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2-D transonic flow with energy supply by homogeneous condensation:
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Abstract. A generalized form of the similarity law for the condensa-
tion onset Mach number of water vapor in air in the transonic and
supersonic range for water vapor flow in moist air is derived from
well known basic approaches for supersonic nozzles. These state-
ments are confirmed by extensive experimental investigations in
Laval nozzles, as well as by results of other authors and computa-
tions on the basis of the Euler equation linked with the classical
theory of nucleation and droplet growth. In this experimental re-
search priority is given to the qualitative description of the two-
dimensional condensation processes, and their effects in transonic
flows in nozzles of different geometrical configuration (e.g. slightly
or well curved). A quantitative discussion of 2-D structures in con-
densation regions requires the introduction of a characteristic angle
along streamlines. It is then directly possible to describe the different
types of compression disturbances in supersonic flows with heat
addition.
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1 Introduction

The phase transition of rapidly expanding vapor or gas
vapor mixtures is usually not observed at thermodynamic
equilibrium. In the supersaturated metastable vapor phase
homogeneous nucleation occurs. Then, after a characteristic
adiabatic supercooling, essential condensation starts to
grow. Transonic flows of moist air expand to a certain adia-
batic supercooling 4T,,= T,—~ T,, the difference of saturation
and condensation onset temperature, which is about 50—-60
K. By that, the condition for an extreme rise of homoge-
neous nucleation rates is fulfilled. Moreover, this super-
saturation means that the latent heat can only be supplied in
the supersonic range. For the first time this fundamental
result was proved theoretically by Oswatitsch (1941 and
1942). In the presence of high cooling rates, the only ones to
be discussed in this paper, the amount of the usually existing
additional heterogeneous condensation is of no importance.

Pressure and density disturbances in the flow, caused by
heat supply, can either be steady (continuous or with a
shock) or unsteady (periodically oscillating). The prevention
of condensation onset is of essential importance to technical
applications, e.g. turbomachines. Droplets may destroy the
blades. Steady or oscillating shock waves may cause operat-
ing problems or crash of bladerows due to vibrations. Ho-
mogeneous condensation is also observed in transonic flow
around airfoils in free atmosphere. So far, theoretical and
experimental simulation of condensation processes to be
expected in cryogenic wind tunnels, have been studied in a
few cases only and by means of simplified models (Hall
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(1976, 1979a, b), Koppenwallner and Dankert (1979a, b),
Wagner (1982), Wagner and Diiker (1984), Wegener (1980,
1987)). Such wind tunnels operate with pure nitrogen, which
is cooled down to about 100 K. Local accelerations, produc-
ing additional supercooling, e.g. around profiles, may cause
condensation onset of the nitrogen. Measured data would
become unusable. What is especially interesting is the depen-
dence of the condensation onset in 2-D flows on the caracte-
ristic parameters, e.g. the free stream Mach number, or the
thickness ratio of a profile, or the angle of attack. This paper
deals with fundamental gasdynamic questions related to the
condensation onset, its application to other flows, and the
2-D structure in steady transonic flow fields with heat addi-
tion.

2 Theory

2.1 Similarity law for the condensation onset (1-D)

The condensation process is considered in terms of gasdy-
namics. According to Wegener (1954) and Wegener and
Mack (1958), the adiabatic supercooling is described by the
empirical relationship

dTr
And=f<d>o,7;). 1)

Equation (1) describes the relaxation process as a simple
model, which is mainly dependent on thermodynamics and
kinematics (geometry). Each is represented by only one
quantity: the relative stagnation humidity @,, and the de-
crease of the temperature along the streamline. Further-
more, Eq. (1) indicates that the adiabatic supercooling at
fixed initial state only depends on the geometry of the flow
problem.

Zierep and Lin (1967) were the first to formulate the
similarity law for the Mach number at condensation onset:

y+1

2

v — i 2

1+ 7 M:?
M. is the onset Mach number, y the specific heat ratio, the
exponent a has to be determined by experiments. At fixed
stagnation conditions, it immediately becomes apparent that
a is a characteristic geometric quantity. Figure (1) shows the
condensation Mach number for two values a;, a;, where
a; < ay . The nozzle with the higher relaxation (higher con-
densation onset Mach number) is related to the higher value
of a.

Zierep and Lin (1967) make the following empirical ap-
proach to determine the exponent a:
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Fig. 1. Condensation onset Mach number Eq. (2) — effect of absolute
temperature gradient (nozzle geometry); T, =const., p,, = const.

Ty, is the stagnation temperature, and 2 y* the total nozzle
height at the throat. The constants « and f§ are determined
experimentally: «=0.208 and =0.59. Frank’s (1983, 1985)
investigations confirm these values in the examined range.

Contrary to Eq. (1), Eq. (3) with Eq. (2) should lead to the
result that, in case of Tj,, =const., the condensation Mach
numbers are equal if geometrical similarity exists, although,
the decisive absolute temperature gradient (— dT/dx)*
(K/cm) may differ extremely. This means, the application to
other nozzles is restricted to a limited range of validity,
namely y* ~ const. This fact was already pointed out by
Zierep and Lin (1967). According to Frank (1985), the sta-
tionary case is established at #§ ~ 0.98 and not at M,=1,
resp. @,= 1 (=100%). Therefore, the temperature gradient
may not fall below a lower limit.

In the following, the approach given by Eq. (3) is general-
ized, and a correlation between a and (—dT/dx)* is deduced.
The absolute temperature gradient mentioned above is split
up as follows:

* \ B dT\*#
(5 ()

p+1
“(2@—1)) ' ©

A correlation exists between a and the absolute temperature
gradient if

Ky
Il

~ y* B
f=const. and &d=d <ﬁ> = const. (6)
To,
so that
dT\*#
a=4a <— :i;) . (7

In the relaxation area, the gradient at critical state is always
inserted as an average value. The coefficient «, which has
been considered constant before, now changes with respect
to the characteristic length. Within the given conditions, this
similarity law is no longer restricted to nozzle flows. Besides
y* a profile length can immediately be used in Eq. (4)
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Fig. 2. Equivalent nozzles with identical time scale along the axis
(1-D); @, =const., T, =const., py, =const.; (—dT*/dx)~1/./y*R*
=const.
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Fig. 3. Isentropic flow in a hyperbolic nozzle — characteristics and
iso-Mach lines

M; = M, = const.

3 0“5K :

Y;,”

Fig. 4. Characteristic angles a, 8, & at wall point I, supersonic heat-
ing front
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(Schnerr 1986). The internal streamline B belongs to the
streamline A along the wall (Fig. 2). Both possible nozzles,
with this pair of streamlines, have the identical temperature
gradient (—dT /dx)* ~1/./(y*- R¥) in the plane of symme-
try. Thus, from a 1-D point of view, a fixed stagnation condi-
tion indicates the same condensation temperature 7, or onset
Mach number M,. This is the content of the Egs. (2) and (7).

2.2 2-D effects in isentropic Laval nozzle flow

The similarity law as discussed before is based on a 1-D
model. 2-D effects, essential for the condensation process,
are shown in Fig. 3. Besides the computed grid of isentropic
characteristics some iso-Mach lines are plotted. The bound-
ary on the left of the calculation range is the vertex line
(normal velocity component v =0). In a supersonic nozzle, a
certain condensation onset Mach number is always reached
first at the wall. At the point on the wall where condensation
starts, two angles are important: the Mach angle « between
ascending characteristic ¢ and tangent to the wall, as well as
the angle f between the isentropic iso-Mach line and the
tangent to the wall (Fig. 4). The angular difference is defined
as

d=f—u (8)

With heat supply, the characteristic angle 8 is of great impor-
tance to the development of the condensation front. The first
case to be analyzed is 6 >0 (Fig. 3, position I). There, the
characteristics are inclined downstream of the iso-Mach line,
determined by the wall point I. They do not interact with the
front M =const. If the iso-Mach line under consideration is
a condensation onset front, the pressure increases down-
stream of this front as a result of heat release. Simultaneously
the local Mach number decreases, which means that « be-
comes larger and the characteristic angle é smaller. When
the heat release, ie. condensate mass fraction g, is high
enough, é becomes negative. As a consequence the pressure
disturbances, caused by the condensation process, intersect
the initial onset front M,=const. Consequently the relax-
ation increases.

If 6<0 is already given in the isentropic flow (Fig. 3,
position II), this interaction may totally alter the flow struc-
ture. This process is well reproduced by Bartlmi’s (1966)
calculation of characteristics considering supersonic nozzle
flow with relaxation. Figure 5 and 6 show the results for the
angles «, f3, 6 along the nozzle wall. The nozzles 4 and 6
(Table 1) represent the limits of the investigated wall curva-
tures 0.0375< y*/R*=<0.6. In the transonic condensation
range ¢ is mainly positive in the slightly curved nozzle 4,
negative, however, in the well curved nozzle 6. According to
Table 1, both nozzles show about the same absolute temper-
ature gradient in the plane of symmetry. This means that
nozzles with equal cooling rates are likely to create very differ-
ent 2-D homogeneous condensation processes.

Position =0 is of particular interest. Heat supply may
influence the condensation front upstream of this point,
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Table 1. Theoretically and experimentally determined critical temperature gradients of the tested circular arc and hyperbolic nozzles

Nozzle y* (mm) R* (mm) y*/R* y* R* (mm?) (—dT/dx)%;, (K/em), T,; =293 K
1-D 2-D
Theory Exper-
iment

1 15 50 0.3000 750 23.02 20.70 20.82
2 ¢ Bartlmi (1966) 30 100 0.3000 3000 11.51 10.35 9.67
3 60 200 0.3000 12 000 5.76 518 513
4 15 400 0.0375 6 000 8.14 8.00 7.92

5 Barschdorff (1967) 30 200 0.1500 6 000 8.14 7.64 7.33
6 60 100 0.6000 6 000 8.14 7.20 6.85

7 Barschdorff (1967) 30 584 0.0514 17 520 4.76 4.65 4.69
8 Wegener and Pouring I (1964) 20 127 0.1575 2540 12.51 11.70 12.06
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Fig, 5. Nozzle 4 — calculated characteristic angles «, B, § along the
nozzle wall
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Fig. 6. Nozzle 6 — calculated characteristic angles o, f, & along the
nozzle wall

Prandtl-Meyer expansion yields § =0, so that undisturbed
condensation onset fronts, in principle, may not be expected
in this type of flow. In circular arc nozzles the related Mach
number M, is only a function of the parameter y*/R*. The
result shown in Fig. 7 can approximately be applied to other
steadily curved wall contours. Figure 7 also illustrates that
the theoretical limit to nearly undisturbed transonic conden-
sation fronts is expected for y*/R* ~0.3. The result above
can also be expressed as follows: in case Of 8, pac >0, the
iso-Mach line M, =const. is a supersonic heating front, if
Saiabaue <0, a subsonic heating front, d4;,,.;c =0 represents
sonic fronts.

3 Experiments

3.1 Test program

The validity of Egs. (6) and (7) should be proved, and the
values of the coefficients & and § should be determined by
systematic experiments.

In total, 6 supersonic nozzles were built and studied ex-
perimentally. Two groups were formed, each containing 3
nozzles with the same characteristics (Table 2). In the first
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Table 2. Different laval nozzle types of the test series

Nozzle

y*/R* =const.

1//y* R* =const.

y*=15 mm=const. 1 4
¥* =30 mm=const. 2 5
y* =60 mm = const. 3 6

il R

SRR

Fig. 8. Test section with circular arc nozzle No. 5, throat height
2 y* =60 mm, flow direction from left to right

group (nozzle 1, 2, 3) the ratio y*/R* = const., i.e. geometrical
similarity does exist. These are hyperbolic nozzles, which
Bartlmad (1966) had already studied theoretically. The second
group consists of 3 circular arc nozzles. Now y* - R* = const.
This means that, according to Wegener (1964), the character-
istic length of the critical temperature gradient (1-D) of a

nozzle, I=/(y*- R*), is constant,

dT\* _y—1 1 1
—=2) =2l T, [— K
( dx) S ELLIOY by y*_R*( fcm) )]

Consequently geometrical similarity and constant absolute
temperature gradient exclude each other. Table 1 gives a
summary of all investigated nozzles.

3.2 Wind tunnel

The experiments were performed in the intermittant super-
sonic wind tunnel at the Institut fiir Strdmungslehre und
Stromungsmaschinen, Universitdt (TH) Karlsruhe. Figure 8
shows the opened test section, flow direction from left to
right. The height of the critical cross section of the circular
arc nozzle is 2y* =60 mm, the tunnel width 50 mm, the
radius of wall curvature R* =200 mm. The maximum effec-
tive height of this test section is 200 mm. Immediately before
the entrance the flow is extremely accelerated in 2 inlet noz-
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zles following one after another. Thus, in all approximations
the boundary layer thickness may be neglected at the entry
of the test section. If diabatic experiments are performed, air
is directly sucked in from the atmosphere through a short
pipe. The vacuum tanks (34 m?) allow about 10-30 s blow-
ing time of steady flow.

3.3 Methods of measurements

Flows in the test section were made visible by means of
schlieren techniques and photographed with exposure times
of t=1/125s (“long-time exposure”) and t=10"%s with a
sparc light source Strobokin (Impulsphysik, Hamburg). A
mercury manometer array was used for pressure measure-
ments. Data were recorded of the pressure loss at the intake,
the static pressure distribution in the whole test section as
well as in the plane of symmetry of the nozzles along one
tunnel sidewall. In the experiments with moist air, the rela-
tive humidity @, and the stagnation temperature in the at-
mosphere were measured. The pressure loss in the suction
pipe (about 4 m long and 0.5 m in diameter) was always less
than 0.2% of the atmospheric pressure. Changes in the state
of humidity due to this influence may totally be ignored. The
relative humidity at stagnation was determined with two
independent measuring instruments: an aspiration psychro-
meter by ABmann (Lambrecht, Géttingen), and a capacitive
thin layer sensor HMP 31 UT (Vaisala OY, Helsinki). Due
to the low response of the aspiration psychrometer only
average values of temperatures (that is relative humidity) are
measured during the test. With the fast reacting thin layer
sensor changes in relative humidity are recorded on a
plotter. The difference, shown between the two systems, is
less than 2% relative humidity. The atmospheric pressure
was determined with a mercury barometer (Lambrecht,
Goéttingen), the pressure loss in the intake with a pitot
probe, and the stagnation temperature with a mercury ther-
mometer. The condensation onset in nozzles was quantita-
tively analyzed by means of 1:1 prints and negative
projections from the schlieren photographs. The compres-
sion front visible all over the cross section of the nozzle is
compared with the calculated and plotted iso-Mach lines in
and near the plane of symmetry. In this way, condensation
onset is determined by interpolation. Additional measure-
ments with half of the window replaced by a metal plate with
pressure taps was used to determine the condensation onset.
In comparison to interferometric methods, it becomes ab-
vious that the schlieren technique is well suited for qualita-
tive description of complicated 2-D compression distur-
bances caused by homogeneous condensation.

4 Results

4.1 Adiabatic nozzle flow

Figure 9 shows the distribution of static pressure measure-
ments at the wall in the plane of symmetry of the hyperbolic
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Fig. 9. Hyperbolic nozzles 1, 2, 3, — pressure distribution along the
axis, adiabatic flow
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nozzles 1, 2, 3. The theoretical result for the supersonic range
is obtained from an isentropic calculation of characteristics.
For all nozzles, theory and experiment correspond quite
well. Above all this applies to the temperature gradients
(Table 1, isentropic assumption in adiabatic flow). The differ-
ences in the pressure distributions due to boundary layer
displacement effects are <3%. This influence decreases
when the wall curvature increases (higher values y*/R*).

4.2 Diabatic nozzle flow

According to Eq. (1) (Wegener 1954) and Eq. (2) (Zierep and
Lin 1967), the influence of thermodynamics and kinematics
should be discussed separately. For a given nozzle, with a
constant time scale ((— dT/dx)* =const.), the increase of the
relative humidity will cause a decrease of the condensation
onset Mach number. In slender nozzles with y* < R* in the
limiting case of steady flow an almost normal shock extends
from wall to wall. Then the flow in the supersonic range of
the Laval nozzle is first reduced to subsonic speed, and then

a

Fig. 10a and b. Effect of temperature gradient (time scale) on condensation onset in hyperbolic nozzles no. 1 (below) and no. 3 (top); a nozzle
3 D,=292%, x=62g/kg, T, =2994K; nozzlel: $,=29,7%, x=73g/kg, Tp,=301,8K; b nozzle3: &,=63,1%, x=9,7 g/kg,

Ty, =2939 K; nozzle 1: $,=63,6%, x=10,0 g/kg, T;,; =294.5K
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Fig. 11. Condensation onset Mach number (axis) in geometrical
similar nozzles nos. 1 and 3

accelerated again to supersonic Mach numbers by means of
heat supply. When @, rises further, the disturbance becomes
periodically oscillating. This phenomenon was discovered
by Schmidt (1962). The first similarity laws dealing with
unsteady nozzle flows by homogeneous condensation were
reported by Zierep and Lin (1968) and Zierep (1971, 1982).
According to Figs. 5 and 7 the characteristic angle § is al-
ways positive in nozzle 4, which means that the condensa-
tion fronts are not altered at all. M, in the plane of symmetry
is consequently well described by the 1-D model.

Figure 10a and b shows the influence of the time scale on
the relaxation process for identical stagnation conditions
within measuring accuracy in each case. The upper nozzle 3
(2 y*=120 mm) is four times as large as nozzle 1 below with
2 y* =30 mm (geometrical similarity). According to Table 1,
the temperature gradient (—d T /dx)* in nozzle 1 is four times
as high as in nozzle 3. To explain the influence of scaling,
both nozzles are illustrated such that the heights of the criti-
cal area correspond and are placed exactly one upon an-
other. Comparing the photographs, one recognizes without
any measurements that the compression disturbance in the
picture below is located further downstream of the nozzle
throat. There, in consequence, the condensation onset Mach
number is higher. Ignoring the influence of the temperature
gradient (—dT/dx)* on the condensation process, both pho-
tograph sections should be identical. This effect of the abso-
lute temperature gradient on the condensation onset was
first proved experimentally by Hermann (1942). The differ-
ence of the onset Mach numbers M, in the investigated range
is seen quantitatively in Fig, 11. The exponents a are the
average values of the experiments calculated according to
Eq. (2). Dohrmann (1988) supplementary computed 3 experi-
ments in order to verify the results achieved for nozzle 3. The
2-D numerical method (Schnerr and Dohrmann 1988, 1989)
is based on the Euler equation linked with the classical
nucleation theory by Volmer (1939). In the droplet growth
phase the surface averaged radius is used, according to Hill
(1966). Theory and experiment agree quite well. The com-
parison of the schlieren photographs in Fig. 12 illustrates the
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influence of the wall curvature, when the initial conditions
are nearly constant and the critical temperature gradients
are identical according to the 1-D theory (Table 1, nozzle 4,
5and 6: y* - R* = const.). Decreasing radius of wall curvature
implies increasing height of the nozzle throat. As a result, the
characteristic “X-shock” develops more and more for in-
creasing nozzle height at ¢, =const. The numerical results
reproduce the 2-D structure, visualized in the schlieren pho-
tographs, in all details. The agreement of the condensation
onset Mach numbers expected in these 3 nozzles, is shown in
Fig. 13 for &, < 50%. The measuring points encircled belong
to the schlieren photographs of Fig. 12. The calculated onset
Mach numbers agree well with the experimental results. This
confirms the empirical approach of Eq. (7) for the similarity
law. The onset in the computation is consistently defined
by the heat supply, which causes without interaction
(Vgiabatic =0) a pressure increase of < 3 mbar compared to
the adiabatic result. In nozzle 6 the condensation fronts for
&, >507, are already disturbed in the plane of symmetry by
compression waves extending from the walls (Fig. 14). The
possibility of this behaviour in propagation of 2-D flows
with condensation was already pointed out by Bratos and
Meier (1976). There the onset fronts obviously are subsonic
heating fronts. The intersection point of the weak inclined
shock waves is now located in front of the condensation
zone. This means that measurements of pressure or density
in this range already deviate considerably in comparison
with the adiabatic flow. This, however, should not be inter-
preted as condensation onset. In other words, M, in distinc-
tive 2-D condensation processes cannot be determined by
pressure or density measurements. A correct onset condition
must be defined with the condition of a minimum heat supp-
ly. In consequence it is not anymore possible to obtain a
definite relation between heat supply and pressure deviation
(see Figs. 17a, b). A further increase of @, results in inter-
rupted condensation zones.

Nozzle 8 of Wegener and Pouring (1964) was used as
reference for the experiments as well as for the numerical
calculations on the basis of the diabatic Euler method. It was
built according to the data of Wegener and Pouring (1964).
Within measuring accuracy, the experimentally dermined
onset Mach numbers M, correspond quite well with the
results of the authors (Fig. 15). The numerical results addi-
tionally reproduce the whole 2-D structure of the condensa-
tion zone, from the regular “X -shock” (Fig. 16, @,=132%) to
the almost normal shock (Fig. 16, &, = 64.8%). In the range
of 1.132 < M_<1.301 the experimental onset Mach numbers
on the axis agree well with the theoretical results, and are
independent of interaction (J4;,puc > 0) for @,<64.8%. The
onsets of pressure increase and heat supply are therefore
identical (Fig. 17a). At nearly constant stagnation condi-
tions in nozzle 6, the pressure disturbance already starts in
front of the heat supply (Fig. 17b). In nozzle 8 the conden-
sate mass fraction g =0.1 gy o/kgmoist a1 Produces a pressure
increase of 2.8 mbar (= onset), whereas in nozzle 6 the in-
crease is already five times higher (4p =14.8 mbar). In these
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0, = 36.4 %

x = 6.60 g/kg

To] = 2966 K

M= 0.02

o, = 366 %

x = 8.30 g/kg

Ty = 300.3 K
Mp=1—y)

0 =372 %

x = 6.20 g/kg

Toy = 295.0 K
M;=1

Fig. 12. Effect of wall curvature on 2-D condensation flow in circular arc nozzles nos. 4, 5, 6 with nearly the same time scale
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distinct 2-D processes in condensation flow, the onset Mach
number M, cannot be determined by the similarity law
stated in this paper.

4.3 Determination of the coefficients & and B for the conden-
sation onset in transonic flow

According to Table 2, the nozzle experiments are analysed in
three groups of constant throat heights. The experimental
results of a and (—dT/dx)* are inserted in Eqs. (4) and (6),
hence it follows, that the exponent f is approximately con-
stant and & changes with the throat height y*. Eq. (6) yields

47

Fig. 13. Condensation onset Mach number (axis) in circular arc
nozzles nos. 4, 5, 6 with nearly the same time scale
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Fig. 14. Interaction of pressure waves and condensation onset in

well curved nozzle no.6; top: ®,=62,2%, x=70g/kg,
T,, =288,8 K; middle: ®,=632%, x=92g/kg T, =2930K;
below: @,=71,3%, x=7,0 g/kg, T,; =286,8 K
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Fig. 15. Condensation onset Mach number (axis) in circular arc
nozzle no. 8

Table 3. The coefficients of the similarity law for the condensation
onset Eqs. (7) and (2) '

y* (em) T, (K) B a (em/K)*#
1.5 298.55 0.2941 0.0497
3.0 298.4 0.3085 0.0494
6.0 296.85 0.3005 0.0503

& constant, too, in the investigated measuring range, Ty~
const. (Table 3). Thus the approach of Eq. (7) is well con-
firmed. From Table 3 the following average values are ob-
tained:

&=0.0498 (cm/K)? (10)
f=0.3010.

Finally the similarity law for the condensation onset in
transonic flows is determined, for the exponent a of Eq. (2),
it follows:

dT % 0.3010
a=0.0498 (— - (K/cm)) (11)

The graphic representation is shown in Fig. 18. It is verified
by other experimental results, see references in Fig. 18. If the
critical temperature gradient is not specified there explicitly,
it was derived from the pressure distribution by means of
isentropic calculation.

5 Conclusions

From the similarity law of Zierep and Lin (1967) a criterion
for the onset Mach number in transonic flows with homoge-
neous condensation is derived, and proved by extensive ex-
perimental and theoretical investigations in supersonic
nozzles. On the basis of the assumptions (local 1-D model)
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@, = 32.0%, x = 8.43 g/kg, Tor = 302.6 K
D, =547%,  x=9.36g/kg, Tor = 295.6 K
D, =64.8%,  x=09.08g/kg, Tor = 292.2K

Fig. 16. Continuous and discontinuous flow with heat
supply in nozzle 8, comparison with theory, iso-Mach
lines M, z1, AM,=0.02
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and boundary conditions (p,; and Ty, approximately con-
stant) of these investigations, the determining factor for the
streamline considered is the critical temperature gradient.
The 2-D structure of the condensation zones in supersonic
nozzles can be explained immediately by the dominating
curvature parameter y*/R*. Onset fronts are possible, which
are without interaction, locally disturbed, or interrupted.
Due to the interaction of the compression waves on the
condensation process relaxation may increase. If the amount
of the added heat is constant, the determining quantity is the
characteristic angle § of the flow without heat addition. In
case of d4;,paic > 0, the condensation front locally is a super-
sonic heating front, 8 4;,p... = 0, @ sonic front, and d 4;,paic <0
represents the subsonic heating front, e.g. diabatic Prandtl-
Meyer expansions. In the transonic range of nozzles 6 is only
afunction of y*/R*, and therefore applicable when geometri-
cal similarity exists. With fixed initial conditions (@, Ty,), the
condensation process is generally dependent on (1) the abso-
lute temperature gradient (e.g. K/cm), (2) the characteristic
angle 9, (3) the amount of heat supply.

In the generalization described in this paper, the validity
of the similarity law for the condensation onset is no longer
restricted to nozzles. Applications to flows around profiles,
e.g. to the profile surface, are directly possible. A similarity
exceeding the condensation onset, e.g. for the whole tran-
sonic flow with heat supply, is not expected because of the
strong interaction of flow and condensation process
(Schnerr 1988). Assuming a more géneral function of heat
distribution and considering the heat parameter A, intro-
duced by Zierep (1965) for profile flows, we obtain for Laval
nozzles

- q

!
A~ W = const.

Herein the free stream Mach number is set to one, the thick-
ness parameter of the profile is replaced by y*/R* and q is the
nondimensional parameter of the heat distribution. For sim-
ilar transonic flows with heat supply the additional condi-
tion A=const. consequently requires higher heat supply in
stronger curved nozzles.
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