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STRONG ACTION OF A STRONGLY UNDEREXPANDED
LOW-DENSITY JET ON A PLANE OBSTACLE

E. N. Voznesenskii and V. I. Nemchenko ULC 532.525.6.011.5

One of the fundamental characteristics of the strong action of a freely expanding gas jet or a strongly
underexpanded gas jet on an obstacle is the pressure distribution on the surface. For a phenomenological
description ofthe interaction and development of engineering computation methods, it is also useful to know the
shape of the shock which occurs here. Tvestigation of the interaction between a strongly underexpanded gas
jet and a plane obstacle parallel to the jet axis should be extracted as a separate problem. All the results
published in the literature [1-5] for the analysis of this problem have substantially been obtained in dense jets.
Examples of specific pressure distributions on an obstacle are presented in [1~-31], and in addition, methods are
given for an approximate computation of the magnitude of the induced pressure. As a rule, different modifica-
tions of the Newton method or the method of tangential wedges are recommended. According to estimates
[2, 4], the accuracy of such computations is not more than satisfactory and drops rapidly downstream. A search
for other means of selving the problem, particularly for modeling the phenomena in wind tunnels with subse-
quent representation of the results in criterial form, is of interest. Such an approach is used in [4, 5], where
similarity criteria are constructed for the dimensionless representation of the shock and the extension of the
pressure distribution to a plate parallel to the jet axis on the basis of similarity theory and the criterial char-
acteristics of a strongly underexpanded jet derived in [6], and appropriate empirical dependences are proposed
for dense jets.

Data of an experimental investigation of an analogous problem, performed on low-density jets, are pre-
sented below.

The conditions characterizing the jet outflow (air is the working gas) are the following: stagnation pres-
sure py =4.13 - 10*-6.67 . 10* Pa, stagnation temperature T, = 395-780°K, pressure in the working chamber
p, =1.33-13.3 Pa, degree of flow expansion N =p,/p,, = 0.5 - 104-4 - 10* for nozzle Mach numbers determined
without taking account of the boundary layer, M, =1.0-3.92. The distance h =H/r, between the model surface
and the jet axis, expressed in nozzle exit section radii r, varied between 4-20. Under conditions of the ex-
periment Rey, = Re 5/ N1/2, where Re, is the Reynolds number computed with respect to the critical gas pa-
rameters and the diameter of the nozzle critical section, varied between 14 and 160, i.e., was substantially
less than the value Rey, ~ 103-10% characteristic for [1-5]. Therefore, according to the classification of the
flow structure in a jet by the Reynolds numbers Rey, [7, 8], the investigation represented occupies a domain be-
tween the domain of interaction with a diffuse jet surface on the one hand, and a jet with a turbulent mixing lay-
er on the other, and corresponds to the case of interaction of a completely laminar jet with an obstacle when the
effects of viscosity and rarefaction still do not reach that part of the jet core in every case, by which the strong
load on the obstacle is defined for the range of values of h presented.

Included in the paper are data of just those experiments in which the influence of a hanging shock or the
external pressure on the measurement results is not detected.

1. The experiments were performed in a vacuum wind tunnel, for which the diagram of the working sec-
tion is shown in Fig. 1a. The gas goes through the leak 1 to the mixing chamber 2 equipped with a labyrinth
type resistance heater and closed by a cooled screen, then escapes through the cooled nozzle 3 in the strong
underexpansion mode into the working chamber where the cooled model 5 is mounted on the plotting board 4

e
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by using a holder. The working chamber is connected to the buffer capacity 7 through a vacuum seal 6, and the
gasg is then evacuated by a system of booster and roughing pumps.

The nozzle wall temperature was varied in a number of experiments, and the nozzle was covered by a
special cooling shield, a mask, to screen out the radiant heat flux from the nozzle to the model.

The pressure p, in the mixing chamber was measured by a U-shaped mercury manometer 8, the pres-
sure in the working chamber p, by the calibrated lamp PMT-2 with the converter VIT-1A (positions 9 and 10,
respectively). The gas temperature in the mixing chamber (the stagnation jet temperature T() was determined
from readings of the calibrated Chromel~—Copel thermocouple, whose hot junction was in front of the nozzle
entrance on its axis. Research was performed with six nozzles: M, =1, 1.675, 2.30, 2.88, 3.31, 3.92. The
critical diameter fluctuated between 1.5 « 10™2 and 1.65 - 1073 m in the series of nozzles. The exit section of
all the supersonic nozzles was conical with a 10° half-angle. Each nozzle is provided with an annular cooling
jacket, arranged around the enfrance section, but because of the relatively moderate nozzle size and the high
heat conductivity of the material eiffective cooling of the nozzle as a whole was assured, as well as of the vacu~
um seal (rubber or fluoroplagtic) used to maintain the necessary seal at the nozzle-heater connection. More-
over, each nozzle has a special adjusting ring for mutual adjustment of the nozzle, the coordinate mechanism
and the model.

The model of the cooled flat obstacle is a square copper housing with the dimensions 1.5 - 107! x 1.5 -
10~1 m%coveredonthe stream side by a thin layer of low-heat-conducting material. The coating is provided
with a set of microthermocouple transducers to measure the thermal fluxes to the obstacle by the method of an
auxiliary wall [9], whose values were used to estimate the accuracy of the pressure measurement results.

The model housing has three cavities: a center measuring cavity to sample the pressure py, on the obstacle
surface, and two lateral cavities with inputs for thermostatic control of the fluid (Fig. 1b). Above the central
cavity, the model wall is drained along the axial line by several orifices with diameters 0.55 - 1073 and 0.8 -
1073 m, only one of which was used in each specific measurement, while the rest were plugged. The relative
length of the drainage channel was 1.7-3.8 for different models and different orifices. The measuring cavity
is comnected to the calibrated manometer sensor MT-6, shielded from the thermal action of the jet by a cool-~
ing screen (positions 12 and 11 in Fig. 1a, respectively) by a copper connector. The length of the connecting
pipe is 1.7 - 10~ m for a mean diameter of about 1 - 10~2 m. An instrument analogous to a VSB-1 vacuum-
gauge (position 13 in Fig. 1a) converts the signal from the MT-6. Distilled water delivered from a thermo-
stat at room temperature cools the screens, the mask, the nozzle and the model. After the model has been set
up in the working chamber onthe coordinate plotting board, and the model and nozzle have been adjusted rela-
tive to its directrix, the model surface and the nozzle axis were out of parallel by not more than 3!, which per-
mitted bypassing a comparatively moderate number of drainage holes (usually three-four) to obtain the pres-
sure distribution on the obstacle because of using longitudinal and transverse model displacements. The co-
ordinateg of the maximum py, on the obstacle were determined here simultaneously with high accuracy (0.1~
0.2 mm).

The model mounted in the chamber before the beginning of the set of measurements was kept under vacu~
um for 4-5 days. Then in order to estimate the influence of conductivity and degassing, the model was cali-
brated, which showed that the difference in the times of pressure equilibration in the working chamber and in
the center cavity of the model was not more than 1 min, as is later taken into account in the measurements.

The influence of thermal transpiration in the measuring cavity of the model and the pipeline on the pres-
sure measurement was excluded in advance because the model housing and the whole measuring mainline, in-
cluding the MT-6 housing, were at the identical temperature, equal to the temperature of the thermostat fluid.
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The influence of thermomolecular effects on the pressure measurement results was estimated by the
method in [10]. Computations showed that in the most unfavorable case (M, =2.88, T, = 780°K, Py =4.13 "
10* Pa) the magnitudes of the corrections do not exceed 4.5%. They are around 1% and less in all the re-
maining regimes, which permitted giving up through correction of the results.

In order to study the geometry of the flow wave structure, it was visualized in the plane of symmetry (the
plane passing through the nozzle axis perpendicularly to the obstacle surface). A scanning electron beam pro-
duced by an electronic gas discharge gun 14 (see Fig. 1a) was used for this [11]. The electron energy in the
beam was 10 keV.

2. Examples of the flow wave patterns above the obstacle are presented for certain cases inthe plane
mentioned in Fig. 2 for h =4: a) Mg =1.675, N =1 * 104, Rey =7430; b) M, =2.88, N =2.30 - 10%, Re %=
7810; ¢) Mg =3.31, N =1.7 - 104, Re 4 =7750; d) M, =3.92, N =1.1 - 104, Re, =7990.

The shock above the obstacle is curved in both the longitudinal and transverse directions, the perturbed
flow behind it is substantially three-dimensional, and the pressure distribution above the obstacle surface
should have a péak. A typical view of such a distribution is-shown in Fig, 3a for the regime characterized by
the following parameters: Mg =1,h =4, p; =5 - 10! Pa, T, =535°K, N = 1.61 - 10*~2.95 + 10%, Re , =5340,
where x =X/rg, z = Z/rq are dimensionless Cartesian coordinates of points of the plane passing through the
surface of the obstacle. The measurement of x is from the plane of the nozzle exit. The value of the coordinate
of the absolute maximum pressure of the obstacle x;,, with respect to the "local" focus of the jet, i.e., the quan-
tity X, — £, where {f =F/r, (F is the abscissa of the projection of the jet focus on the obstacle), is predicted
fairly by (6) from [5] for the case presented

Iy —f = 03KV T,J(L — I)). (2.1)

However, for greater h a more forward location of the maximum py was obtained for My, =1 in experi-
ments on low-density jets as compared with the computation by (2.1). The downstream shift of the maximums
of the longitudinal side distributions py as z increases also deviates gradually from the hyperboloid dependence
recommended by the authors [4, 5] (the dashes in Fig. 3b), and actually proceeds more slowly and, moreover,
practically linearly for z s 3. The shape of the isobars for the pW/ py distribution, representedin Fig. 3a, is
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shown in Fig. 3b: 1) py,/pg * 10% = 0.70; 2) 1.07; 3) 1:475; 4) 1.90. Alltheisobars near the maximum Py =Dwm
are compressed along the x axis, from which there follows that in this neighborhood —(3sz /pp/ 0x* >

—~(8%y,/ Py /822
An approximate analysis of the pressure distribution [12] based on the Newton method and the Roberts
formula. for the density field of a free jet yields an analogous result.

A comparison of the data for measuring the coordinate xp, and the computation using (2.1) is presented
in Fig. 4 for different numbers M, =1, Re, =5340, h =4, 8, 12, 16, 20, respectively; 6-8) M, =1.675, Rex =
5390, h =4, 8, 12, respectively; 9-12) M, = 2.30, Rey = 3020-6820, h =4, 6, 8, 9, 35, respectively; 13~15)
M, =2.88, Re, = 2800-6300, h =4, 6, 8, respectively; 16) M, =3.92, Rey =8440, h =4. In contrast to M, =1,
the measured values of xy, for a low-density jet systematically exceed the computed values for M, =1.675, but
are subject to a linear dependence as are these latter. Experiments showed that Xy, is independent of Rex in
the range Res =2.8 - 1073-8.4 + 103,

However, a change in the number Re, is reflected by the magnitude of the induced pressure: The pres-
sure on the obstacle decreases somewhat in the neighborhood of the maximum as Re « diminighes, as is shown
in Fig. 5 for M, =2.88: 1) Re, =2820; 2) 3150; 3) 3470; 4) 4840; 5) 6250. The change in Re, was achieved
by varying the parameters py and T.

All the information presented refers to jefs escaping from nozzles with cooled walls, whose temperature
T equals the model housing temperature Ty,. In order to clarify the influence of the thermal nozzle regime
on the force loads comparative measurements of the distribution py were made for several M, and fixed Re,
numbers for different values of the nozzle wall temperature factor to = Te/ To: Tm/ Ty € t; £ 1. It was hence
established that the pressure distribution on the obstacle is not responsive to a change in t.

3. The criterial representation of the measurement data for the induced pressure distribution on the ob-
stacle along the abscissa axis is presented in Fig. 6a for the recommendations of [4, 5], where £ = (x—1) .
&n — DY 1 = Ew/Pe)h? /(L +nM3)(1 — L), pg is the pressure of the nozzle exit computed according to the
number M. Results of processing experiments on dense jets (Rep, ~ 10% Re, ~ 10°) from [12} are shown
there (points 1-3), as are also data of tests from [4, 5] (the symbol 4) obtained under analogous conditions, and
the curve proposed in [5] for the approximation of the experimental points. The remaining clarification is con-
tained in Table 1.

The point spread relative to the curve mentioned is actually much greater than in [4, 5]. It reaches —20%-
46 0% in the neighborhood of the maximum.

So great a discrepancy cannot be the result of the influence of the number Re, or a consequence of pro-
cessing the measurement data for a low-density jet without taking account of the boundary layer on the nozzle
walls. A diminution of Re, should resulf in a reduction in the value of 5 (see Pig. 5); however, a major por-
tion of the array of points in Fig. 6a, displaying the results of tests on low-density jets, is noticeably above
the curve in the area of the maximum, and on the other hand, the substantial deviation downward is charac-
teristic for points corresponding to the case of leakage of a dense jet (points 1) when the influence of the num-
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TABLE 1

Point Point
number " R number M
in Fig, €+ linFig. a Ree
6a and b 6a and b
1 1,98 >8.105 | 14 2,88 4 6250
2 3.95 Ss.105 15 2.88 4 4840
d 2 6,035 =8-10° 16 2,88 4 2820
4 1,0--3,01 1,97—-3,96 =28-10% 17 2,88 6 6250
5 1 4 11500 18 2,88 6 4800
6 3 12 11340 19 2,88 6 2810
7 i 4 5340 20 2,88 8 6300
8 1 8 5340 21 2,88 8 4820
g 1 12 5340 22 2,88 8 2820
10 1 16 5340 23 3,14 4 8760
11 i 20 5340 24 3,14 4 6000
12 2,30 4 6820 25 3,14 4 4990
13 2,30 8 6820 26 3,92 4 8440
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ber Re, and the boundary layer on the nozzle walls is insignificant. On the other hand, introduction of the

real nozzle number M and the dimensionless distance between the jet axis and the obstacle ih fterms of effec-
tive exit section radii into the computations (by using dependences from [13, 14], say) yields a sufficienily small
(to 5% correction tothe value of y in the Re, range investigated, which is most often also of increasing di-
vergence. Processing the results is here complicated unjustifiedly. :

Reasons for the discrepancies between the results in this paper and in [4, 5] are apparently the following.

Fristly, a batch of data quite bounded in the parameter h(1.6 = hz 4) is taken in [4, 5] for the extension,
while the results of the investigation represented are significantly outside this framework, encompassing even
a large range of My values as well.
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TABLE 2

Point Point

BEET | Y h R TR | M ho| o me

6c and d Gc and d
1 3 1,51 =8-105 8 1,675 6 7430
2 3 1,60 >8.10% 9 2,30 4 7040

3 3 2,40 >8-10% 10 2,30 6 7040

4 2,35 1,51 =8.10° 11 2,88 4 7810
5 1,9 1,48 =8.10% 12 2,88 6 7810
6 1,64 1,43 >8-10° 13 3,31 4 7750
7 1,675 4 7430 14 3,92 4 7990

Secondly, utilization of the law of pyy,/ D, variation with respect to h in the form Pwm/ Py ~ h~2 for
forming the similarity parameter n in the above-mentioned range of h is not completely correct since this law
is asymptotic in nature and, therefore, satisfied for large h [3]. For small and medium h an approximation of
the form pyy,/Py ~ (? + ah +b)~1, where ¢ > 0, b > 0, is more justified. It hence follows that the product
Pwm/ p(,)h2 grows monotonically as h increases (tending to a certain constant value), which agrees with the ex-
periments in this paper and in [2], as well as with the results of computations by the Newton method.

Thirdly, as follows from Fig. 6a, the parameter 5 does not remain unchanged as Mg, changes (but with
£ ~1,h, Re « conserved). A monotonically increasing functional dependence is actually traced between them.

Let us note that use of the ratio pw/p, s undesirable since the pressure at the nozzle emt is not usually
measured. It is more convenient to operate with the quantity py/ P, in practical applications.

On the basis of the ideas in [4, 5], the authors tried to give a new criterial representation of a force load
on an obstacle in order to refine the influence of h and M, and to take account of the number Res. The follow-
ing similarity variables are constructed from the processing results and analysis of experiments for an air
jet (m =1, 4):

M =200 4 1304 0.2) () 91— LM B = 1+(g—1)1{_111.

Here Iy is the value of I; for M, =1.

Going over to the parameters £ 7° results in a diminution of up to +10% in the scatter of data near the
coordinate £9 = 1 in the range M, =1-3.92, h =1.98-20, and Re, = 2800 (see Fig. 6b, where the points are the
same as in Fig. 6a). The points in Fig. 6b are approximated satisfactorily by the dependence

n® = [5.28(2° + 0.41)%(5.80 + (£ + 0.41)4%)].

I must be stated that a gradual deviation of a certain part of the results in [4, 5] from the results in this
paper and in [2] occurs for £03 2 in the new variables, which it is not possible to explain since the formation
and conditions for performing the experiments are not presented in [4, 5].

The shock front configuration above the plane in the plane of symmetry of the flow pattern (the plane of
visualization) from the results of processing the photographs (see Fig. 2a-d) is represented for Re, ~ const
in the variable of [5] in Fig. 6¢, where the coordinate y = Y/r, is measured along the normal from the plate
surface in the visualization plane. Presented here are data on the shock shape from [5], obtained by shadow-
graphs on dense jets (points 1-6). A comparison shows that upon interaction of a low-density jet with an ob~
stacle, the compression shock is substantially forced back from its surface, especially at its periphery, by a
thick boundary layer. Moreover, within the family of points by which the compression shock profiles above
the obstacle are represented for a low-density flow, stratification by M, number is observed. As is seen from
Fig. 6d, satisfactory generalization of all groups of data into a single dependence is achieved by introduction of
the variables y®/h = (y/h)[1 — 35/ (Re,)1/?] and ¢°. Explanations of Fig. 6c and d are given in Table 2.

The results presented in this paper for an experimental investigation of the "side™ effect of a strongly
underexpanded jet on a plane obstacle permit refinement of the criterial dependences governing the shock shape
above the obstacle and the induced pressure distribution on its surface, and exhibit the possibility of their ap-
plication in both the case of a jet with a turbulent mixing layer and in the case of purely laminar jets.
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DEVELOPMENT OF SMALL PERTURBATIONS
IN A SLIGHTLY NONPARALLEL SUPERSONIC FLOW

S. A. Gaponov, A. D. Kosinov, UDC 532.526
A. A. Maslov, and I. V. Semenov

Presently the linear theory of stability of plane-parallel flows of a compressible fluid has been rather
well developed [1]. Flows encountered in practice are nonuniform in space as a rule. Often one can assume
this nonuniformity to be weak (for example, the flow in a boundary layer). In recent years several alternatives
have been developed for the construction of a solution when the average parameters of the flow vary weakly in
some directions. The first theoretical results for a boundary layer of incompressible fluid which take account
of nonparallelness of the flow were obtained in [2, 3]. An experimental check of the conclusions obtained in
those papers was performed in [4]. The development of perturbations in a supersonic boundary layer with non-
parallelness taken into account was discussed theoretically in [5-7]. Two-dimensional perturbations were
treated in [5], and perturbations of a more general kind were treated in [6, 7]. These papers give significantly
different results for the very same conditions. Thus, a strong effect of nonparallelness on the stability charac-
teristics is obtained in {6], but a weak effect is obtained in [5, 7]. There are no experimental papers formulated
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