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A Study of Pseudo-Shock™*

(1st Report, 2-Type Pseudo-Shock)

By Teiichi Tamakre*, Yukio ToMITa*¥*,
and Ryuichiro YAMANg#**#*

A pseudo-shock occurs, when a supersonic flow is decelerated to subsonic in a duct surrounded
by walls. Its shape is influenced by the main stream Mach number and the condition of the
boundary layer. In this study, the authors investigated the phenomena of the A-type pseudo-
shocks experimentally, and obtained the distribution of the static and total pressure in the duct in
the pseudo-shock region. The results show that the mechanism of the pseudo-shock can be divid-
ed into two parts; the first is the upstream region in which the supersonic flow is gradually
decelerated to sonic, and in the second downstream region the high speed flow in the central core

is mixed with the low speed flow near the walls.

1. Introduction

When a supersonic flow is decelerated to sub-
sonic in a duct surrounded by solid walls, such as
a supersonic diffuser and a channel made up of ad-
jacent blades of a supersonic axial compressor, the
so-called pseudo-shock is known to occur in place of
a single normal shock wave by the effect of the
boundary layer on the wall surface.

The static pressure on the wall increases grad-
ually over a rather long distance in contrast with
discontinuous pressure rise by the normal shock
wave. The flow with the pseudo-shock is so differ-
ent from that expected from the inviscid theory
that the diffusing performance of the duct is deteri-
orated. So knowledge of the pseudo-shock is impor-
tant for the designer of the supersonic-subsonic
decelerating passage.

The interaction between the shock waves and
the boundary layer in the pseudo-shock region is so
complex that no theoretical analysis has been pub-
lished except Crocco’s shockless model @,

On the other hand, experimental results were
reported by some investigators. Lukasiewicz® ob-
served the pseudo-shock in a square duct with
Schlieren method. Neumann and Lustwerk ®' meas-
ured wall static pressures in the pseudo-shock
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region in circular ducts. They concluded that the
wall static pressure increased monotonously, that
the length of the pseudo-shock defined as the distance
from the position of the first pressure rise to that
of the maximum pressure was 8 ~ 13 times the duct
diameter, and that the overall pressure rise was
nearly equal to that of a normal shock wave for
the same Mach number. Using a divergent duct,
Bogdonoff ¥ indicated that the wall static pressure
increased monotonously and the separation occurred
at the Mach number about 1.35. In these experi-
ments, they treated the phenomena of the pseudo-
shocks only with the wall static pressure. The
mechanism of the pseudo-shock still remains unclear
theoretically and experimentally.

In this paper, the authors try to clarify experi-
mentally the mechanism of the whole region of the
pseudo-shock and to give useful basis for theoretical
analysis. For this purpose the static and total pres-
sured were measured and Schlieren photographs were
taken for the pseudo-shock in a slightly divergent
duct.

It is inferred from the previous researches and
authors’ preliminary experiment that the mechanism
of the pseudo-shock is as follows. Although the
wall pressure rises over about 10 times the duct
diameter, the Schlieren pictures show that a series
of shock waves characterising the pseudo-shock,
appears only in the upstream region, and in the
downstream region where no shock appears, the
static pressure continues to increase. Therefore it
seems that the supersonic main flow is once decel-
erated to sonic by the series of shock waves and
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then turns into a steady subsonic flow mixing with
a low speed layer near the wall. The wall pressure
rises continuously in the mixing process. Hence
the pseudo-shock region is divided into two regions;
an upstream region with a series of shock waves
(named shock region) and a downstream subsonic
mixing region.

The purpose of this report is to make clear the
features of these two regions and of the low speed
layer near the wall which controls the flow through-
cut two regions.

According to the Schlieren observation, pseudo-
shocks can be classified into two types for different
Mach numbers and Reynolds numbers. In the first
type (named A-type), the leading shock wave is
nearly normal at the duct center, bifurcating near
the walls. In the second (named X-type), it is X-
shaped without normal stem at the duct center.
For the A-type pseudo-shock the total pressure
change of the flow through the normal part may be
different from that through the bifurcated part near
the wall. As a comparatively low Mach number
supersonic flow (M<(2.0) is more often encountered
in the ordinary mechanical engineering, the authors
deal with the A-type pseudo-shock which occurs
under such conditions as the first step.

2. Nomenclature

A, A, crosssectional area and wetted area of the
duct
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: nondimensional skin friction force

: ratio of displacement thickness to momen-
tum thickness
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: Mach number

: static and total pressure respectively
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distance

temperature

: velocity

: velocity ratio (=U,/U,)

: distance measured along the flow direction
from the plate leading edge and from the
first shock position respectively

: height from the wall

: ratio of specific heats

: boundary layer thickness, displacement
thickness and momentum thickness respec-
tively

0 density
7 : shear stress at the wall

Subscripts

w: condition in the main stream and at the
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condition in the settling chamber, at the

throat and at the distance x respectively

1, 2, m : condition at the starting posi-
tion and the end position of
the pseudo-shock and mean
value respectively
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3. Experimental equipment
and methods of measure-
ment

3.1 Experimental equipment

A blowdown tunnel and other ex-
perimental equipment are shown sche-
matically in Fig. 1. According to the
previous experiments, pseudo-shocks
were obsereved when Mach number was
as low as 1.6, which shows that such
low Mach number is enough for inves-
tigating the mechanism of the pseudo-
shock. For this reason, the nozzle out-
let Mach number 1.4 was selected to

Storage tank Oil separator Compressor
Fig. 1 Schematic experiment
Pressure taps 4/h
— 0.02
e 025
‘Mw Side walls /8%2 Total Pitst prob
2 cal e . otal pressure Pitst probe
chzlg E)LDCE( il 1 ///]_00 |
¥ A =z ]
___ = Yoo §radient =

have the Mach number 1.4 ~ 1.8 in the

+

¥ ——165

Static pressure probes or total pressure probes

test section. As shown in Fig. 2, the

%

Fig. 2 Test section

test section consists of a rectangular
duct surrounded by two flat plates and
side walls. Top and bottom plates cut
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off the boundary layers on the nozzle walls, and
make new boundary layvers upstream of the pseudo-
shock. The side plates set from 165 mm downstream
of the leading edge, also cut off the side wall
boundary layers and assure a weak effect of the side
plate boundary layers on the mechanism of the
pseudo-shock. Both of the top and bottom plates are
sloped 1mm per 100 mm from the center line,
forming a slightly divergent duct so as to make the
pseudo-shocks stable.  The 1200mm long test
section is 40 mm in height and 50 mm in width at
the leading edge and is 30 mm in width after the
side plates.

3-2 Methods of measurement

(1) Measurement of the upstream total pres-
sure

When the flow is supersonic in the nozzle and
the test section, the entropy change is so small that
the total pressure in the test section can be replac-
ed by that in the settling chamber. The total pres-
sure in the settling chamber (P,s) was measured
with an L-shaped Pitot probe and a Bourdon tube
pressure gauge. It was confirmed to be identical
with that in the test section by the measurement of
the boundary layer.

(2) Measurement of the wall static pressure

The wall static pressure change throughout the
pseudo-shock region was measured through the sur-
face holes drilled with the interval of 5mm on the
plate with the mercury manometers. In the subso-
nic mixing region, the static pressure in the duct
can be replaced by the wall static pressure, since it
is considered to be constant in the duct section.

(3) Measurement of the static pressure in the
duct

In the shock region, the static pressure at the
duct center is different from that near the wall,
because the rapid change of the static pressure at
the duct center is reduced to a gradual change near
the wall. For this reason, it is necessary to meas-
ure the static pressure at every position in the
duct. The static pressure was measured with the
static probes (diameter 1.5mm) which were set at
fixed distances from the wall, y/k=0.02, 0.25, 0.50,
0.75, 1.00, moved continuously in the flow direction.
The relation between the pressure and the static
probe position was recorded with the pressure heads
and the electro-magnetic oscillograph.

(4) Measurement of the total pressure in the
duct

The flow in the pseudo-shock region is so dif-
ferent from that of the inviscid normal shock wave
theory, that the total pressure is constant neither
along nor across the flow. Then it is necessary to
measure the total pressure at every position in the
duct. In the shock region it was measured with

the same method as that for the static pressure ex-
cept that the static pressure probes were replaced
by the total pressure probes. In the subsonic mixing
region, it was measured with the Pitot probe (di-
ameter 0.4 mm) traversed across the duct.

(5) Schlieren observation

For the visual observation of the pseudo-shock,
the Schlieren photographs were taken for each run.

3.3 Experimental method

After the opening of the back pressure control
valve was so adjusted that the pseudo-shock occur-
red at the prescribed position, the compressed air in
the storage tank was released to the nozzle and the
test section through the pressure regulator, the
quick-acting valve and the settlipg chamber. The
flow being steady, the static pressure, total pressure
etc. were measured and the Schlieren photograph
was taken.

3-4 Flow in test section without pseudo-shock
(Mach number and boundary layer)

The pseudo-shock phenomenon seems to be af-
fected by the incoming Mach number and the up-
stream boundary layer. For this reason, the bound-
ary layer and the Mach number in the test section
without the pseudo-shock were investigated as the
preliminary test. Figure 3 shows the distribution
of the wall pressure and the main flow Mach number
obtained from the wall pressure P, and the settling
chamber total pressure P,s. The broken lines cor-
respond to the inviscid one-dimensional flow and the
solid lines to the flow modified with the approxi-
mate boundary layer calculation.

For the former the main stream Mach number
and the wall static pressure can be calculated from
the following equations

( A )2 1 [ 2 (1+T——l Mmz)]mn/(r-n

-Z;— ZM,,? T+1 2
......... (1)

— r/r-1
1;"5 =(1+_T..2_£MN2> ........................ (2)

For the latter the method of calculation is as

Py/ Pys

R..
Fig. 3 Distribution of Mach number and wall static
pressuré
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follows ; assuming the main flow to be isentropic,
the integral momentum equation for the turbulent
boundary layer is written®
¢, di 2—-M 24+ H dM.,
{ Mm

2 dx (1+_~%—1M&2) dz Jﬁ...(3)

When the Mach number change is small along the
stream, the increase of the momentum thickness 48
in the small range [x, x4 4x] is approximately
described

Aﬁ=<-£’1’—)xdx—[ " 2-M_:+H )5] AM.

2 (1+%'—1—sz

where ¢’ is the local friction coefficient and AM.'
is the Mach number change in the range [x—/x,
z]. Assuming a constant stagnation enthalpy and
the 1/7 power law velocity profile in the boundary
layer, the form parameter H can be calculated us-
ing the equations

o* Ds D D D 1

S1-10-D{Fng - - -5

......... (5)
0 _q_ 0% _ D™ Dyl
6—-—1 5 7(D 1){2 In \/—D———-l
D D 1
—-D3~—§—--5—_—7—} ........................... (6)

where D=1-1 / %-—LM‘,,Z. According to Tucker®,
¢,' is given for no pressure gradient

2 /7
¢, =0.026 zzew—w( ! ) ......... 7

2+l———-M=¢2
2
20
[¢]
E |
g 10 o/’)’
2 . o j/’_ﬂ/
! ] 1 !
0 5 10 x10°
x mm
Fig. 4 Boundary layer thickness
1.0
N 7
S Reco=1-40%10
Moo = 1.60
8 =55mm
Q.5
0 0.5 1.0

‘ M/M,
Fig. 5 Mach number profile in boundary layer

The momentum thickness @ and the displacement
thickness ¢* can be calculated, substituting Egs.
(5), (6) and (7) into (4), computing 40 step
by step from the leading edge and using Egs.(5)
and (6). The effective area of the duct can be
estimated from

A=(2h—20%) (' —20%" ) eerrrsrenrinieineniinninas (8)
with the displacement thickness on the plate §* and
on the side wall §*. Then the main flow Mach
number and the wall static pressure can be calcu-
lated using Egs. (1) and (2).

Figure 3 shows that the calculated results agree
well with the experiment in the range x>200mm.
Figure 4 shows a comparison of the calculated
boundary layer thickness (solid line) with the
experimental results.

Figure 5 indicates a typical Mach number pro-
file in the boundary layer (M.=1.60, R,,=1.40x
10). The solid line shows the calculated results
under the assumption of a constant total enthalpy
and the 1/7 power law velocity profile in the
boundary layer. This corresponds to the boundary
layer just before the pseudo-shock investigated in
detail in the following section and the boundary
layer thickness was 5.5 mm.

4. Experimental results

4.1 Effect of M, and R,. on shape of pseudo-
shock

Figures 6 and 7 show the wall pressure distri-
butions in the pseudo-shock region occurring at
various positions. Figure 6 shows the pressure
distribution over the whole range of the test section

1.0
Res
v 08h 13540
3 /3
& 08 = = ~=—=*:&=>~<:;m\%‘_§
04 - /’WM‘ 3.3
3oL 37
02~ ' as
[ N R SN D | ES S DR N
0 2 4 6 8 10 x10%
L 1 ! ! . Tmm
0 1 2 3 4 %10’

R,.
Fig. 6 Wall static pressure distribution (I)
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Fig. 7 Wall static pressure distribution (II)
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and Fig. 7 the details in the upstream region of
pseudo-shock.

The Schlieren photographs of the shock region
are shown in Fig. 8. According to these photo-
graphs and previous researches, the pseudo-shock
seems to be A-type when the main flow Mach num-
ber is 1.4~1.8, R,,=1x107 ~4x107 and the ratio
of the boundary layer thickness to the half duct
height §/% is in moderate range (§/A~0.1). Though
strengths and lengths of these A-type pseudo-shocks
are different for various M,, R,. and ¢§/h, they
show similar features as a whole, and the mecha-
nism of the A-type pseudo-shock is considered to be
essentially identical. Therefore a certain combina-
tion of M., R,. and §/h can be selected without
losing the generality for the investigation of the
mechanism of the A-type pseudo-shock.

and the abscissa are the distance from the wall y/A
and the nondimensional pressure P,/P,s respectively.
Figure 11 shows the total pressure distribution
along the flow for the fixed distances from the wall.
The pressure was measured continuously in the
shock region and obtained from Fig. 10 in the sub-
sonic mixing region. Figure 12 shows the Mach
number profiles in the subsonic region, obtained
from the total pressure P, and the wall static pres-
sure P,

5. Discussion

5.1 General view of pseudo-shock

Before the detailed discussion of the mechanism
of the pseudo-shock, the pseudo-shock is treated as
a whole, that is, the experimental results on the

In this research as the representative 05
case, the flow of a pseudo-shock for M, =
1.62, R,.=1.60x107 and §/h=0.2, was
investigated in detail.

4.2 Flow condition in pseudo-
shock region

Figure 9 shows the static pressure
distribution in the duct, which was
measured along the flow direction in the
shock region. The ordinate is the non-
dimensional pressure P/P,g and the ab- 0.3
scissa is the distance from the position
of the leading shock wave in the main
stream. This result is the averaged
one neglecting the small fluctuations

P/Pos

due to the unsteadiness of the pseudo- 0.2+
shock ] ] ! ] ! ! ] ] L1
" -2 0 2 4 6 =10
Figure 10 shows the total pressure X mm

profile at some duct sections in the
- subsonic mixing region. The ordinate

1.0
~ © X = §x10mm
e X =10
08F—a x=18
| v X =30
s L X8
= * =
e 08~ o x =15
(a) M,=1.62, R=1.60x107 -
0.4
-]
0.2 ot
i . co:.-
© L
S &
0 { i 2 &
e T : 0.4 0.6 , 10
(b) M.=1.68, R..=3.3x107 Po/ Pos

Fig. 8 Schlieren photographs Fig. 10 Total pressure profiles
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static pressure rise and on the total pressure loss
over the whole region of the pseudo-shock are com-
pared with the calculated results, assuming a one-
dimensional flow.

The control surfaces I and Il are chosen just
before and just after the pseudo-shock respectively.
Neglecting the heat transfer at the wall, the fol-
lowing equations hold on the control surfaces

equation of continuity;

AU =4,0U; oovvvvviniiiiiiiiiiiinnceen, €D
equation of momentum ;
I I
A101U12_A202U22=f Aa’P+f TdA, - (10)
I 1

equation of energy ;
1
CpT1+%U12=cpT2+—2—U22 ........................... (11)

The right-hand side of Eq. (10) depends on the
mechanism of the pseudo-shock and cannot be de-
termined by only the conditions on I and II. As-
suming the wall static pressure distribution in the
pseudo-shock region to be in the form
A-4, =< PP, )" ................................. 12
A,—A, P,—P,
the first term can be determined as follows,

I n 1
fI AdP:(PE_P1)<—-—n+1 At —r Az)
Using Eqs. (9), (10), (11) and (12), we obtain

1.0

Py/ Pys

031

the ratios of the static pressure, the density and
the total pressure between I and II

P 1

7’%2 Zic TMEA—V)41—F eevevererrnnnn. (14).
1

%.=_EV ................................................ (15)

P, _< 0s )r/(r—1)<P2 )-1/(7—1)

Py \p P, 18y

where the velocity ratio V(=U,/U,) is a smaller
solution of the quadratic equation

I —

+T_iM12+1=0 ................................. a7y
where the wall friction force F is

F= nEl PR T dA (18).

T ntc): P, A,
Since the wall shear stress depends on the mecha-
nism of the pseudo-shock (the velocity gradient at
the wall), it cannot be determined exactly. But
because it is considered that the flow in the up-
stream region of the pseudo-shock separates from
the wall and that the wall shear stress is small
enough there, the effect of the wall shear stress.
may be taken into account only in the subsonic
mixing region. Assuming the flow condition to be-
constant throughout this region, F is approximated
ot ntl . M L AP,
2 ndc T AP,
where M, and P, are the mean values of the Mach
number and the static pressure respectively and ¢ ’
is the friction coefficient.
The experimental results for M.=1.60 and.
R,.=1.62x107 indicate that the static and total
pressure ratios are about

P2 P02
B =2.65. Vo =0.75 ceerernes PO (20>

and the area ratio is ¢=1.20 and # is approximate-
ly 3. Calculated F is 0.217, assuming M, =0.8.

Fig. 11 Total pressure distribution in duct
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Fig. 12 Variation of Mach number profiles
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¢,=0.003 and P,/P,=3.16 which is the value of
P,/P, for F=0. Substituting these values into Egs.
(14), (15), (16) and (17), we obtain

Py

P, 2.79, Por 0.798 cn
These results show that the measured static and total
pressure ratios are 95% and 942] respectively of the
calculated values.

The reasons of this difference are considered to
be that in the actual flow, the flows are not uni-
form on the control surfaces I and II, that there
may be the friction force in the upstream region of
the pseudo-shock as well, and that the duct wall is
not completely adiabatic.

5.2 Wall static pressure distribution

As shown in Figs. 6 and 7, the static pressure
does not rise discontinuously even at the foot of
the leading shock against the inviscid theory. It
increases rapidly but continuously since the rapid
pressure rise is diffused out near the wall. The
static pressure increases gradually downstream, in-
dicating that the pseudo-shock region is considera-
bly long. But because the test section is a slightly
divergent duct, the static pressure increases in the
subsonic flow region after the pseudo-shock as well.
Therefore the region of the pressure rise due to the
pseudo-shock cannot be decided clearly from the wall
static pressure distribution.

The pressure rise by the shock wave in the
main stream is transmitted upstream through the
subsonic part of the boundary layer and the wall
static pressure rise starts before the position of the
leading shock wave in the main stream. The dis-
tance between them is 25mm and about 4.5§ for
the pseudo-shock (M,=1.62, R,.=1.60x107).

5.3 Shock region

In Fig. 8 the Schlieren photograph (b) shows
more shock waves and a longer region than (a),
because of the higher Mach number and Reynolds
number. But in both cases the leading shock waves
are A-type and the shapes of the successive shock
waves are similar.

Figure 9 shows that the static pressure in the
main flow changes alternately and that its peaks
coincide with the shock positions in the Schlieren
photograph. The first static pressure rise starts
from more upstream position near the wall. It
shows that the static pressure begins to rise by the
forward leg of the bifurcated leading shock wave.

The static pressure rapidly increases and de-
creases at the duct center, showing a strong accele-
ration and deceleration of the flow. In this layer
the static pressure ratio by the leading shock wave
is P/P,=2.1 which is considerably lower than that
by the normal shock wave (P/P,=2.9) for the

same Mach number. The reason is that the meas-
ured value is somewhat averaged due to the oscil-
lation of the pseudo-shock and to the narrow high
pressure region and that the shock wave is not
completely normal at the central part. The static
pressure rises due to the successive second, third
shock waves decrease in this order. It shows that
the main flow approaches to sonic and therefore the
pressure rise due to the shock waves becomes smal-
ler.

As shown in Fig. 11 the total pressure loss in
the shock region is large at y/h=0.75, 1.00 and
small at y/h=0.50. The difference is caused by the
facts that for the former the flow passes through a
nearly normal shock wave and suffers almost the
same loss as through a normal shock wave and for
the latter the shock loss is smaller owing to the
bifurcated shocks. Most of the total pressure change
is caused by the shock waves, especially by the
leading shock wave in the main stream. The total
pressure of the flow near the wall (y/h=0.25) de-
creases rapidly in the middle of this region, showing
that the low speed layer attains the thickness y/h=
0.25 by the mixing with the main stream.

5-4 Subsonic mixing region

The static pressure rise still continues even
after the shock region as shown in Fig. 6. This
indicates that the subsonic mixing region plays a
considerably important part of the overall pseudo-
shock phenomenon. Figures 10 and 12 show that
in this region the flow with the complicated velocity
profile just after the shock region changes to a more
smooth one.

Though the static pressure after the shock
region is nearly constant in the duct section, the
total pressure is smaller at the duct center as shown
in Fig. 10. This may be due to the shock loss
difference hetween the flows through the nearly
normal shock and through the bifurcated shock. As
shown in Fig. 10, the total pressure profiles change
to a more smooth one, owing to the turbulent mix-
ing of the flows in the central core and near the
wall. And the static pressure rises according as
the velocity profile becomes uniform.

The total pressure distribution in Fig. 11 also
shows this mixing process. Near the wall, the
mixing occurs in the upstream region and the total
pressure rapidly decreases but afterwards increases
by the mixing with the main stream. In the main
stream, the total pressure also decreases by the
mixing, especially at y/2=0.50. Figure 11 indicates.
that the mixing is over near the point E and that
the length of the pseudo-shock is about 10 times
the duct height.
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6. Conclusions

The following results were obtained from the
experiment of the A-type pseudo-shock in a slightly
divergent rectangular duct.

(1) The wall static pressure increases grad-
ually over the whole pseudo-shock region. The
pressure ratio is considerably smaller than that of
the inviscid theory but almost equal to the calcu-
lated value considering the effect of the wall fric-
tion.

(2) The static pressure in the main stream
in the shock region changes alternately along the
flow and its peaks coincide with the shock position
in the Schlieren photograph.

(3) Just after the shock region, the total
pressure is smaller at the duct center. This shows
that the shock loss is different between the flows
through a nearly normal shock wave and through
a bifurcated shock wave, and that it may be the
feature of the A-type pseudo-shock.

(4) Two causes can be considered for the
total pressure change; that is, the shock loss and
the turbulent mixing. In the duct center the change
due to the shock wave is larger than that due to
the turbulent mixing and near the wall vice versa.
The length of the pseudo-shock is about 10 times

the duct height according to the total pressure
measurement.

(5) As a result of the above discussion, the
mechanism of the pseudo-shock can be considered as
follows.

The flow separates from the wall with an ad-
verse pressure gradient and forms a low speed layer
near the wall. This layer interacts with the shock
waves in the main flow and makes a series of shock
waves. The main flow is decelerated by these
shock waves to sonic speed. After that, the mixing
between the main flow and the low speed layer
near the wall changes the complicated velocity pro-
file to a steady smooth one.

Consequently the pseudo-shock can be divided
into two major regions: the upstream shock region
and the downstream mixing region.
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