of experi~~ntal j 
11 Ill IV V 

~ Parameters I 

Pressure at nozzle inlet Po [bar] 2.26 2.26 2.35 2.75 2.26 

Temperature at nozzle inlet To [cent] 124 130 151 180 229 

Pressure at the beginning of the zone of 
disturbances Pt [bar] 0.5 0.44 0.45 0.5 0.35 

Pressure at point of intersection of the isentropic 
expansion line and the saturation line p [bar] 2.26 2.08 1.6 1.35 0.55 

Pressure ratio PtiPoiPIPt 0.203/4.9 0.195/4.7 0.191/3.56 0.182/2.70 0.159/1.57 
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Table 2 

Parameters 

Set of experimental I 

~I 11 Ill IV V 

Pressure at the beginning of disturbance zone 
Pt [bar] 0.5 0.44 0.45 0.5 0.35 
Wetness corresponding to thermal equilibrium 
)' [%1 8.1 7.9 6.5 5.1 2.3 

The Table abowe gives the steam wetness ahead of the shock wave, corresponding to 
pressure p 1 , in the instance of isentropic expansion in thermodynamic equilibrium. 
The actual wetness may be smaller as a result of supercooling occurring in the expanding 
wet steam; also, because the expansion is not isentropic. 

5.2. The intense dissipation zone model 

In view of the absence of theories enabling an ~nalytical description of phenomena 
occurring locally in the shock wave region, a model of a strong dissipation zone was 
introduced. A considerable positive pressure gradient is assumed for this zone, in contra
distinction to the flow of low dissipativity, where the pressure variation is defined by the 
sequence of cross-section areas and by the losses due to the developed velocity profiles. 
An idealized picture of pressure variation within the zone, which seems to correspond 

2 / 

1 2 
Region oF 

intense dissipaTion 
1 

u1 Uz 
p1 Pz 

P1 ---- --- Pz 
71 Tz 
A1 Az 

l X 

FIG. 17. 

to the picture observed experimentally, is shown in Fig. 17. A criterion of applicability 
of the intense dissipation zone model is the ratio of linear dimensions 2~tfL; where ~1 
is the conventional boundary layer thickness, and L - nozzle width. It has been proved· 
that there is a strong interaction between the separation region of the shock wave and 
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the main stream when the ratio indicated is of the order of I0- 1
• It leads, then, to the 

occurrence of a sequence of shocks and to flow separation embracing a considerable 
region, downstream of which the velocity field becomes "leveled". An estimate of the 
2o1 /L value, based on the thickness of the loss of cross-section area in a turbulent boundary 
layer on a flat plate (2) 

yields a value of the order e): 

The conservation equations for the intense dissipation zone were taken in the one-dimen
sional form: 

(5.1) 

., ui ., u~ 
lt -hyl +y = l2 -hy2+ y· 

These were complemented with the equations of state 

(5.2) 

and the calorific relation: 

(5.3) 

In addition, the following approximation was made in the relevant region 

(5.4) 

In the resulting system of equations, the following notation was introduced: 

E1 = RT1 (Euler number), 
uf 

H _ hy1 X= Xt(l-yt) 
1 

- ui ' e~uiAt 
u2 

<p=-, 
Ut 

The system of equations has the form: 

1 2 k [ P2 J L1y -2(1-<p) +(1-<p) = k- 1 Et (1-L1y)O<p~-1 +H1 y;-, 

(1-<p)+ _!_E1 (1-0) (1-y1)(t-12.) =X, 
2 P1 

(5.5) 

e> X = 0.4m, V = 0.4. 10-4 m2 /s, Uoo = 700 m/s. H = 1.4, Re.x = UooX/V. 

e> L = 0.025 m. 
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with solutions for q; or p 2 jp 1 representing functions of the foJlowing parameters: 

q; = q;(£1 , H 1 , X, 0, L1y, Yt), 

P2/P1 = n(E1, H1, X,(), L1y, Yt). 
(5.6) 

Attention should be drawn to the fact that, for a plain shock, the above functions will 
be reduced to simple dependences on the Euler or Mach number only, the numbers being 

mutually related by 

1 
E = kM2' 

In the presence of liquid phase, there is an essential difficulty in determining the sound 
velocity because of the existence of dispersion, causing the commonly used definition 
of the Mach number to become meaningless. 

The wetness y 1 ahead of the dissipation zone is the result of the preceding condensa
tion. There is no full thermodynamic equilibrium during the condensation, and the 
existing supercooling L1 T is related to wetness fraction y 1 by the function 

(5.7) 

where: L1Tmax corresponds to the maximal supercooling for a given state 1 ahead of the 
dissipation zone. 

The magnitude of supercooling L1 T is defined by the history of the condensation process 
from its starting points to the zone of strong dissipation. As proved by the calculations 
carried out in [2], the values of 1 to 2°C are to be expected in the nozzles. 

Some non-isentropic processes are also decisive for the situation referred to as state I, 
namely: 

(a) losses due to friction of nozzle walls; 
(b) changes of entropy associated with condensation. The total entropy increase 

caused by these factors may be represented as 

(5.8) LlS = Lls.(Re, M, ~)+LlS.[e(t), T(t)], 

and the L1Sa term may be evaluated using the data from experiments on the Laval nozzles 
quoted in the literature [3]. The value of L1Sb could be assessed only if the run of conden
sation from initial state I were known. However, for determination of the utmost value 
of L1Sb, the condensation shock model [4, Figs. 18, 19] may be employed. 

With p0 , T 0 and the values of p u T1 and S being given, the state 1 ahead of the dissi
pation zone is known. All the values of parameters taking subscript 1 are, therefore, de
termined. Only the values of(), X, L1y are still to be determined. But here, the information 
supplied by the investigations is only fragmentary. The value of() for the dissipation zone 
was determined from the sequence of nozzle cross-section areas, static pressure distri
bution and the zone width established on the basis of Fig. 16. 

The function (5.6h 
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was calculated for a selected set of stagnation parameters marked with subscript 0 and 
the parameters ahead of the dissipation zone - subscript 1. 

The run of this function is shown in Fig. 18. The curve of Fig. 18 was employed to 
determine the X= X(Ay) dependence for p2 /p 1 values observed during the experiments. 

Fb""2.26 bar; T0 ,.397.15°; t1T=-1° (experimental conditions I} 

2.0 f---t-----t 

R,= 0.5 bar 
51=7.18 kJ/kg 
y1=0.0658 
u1 = 648.3 m/s 

1"~01 -0.08 -0.06 -0.04 -0.02 0 0.02 

FIG. 18. 

0.04 0.08 0.1 
X 

There is one link missing in the reasoning leading to the determination of the loss of 
momentum referred to the momentum of the flow ahead of the dissipation zone: the 
change of the wetness fraction ilyfy1 • This ambiguity cannot be removed by way of a for· 
malism based on the conditions of conformity. 

The course of variation of the X= X(ilyfy 1) dependence for four sets of conditions 
ahead of the dissipation zone is shown in Fig. 19. The same figure contains, in addition, 
a graph of quantity il T(p2 ) = T2 - Ts(p2 ) characteristic of the superheating of steam 
in state 2 for the sets of experimental conditions in which the phenomenon of super· 
heating is formally possible. 

Attention should be drawn to the fact that, for values below unity, a wetness is obtained 
in the region of superheated steam. This would mean physically, that the time of evapo· 
ration of drops is longer than the time of their passage through the intense dissipation 
zone. 

There is a point marked in fig. 19 corresponding to the solution for the V-th set of 
conditions on the assumption of il T = 1 oc supercooling. In this instance, the character
istic plotted in the reference frame adopted reduces itself to a point, as a consequence 
of complete evaporation. 

Some comments should be made on the negative value of Xt -coefficient obtained 
from the calculations. This would indicate the existence of a force acting in the direction 
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of flow. The error analysis carried out by the authors shows that this result is not explic
able as an error in calculation or measurement. A convincing explanation is hardly 
possible without knowledge, also, of the structure of the intense dissipation zone. 

A possible formal reason may be sought in the non-uniformity of the field of parame
ters. It seems, however, that the adoption of the one-dimensional model should not lead 
to excessive errors if the cross-sections upstream and downstream of the zone manifest 
a fairly "good" ordering of the parameters. Another possible source of this result may 
be sought in the components of the stress tensor appearing in the equation of motion 
for the two-phase fluid [5]. Here, the situation in the neighbourhood of the wall may~ 
in view of the possible occurrence of reverse flows, be of importance in the interpretation. 

6. Conclusions 

Observations of shock waves in the condensation region of the flow of steam through 
a Laval nozzle constitute the main results of the present work. 

The formalism adopted and commonly used for shock waves, and complemented 
with the concept of the intense dissipation zone, appeared to be not entirely successful 
as regards information on the change of steam parameters across the zone. This may 
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be ascribed to the intricacy of the phenomena occurring in the region under considera
tion. The process of phase changes is, in the first place, non-definable within the frame
work of the approach suggested. The duration of these processes plays an important 
part in such an analysis. 

A comparison between the calculations and the results of pressure measurement 
enables estimation of the order of magnitude of the losses of momentum within the zone 
of intense dissipation. 

Comparing the calculated and measured values with the results obtained in [1], we may 
infer that the coefficient X= X (1-y1)/e~u1 A1 has no conservation properties. On the 
other hand, it depends markedly on the channel geometry, moisture content and on the 
picture of phenomena in the dissipation zone. 

The formation of the rivulets of liquid on the nozzle walls is an interesting physical 
phenomenon. It may res~lt from the transport of drops to the walls combined with the 
effect of surface tension on the interface of three phases the surface tension not allowing 
an uniform liquid film to form. It is also possible that this form of liquid is a product 
of condensation on the walls. Some data concerning wall temperature is indispensable 
to a better insight into this problem. 
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